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Post Graduate Program of Nutrition, Federal University of São Paulo (UNIFESP), São Paulo,
Brazil

Babak Daneshfard
Student Research Committee, and Essence of Parsiyan Wisdom Institute, Phytopharmaceutical
Technology and Traditional Medicine Incubator, Shiraz University of Medical Sciences, Shiraz,
Iran

Aline de Piano
Post Graduate Program of Nutrition, Federal University of São Paulo (UNIFESP); São Camilo
University Center, São Paulo, Brazil

Yuesheng Dong
School of Life Science and Biotechnology, Dalian University of Technology, Dalian, China

Stokic Edita
Department of InternalMedicine—Endocrinology, Faculty ofMedicine, University of Novi Sad,
Novi Sad, Serbia

Nada El-Darra
Department of Nutrition and Dietetics, Faculty of Health Sciences, Beirut Arab University,
Beirut, Lebanon

xx Contributors



Omotayo O. Erejuwa
Department of Pharmacology and Therapeutics, Faculty of Medicine, Ebonyi State University,
Abakaliki, Nigeria

Claudia I. Gamboa-Gómez
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CHAPTER 1

Role of Oxidative Stress in the
Pathogenesis of Insulin Resistance
and Type 2 Diabetes
Erik J. Henriksen
Department of Physiology, University of Arizona, Tucson, AZ, United States

Abbreviations
ALA α-lipoic acid
AMPK AMP-dependent protein kinase

ANG II or Ang II angiotensin 2

ANG-(1-7) angiotensin 1-7

ATR1 type 1 angiotensin II receptor

ER endoplasmic reticulum

FFA free fatty acids

GLUT-4 glucose transporter isoform-4

GSK-3 glycogen synthase kinase-3

GSV GLUT-4-sequestering vesicle

H2O2 hydrogen peroxide

HGP hepatic glucose production

IKK I-kappa kinase

iNOS inducible nitric oxide synthase

IR insulin receptor

IRS insulin receptor substrate

JNK c-jun N-terminal kinase

LDL low-density lipoprotein

MAPK mitogen-activated protein kinase

•NO nitric oxide

PDK phosphoinositide-dependent kinase

PI3-kinase phosphotidylinositol-3-kinase

PKC protein kinase C

RAS renin-angiotensin system

ROS reactive oxygen species

1. INTRODUCTION

Type 2 diabetes, defined as a fasting plasma glucose level above 126mg/dL, is a devas-

tating disease of defective regulation of whole-body glucose homeostasis that leads to the

development of myriad complications, including retinopathy and a greater risk of
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blindness, nephropathy and increased risk of kidney failure, neuropathy and increased risk

of limb amputation, and accelerated coronary, cerebral, and peripheral vascular damage,

and enhanced risk of heart attack and stroke.1 The prevalence of type 2 diabetes in the

United States is increasing dramatically, with an estimated 30 million Americans suffering

from this disease in 2017.1,2 A critical underlying defect that is associated with the devel-

opment of type 2 diabetes and its immediate precursor, termed prediabetes, is a decreased

ability of insulin to regulate glucose metabolism in peripheral insulin-sensitive tissues,

including skeletal muscle, adipose tissue, and liver, and in the hypothalamus of the central

nervous system.1,3–5 This diminished insulin action is referred to as insulin resistance, and

the multifactorial etiology of insulin resistance has been the focus of thousands of basic

science and clinical investigations over the past decades.

As stated above, there are numerous potential underlying causes for the development

of insulin resistance in various organs, and a comprehensive review of all of these factors is

beyond the scope of this chapter. This chapter is therefore organized into the following

sections: first, a brief overview of the normal regulation of systemic glucose homeostasis

resulting from the interplay among several organ systems is described. Thereafter, the

basics of the defects in insulin signaling that underlie most states of insulin resistance

are reviewed. In the remainder of the chapter focus is placed on the role of the specific

deleterious condition termed oxidative stress in the etiology of defective insulin action,

especially in skeletal muscle. Moreover, there is a discussion of the role of the renin-

angiotensin (ANG or Ang) system (RAS) in the etiology of insulin resistance and type

2 diabetes, with a brief description of recent information describing the counterbalancing

roles of ANG-(1-7) (positive) and ANG II (negative) in the regulation of insulin action

on peripheral tissues controlling glucose homeostasis. A corollary to this coverage of

oxidative stress-associated insulin resistance will be a short discussion of the utility of

antioxidant interventions to ameliorate this specific type of defective insulin action.

2. SYSTEMIC GLUCOSE HOMEOSTASIS IS A MULTI-ORGAN PROCESS

The overall regulation of plasma glucose levels (70–100mg/dL in the short-term fasted

state) is a function of the concerted contributions of several organ systems in the body,

including skeletal muscle, liver, adipose tissue, the alpha- and beta-cells of the endocrine

pancreas, and specialized neurons in the hypothalamus (Fig. 1). The secretion of insulin

from the beta-cells of the endocrine pancreas is regulated primarily by the circulating

level of glucose that is detected by these cells and coupled, via a multistep process, to

the exocytosis of insulin-containing vesicles. This glucose-linked insulin secretion can

be modified by several other inputs to the beta-cells, such as glucagon secreted from adja-

cent alpha-cells in the pancreas (promoting insulin secretion), sympathetic (inhibitory)

and parasympathetic (stimulatory) neural input, and incretins such as glucagon-like

peptide-1 (stimulatory) secreted primarily from L-cells located in the intestine.
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Skeletal muscle, which makes up �40% of body mass in most individuals, is a major

site of insulin-dependent glucose disposal, and this tissue is a critical site of defective insu-

lin action that can lead to the development of type 2 diabetes. In this context, skeletal

muscle is the focus of discussion in this chapter. Insulin acts on the insulin receptor

(IR) in the plasma membrane of skeletal muscle cells to stimulate a series of intracellular

signaling events that ultimately results in the translocation of the glucose transporter iso-

form GLUT-4, located in intracellular GLUT-4-sequestering vesicles (GSV), to the

plasma membrane, where the GLUT-4 can promote glucose transport via a facilitative

diffusion mechanism3–5 (Fig. 2), the major mechanism in myocytes for enhanced glucose

transport activity.6 There are several proteins involved in the canonical insulin signaling

pathway. Following insulin binding to the exofacial alpha-subunit of the IR and the asso-

ciated activation of tyrosine kinase activity of the transmembrane beta-subunits, several

intracellular proteins can be phosphorylated on tyrosine residues, such as IR substrates

(IRS) 1 and 2. The conformational changes elicited by this tyrosine phosphorylation

allow IRS-1 and IRS-2 to interact and activate phosphotidylinositol-3-kinase (PI3-

kinase). PI3-kinase can then produce phosphoinositide moieties that allosterically

activate 3-phosphoinositide-dependent kinases (PDK), a serine/threonine kinase. One

isoform of the PDK (PDK1) can activate Akt by Thr308 phosphorylation. Akt can also

be phosphorylated on Ser473 and activated by engagement of the mTOR complex 2.7

This activated Akt can subsequently phosphorylate and inactivate the Rab-GTPase-

containing AS160, also known as TBC1D4, thereby allowing movement of GSVs to

the plasma membrane and initiating facilitated glucose transport via GLUT-4.8

Fig. 1 Interactions of organ systems and hormonal and metabolic factors acting on these organ
systems in the regulation of systemic glucose concentrations.
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Phosphorylation of IRS proteins by several serine kinases also represents an aspect of nor-

mal dampening of IRS activity by insulin action; however, insulin resistance can be

caused by overactivity of these serine kinases, as expanded upon below. The contribution

of the other aforementioned organ systems to overall glucose homeostasis will now be

covered in brief (Fig. 1). The liver is the major site of de novo glucose production

and release into the circulation.9 Insulin is the primary endocrine factor for the suppres-

sion of hepatic glucose production (HGP) and glucagon is the primary endocrine factor

for the stimulation of this process. Therefore, the ratio of the concentration of glucagon

to insulin in the hepatic portal circulation is a critical determinant of HGP.9 Insulin will

also exert a powerful effect to inhibit the degradation of triglycerides, termed lipolysis, in

adipose tissue, thereby reducing the release of free fatty acids (FFAs), which normally

inhibit insulin action in skeletal muscle and liver.10

Adipose tissue is also a critical site of the synthesis and release of myriad proteins, called

adipokines or adipocytokines, which impact the functionality of numerous organ sys-

tems, including skeletal muscle and liver.11 The majority of adipokines elicit a negative

action on insulin-dependent processes in skeletal muscle and liver. In contrast, one adi-

pokine, called adiponectin, has the effect to enhance the action of insulin to stimulate

glucose transport activity in skeletal muscle and to facilitate glycogen synthesis in both

skeletal muscle and liver. In general, as adipose tissue mass expands in the development

of obesity, the release of the deleterious adipokines increases and the release of adiponec-

tin decreases, changes that can mechanistically contribute to insulin resistance in skeletal

muscle and liver.11

Fig. 2 Sources and pathophysiological consequences of oxidative stress in the context of blood
glucose regulation.
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Finally, the hypothalamus contains specific neurons that respond to neural, endocrine,

and nutrient inputs (such as insulin, glucose, and FFAs), and in turn can regulate the secre-

tion of insulin and glucagon from the pancreas, glucose production by the liver, and

release of FFAs from adipose tissue.11 In this manner, the hypothalamus plays a critical

role in the neural control of the organ systems that contribute to overall glucoregulation.

3. GLUCOSE DYSREGULATION: THE PATHOGENESIS
OF INSULIN RESISTANCE

Dysfunctions in the organ systems reviewed above, especially in skeletal muscle, are asso-

ciated with an impaired ability to maintain fasting plasma glucose within a tolerable range

and to respond appropriately to oral glucose challenges, as occur following the ingestion

of a meal or beverage containing carbohydrates. The underlying mechanisms for these

dysfunctions, with a focus on skeletal muscle, will be discussed in this section.

The progression to a state of overt type 2 diabetes, hallmarked by elevated fasting

plasma glucose and impaired glucose tolerance, depends initially on the development

of insulin resistance, primarily in skeletal muscle and liver, combined with a reduction

in the capacity of beta-cells to secrete sufficient insulin to compensate for this insulin

resistance.10,12 In skeletal muscle, which is quantitatively the most important site of glu-

cose disposal and a critical contributor to whole-body glucose homeostasis, insulin resis-

tance is associated with defects in the ability of insulin to stimulate the translocation of

GLUT-4 to the plasma membrane and facilitate glucose transport into the myocytes.3–5

This impairment in insulin-dependent GLUT-4 translocation arises primarily from mul-

tifactorial defects in the normal engagement of the canonical insulin signaling cascade.5,13

A key contributor to this reduced flux through the insulin signaling cascade to initiate

GLUT-4 translocation is elevated serine phosphorylation of both the IR and IRS

proteins,13 the initial elements of this pathway (Fig. 2). A number of serine kinases

are known to act on the IR and IRS proteins, including atypical protein kinase

C (PKC) isoforms, Akt, glycogen synthase kinase-3 (GSK-3), the mitogen-activated pro-

tein kinases (MAPK, or ERK1/2), c-jun N-terminal kinase (JNK), I-kappa kinase-ß

(IKKß), and p70S6 kinase, among others.13 Elevated serine phosphorylation of the IR

and IRS proteins is associated with a reduction in tyrosine phosphorylation and a con-

comitant diminution of the functionality of these signaling elements, with diminished

engagement of downstream factors in this insulin signaling cascade.

Insulin resistance in the liver, with a reduced ability of insulin to suppress HGP and

stimulate glycogen synthesis, results from a similar dysfunction in the regulation of the

IR, the IRS proteins, and downstream insulin signaling, such as Akt. Much less is known

about the etiology of insulin resistance in the hypothalamus.12
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The following sections will review first the specific role of oxidative stress in the

etiology of insulin resistance and subsequently the utility of antioxidant interventions

to ameliorate oxidant stress-associated insulin-resistant states.

4. ORIGINS OF OXIDATIVE STRESS IN VARIOUS CELL TYPES

Oxidative stress can be defined as an imbalance in cells or in plasma between the produc-

tion of various oxidants and the antioxidant mechanisms for the removal of these excess

oxidants. It is well established that an excess of oxidants, produced either within cells or

that are delivered to cells from their site of production, can induce or exacerbate insulin

resistance in several cell types, including myocytes, hepatocytes, and pancreatic beta-cells

(summarized in Fig. 3).14 In human clinical investigations involving subjects with estab-

lished type 2 diabetes, insulin resistance, as assessed systemically using either oral glucose

tolerance tests or the euglycemic, hyperinsulinemic clamp technique, is correlated with

markers of oxidative stress and oxidative damage in the plasma (reviewed in Henriksen

et al.4).

There are numerous possible systemic and cellular processes involved in the overpro-

duction of reactive oxygen species (ROS), which can then participate in the induction

and exacerbation of insulin resistance. The following discussion addresses some of the

Fig. 3 Insulin regulation of glucose transport activity in skeletal muscle (right side) and the role of serine
kinases in oxidant-associated impairment of insulin signaling and action in the myocyte (left side).
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more widely accepted potential mechanisms for the production of ROS and other cel-

lular modifications that can impact insulin action, primarily in skeletal muscle (summa-

rized in Fig. 2).

4.1 Renin-Angiotensin System and NADPH Oxidase
Overactivity of the RAS is associated with the increased production of ROS in cells,

leading to numerous cellular and systemic dysfunctions, such as elevated blood pressure,

increased cardiac mass and impaired contractility, derangements in fluid homeostasis,

and insulin resistance.15 Overactivity of the RAS will induce elevated local levels of

the nonapeptide ANG II (also abbreviated as Ang II), which will bind to type I ANG

II (AT1) receptors, engage NADPH oxidase, and cause the intracellular production of

superoxide ion (O2), a powerful oxidant
4,16 (Fig. 2). This elevated oxidant production

is then mechanistically connected with the development of impaired regulation of

cardiac, vascular, and metabolic functions.4,15

4.2 Nutrient Excess and Mitochondrial Overactivity
It is well established that excess caloric intake over time is associated with increased cen-

tral adiposity, leading to many cases of overweight and obesity, with increased risk of

numerous disease states, including insulin resistance. Strong evidence of the mechanistic

connection between energy surplus in the form of high-fat feeding and elevated produc-

tion of the oxidant hydrogen peroxide (H2O2) by the mitochondrion comes from a

recent investigation by Anderson and colleagues.17 The mitochondrion is a critical site

of H2O2 production, and Anderson et al.17 have developed a novel method for assessing

the potential for mitochondrial H2O2 emission, which reflects mitochondrial oxidant

production. In this investigation, it was demonstrated in both rats placed on a high-fat

diet and morbidly obese humans that mitochondrial H2O2 emission potential in skeletal

muscle is elevated and correlated with the degree of insulin resistance,17 supporting the

hypothesis that nutrient excess in the form of increased dietary fat can induce insulin resis-

tance via elevated mitochondrial oxidant production.

4.3 Hyperglycemia
Elevations in blood glucose, inherent to both type 1 and type 2 diabetes, can contribute to

the overproduction of oxidants via several possible mechanisms. Hyperglycemia is asso-

ciated with increased lipid peroxidation in erythrocytes. Moreover, elevated blood glu-

cose can lead to the overproduction of mitochondrial superoxide, excess synthesis of

advanced glycation end products with subsequent activation of ROS production via

engagement of NADPH oxidase, elevated engagement of diacylglycerol-stimulated

PKC isoforms with subsequent NADPH oxidase-dependent ROS production, and

several other mechanisms.16 Moreover, we have shown recently that direct exposure

of isolated skeletal muscle to the lipid peroxidation end product and oxidant
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4-hydroxynonenal can induce insulin resistance of insulin signaling and glucose transport

activity.18 Elevated levels of lipid peroxidation end products and ROS therefore may

represent an important mechanistic link between the hyperglycemic state and the induc-

tion or exacerbation of insulin resistance in skeletal muscle.

4.4 Dyslipidemia: Role of Excess FFAs
Dyslipidemia is characterized by the derangement of the circulating levels of numerous

lipid molecules, including elevations in low-density lipoprotein cholesterol (especially

small, dense variants) and triglycerides, and decreases in high-density lipoprotein choles-

terol. A critical additional aspect of the dyslipidemic state is increased plasma FFAs, pri-

marily a consequence of diminished suppression of lipolysis of triglyceride stores in fat

cells and other tissues.10 These elevated FFAs and their derivatives (such as ceramides,

acyl-CoA thioesters, and N-acetylethanolamines) can negatively affect cellular signaling

and insulin action by altering cellular ROS production and by other direct mechanisms.19

For example, long-chain FFAs (and the FFA derivatives ceramides, acyl-CoA thioesters,

and N-acetylethanolamines) can modulate mitochondrial function to increase the pro-

duction of the oxidants superoxide and H2O2 in several insulin-sensitive cell types,

including cardiomyocytes, skeletal muscle cells, and adipocytes. Moreover, FFAs can

directly activate the NADPH oxidase complex and stimulate the production of superox-

ide.19 The oxidants thus produced can impair insulin action in insulin-sensitive cells and

diminish critical processes contributing to glucose homeostasis, such as glucose transport

activity in skeletal muscle4,5,20,21 and HGP.10

It should also be emphasized that FFAs can impair insulin action in tissues indepen-

dent of ROS production. Long-chain acyl-CoAs can directly activate novel PKC

isoforms, such as PKC-θ, which will facilitate serine phosphorylation of IRS-1 and

reduce downstream insulin signaling19 (Fig. 2).

4.5 Endoplasmic Reticulum Stress
The endoplasmic reticulum (ER) is an organelle that functions in the folding and sorting

of proteins, sequestration and release of Ca2+, and the biosynthesis of lipids. The ER pos-

sesses a specialized ability to detect misfolded or unfolded proteins by specific intracellular

pathways (the so-called unfolded protein response) that directs these abnormal proteins

toward a degradative fate.17,22 The ER stress refers to the actions of various stressors,

including changes in the cellular redox status, altered protein glycosylation, nutrient dep-

rivation or oversupply, and hypoxia, to disrupt protein folding and ER homeostasis, sub-

sequently causing increased engagement of apoptotic pathways in the cell.23

Interestingly, information is accumulating that ER stress can not only be induced by

increased production of ROS by mitochondria and other sources, but can itself lead to

enhanced ROS production resulting from accelerated protein oxidation, creating a type
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of vicious cycle. The ROS thus produced can in turn engage various stress-activated ser-

ine kinases and ultimately impair insulin signaling in various insulin-sensitive tissues,

including skeletal muscle.20 Increased ER stress-associated apoptosis of beta-cells will also

accelerate the transition from prediabetes to an overt type 2 diabetic state.24

4.6 Additional Role of Nitrosative Stress
It should be noted that insulin resistance can be induced not only via mechanisms asso-

ciated with oxidative stress, but also via mechanisms linked with excess carbonylation of

cellular proteins25 and with excess nitrosylation of cellular proteins,26 especially of critical

insulin signaling factors such as IR, IRS, and Akt.27 Interestingly, overactivity of induc-

ible nitric oxide synthase (iNOS) can produce nitric oxide (•NO), which can subse-

quently react with superoxide ion (from mitochondrial sources or from NAPDH

oxidase) to create the major nitrating agent peroxynitrite (ONOO�).16,27 Peroxynitrite
can then engage, via several mechanisms, in nitrosylation of critical signaling proteins.27

This underscores the interactive effects of oxidative stress and nitrosative stress in the

etiology of dysfunctions in cellular signaling, including insulin signaling.

5. MECHANISMS OF OXIDATIVE STRESS-ASSOCIATED
INSULIN RESISTANCE

The oxidants produced by the aforementioned mechanisms can mediate an impairment

of insulin signaling in cells, with reductions in specific cellular functions depending on the

cell in question. The following sections review the impact of increased oxidant levels on

critical insulin-dependent processes in these cells.

5.1 Oxidative Stress and Defects in Insulin Signaling: Skeletal Muscle
and Liver
There is accumulating evidence that overactivity of the RAS, with engagement of the

ANG II/AT1/NADPH oxidase axis, is a significant contributor to the development

of insulin resistance of insulin signaling and glucose transport activity in skeletal muscle

in prediabetes and type 2 diabetes (see Figs. 2 and 3).4,15 Importantly, there is an alternate

splice product of ANG II, termed ANG-(1-7), that can act on Mas receptors on several

cell types and counterbalance the deleterious oxidant-dependent effects of ANG II on

insulin signaling and action on the glucose transport system in skeletal muscle.5,28 We

have shown recently that direct incubation of rat skeletal muscle with ANG II signifi-

cantly decreases insulin-stimulated Akt473 phosphorylation and glucose transport activity,

an effect that is significantly reduced by co-incubation with ANG-(1-7).28 Moreover,

this beneficial action of ANG-(1-7) on insulin resistance induced by ANG II can be

completely abrogated by inclusion of a selective Mas receptor antagonist.28 These find-

ings contribute to the concept that the ultimate effect of RAS-induced oxidant stress to
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negatively impact insulin action on the glucose transport system in skeletal muscle is a

function of the relative engagements of the ANG II/AT1/NADPH oxidase axis

(negative) and the ANG-(1-7)/Mas receptor axis (positive).15

Several previous investigations utilizing insulin-sensitive cultured cell lines for adipo-

cytes and myocytes have demonstrated that exposure to low levels of the oxidant H2O2

can impair insulin action, associated with engagement of stress-activated serine kinases,

such as p38 MAPK and JNK.4,15,20,21 More definitive experiments with actual mamma-

lian skeletal muscle, conducted in our laboratory over the last several years, have addressed

the same issues. We have shown in soleus isolated from normal, lean Zucker rats that

exposure to low-to-moderate levels of H2O2 (30–90μM) in vitro can transiently engage

the serine kinase p38MAPK, and that this p38MAPK activation is mechanistically linked

with increased ser307 phosphorylation of IRS-1, loss of IRS-1 protein, and substantially

reduced stimulation of glucose transport activity by insulin (Fig. 2).4,20 Additional evi-

dence is available that oxidant-associated engagement of other serine kinases, such as

JNK, IKKß, and GSK-3, are also linked with impairment of insulin signaling (Fig. 2).4,21

A similar effect of oxidative stress to engage stress-activated serine kinases and impair

insulin signaling in the liver is associated with reduced suppression by insulin of gluco-

neogenesis and glycogenolysis, leading to enhanced hepatic glucose output, and with the

development of other liver dysfunctions, such as hepatic steatosis.

5.2 Oxidative Stress and Defects in Insulin Secretion: Pancreatic Beta-Cells
The loss of insulin secretory capacity by the beta-cells of the pancreas is an obligatory step in

the progression from a state of insulin resistance to a state of overt hyperglycemia.10 The

capacity for insulin secretion is dictated primarily by two factors: the response of existing

beta-cells to stimulation of insulin secretion, and the degree of loss of beta-cells via apo-

ptosis; both of these factors can be affected by exposure of the pancreas to oxidants.29 Both

hyperglycemia and dyslipidemia can engage oxidant-dependent mechanisms of reduced

insulin secretion.30 Exposure of beta-cells to elevated glucose (glucotoxicity) and FFAs

(lipotoxicity), individually or in combination (the latter is referred to as glucolipotoxicity),

can lead to enhanced production of ROS through a variety of mechanisms (see above) and

impair mitochondrial production of ATP, KATP channel activity, and insulin gene expres-

sion in beta-cells.29 Exacerbating this situation is the observation that beta-cells have intrin-

sically low levels of antioxidant enzyme expression and activities, such as superoxide

dismutases, catalase, and glutathione peroxidase, and these antioxidant enzyme levels are

further reduced in response to chronic oxidant exposure.30 It should be noted that the same

pathways leading to beta-cell dysfunction can be engaged by a variety of inflammatory

cytokines. Moreover, long-term exposure of beta-cells to oxidants from mitochondrial

and ER sources and from plasma membrane NADPH oxidase under conditions of gluco-

lipotoxicity will result in induction of beta-cell apoptosis, possibly via a mechanism involv-

ing activation of the pro-apoptotic stress kinases JNK and IKKß.24,31
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5.3 Oxidative Stress and Defects in Vascular Function
The bioavailability of •NO represents a critical aspect of the normal regulation of the

function of the vascular endothelium and the vascular smooth muscle. Increased produc-

tion of ROS, such as O2
�, in endothelial cells will decrease levels of •NO via a reaction

producing the reactive nitrogen species peroxynitrite (ONOO�).32 Hyperglycemia is a

major stimulus of this pathway leading to decreased •NO availability. Decreased •NO

availability, coupled with increased endothelin-1 synthesis and action (among several

additional mechanisms), will ultimately contribute to impaired relaxation of vascular

smooth muscle, increased peripheral vascular resistance, and elevated blood pressure.

Moreover, increased O2
� production can cause LDL oxidation and accelerate the devel-

opment of atherosclerosis.32 Finally, ONOO� accumulation can increase lipid peroxi-

dation, protein nitration, and damage DNA in the vascular endothelium, further

worsening vascular function.32 In total, conditions of oxidative stress in diabetes are asso-

ciated with enhanced vasoconstriction, inflammation, and hypercoagulability, thereby

markedly increasing the risk of a cardiovascular event.

6. UTILITY OF SELECT ANTIOXIDANTS AS INTERVENTIONS
IN OXIDATIVE STRESS-ASSOCIATED INSULIN RESISTANCE

6.1 General Concepts of Antioxidant Properties
Antioxidants can be defined as compounds that act in cells as redox couples to scavenge

ROS and tomaintain cells in a more reduced redox state.While the cell expresses a pleth-

ora of endogenous factors that can function as antioxidants, such as superoxide dismutase

and glutathione, strategies that can reduce oxidative stress systemically and in cells are

predominantly interventions involving the provision of exogenous antioxidants, either

in the diet or by ingestion or infusion of a purified form of the antioxidant compound.

Food-based antioxidant interventions will be covered in other chapters of this book, and

a comprehensive discussion of chemical antioxidants and their use in treating insulin

resistance and other metabolic dysfunctions is beyond the scope of this chapter. The

reader is referred to excellent reviews on antioxidant interventions in insulin resistance

and diabetes.29–31 However, we will cover in this chapter the utility of one antioxidant

compound, α-lipoic acid (ALA), which has been comprehensively studied for its effects

on metabolic regulation in insulin-sensitive tissues.

6.2 α-Lipoic Acid and Its Effects on Glucoregulation
The ALA is a naturally occurring short-chain fatty acid that contains reactive sulfhydryl

groups, and thereby possesses potent antioxidant properties. It functions in cells as a

cofactor in numerous dehydrogenase reactions, such as pyruvate dehydrogenase and

α-ketoglutarate dehydrogenase. The ALA is one of the most widely investigated
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water-soluble antioxidants in terms of its effects on diabetic polyneuropathy and insulin

resistance associated with prediabetes and type 2 diabetes. The following is a brief sum-

mary of the information from the peer-reviewed scientific literature on the metabolic

actions of ALA in the context of insulin resistance.

Previous studies on cultured fat cells and muscle cells have shown that ALA can

reduce the negative effects of exposure to an oxidant stress and improve insulin signaling

and action on the glucose transport system.14 Investigations of isolated skeletal muscle

from insulin-sensitive rats and from obese, insulin-resistant rats have demonstrated that

ALA can directly activate both basal and insulin-dependent glucose transport and metab-

olism. Because ALA contains a chiral carbon in its molecular structure, it can exist as

either the R-(+)-enantiomer or the S-(�)-enantiomer. Interestingly, the metabolic

action of the R-(+)-enantiomer of ALA is much greater than that of the S-enantiomer.14

Studies utilizing chronic in vivo treatment with ALA in animal models of insulin

resistance have also been enlightening. Chronic treatment of obese Zucker rats with

ALA improves whole-body glucose tolerance and insulin sensitivity and insulin action

on the glucose transport in skeletal muscle,14,25 associated with improvements in IRS-

1-dependent insulin signaling.14 Similarly, chronic administration of ALA to high

glucose-fed rats reduces systolic blood pressure, enhances whole-body insulin sensitivity,

and diminishes oxidative damage, while chronic treatment of diabetes-prone Otsuka

Long-Evans Tokushima Fatty rats ameliorates elevations in blood glucose, insulin, lipids,

and markers of oxidative stress and improves insulin-dependent glucose disposal in skel-

etal muscle via a mechanism involving activation of AMP-dependent protein kinase

(AMPK) and reduces triglyceride accumulation. Chronic infusion of ALA in the

Goto-Kakazaki rat, a model of nonobese type 2 diabetes, results in reduced circulating

FFA, diminished hepatic glucose output, enhanced insulin-dependent whole-body glu-

cose disposal and skeletal muscle glucose transport and utilization, secondary to increased

plasma membrane GLUT-4 protein and IRS-1 tyrosine phosphorylation (reviewed

in14). More recently, ALA treatment of high-fat fed rats improved glucose tolerance

and skeletal muscle glucose transport activity, likely through enhanced Akt and AMPK

signaling, increased expression and phosphorylation of specific heat shock proteins, and a

diminution of deleterious signaling via JNK, IKKß, and PKC-θ.33

There is a relative paucity of well-controlled clinical investigations on the potential

benefits of ALA treatment in insulin-resistant and type 2 diabetic humans. Acute infusion

of ALA in type 2 diabetic human subjects resulted in a �30% increase in whole-body

insulin sensitivity of glucose disposal, as measured by the glucose clamp technique. Like-

wise, whole-body insulin-stimulated glucose disposal is improved by �30% following

chronic treatment with ALA in type 2 diabetic subjects (reviewed in14). An investigation

of obese, type 2 diabetic subjects by a Bulgarian research group has demonstrated a more

substantial enhancement of insulin-stimulated glucose disposal (85%) and insulin sensi-

tivity (63%) following 4 weeks of ingesting 600mg of ALA twice daily.34 In contrast,
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no effect of oral ALA treatment over 3 months in a population of pubertal and post-

pubertal adolescents with type 1 diabetes could be shown for measures of oxidative dam-

age, total antioxidant status, and microalbuminuria.35 Likewise, an investigation of

chronic oral ALA treatment (600mg/day for 4 months) in type 2 diabetic subjects

reported only a nonsignificant trend for an improvement in the HOMA index, a measure

of insulin resistance in the fasting state.36 It is clear that more double-blind, placebo-

controlled clinical investigations of the metabolic actions of the antioxidant ALA in

human subjects with insulin resistance, either in prediabetic or overt diabetic states, need

to be performed.

7. CONCLUSIONS AND PERSPECTIVES

It was the general aim of this chapter to provide a brief overview of the normal regulation

of systemic glucose levels by the action of insulin in various organ systems, including skel-

etal muscle and liver, and how defects in insulin secretion and cellular insulin signaling

can lead to the development of insulin resistance and type 2 diabetes. A specific goal of

this chapter was to introduce the concept that one factor in the development of insulin

resistance is the impact of oxidative stress, the imbalance of cellular oxidant production

and antioxidant defense mechanisms. Excess oxidants can be produced via various

sources, such renin-angiotensin overactivity, nutrient excess and mitochondrial dysfunc-

tion, dyslipidemia, and ER stress. These excess oxidants can in turn impair, in many cases

by the activation of numerous stress-activated serine kinases, the expression and function-

ality of critical signaling factors, and can ultimately cause diminished insulin-stimulated

glucose transport in skeletal muscle, excess HGP, reduced insulin secretion and apoptosis

of pancreatic ß-cells, and vascular dysfunctions. An additional and interactive role of

excess nitrosylation of signaling proteins in these metabolic defects is also emerging.

An additional specific goal of this chapter was to address the utility of antioxidant

interventions, which can scavenge these excess radical molecules and reduce oxidative

stress, in treating insulin resistance and improving overall glucoregulation.While numer-

ous basic science investigations employing isolated cell lines and tissues and several dif-

ferent animal models of insulin resistance have provided very positive results for the

effectiveness of antioxidant interventions, including the specific antioxidant ALA, to

reduce oxidative stress and enhance the metabolic actions of insulin, it must be recog-

nized that the number of clinical studies on humans with insulin resistance and type 2

diabetes demonstrating the ability of antioxidants such as ALA to improve insulin action

is quite limited. It is clear that further clinical investigations focusing on the translation of

these findings in cell and animal models to actual conditions of humanmetabolic dysfunc-

tions must be undertaken. Moreover, while not addressed in this chapter, the ability of

antioxidants from dietary sources to beneficially impact metabolic regulation in humans

with insulin resistance and type 2 diabetes must be rigorously tested. The concepts of the
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deleterious effects of oxidative stress on metabolic regulation and the beneficial effects of

antioxidant interventions are well founded in preclinical studies. The challenge will be to

convincingly demonstrate these concepts in well-designed and rigorous clinical investi-

gations in human subjects.
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1. INTRODUCTION

Type 2 diabetes mellitus (T2DM), a metabolic disorder, is characterized by high levels

of blood glucose resulting from defects in insulin secretion, insulin action, or both.

According to American Dietetic Association criteria, T2DM is diagnosed when one

of the following occasions is confirmed (for two times of repeating) in patients1:

1. Fasting plasma glucose �126mg/dL (7.0mmol/L) in which fasting is defined as

abstaining from calorie intake for at least 8h.

2. Two-hour plasma glucose �200mg/dL (11.1mmol/L) during a 75-g oral glucose

tolerance test (OGTT).

3. HemoglobinA1C �6.5% (48mmol/mol).

4. A random plasma glucose �200mg/dL (11.1mmol/L).

T2DM remains one of the biggest public health concerns globally. T2DM, previously

referred to as “non-insulin-dependent diabetes,” accounts for 90%–95% of all diabetes.

This type of T2DM comprises individuals having relative insulin deficiency and periph-

eral insulin resistance.1 Over recent decades, the prevalence of T2DM in adults has been

on the rise globally. In 2015, the prevalence of T2DM was reported to be around 415

million people aged 20–79 years,2 followed by 2017, in which the prevalence of T2DM

rose to 420 million globally; however, the number of people with diabetes (aged

20–79 years) has been predicted to rise to about 642 million by 2040.3 This accelerating

pandemic imposes high personal and financial costs on national health-care systems:

the total global health-care expenditure on diabetes in 2015 was estimated at 673 billion

US dollars which includes the costs of medical care, disability, and premature death.2

People living with T2DM have a higher risk of morbidity and mortality than the general

population. The chronic hyperglycemia of T2DM is associated with micro- and macro-
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vascular dysfunction including retinopathy, nephropathy, neuropathy, and failure of var-

ious organs.4 According to the World Health Organization (WHO) report in 2017,

T2DM is one of the noncommunicable diseases being responsible for 80% of global

deaths in the age group between 30 and 69 years.5

Out of certain preventable risk factors affecting T2DM such as physical activity, stress,

and tobacco use,6 diet plays an important role in the prevention and management of

T2DM.5 Dietary patterns such as Mediterranean diet,7 dietary approaches to stop hyper-

tension (DASH),8 vegetarian diet,9 plant-based low-fat dietary pattern,10 therapeutic

lifestyle change (TLC) diet11 are reported to decrease the risk of T2DM and its

cardio-metabolic risk factors. Food groups such as whole grains,12 dairy,13 fish and

seafood,14 beans and legumes,11,15 nuts,16 and dried fruits17 are also recommended to

reduce the risk of T2DM. Nutritional transition (moving from traditional to Western

dietary pattern), which could be seen especially in developing countries, is a major risk

factor that causes development of metabolic disorders, especially T2DM.18,19 Western

dietary pattern is characterized by higher intakes of foods containing more unhealthy fats

such as hydrogenated vegetable oils (HVOs).18,20 The HVOs are the main source of

industrially produced trans fatty acids (TFAs). The HVOs and TFAs have been sources

of interest in last decades because of their roles in exacerbating chronic metabolic diseases

such as T2DM. Thus, since the most important harmful compound of HVOs could be

considered as TFAs, the aim of the present chapter is to shed light on the effects of HVO

and TFA intake on the risk of developing T2DM.

2. DIETARY FATS: HVOS AND TFAS

The use of specific types of fats and oils in diets of people living in different regions of the

world has been influenced by the geography. For example, butter, lard, and beef tallow in

Northern Europe and North/South America, and olive, sesame, sunflower seed, and

soybean oils in Southern Europe and the rest of the world.21 Fats and oils contain a mix-

ture of saturated fatty acids (SFA), monounsaturated fatty acids (MUFA), and polyunsat-

urated fatty acids (PUFA). All of double bonds in MUFA and PUFA are in the normal

“cis” formation, which could easily be broken down by oxygen atoms and produce off-

flavors in foods, reduce its nutritional values, and make oils rancid.22 To reduce these

problems, hydrogenation is used. Hydrogenation is a chemical process that adds hydro-

gens to the double bonds of fatty acids, mostly in vegetable oils.23 As the hydrogenation

degree in vegetable oils increases, the SFA content of oils increases andMUFA and PUFA

decrease. The use of hydrogenated fat made from vegetable oil (i.e., HVOs) is favored by

food manufacturers in industry because:

• They are not as likely to break down, thus, they can withstand repeated heating.

• They are low-priced.
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• They are semisolid at room temperature making them easier to use in baked products.

• They have longer shelf-life.

• They have flavor stability.24

Aside from the strengths of HVOs in industry, they have brought some flaws for human

health. Out of adverse effects of hydrogenation, the conversion of “cis” double bonds to

“trans” double bonds, which produces TFAs, could be mentioned.

The TFAs found in the diet could originate from two different sources: (1) they could

exist naturally in dairy and meat fats as the result of ruminant bio-hydrogenation, and

(2) they could come from industrial processes.25 Ruminant fats hold 1%–8% TFAs

and their intake have shown to contribute to less than 0.5% of total energy intake in

diets,26 whereas margarine, baking shortenings, and frying fats have been reported to

contain up to 40%–50% TFAs.27 In addition, fully hydrogenated HVOs have

15%–25% TFAs, although partially hydrogenated oils are low in TFAs. Thus, industrially

produced TFAs (mainly coming from HVOs) have shown to make up the major part of

dietary sources of TFAs in both developed and developing counties.26,28,29

The amount of TFAs in the diet is of interest due to the possible adverse effects of

these fats on cardiovascular disease (CVD), insulin resistance, T2DM, and inflamma-

tion.30 Considering the fact that natural TFAs are metabolized differently from industri-

ally produced TFAs, and human intake of natural TFAs (not threatening human health24)

are not as significant as industrially produced TFAs, studies investigating the effects of

industrially produced TFAs (mostly originating fromHVOs) on T2DM risk are discussed

in this chapter.

3. GLOBAL CONSUMPTION RATES OF TFAS

Assessment of TFAs intake varies according to food supply, dietary habits, and methods

used to estimate the intake. Estimations of TFAs appeared in the diets are usually reported

based on one of these methods31:

• Laboratory analysis of duplicate diet portions.

• Analysis of intake data of a representative population.

• TFA contents of biological tissues such as human milk.

• Food disappearance or data on the market share of the TFAs.

Obviously, TFAs intake differs considerably in various countries throughout the world.

Northern European diets traditionally included more TFAs compared to countries

with Mediterranean dietary patterns in 2006 (where olive oil is used).31 To be more

exact, among the European countries, dietary TFAs intake is at its lowest values in

Portugal, Spain, Greece, and Italy (1.4–2.1g/day), while its values tend to be greater

in Sweden, Finland, Iceland, United Kingdom, Belgium, France, Norway, Germany,

TheNetherlands, and Denmark (2.1–5.4g/day).31 Furthermore, the total intake of TFAs

21Hydrogenated Vegetable Oils and Diabetes

http://www.sciencedirect.com/topics/medicine-and-dentistry/energy-intake


in 2006, using the available method for the laboratory analysis of foods, was 0.6% and

0.7% of total daily energy intake in Australia and New Zealand, respectively.32 Using

the food frequency questionnaire method, North America’s daily intake of TFAs have

been reported to be 3–4g/person, while it was greater than 10g/person, using extrap-

olation of human milk data in 2006.31 Moreover, data on TFAs intake in less developed

countries especially in Asia, Africa, and the Middle East have not been available since

2000s. A study have reported that the TFA intake in China was 0.2% in 1999–2011
and was 4.2% in Iran in 2004.33 In recent decades, the average intake of TFAs have been

lower than the recommended maximum intake in the majority of countries with avail-

able data.31 In these countries the intake of TFAs from animal sources are higher than

from industrial sources. Although TFAs intakes have been specified to as maximum

intake of 1% of the total energy intake,34 the recommended intake of TFAs in the

“Dietary Guidelines for Americans 2015–2020” limits the intakes to as near zero as pos-

sible through limiting foods containing industrially produced TFAs as in HVOs.35

The increasing knowledge of harmful effects of industrially produced TFAs on

human health (e.g., blood lipid profile and increased risk of coronary heart disease36) have

led the governments to establish some rules and public health recommendations and to

inform people in order to lower the consumption rates of TFAs, consequently improving

the diets and reducing the risk of noncommunicable diseases.24 Remarkable reductions in

industrial TFAs intake have been observed in many countries over the past 20 years,

mainly due to the regulations of governments and Food and Drug Administration

(FDA). The FDA rules require nutrition labeling to list the TFAs content in one serving

of foods.37 The Daily Value for TFAs has not been recommended; however, the Institute

of Medicine have recommended keeping the TFAs intake to as near zero as possible.38

A systematic analysis including 266 country-specific nutrition surveys has reported

the figures of adult global intake of TFAs between 1990 and 201039: the global mean

intake of TFAs between 1990 and 2010 was partly stable (+0.1% daily energy intake)

and regions with highest levels of TFAs intake are North America (2.9%), Central Amer-

ica (2.4%), Tropical America (1.8%), Latin America (1.7%), and North Africa/Middle

East (2.4%).39 Comparatively, South Asian and North African/Middle Eastern nations

have had the largest increase in the amount of TFAs intake, for example, Pakistan

(+1.5% daily energy intake), Iran (+0.6% daily energy intake), and Costa Rica

(+0.3% daily energy intake). Meanwhile, several Western European nations have shown

larger decreases, including Norway (�0.3% daily energy intake) and the Netherlands

(�0.3% daily energy intake).

Table 1 represents the average TFA intake among different countries along with

major TFAs sources used in each country. The sources of TFAs in developed countries

are commercial foods, whereas TFAs in developing counties originate mostly from home

and street use of partially hydrogenated oils.28,40
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Table 1 Different sources of TFAs intakes among various regions around the world in 2010
Region Food sources of TFAs Average TFAs intake

Europea Non-pre-packed foods such as bakery

products, biscuits

<1%k

Switzerland41 Bakery products, ice creams, Varia,

snacks, cakes and biscuits, semisolid

fats

–

Franceb Manufactured pastries, biscuits, ready

meals, and chocolate bars

0.18–0.21g/day

Portugalc A wafer-type with chocolate filling,

butter cookies

–

Germanyd Bakery products and confectioneries –
United kingdom42 Potato chips from fish and chip shops,

dairy ice cream, garlic, herb baguette,

spreadable butter, and pizza

–

America39 Cakes, cookies, pies, deep-fried, and

frozen food (e.g., French fries,

breaded chicken, and fish) and

packaged snacks (e.g., popcorn),

margarines and crackers

- Central America: partially

hydrogenated soybean oil

1.7%–2.9%k

Middle east 2.4%k

Iran28 Partially hydrogenated vegetable oils 4.2%k

Lebanone Partially hydrogenated vegetable oils

Biscuits cakes, croissants, wafers

2g TFAs/100g fats

0.7–25.8g TFAs/100g

fats

Africa39 Limited data 2.4%k

Australiaf Margarineg 0.5%k

Asia

Japanh Confectionaries, baked goods on fats

and oils

Women: 0.8%k

Men: 0.7%k

Koreai Shortening and margarine, popcorn,

French fries, fried chicken

–

Indiaj Nonrefined mustard, refined soybean

oils, branded/non-branded butter

and butter oil, hydrogenated

vegetable oil

Less than WHO

recommendations:

Except for Punjab that

has 1.09-fold higher

TFAS intake than

recommendations

Global39 • Baked foods (cookies, cakes, pies,

and crackers)

• Doughnuts

• Snack food (e.g., potato chips)

1.4%k

Continued
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4. TFAS, HVOS, AND T2DM

The T2DM prevalence is increasing among different populations2,3 and lifestyle inter-

ventions such as diet play an important role in the management of T2DM. The evidence

shows that HVOs and TFAs, as unhealthy components of Western dietary pattern, result

in the development of CVD, insulin resistance, and T2DM.34,44 Several studies from dif-

ferent fields have investigated the effects of the TFA and HVO intake on the T2DM that

are specified in the following parts.

5. CELL STUDIES

Effect of TFAs on pancreatic islet cells or on insulin-sensitive targets cells such as adipo-

cytes have been investigated in the cell studies.45,46 In mouse pancreatic β cells, TFAs

such as elaidic acid have increased glucose-stimulated insulin secretion47 along with

the inhibition of oxidation of glucose; this mechanism disturbed the glucose metabolism,

damaged β cells, and eventually led to T2DM.46 In rat adipocytes, TFAs have reduced

Table 1 Different sources of TFAs intakes among various regions around the world in 2010—cont’d
Region Food sources of TFAs Average TFAs intake

• Fried fast food (e.g., French fries,

fried chicken)

• Biscuits, cinnamon rolls, and frozen

pizza

• Vegetable shortening

• Stick margarine43

WHO, World Health Organization.
aEuropean Commission. Report from the commission to the European parliament and the council: regarding trans fats in
foods and in the overall diet of the Union population. Brussels; 2015.
bLaloux L, Chaffaut Ld, Razanamahefa L, Lafay L. Trans fatty acid content of foods and intake levels in France. Eur J Food
Sci Technol. 2007;109(9):918–929.
cSantos LAT, Cruz R, Casal S. Trans fatty acids in commercial cookies and biscuits: an update of Portuguese market. Food
Control. 2015;47:141–146.
dKuhnt K, Baehr M, Rohrer C, Jahreis G. Trans fatty acid isomers and the trans-9/trans-11 index in fat containing foods.
EJLST. 2011;113(10):1281–1292.
eSaadehC, Toufeili I, Zuheir HabbalM,Nasreddine L. Fatty acid composition including trans fatty acids in selected cereal-
based baked snacks from Lebanon. J Food Compos Analy. 2015;41:81–85.
fNational Health and Medical Research Council. Australian Dietary Guidelines Providing the Scientific Evidence for
Healthier Australian Diets; 2013.
gClifton PM, Keogh JB, Noakes M. Trans fatty acids in adipose tissue and the food supply are associated with myocardial
infarction. J Nutr. 2004;134 (4):874–879.
hYamada M, Sasaki S, Murakami K, Takahashi Y, Okubo H, Hirota N, et al. Estimation of trans fatty acid intake in
Japanese adults using 16-day diet records based on a food composition database developed for the Japanese population.
J Epidemiol. 2010;20(2):119–127.
iLee JH, Adhikari P, Kim S-A, Yoon T, Kim I-H, Lee K-T. Trans fatty acids content and fatty acid profiles in the selected
food products from Korea between 2005 and 2008. J Food Sci. 2010;75(7):C647–C652.
jDixit S, Das M. Fatty acid composition including trans-fatty acids in edible oils and fats: probable intake in Indian
population. J Food Sci. 2012;77(10):T188–T199.
kPercent of daily energy intake.
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both the glucose oxidation and the conversion of glucose to lipid; which exacerbated the

insulin resistance at cellular levels.45 In addition, elaidic acid had a toxic effect on human

EndoC-βH1 beta cells,48 however other studies did not support these effects.49 Overall,

the application of the data from these types of studies is not possible since they have failed

to adequately control the other dietary fatty acid uptakes by cells, but, these data could be

used for confirming an agreement between results from cell, animal and human studies,

and elucidating potential mechanisms.

6. ANIMAL STUDIES

Different amounts of TFAs have been exposed to cells in vivo, ex vivo in order to check

its effect on insulin secretion. The TFAs have significantly increased insulin secretion and

decreased membrane fluidity in Winstar/NIN rats.50 Moreover, TFAs induced an upre-

gulation in mRNA expression of resistin and a downregulation in lipoprotein lipase in

animals’ adipocytes, when receiving diets containing 3%TFAs.51 A higher fasting glucose

was also observed in the monkeys fed with TFAs.52 Controversially, in other animal stud-

ies TFAs have shown no destructive effect on muscle mitochondrial capacity, insulin sen-

sitivity, insulin concentrations, and homeostatic model assessment (HOMA) index.53–55

These contradicting results in animal studies may have been confounded by other fat

types existed in the diets of animals and more studies are needed to investigate the effect

of TFAs on biomarkers of T2DM in animal studies.

7. EPIDEMIOLOGICAL STUDIES

A large prospective study (84,204 participants) from the Nurses’ Health Study, which is

one of the largest investigations into the risk factors for major chronic diseases in women,

reported that TFAs intake increased the risk of developing T2DM after 14 years of

follow-up, and the substitution of 2% of energy derived from TFAs with PUFA and car-

bohydrates lowered the risk of developing diabetes by 40% and 28%,56 respectively.

A study of male participants (n ¼42,504) from theHealth Professionals Follow-up Study,

aged 40–75 years found a positive association between the TFAs intake and the risk of

developing T2DM; the association was not significant after adjusting for cereal fiber,

magnesium, and body mass index (BMI).57 In contrast, a relatively inverse association

between TFAs intake and risk of T2DM observed in 35,988 old women within 11 years

of follow-up in the IowaWomen’s Health Study.58 An Australian study, which included

the 3737 men and women over 4 years of follow-up, reported an inverse association

between the TFAs intake and T2DM risk (without any adjustment for diet compo-

nents).59 Contrary to previous results, a population-based study of 1284 diabetic partic-

ipants conducted within the framework of Strong Heart Study, the first large

epidemiologic study of CVD in American Indians with 45–74 years of age, found no
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association between the TFAs intake and glycemic control.60 Moreover, in a cross-

sectional study from the Netherlands Epidemiology of Obesity study, which is a

population-based prospective cohort study among 6673 individuals, the TFAs intake

was not associated with markers of T2DM risk.61 Difference in total intakes of TFAs

among various populations, sample size, and other lifestyle confounding factors can mod-

ify the association between the TFAs intake and T2DM. Given these uncertainties, fur-

ther studies are necessary in order to assess this association more accurately.

8. RANDOMIZED CONTROL TRIALS

In a clinical trial after 4 weeks of dietary intervention, high intakes of industrially pro-

duced TFAs (0.54g/day) showed no significant effect on fasting glucose, insulin, and

HOMA index.62 Moreover, intake of TFAs between 0.05% and 5.2% of total energy

intake had no effect on glucose metabolism and insulin concentrations.63,64 In addition,

increased intake of TFAs by 9% of total energy intake did not modify markers of insulin

resistance.65 Contrastively, consuming 10% of energy as TFAs caused a significant

increase in relative insulin sensitivity and insulin concentrations66 and a diet with 20%

of its energy intake from TFAs increased postprandial insulin levels by 59% compared

with MUFA diet.67 Overall, as the intake of TFAs reached 10% of total energy intake,

the associations between TFAs and insulin resistance markers have changed its status from

being nonsignificant to significant. Our finding is in agreement with a meta-analysis of

seven randomized placebo-controlled clinical trials which investigated the effects of

TFAs intake on glucose hemostasis; concluded that intake of TFAs, ranged from

2.59% to 7.8% of total energy intake, did not significantly change the circulating glucose

and insulin concentrations.68

Furthermore, apart from the amount of TFAs in the diet, the type of TFAs in the diet

seems to be important. Partially hydrogenated soybean oil (provided 3.2% of energy as

TFAs) have shown to increase the fasting blood glucose and disturb the metabolism of

glucose and lipoproteins.69 In another clinical trial, intake of partially hydrogenated soy-

bean diet (which provided 4.15% of energy intake as TFAs) increased fasting insulin levels

and HOMA index.70 Therefore, it is concluded that the type and amount of TFAs prove

to be effective in the development of glucose metabolism-related disorders.

9. MECHANISMS OF TFAS/HVOS IN THE PROGRESSION OF T2DM

Some mechanisms by which TFAs/HVOs develop T2DM are as follows:

1. TFAs induce hyperphagia and increase body weight.71

2. TFAs increase body fat mass through inducing hypertrophy of adipocytes.72

3. In adipocytes, TFAs reduce both the glucose oxidation and the conversion of glucose

to fat, which exacerbates the insulin resistance at cellular levels.45
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4. In β cells, TFAs increase glucose-stimulated insulin secretion along with the inhibi-

tion of oxidation of glucose; thereby causing disruption of the glucose metabolism,

damaging β cells, and eventually leading to insulin resistance.47

5. TFAs increase the systemic inflammation and markers of endothelial dysfunction in

blood, including soluble cell adhesion molecules and E-selectin.73,74

6. TFAs induce endoplasmic reticulum stress which activates c-Jun N-terminal kinase

(JNK) and inhibitor-κB kinase (IKKβ)/nuclear factor-κB (NFκB) pathways, and
causes impairments in insulin signaling.75

7. TFAs increase trimethylamine N-Oxide which exacerbates impaired glucose

tolerance.76

10. POLICY EFFORTS REGARDING TFAS/HVOS REDUCTION

After recognition of the industrial benefits of TFAs and HVOs, such as producing longer

shelf-life, food manufacturers, bakeries, and restaurants became interested in using these

types of oils through the 1960s. But, in recent decades, a growing body of evidence has

linked the use of TFAs and HVOs with some chronic diseases especially CVD and

T2DM.30 In addition, researchers have convinced the politicians that the elimination of

TFAs do not hurt the taste, price, and availability of foods.77 For improvement of negative

effects of TFAs onmetabolic disorders, some global organizations such asWHO, Food and

Agriculture Organization (FAO), institute of medicine, and FDA have tried to address this

issue through the introduction of legislations and mandatory declaration of TFAs content

on food labeling. The removal of TFAs from the foods has been considered as one of the

simplest public health interventions for health improvements.78 WHO/FAO technical

report series no. 916 recommended that TFA intake should be as low as possible (less than

1% of total energy intake or, no more than 2g of TFAs/day for a person requiring

2000kcal).34 Moreover, FDA in response to the published studies indicating TFAs intake

increases blood LDL levels and a petition from the Center for Science in the Public Interest

has made the indication of TFAs contents mandatory in all nutrition labels of foods and

supplements.79 Interestingly, listing the TFAs contents of foods in nutrition labeling have

saved up to 500 lives per year in the United States through reducing the CVD incidence.80

Apart from global regulations, some countries (mostly developed countries) have

taken additional actions to reduce the intakes of TFAs in their own countries. Denmark

was the first country which limited the industrially produced TFAs intakes to less than 2%

in 2003.77,81 After Denmark many other countries have started to ban the TFAs intake.

For example, Switzerland has permitted TFAs intake of less than 2% of the total fat con-

tent in locally made or imported foods.41 Similarly, Austria has prohibited the TFAs

intake to less than 2% of the total fat content,82 In addition, the Netherlands has set

an upper intake level of 1% of energy fromTFAs in 2004.83 TheUnited States has recom-

mended that intakes of TFAs should be as low as possible.84 The UK Department of
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Health (DH) stated that TFAs intake should be less than 2% of total energy intakes or 5g/

day, however, reports show that the UK’s mean intake of TFAs were less than 2g/day for

all age groups in 2010.85,86

A review published byWHO stated that irrespective of the intervention method, the

introduced policies for decreasing the TFAs intakes have been effective: these policies

have proved to be feasible, achievable, and likely to have a positive considerable effect

on public health. Even though a significant progress for decreasing the TFAs intakes

has been made with labeling or local and global regulations as in Canada and in the

United States, foods high in TFAs still remained on the shelves, particularly margarines

and bakery products.30 Regarding the reduction in TFAs intake, in places where the lit-

eracy levels are high (developed countries) and political awareness and commitment exist,

labeling proved more likely to be effective compared to low- and middle-income coun-

tries.30 However, even when the political commitment exists, the resistance from food

industries is there. For example, there were countries still with highest levels of TFAs

intakes such as Canada, Egypt, Pakistan, Mexico, and Bahrain in 2010.39 Finally, it is

important to note that reducing the TFAs contents in food is only one component of

a multipronged strategy to improve diet and reduce the risk of diet-related chronic

disease.

11. CONCLUSION

Various epidemiological and interventional studies have investigated the hypothesis

regarding the effect of TFAs/HVOs on metabolic disorders including T2DM. However,

evidence supporting this hypothesis is scarce and uncertain. The overall conclusion that

can be drawn from the recent document is that the intake of TFAs less than 10% of total

energy intake does not affect the risk of T2DM and insulin resistance markers. However,

some types of TFAs in diet including partially hydrogenated soybean oil seem to increase

the risk of T2DM in lower amounts compared with other HVOs. Regulations regarding

the reduction of industrially produced TFAs (existing in cakes, crackers, and other indus-

trial products) could help people adhere to recommendations by WHO and FDA and

therefore increase public health and reduce the incidence of morbidity and mortality

from noncommunicable diseases.
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1. INTRODUCTION

Diabetic nephropathy (DN), the leading cause of end-stage renal disease (ESRD) in the

Westernworld, has reached a staggering incidence rate in the adult and elderly age groups.

It is defined by progressive stages of proteinuria, from microalbuminuria (30–299mg/g

creatinine), which usually appears approximately 10 years after the inception of diabetes

mellitus (DM), to macroalbuminuria (�300mg/g creatinine), and ESRD, which require

dialysis or transplant. In the United States, expenditure for care for DN patients, which is

boosted by consensual cardiovascular disease and progression to ESRD, was 25 billion

USD in 2011 in the Medicare recipient group over 65 years of age.1 Furthermore, pro-

gressionofDNis strongly associatedwithhighermedical care costs,which in a recent study

were37%higherwithprogression fromnormoalbuminuria tomicroalbuminuria, and41%

higher with progression from microalbuminuria to macroalbuminuria.2 Hyperglycemia,

increased blood pressure levels, and genetic predisposition are the main risk factors for the

development of DN. Effective treatment strategies must be implemented in DM patients

to prevent the development of microalbuminuria (primary prevention), and to delay pro-

gression to macroalbuminuria (secondary prevention) and ESRD (tertiary prevention).3

The therapeutic cornerstone to contrast onset and progression of DN is drug treat-

ment, which is effective to fend off hyperglycemia and glomerular hyperfiltration, the

major pathogenetic pathways that lead to glomerulosclerosis. In the past decades, fine

tuning of insulin administration, which can be now achieved through sophisticated

devices, has been essential to prolong life and prevent disabilities and complications in

diabetic patients. On the other hand, antihypertensive drugs, such as ACE inhibitors

and angiotensin receptor blockers both keep in check arterial pressure and reduce glo-

merular hyperfiltration.4 Apart from drug therapy, there are two additional weapons that

are crucial to contrast DN, physical activity and diet adjustment. A reasonable, personally

adjusted program of increased activity in the diabetic patient, adequate in terms of age and
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physical conditions, is widely accepted as an advantageous factor that should reduce body

mass, favor circulation, and insulin sensitivity, and enhance patient’s self-confidence.

Up to the discovery of insulin one century ago and its therapeutic adoption, dieting

was the sole treatment available for diabetic patients. Although the role of nutrition ther-

apy has dwindled in consideration of the success of drug therapy, there are several impor-

tant points enhancing its relevance, which is dealt with in this chapter. The Consensus

Conference on Diabetic Kidney Disease of 2014, organized by the American Diabetes

Association1 in collaboration with the American Society of Nephrology and the National

Kidney Foundation, has set the guidelines for macronutrient intake, which represents the

mainstay of dietary adjustment prescription. Research on clinical outcome and mecha-

nisms of action of nutrients is crucial to develop both effective intervention on nutrition

education of the patient and the selection of functional foods capable of contrasting the

onset and progression of DN.

2. OVERALL CALORIC INTAKE AND GENERAL NUTRITION PATTERNS

Not only does chronic nutrient overload lead to obesity, insulin resistance, and type 2

diabetes, but it also causes various tissue-specific and systemic metabolic dysfunctions that

increase the risk of kidney damage and promote chronic kidney disease (CKD). In

particular, the excess of high amounts of saturated fat, fructose, and salt, which is common

in the Western diet, promotes dyslipidemia, hypertension, hormonal disturbances, oxi-

dative stress, inflammation, and fibrosis. The combined untoward effect of these changes

is the risk of cardiovascular disease and glomerular function impairment.1,5 Along these

lines, the major goals of nutrition therapy in DM are to restrict caloric intake for over-

weight or obese patients, monitor macro and micronutrient consumption and compo-

sition, and provide patient counseling. A program of physical activity, specific for each

patient, should complement dieting for weight loss.6 Overweight patients can benefit

even from moderate amounts of caloric restriction and weight loss in terms of improved

glycemia, blood pressure, and lipid levels, especially in the early phase of disease.7

Themain objectives in themanagement of DN are preservation of the residual kidney

function and prevention or slowdown of development of other diabetic complications,

particularly cardiovascular disease. In patients with impaired kidney function, the Inter-

national Society of Renal Nutrition andMetabolism recommends a total energy intake of

30–35kcal/kg/day of ideal body weight, a goal that needs to be tailored according to the
patient’s physical activity. An ideal dietary protein amount of 0.8g/kg/day (<15% of

total caloric intake) is geared to preserve the patient’s protein stores even with the pro-

gression of kidney disease. Furthermore, consumption of simple sugars should not exceed

10% of total caloric intake.8 Since theWestern dietary pattern has been associated with an

increased incidence of CKD,9 a sensible approach to diet management of patients with

chronic kidney impairment entails the adoption of a comprehensive scheme such as the
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Dietary Approaches to Stop Hypertension (DASH) or the Mediterranean diet. At

variance with the Western diet, both DASH and Mediterranean diet provide a lower

proportion of red-meat protein and whole-fat dairy products, and emphasize consump-

tion of fruits and vegetables, lean meats, fish, whole grains, and plant proteins as major

staples.10 A prospective cohort study11 involving 14,882 participants in the Atheroscle-

rosis Risk in Communities (ARIC) group who had baseline estimated glomerular filtra-

tion rate (eGFR)�60mL/min/1.73m2 showed that the DASH-style diet was associated

with lower risk for kidney disease. Of the 3720 patients who developed kidney disease

during a median follow-up of 23 years, those falling in the lowest score tertile of DASH

diet (i.e., lowest adherence to the DASH diet) were 16% more likely to develop kidney

disease than those with the highest tertile (HR, 1.16; 95% CI, 1.07–1.26; P for trend

<.001), after adjusting for socio-demographics, smoking status, physical activity, total

caloric intake, baseline eGFR, overweight/obese status, DM status, hypertension status,

systolic blood pressure, and antihypertensive medication use.

Within the individual components of the diet score, high intake of red and processed

meat was adversely associated with kidney disease, whereas high intake of nuts, legumes,

and low-fat dairy products was associated with reduced risk for kidney disease. Lin et al.11

also demonstrated that the Western-diet is associated with significantly increased odds of

microalbuminuria and rapid kidney function decrease compared with a DASH-style die-

tary pattern, which resulted protective against rapid eGFR decrease. Overall, these data

suggest that a low-sodium DASH-style diet, which is recommended to contrast hyper-

tension and to reduce the risk for cardiovascular disease, may also protect against kidney

disease.12

At variance with the DASH diet, the Mediterranean diet allows moderate red wine

consumption and advocates extra-virgin olive oil as the primary source of fat, a change

that tilts the balance of monounsaturated versus saturated fat. Many studies have demon-

strated that this diet is associated with a lower incidence of major cardiovascular events

and type 2 DM,13,14 as well as with a reduced risk of CKD (http://www.

renalandurologynews.com/chronic-kidney-disease-ckd/section/625/). A total of 900

patients were followed for 7 years; each of them was assessed to determine their adher-

ence to a dietary pattern resembling that of the Mediterranean diet. Patients closely

adhering to the diet were 50% less likely to develop CKD and 42% less likely to expe-

rience rapid decline in kidney function in comparison with the others.15

3. PROTEINS IN THE DIET

3.1 Protein Restriction: How Far?
High protein intake is probably not associated with renal function decline in the healthy.

Accordingly, current nutritional guidelines for DM patients without kidney disease do

not recommended dietary protein restriction.7 However, high total protein intake,
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particularly of nondairy animal protein origin, may accelerate renal function decline in

patients with mild renal insufficiency and increase the chance of renal dysfunction in sub-

jects at high risk for CKD, such as diabetes.16 This view was supported by a prospective

cohort study in women following a low carb diet, who showed increase in cardiovascular

disease and progression of impaired kidney function.17 In fact, excess protein intake

induces renal hemodynamic changes (i.e., increases of GFRs) that are needed to excrete

protein-derived nitrogen metabolites,18 a sequence of events that may entail untoward

consequences over time. Accordingly, avoidance of excess dietary protein intake may

be beneficial in preventing long-term renal complications.

For DN patients, the expert panel of the Consensus Conference for Diabetic Kidney

Disease of the American Diabetes Association recommends a “usual level of dietary

protein intake” averaging 16%–18% of total caloric intake (recommended quantity of

0.8g/kg/d).1 High levels of protein intake, defined as more than 20% of kcal from pro-

tein (more than 1.3g/kg/day), should be avoided by patients with kidney impairment.

These guidelines are similar to those originally put forward by the National Kidney

Foundation-Kidney Disease Outcomes Quality Initiative (NKF-KDOQI).19 However,

as a general consideration, reduction of protein intake must preserve adequate energy and

nutrient intake. The potential advantages and risks of greater dietary protein reduction

(0.6g protein/kg/day ideal body weight) in DN have been extensively debated. While

some studies have pointed to a slower rate of decline in GFR, other studies have not

confirmed the view that dietary protein restriction significantly affects the course of renal

function in diabetic patients.1 Furthermore, strict protein restriction requires consider-

able effort on the patients side, which may result in poor compliance,20 and may lead

to protein malnutrition, particularly in dialyzed patients. Accordingly, NKF-KDOQI

Guidelines for dialysis patients recommend higher dietary protein intake (>1.2g/kg

BW/day) in this population.21

3.2 Sources of Dietary Proteins, Associated Micronutrients, and
Nephrotoxic Food-Related Components
A step forward the total amount of protein is the selection of its sources in the diet.

Detailed information on this specific issue can be found in a recent review article from

our group.22 Within the food sources of protein, vegan foods and nonfat or low-fat dairy

products are generally recommended.23 Soy protein replacing part of meat protein in the

diet improved proteinuria and urinary creatinine in a longitudinal randomized clinical

trial in type 2 diabetic patients with nephropathy.24 In another study, patients with ESRD

and inflammation, an indicator of poor nutrition quality and poor outcome, received a

protein supplement derived from isoflavone-rich soy beans. Isoflavone levels correlated

negatively with markers of inflammation such as C-reactive protein, and positively with

markers of nutrition. These data suggest the possibility of beneficial effects of isoflavone-

rich soy food in ESRD.25 There are, however, some contrasting data in the literature
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suggesting that the positive outcome for DN of the plant vs. animal choice of protein

source in the diet is questionable; for instance, in high-risk proteinuric patients with type

2 DM, preponderant animal protein intake was associated with a lower, albeit not

significant, risk of CKD.26

Within a group of young type-1 DM patients, those falling in the group of high con-

sumers of fish (mean 9.3g of fish protein per day, corresponding to 53g of fish) showed

lower odds ratios for microalbuminuria than the other diabetic patients; adjusting for

confounding factors, high intake of fish protein and fish fat showed a reduction in the

risk of albuminuria. This positive effect was statistically related to consumption of fish

meat, but not of fish fat.27 These data on fish fat are in keeping with the questionable

results on cod-liver oil supplementation, which was associated in a study with a decrease

in transcapillary albumin escape rate and blood pressure. Furthermore, the plasma

concentration of high-density lipoprotein cholesterol increased, and those of very

low-density lipoprotein cholesterol and triglyceride increased. However, there was no

improvement in the albuminuria rate.28 Another clinical study on long-term diet supple-

mentation with cod-liver oil failed to evidence any beneficial effect on albuminuria,

kidney function, blood pressure, and dyslipidemia in normotensive insulin-dependent

diabetic patients with DN.29

The preference of white over red meat and a global reduction in the consumption of

animal protein in DM is supported by a clinical study in adult type-2 diabetic patients,

either normoalbuminuric or microalbuminuric. Normoalbuminuric patients showed

reduction of glomerular filtration rate after 1 month of a diet containing poultry as animal

protein source. Microalbuminuric patients showed reduction of apolipoprotein B levels.

What is more, only the poultry-rich diet reduced excretion of albumin in comparison

with the low-protein diet alone or the usual diet.30 The main factors supporting the

choice of white meat and fish as the main source of animal protein are the following:

(i) the high content of L-carnosine (β-alanyl-L-histidine), an animal nutraceutical of anti-

oxidant property31 found only in meat, especially white meat; and (ii) the omega-3 fatty

acids (O3), including α-linoleic acid, eicosapentaenoic acid, and docosahexaenoic acid,

which are polyunsaturated fatty acids (PUFAs) commonly found in fish, but also in seeds

and algae.

Both experimental and clinical studies point to the advantageous effects of carnosine

supplementation, which leads to improvement of glucose and lipid metabolism, and

could be helpful to prevent onset and development of DN. Carnosine acts by reducing

accumulation of advanced glycation end products (AGEs) and advanced lipoxidation end

products (ALEs), which derive from nonenzymatic modification of protein and nucleic

acid by reactive carbonyl species, formed by oxidation of sugars and lipids. AGEs and

ALEs increase in tissues in aging and, more rapidly, in DM and dyslipidemia, to induce

inflammation and oxidative stress.32,33 These kidney changes are pivotal for the onset and

progression of DN. What is more, AGEs and ALEs elicit insulin resistance, alter glucose
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metabolism, and stimulate inflammation and β-cell damage.34 Another consideration is

that carnosine supplementation (2g/day/12 weeks) in obese nondiabetic adults reduces

fasting insulin and insulin resistance and normalizes 2-h glucose tolerance test results, irre-

spective of age, sex, and change in body weight.35

Our group has investigated the positive effect of long-term carnosine supplement on

the inhibition of AGEs accumulation in the kidney and the development of glomerular

lesions in diabetic mice. Carnosine-treatedmice showed less glomerular hypertrophy due

to a decrease in the surface area of Bowman’s capsule and space.36 Another group has

extended these results, showing that in diabetic mice carnosine long-term treatment

improved albuminuria, reduced kidney weight, and restored the glomerular ultrastruc-

ture without affecting podocyte number.37

Glycotoxin accumulation also depends on cooking modalities, which can be geared

to limit AGE formation in the food and the consequent increase in AGE intake. Dry heat

promotes new AGE formation by 10–100-fold above the uncooked state; in particular,

the animal-derived foods that are rich in AGEs, generate additional AGEs with cooking.

New AGE production is reduced when cooking is achieved in short time, in moist heat,

at low temperature, and in the presence of acidic ingredients, such as lemon or vinegar.38

The positive effects of foods rich in O3, in particular fish and fish oil, have been inves-

tigated for over 20 years in several studies regarding the metabolic syndrome and DM.

A recent 25-year follow-up study on the occurrence of metabolic syndrome and DM in

young American adults has shown that intake of PUFAs and of non-fried fish was

inversely associated with the incidence of metabolic syndrome in a dose-response man-

ner.39 O3 are now considered of beneficial effect in DN and several other conditions and

their consumption encouraged, either by adding O3-rich staples to the diet or as diet

supplement. In patients with CKD, most of who with DN, serum total cholesterol,

triglyceride, and urine albumin to creatinine ratio were significantly reduced after O3

supplementation. In a recent study on a large group of patients receiving O3 supplemen-

tation to contrast hypertriglyceridemia, the patients in the subgroup with type 2 DM

showed significant reduction in albumin to creatinine ratio; half of them did not expe-

rience renal function loss, and the glomerular filtration rate improved in 36%. These pos-

itive effects showed a dose-dependent trend.40

4. SODIUM AND PHOSPHOROUS

Diabetic patients can achieve reduction in blood pressure values by salt restriction of

similar entity as that of single drug therapy. In patients with type 1 and type 2 DM,

salt restriction of 1 week’s duration led to reduction of systemic blood pressure

(�7.11/�3.13mmHg in type 1 DM patients and�6.90/�2.87mmHg in type 2 diabetic

patients). Both systolic and diastolic pressure values were affected; reduction was more

pronounced in normotensive patients.41 Another consideration is that reduction in
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sodium intake in patients with type 2 DM and DN improves the positive effects of angio-

tensin receptor blockers.42 Current nutritional guidelines for DKD patients uniformly

recommend restriction of dietary sodium intake to <1.5–2.3g/day (5g of NaCl).1

However, it has been reported that excessively low sodium intake may decrease insulin

sensitivity and adversely affect glucose homeostasis.43

High levels of phosphate in the hypertensive patient have been related to vascular

calcification, a condition that affects Type 2 diabetic patients more severely than normo-

glycemic subjects and is recognized as an important predictor of CKD progression.44

Additional harmful effects of phosphate overload include promotion of chronic systemic

inflammation and increased activation of the intrarenal renin angiotensin system.45 Die-

tary counseling must consider not only the amount of phosphate in the diet, but also the

kind of food from which the phosphate derives. In fact, phosphate from plant-origin

foods is much less absorbed (>40%) by the intestine due to the lower bioavailability

of phytate. The absorption rate of phosphate is high (>80%) for animal origin, in

particular processed, foods. As a result, the source of protein is a key determinant of phos-

phate homeostasis in patients with DN. An effective approach to limit phosphorus intake

without affecting adequate protein consumption is to avoid foods with high protein-

related phosphorus, such as egg yolk and, particularly, foods with phosphorus-based

preservatives, such as enhanced meat and cheese, as well as some soft drinks.46 On the

other hand, in patients with advanced stages of CKD (i.e., GFR <30mL/min/

1.73m2) sodium and potassium levels should be carefully monitored since high consump-

tion of vegan protein and increased intake of fruit and vegetables may increase serum

levels of these minerals.1

5. FRUIT AND VEGETABLES

Fruit and vegetables are the main staples of both the Mediterranean and the DASH diets,

in which they supply most carbohydrates, fats, and protein, besides vitamins andminerals.

In general terms, these standard diets, which are recommended for the general popula-

tion, are also recommended for diabetic patients with or without DN, although with a

few caveats. In particular, whole-grain, fiber-rich vegetables and fruits, which are recom-

mended staples in the diet of patients with DN, should be reduced in advanced DN to

limit potassium and phosphorus intake.8

5.1 Olive Oil
In the Mediterranean diet, olive oil of extra-virgin quality constitutes the main source of

fat, a fact that represents its main difference from the DASH diet. Although the positive

effect in diabetic patients is supported in several studies, there are some considerations

that deserve comment. Firstly, the worldwide adoption of extra-virgin olive oil, despite

the ease of its availability in today’s global market, is hampered by its cost outside the
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common basin Mediterranean countries, as well ethnic traditions. Nonetheless, its con-

sumption has risen steadily in Central and Northern Europe in the last decades, a likely

result of increased information and concern in the general population.

The antioxidant properties of extra-virgin olive oil are ascribed to its high content in

polyphenols; its administration to mice led to improved plasma lipid profile and reduced

body weight, plasma, and epididymal fat interferon (INF) γ, interleukin (IL) 6 and leptin
levels, and macrophage infiltration.47 In overweight patients with type 2 DM, extra-

virgin olive oil supplementation induced the production of specific antiinflammatory

adipokines, resulting in improved fasting glucose levels, bodymass index (BMI) and body

weight, as well as lowered serum level of aspartate aminotransferase and alanine amino-

transferase.48 Apart from extra-virgin olive oil, other plant oils have shown positive prop-

erties to contrast DM and inception of DN. Canola oil improves renal clearance and

reduces free fatty acid, triglyceride, and cholesterol levels in the plasma in diabetic rats.49

Either canola oil or rice bran oil supplementation showed similar positive effects on

plasma lipids in women with type 2 DM.50

5.2 Anthocyanin-Rich Vegetables
The most important group of flavonoids, common phenolic compounds of foods, is the

anthocyanins, of which over 600 types have been identified. These natural colorants are

responsible for the red, purple, and blue hues that characterize many fruits, vegetables,

cereal grains, and flowers. Besides their practical use as biological colorants in the food

industry, considerable evidence points to their health-promoting properties.51 In this sec-

tion, we summarize some of the most prominent studies on the positive effects of

anthocyanin-rich foods in the DM setting.

An experimental study in cultured human endothelial cells and THP-1 monocytes

with 33mM glucose exposure has shown that addition of purple corn extract, which

is rich in anthocyanins, is associated with decreased expression of endothelial vascular cell

adhesion molecule-1, E-selectin, and monocyte integrins-β1 and -β2. In the glomeruli of

diabetic kidneys, the extract reduced expression of intracellular cell adhesion molecule-1

and CD11b, as well as that of monocyte chemoattractant protein-1 and macrophage

inflammatory protein 2 transcription.52 Extracts of grape seed, which is rich in pro-

anthocyanidin, reduced structural evidence of vascular inflammation and AGEs expres-

sion, and in vitro adhesion molecule activity53; furthermore grape seed reduced glycemia

after glucose overload by gavage.54

Of the vast number of studies investigating additional types of vegetable foods, often

exotic and of local predilection, we overview a few examples in the following paragraphs.

Banana (Musa acuminata) inflorescence is rich in anthocyanins; banana bract supplemen-

tation in the diet has reduced the expression of inflammatory mediators and of laminin,

fibronectin, and type-IV collagen in the extracellular component of the mesangium in
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diabetic rats.55 A standardized extract from maqui berry (Aristotelia chilensis) containing

pigments with anthocyanin properties was added to the diet of diabetic patients. Glyce-

mia reduction followed the dose received, while insulinemia peaks were higher for the

lowest dose and lower for other doses.56 Pomegranate (Punica granatum) is rich in poly-

phenols, particularly anthocyanin and tannins.57 In the experimental setting, pomegran-

ate juice shows antihyperlipidemic and antiinflammatory effects, with reduction in the

inflammatory biomarkers in diabetic rats, with improvement of damage in the islets of

Langerhans.58 Cyanidin is present in several fruits, especially berries, and vegetables

contain cyanidin a natural anthocyanidin, which enters pancreatic β-cells and stimulates

insulin secretion.59 Insulin secretion stimulation is driven by the increase in intracellular

Ca due to activation of nimodipine, an L-type voltage-dependent Ca2 channel blocker.60

Experimental studies in obese diabetic mice, however, have yield controversial results on

the efficacy of red raspberry, which is rich in cyanidin, supplementation in the diet.61

5.3 Additional Studies on Vegetables and Herbs
A case in point is cinnamon and, in general, of plants rich in cinnamic acid and its deriv-

atives, such as berries and olives. Although scientific confirmation in the clinical setting is

lacking, the qualities of these compounds have been supported by experimental studies in

diabetic rats62 that confirmed contrast of glycation and preservation of the glomerular

podocyte proteins, podocin and nephrin. Saffron, a natural dye and spice consisting of

the stigmas of Crocus sativus showed reduced blood urea nitrogen and creatinine levels,

possibly a result of the antiinflammatory and antioxidative effects of the compound.63

Berberine, another traditional dye—and a traditional drug in Chinese medicine—has

proved successful in experimental studies in diabetic rats to reduce inflammation though

blockage of pro-inflammatory cytokines and collagen deposition.64

An additional component of berries with purported positive effects in the diet of dia-

betic patients is ellagic acid, a phenol antioxidant also found in pomegranate and nuts.

Again, scientific data are only available in experimental animals. In diabetic rats its sup-

plementation in the diet led to reduced expression of renal nuclear factor (NF) α κB, with
consequent reduction of inflammation indicators and hypoglycemic activity.65 Stevia

rebaudiana, which has been employed in traditional medicine in South America for

centuries, has now become a booming herbal supplement in the naturopathic commu-

nity. Diabetic rats received the entire plant or a Stevia fiber extract rich in polyphenols as

diet supplement. Either preparation entailed increased production of insulin with glyce-

mia reduction and contrasted progression of glomerular damage.66

Green tea (Camellia sinensis), one of the most common beverages in the Far East, is

considered a sort of panacea for a vast number of conditions. Catechin, a type of natural

phenol and antioxidant, is a plant secondary metabolite, part of the chemical family of

flavonoids.67 In diabetic rats supplementation of green tea catechin showed dosage-
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related antioxidant and antiinflammatory properties, with decrease in thromboxane A2

and increase in prostacyclin synthesis.What is more, it preserved glomerular filtration rate

with lower increase in β2-microglobulin concentration.68Another traditional approach to

the alleviate diabetes effectswas consumptionof leavesofmulberry tree (Morus alba),which

are rich in phenolic compounds. In diabetic rats, mulberry leaf extract reduced accumu-

lation of [Fe] in the liver and kidney, with hypoglycemic and antioxidant effects.69

6. NUTRACEUTICALS OF BOTH PLANT AND ANIMAL ORIGIN

6.1 Vitamin B6
Vitamin B6, an essential nutrient, comprises a group of chemically similar compounds, of

which the active form is pyridoxal 50-phosphate. Its food sources include meat and veg-

etables (e.g., bananas, chickpeas, potatoes, and nuts). Grain milling, heating, storage, and

canning reduce the vitamin B6 content of foods, although less so for vegetable sources,

for their compound, pyridoxine is more stable. Adverse effects have been documented

from vitamin B6 supplements, but never from food sources.

The vitamin B6 compound pyridoxamine, which is found in foods such as fish,

chicken, eggs, and walnuts, is an effective inhibitor of nonenzymatic protein glycation

that decreases AGE formation.70 It significantly inhibits increase in albuminuria, plasma

creatinine, and hyperlipidemia in diabetic rats. Furthermore, AGE/ALEs accumulation

in the skin collagen is significantly reduced.71 These results have been extended in the

experimental setting by showing that pyridoxamine supplementation decreases AGE for-

mation and is a useful adjunct of enapril treatment to contrast progression of DN and

mortality in C57BL6 db/db mice.72 In the clinical setting, pyridoxamine treatment

(50mg/bid) significantly reduced serum creatinine in most patients with DN, but in

some of them creatinine levels increased. There was no difference in albuminuria

between treated and control patients.73

6.2 Lipoic Acid
Lipoic acid is present at very low concentration in almost all foods, especially in kidney,

heart, liver, spinach, broccoli, and yeast extract. Together with its reduced form, dihydro-

lipoic acid, it is reputed to prevent and treat diabetic complications related to AGE accu-

mulation because of its antioxidant properties. In fact, lipoic acid has been shown to

increase glucose uptake by plasma membranes through recruitment of glucose

transporter-4, a mechanism shared with insulin; moreover, dihydrolipoic acid scavenges

superoxide and peroxyl radicals, and facilitates vitamin-E recycling.74 Long-term treat-

ment of diabetic rats with lipoic acid resulted in prevention or attenuation of albuminuria,

transforming growth factor β, and glomerulosclerosis. In the renal cortex, levels of gluta-

thionewerehigher and accumulations ofmalondialdehyde lower than indiabetic controls.
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The combined antioxidant and hypoglycemic actions of lipoic acid both may con-

tribute to its utility in preventing renal injury and other complications of DM.75 In an

experimental setting, 7-month treatment of diabetic rats with lipoic acid resulted in pre-

vention or attenuation of albuminuria, transforming growth factor beta, and glomerulo-

sclerosis. In the renal cortex, levels of glutathione were higher and accumulations of

malondialdehyde lower than in diabetic controls. What is more, insulin-treated rats

enjoyed better glycemic control, but showed significant deterioration in renal function,

a finding suggesting that the renoprotective effect of lipoic acid should be ascribed to its

antioxidant properties.75 The association of the effects of pyridoxine and lipoid acid in

patients with DN was associated with significant abatement of albuminuria, which was

ascribed to reduction in oxidative stress, AGE accumulation, and systolic blood pres-

sure.76 Administration of lipoic acid alone improves urinary albumin excretion and

plasma thrombomodulin levels without normalizing glucose metabolism.77

7. NUTRITIONAL THERAPY IN DM: A ROAD MAP TO CONTRAST ONSET
AND PROGRESSION OF DN

The purpose of this review is to provide practical, evidence-based recommendations for

the prescription of an individual diet to a given patient in consideration of current general

guidelines and the patient’s cultural and ethnic background. In these concluding remarks

we outline a possible road map for nutritional therapy as part of the comprehensive ther-

apy scheme of diabetic patients to contrast the onset and progression of DN. The fore-

most consideration is that the diet cannot be standardized, but should be personalized, not

only in view of the clinical conditions of the patient, but also in terms of individual pref-

erences, dietary habits, and local staples. In fact, the individually prescribed diet allows a

personal touch in the treatment plan, with the possibility of offering options to the

patients, a fact that implies their active role in the management of the disease. A diet that

acknowledges the patient’s choices, furthermore, is also likely to enhance therapy com-

pliance in the long run.

Along these lines, an interesting contribution is provided by the booming area of

investigation pursued in the last decade to provide a scientific basis for the purported pos-

itive action to contrast DN of literally hundreds of different food types, animal-derived

foods and especially vegetables and fruits. A wealth of anecdotal material from traditional

folk medicine, point to specific foods of vegetable origin as remedies for diabetic patients.

These foods may be categorized according to their supposedly active components, and in

many instances their efficacy has been tested in experimental studies in laboratory ani-

mals. A good point is that within the general outline of the Mediterranean or DASH

diets, at least some of the vegetables for which an advantageous effect has been advocated

could easily fit.
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If the choice matches local tradition, easy of availability, and traditional views of well-

ness, they could be a great bonus for acceptability and sustainability of long-term nutri-

tion therapy on the patient’s side, which are often of local/ethnic predilection and

availability. From another point of view, innovative dietary and behavioral approaches

to the prevention and therapy of DN should be amenable to reimbursement from health

insurance companies because they are effective and entail cost savings.

Extremes of protein quantity intake are fraught with adverse outcomes. For instance,

on one hand very low-protein diets can lead to protein malnutrition; on the other hand,

high-protein diets lead to increased albuminuria, rapid kidney function loss, and cardio-

vascular disease mortality. High amino acids stimulate insulin secretion and intake of a

considerable amount of protein alters postprandial glycemia in type 1 diabetic patients,

with a significant decrease at 2h and an increase at 3–5h.78 As a result, consumption of

large amounts of protein should ideally entail adjustment of insulin dose.

In summary, vegan protein and, within animal sources, fish and white meat protein

should be preferred. The total protein should not exceed 16%–18% of the total caloric

intake (0.8g/kg/day). Cooking modalities are important to reduce consumption of

AGEs with the diet. Fat intake should be reduced, despite the fact that the KDOQI

guidelines do not define a precise upper limit to its consumption. Inclusion of foods

rich in PUFAs and O3 is recommended.23 The daily sodium intake should be limited

to 1.4–2.3g/day thanks to the choice of non-processed fresh food and the consumption

of sodium-free herbs and spices.23

A final consideration concerns diabetic patients with kidney failure on dialysis.

A paradoxical, reverse association has been described where hypertension, obesity,

and hypercholesterolemia seem to provide survival advantages in dialysis patients.79

The commonly accepted relationship between conventional risk factors for DN and car-

diovascular disorders—for instance, body weight, blood pressure, or lipids—could be

reversed with advanced DN, a remark indicating that standard goals for the general pop-

ulation cannot be simply extrapolated to this group.1 As a result, nutritional recommen-

dations should be modified in patients with advanced DN and ESRD to reduce risk of

hypertension, hyperkalemia, hyperphosphatemia, bone mineral metabolism disorder,

and kidney disorder progression.
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1. INTRODUCTION

Nowadays, complementary and alternative medicine (CAM) is much more popular than

ever before worldwide. People from different nations are seeking health from various

brands of unconventional/traditional medical systems.1 More than two-third of world

population are using CAM while this portion is higher in those affected by chronic dis-

eases like diabetes.2,3 The importance of this issue is to the extent that the current

approach of healthcare providers is tended (more) to be the Integration of these methods

with conventional practice rather than complementation or alternation.

With regard to the concept of evidence-based medicine (EBM), any therapeutic/

healthcare modality with promising evidence for its safety and efficacy is applicable in

the sphere of integrative medicine (IM). In addition, personalized medicine is another

term to put emphasize on the significance of individualization in the realm of diagnosis

and treatment4; what that should also be carefully observed when the specific design of

clinical trials for personalized IM is concerned.5 All in all, it seems that we are experienc-

ing the transitional phase of another paradigm shift in the history of medicine.6

2. PERSIAN MEDICINE

Persian medicine (PM) which is also known as Unani or Arabic medicine is one of the

oldest holistic/alternative medical systems among others like Traditional Chinese Med-

icine, Ayurveda, and Homeopathy.7 It is as old as Iran (previously known as Persia),

something more than 7000 years, rooted in Indian, Greek, and Egyptian culture and

medicine.8 Since the Middle Ages, Iranian sages like Avicenna (AD 980–1037),9 Rhazes

(AD 854–925),10 and Haly Abbas (AD 949–982)11 have developed this science. Now, it

is reviving again specially during last decade in Iran’s universities.
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As a holistic medicine, it considers both spiritual and physical aspects of human by

emphasizing on Hifz-al-Sehah or preventive health measures.12 This includes Sete-ye-

Zaroorie (the six essentials) which is six main aspects of lifestyle ought to be observed

for maintaining health (and bring it back in case of illness). These principles are catego-

rized in six domains of: weather, food and drink, retention and release, rest and activity,

sleep and wake, and psychological states.13

This Hikmat (philosophy)-based medical school is standing on the theory of humoral

(or Hippocratic) medicine.14 According to this theory, our body comprises four main

humors of sanguine (blood), phlegm, yellow bile, and black bile, each one possesses a

couple of qualities: hot-wet, cold-wet, hot-dry, and cold-dry, respectively.15 These qua-

druple qualities (i.e., coldness, hotness, dryness, and wetness) which play an important

role in our health,16 are the base of the fundamental concept of Mizaj (temperament

or constitution).

Temperament—which is in accordance with modern concept of personalized med-

icine and precision medicine specially when we review the opinions of Iranian sages like

Avicenna17—is the final balanced quality of the body (and each organ) in any individ-

ual.18 It has a great impact on healthy and diseased states19 and determined by evaluating

10 identification criteria. Such criteria have been considered for development of an

standard questionnaire, too.20 It is to be noticed that modern day investigations have

also provided scrutinized molecular explanations as proteomic profile for different

temperaments.21,22

3. DIABETES IN PM

As a major leading cause of mortality and morbidity, diabetes is one of the most common

chronic diseases worldwide.23 This prevalent endocrine disorder is estimated to reach the

prevalence rate of 10.4% in 2040 and thus, considered as a serious public health problem

globally.2

Diabetes which is derived from theGreek wordDiabanmo (passing through or siphon)

was well known for Iranian physicians like Avicenna.24 It has many name in PM literature

such as Ziabites, Zarab al-Bol (polyuria), Zalaq al-Koliya (diarrhea of kidney), and Doolab

(water wheel).

In PM, the disease is attributed to the impairment of kidney function with two main

causes25,26:

1. Hot dystemperament of the kidneys (Ziabites-e-har) which is the most common cause.

In this type, kidneys absorb much more water (more than their capacity) due to their

hotness; the situation which consequently leads to overflow urination (what is known

as polyuria). The related signs and symptoms would be excessive thirst, frequent uri-

nation, decreased libido, hotness of the kidneys, and weight loss.
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2. Cold dystemperament of the kidneys (Ziabites-e-barid) which is considered to be less

common. The patient would have less thirst relieved by hot water, weakness, coldness

of the kidneys, decreased appetite and libido, and weight loss.

These signs and symptoms were helping the physician to understand the cause of the dis-

ease and decide for a proper treatment strategy. In PM, first step to treatment is observing

Sete-ye-Zaroorie and lifestyle modification in its six domains as mentioned above. Based on

the type of the kidney dystemperament (mostly hot dystemperament), appropriate health

measures should be considered.

On the other hand, using medicinal herbs in various forms and formulations has a very

important role in the management of the disease. Iran is a rich country regarding the

diversity of medicinal herbs with a long-lasting history of herbal pharmacotherapy.27

Considering the fact that phytotherapy is very popular among diabetic patients and there

is a great potential regarding antidiabetic medicinal herbs,28–30 rigorous evaluation of

these herbs for their proper use based on PM principles should be done by conducting

further researches.

4. DIETARY INTERVENTIONS FOR DIABETES IN PM

Based on PM, diet of patients with diabetes should be offered on an individual basis.

Patient’s and disease Mizaj (temperament) is the main determinants of individualization

of patients in PM.25,31 Besides these individualized recommendations some general

healthy eating rules are suggested to these patients.

4.1 Healthy Eating Rules in PM
There are some general healthy eating rules in PM that is recommended for health main-

tenance of all people and should be respected by all patients with diabetes before deter-

mining specific diet for them.32,33 These eating rules are shown in Table 1.

Table 1 Recommended general healthy eating rules in Persian medicine

Chewing food morsel fine until it is almost a fluid

Avoid eating when people are not hungry and do not have appetite

Avoid drinking cold water

Avoid drinking water and beverage between meals and at least 2h thereafter

Stop eating before fully satiety

Avoid postpone eating in hungry state

Keep nutritional diversity during numerous meals not in each meal

Eating food in relaxed and silent state

Avoid fries, chili, or salty foods specially for dinner

Fruits, yogurt, and salads should not be eaten within a meal
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It has been shown that PM-based nutritional rules had significant effects on reducing

serum blood glucose [fasting blood glucose (FBS) and HbA1c], total cholesterol, and tri-

glyceride in diabetic patients as compared to the control group in a randomized control

clinical trial.32

Efficacy of the mentioned PM-based general eating rules in management of patients

with constipation has also been investigated in another clinical study.34 The study showed

that the adherence to mentioned recommendations is as effective as lactulose as a standard

laxative in these patients.34 Moreover, another controlled clinical trial demonstrated that

the PM-based nutritional style can reduce body weight and improve grade of fatty liver in

patients suffering nonalcoholic fatty liver disease.33

Given the positive results of these studies, it seems PM general healthy eating rules

could be introduced as cheap, available, and also accessible approaches for the manage-

ment of chronic diseases such as diabetes.35

4.2 Individualized Dietary Recommendations for Diabetes in PM
In view point of PM, every food affects thewhole body via changes of organsmetabolism.

These changes is different fromcalorie effects of food.36 For example,when themeanbody

metabolism rate decreased by eating of a food, it is called cold-nature food in PM.Cheese,

yoghurt,watermelon, lentil, tomato, spinach, andmung are some examples of cold-nature

food. In contrast hot-nature foods are supposed to increase the metabolism rate of body.

This category involves butter, pea, some types of meats, apple, and banana.37,38

These recommendations are mainly classified according to patient’s temperament. In

the case of hot-type diabetes, cold temperament foods (such as pumpkin, purslane, and

barley) and for cold-type diabetes, hot temperament foods (such as garlic, peas, and dill)

are recommended.31 It should be noted that moderate foods can be recommended in

both cold and hot diabetes. The main PM recommended foods for each type of diabetes

are summarized in Table 2.

Antidiabetic effects of someof the recommended foods are evaluated in current studies.

For example, numerous studies have linked pomegranate to the prevention and treatment

of type 2 diabetes. Known compounds in pomegranate, such as gallic, punicalagin, ellagic,

ursolic, oleanolic, and uallic acids have been recognized to have antidiabetic activity.39,40

Moreover, some clinical trials revealed that use of apple in diet of type 2 diabetics improves

the fasting blood sugar level and lipid profile.41,42 Also, animal studies revealed that treat-

ment with the extracts of jujube and barberry reduces lipid peroxidation and increases

antioxidant capacity of the experimental diabetic rats.43–45 It is also showed that jujube

and barberry have beneficial effects in ameliorating oxidative stress and atherogenic risk

of diabetic rats.43–45

The efficacy of nuts to improve the blood lipids and decrease the risk of coronary

heart diseases is currently well recognized. Some clinical trials have evaluated the effects
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of nuts on diabetes control. These studies indicate that nuts have slight effects on increas-

ing postprandial blood glucose levels when eaten alone, and reduce the postprandial gly-

cemic response when consumed with high-glycemic index foods in both normal and

diabetic persons. However, due to potential benefits of nuts in reduction of the risk

of coronary heart disease, addition of nuts to the diets of patients with diabetes mellitus

and the metabolic syndrome is acceptable.46–48

Besides the temperamental classification, foods also are categorized based on their

digestibility in PM. Digestion in PM is a concept with different meaning with the current

use of this term. It is a four-step process on the food which just starts in gastrointestinal

tract (first step) and continues in liver, vessels, and organs (as the second to fourth steps).

The digestibility-based classification involves the following three groups:

1. foods with easy digestion (Latif);

2. foods with mediocre digestion (Motadel); and

3. foods with difficult digestion (Kasif).

Table 2 Temperament-based food recommendation based on Persian medicine for
patients with diabetes
Food
temperament

Grains and
cereals

Vegetables
and legumes Fruits and nuts

Dairy and
alternatives

Meat and
alternatives Oils

Cold Barley

Mung

Lentil

Pumpkin

Purslane

Spinach

Coriander

Rhubarb

Sumac

Cucumber

Tamarind

Fenugreek

Lettuce

Pomegranate

Quince

Blackberry

Plum

Unripe

grapes

Citron

Apricot

Jujube

Hawthorn

Barberry

Watermelon

seed

Lemon

Ewe’s milk

Goat

yogurt

Sheep’s

milk

Goat

milk

Kilka Fish Olive

Hot Chickpeas

Wheat

Bread

Garlic

Leek

Dill

Cumin

Cinnamon

Turnip

Carrot

Onions

Fenugreek

Celery

Apple

Pear

Almond

Walnut

Fig

Coconut

Sesame

Whey Chicken

Yolk

Lamb

Almond
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The Latif (delicate) foods are foods that are quickly digested and used by other organs of

the body like lettuce, apple, and barley soup. Kasif foods like pasta are digested too late

and the stomach needs to try harder to digest these foods to feed other organs. The con-

sumption of Kasif foods generates a lot of waste material in the body from viewpoint of

PM. Hence the Kasif foods are forbidden for diabetics. Some examples of such foods are

shown in Table 3.

5. HERBAL SUPPLEMENTS RECOMMENDED FOR DIABETES IN PM

Besides dietary recommendations, many herbal supplements are suggested for patients

with diabetes in PM. Psyllium, safflower, spinach, sumac, bitter apple, common purslane,

barely, and cinnamon are some of examples of these recommended supplements.

5.1 Plantago psyllium
Plantago psyllium L. is a popular plant from Plantago family. It is indigenous to almost

every region of the world. It is known as Esfarzeh in PM. It is supposed to have a cold

nature and is traditionally used for patients with constipation. It is also mentioned as a

remedy for diabetes in PM.

Multiple studies have evaluated the efficacy of P. psyllium in patients with type 2 dia-

betes mellitus (T2DM).49–59 A systematic review and meta-analysis published in Amer-

ican Journal of clinical Nutrition in 2015 has reviewed 35 controlled clinical trials

evaluating hypoglycemic effects of psyllium.60 This study showed that psyllium is able

to significantly improve FBS (�37.0mg/dL; P < .001) and glycated hemoglobin

(�0.97%; P ¼ .048) in patients with T2DM. More significant effect is shown in patients

with higher baseline FBS. No hypoglycemic effect was observed in euglycemic patients.

Interference with carbohydrate digestion and absorption is the most important presumed

mechanism of antidiabetic effect of psyllium.

Table 3 Foods which are not recommended for patients with diabetes based on Persian medicine
Grains and
cereals

Vegetables and
legumes Fruits

Dairy and
alternatives

Meat and
alternatives Oils

Dried Bean

Starch

Pasta

Spaghetti

Rice

Farina

Mushroom

Eggplant

Cabbage

Banana

Kiwifruit

Cheese Liver

Animal Brains

Camel Meat

Goat Meat

Cow Meat

Rumen

Beef Tripe

Salami

Sausage

Tail fat
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5.2 Cinnamomum verum
Cinnamon (Cinnamomum verum J. Presl) from Lauraceae family is a spice obtained

from the inner bark of several tree species from the genus Cinnamomum. It was men-

tioned in different PM books. For instance, Haly Abbas (AD 930–994)61 and Avicenna

(AD 980–1037)62 have suggested its use in dyspepsia, dysmenorrhea, memory loss, and

tremor. It is also traditionally recommended for diabetes.63

Cinnamon is one of the most popularly investigated medicinal plants against diabe-

tes.64–70 In a meta-analysis of 10 well-designed clinical trials evaluated in 543 patients

undergoing cinnamon supplementation, a significant decrease in fasting blood glucose,

total cholesterol, LDL cholesterol, and triglyceride levels, and an increase in HDL

cholesterol levels was reported.71 However, heterogeneity of results causes failure to

show significant decrease in glycated hemoglobin of the patients evaluated in this

meta-analysis.

5.3 Spinacia oleracea
Spinacia oleracea L. is an edible annual plant in the family Amaranthaceae which is native to

Asia. It is called Esfenaj in PM and considered as cold nature vegetable. It is traditionally

recommended for variety of diseases including urticaria, dysuria, headache, and also

diabetes.

Up to the best of our knowledge, there is no report evaluating the efficacy of

S. oleracea in animal model or human with diabetes. However, spinach is reported to have

insulin-like ingredients.72 There are also multiple studies supporting the hypoglycemic

and diabetes preventing effects of high vegetable diets including spinach.73–75

5.4 Rhus coriaria
Rhus coriaria L., commonly known as sumac, is a plant from Anacardiaceae family and

native to southern Europe. The dried fruits are used as a spice. It is known as Somagh

in PM. It is commonly used traditionally for gout, obesity, bleeding disorders, and

diabetes.

Multiple studies showed beneficial effects of sumac in animal model of diabetes.76–79

Besides glucose lowering effect, decrease in cholesterol, low-density lipoprotein, and

oxidative stress biomarkers are reported in these studies.80,81 Another study suggests that

hypoglycemic effect of sumac is through the decrease in both peripheral and hepatic insu-

lin resistance.76 Human studies suggest that sumac supplementation leads to remarkable

decrease in level of glucose, insulin, cholesterol, low-density lipoprotein, and serum

glutamic oxaloacetic transaminase.82,83
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5.5 Citrullus colocynthis
Citrullus colocynthisL. is a desert plant, distributed in different parts of theworld fromAsia to

Europe, used traditionally as a purgative and analgesic. It is also popular in PM for its

antidiabetic effects. The efficacy ofC. colocynthis on diabetes mellitus and its complications

is evaluated in multiple studies. Forty seven animal studies and six clinical trials

on C. colocynthis and diabetes are reviewed in a separate chapter. These studies showed

that C. colocynthis can significantly improve fasting blood glucose, glycated hemoglobin,

and lipids of patients with T2DM.84–86 The topical use of C. colocynthis oil also

showed improvement in pain and nerve function of patients with painful diabetic

polyneuropathy.87

5.6 Portulaca oleracea
Portulaca oleracea L. (Portulacaceae), commonly known as purslane is distributed in many

countries, especially in tropical and subtropical areas. It is used in salad and soups as a

potherb in different countries.88,89 Also, according to previous studies P. oleracea has

no cytotoxicity and mutagenicity.90 While cardiac glycosides and oxalic acids are its

two potential toxic constituents.91 Due to its frequent medicinal use worldwide in

different traditional medicines, it was named “Global Panacea” by World Health

Organization.92,93

Purslane is a rich source of omega-3 polyunsaturated fatty acids (alpha-linolenic acid),

different vitamins, and minerals.94–96 Along with its different pharmacological effects

(e.g., antioxidant, anticancer, anti-inflammatory, and antimicrobial properties97–100), it

is a well-knownmedicinal plant for diabetes in several countries, including China, Africa,

Greece, Turkey, andMexico.101–103 According to PM, purslane orKhorfe has cold nature

and recommended for diabetic patients.104

There are several preclinical studies on hypoglycemic activity of P. oleracea,105–109 its

plausible mechanisms of action, and even its effect on diabetes complications, like oxi-

dative stress, neurobehavioral dysfunction, nephropathy, and vascular complications of

diabetes.110–112 It can increase pancreas beta cell mass, improve insulin resistance and

insulin sensitivity index, improve metabolism of lipids, and modulate the glucose

metabolism.107,109,113–115

Moreover, there are several clinical trials on hypoglycemic activity of purslane which

have relatively robust design. According to an active-controlled trial on patients with

T2DM, 10g/day purslane seeds consumption for 8 weeks can decrease serum levels

of fasting and postprandial blood glucose. Also, significant decrease of triglycerides, total

cholesterol, low-density lipoprotein cholesterol, body weight, and body mass index were

reported.116

In addition, hypoglycemic effects of purslane seeds were approved by another clinical

trial on women with T2DM by a different dose (i.e., 7.5g/day) for 16 weeks. Significant
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decrease of plasma glucose, triglycerides, total cholesterol, and low-density lipoprotein

cholesterol were observed.117 Furthermore, this study showed significant beneficial effect

of its use on some others atherosclerosis plaque biomarkers, such as NF-κ B, GLP1,

GLP1R, TIMP-1, MMP2, MMP9, CRP, CST3, and CTSS mRNA.

However, a cross-over clinical trial on 48 T2DM patients failed to show complemen-

tary effect of 10g/day purslane seeds (i.e., its use along with diabetic medications) on

fasting blood glucose, serum insulin level, and insulin resistance score. Although, purslane

group showed significant decrease in weight, body mass index, serum triglyceride, and

systolic blood pressure.118

5.7 Hordeum vulgare
One of the most primeval crops all over the world is Hordeum vulgare L. or barley.119 It

is known as Jow with cold nature according to Canon of Medicine by Ibn-e Sina

(980–1037 AD) and Storehouse of Medicaments by Aghili Shirazi (1670–1747
AD).119a,119b In different countries, there are several traditional uses for barley.120

Barley is one of the most cultivated cereal grains (ranked as 4th) worldwide. How-

ever, it is estimated that only 2% of cultivated barley is directly used for mankind

consumption.121

In fact, there are some problems with its popularity and acceptance as a food source for

medicinal uses dose (i.e., 3g/day of β-glucan). Therefore, there are several commercial

products which used enrichment strategy. Some of these feasible products are encapsu-

lated and β-glucan-enriched products.122

Barley has a high dietary fiber, especially its water-soluble β-glucan, which is bene-

ficial for diabetics.123 Also, its favorable effect on diabetes may be related to its high con-

tent of chromium.124,125 In addition, its combination with other foods which make a

significant improvement in postprandial glycemic response, may be due to increased

gastro-intestinal viscosity126

There are numerous studies which evaluated effect of H. vulgare on the glycemic

control in animal models. Also, many of this studies reported improving effect of barley

on diabetes complications or its related disorders (e.g., fatty liver, lipid metabolism, and

basement membrane proteins).124,125,127–137

There are a lot of clinical studies about efficacy of barley and its products (e.g., barley

β-glucan) on fasting blood sugar, insulin sensitivity, postprandial glucose level, and other
diabetes-related outcomes.122,138–142 General conclusion which can be drawn frommost

of these studies is: barley—or its related products—can improve fasting blood sugar,

acute glycemic response, and insulin sensitivity in healthy volunteers, subjects at risk

for diabetes, and diabetic patients.123,126,143–146

For example, barley flake consumption by patients with impaired fasting glucose for

3 months resulted in significant decrease of FBS and insulin level. According to this
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randomized controlled trail, hemoglobin A1c, HOMA-IR, and lipid profile (including

total cholesterol, low-density lipoprotein cholesterol, and total glycerides) of patients in

barley group significantly decreased.147

There is a review on 16 human studies which evaluated acute glycemic response after

consumption of barley and its products. Findings suggested its ability for significant

reduction of postprandial glucose of serum.148

5.8 Carthamus tinctorius
Carthamus tinctorius L. is a member of Compositae family. It is commonly named as

safflower or false saffron in English, Honghua in Chinese, Golrang in Persian, and

Kusum in Hindi language. According to recent studies, safflower has a wide range

of pharmacologic activities. In addition, it has an especial position regarding its nutri-

tional value. It is cultivated in many countries across the world. Its seed and flowers

are the two important parts of the plant. They are used for producing edible oil and as

coloring and flavoring agent in food industry, respectively.149–151 Various formula-

tions from different parts of safflower were employed by traditional medicines of a

wide range of nations.152–155

Safflower was tested for its possible toxicity in different doses.149 It seems to safflower

has low acute toxicity and there is no genetic toxicity.156 However, another study sug-

gested that safflower consumption at the dose of 1.2mg/kg/day showed some teratoge-

nicity.157 Also, its adverse effects on testicular tissue of mouse have been shown by

Mirhoseini et al.158 In the case of safflower injection, there are several studies on non-

lethal allergic shock.159 All in all, some cautions for safflower use should be kept in mind,

especially for its long-term use and in higher doses.

There are several preclinical studies about antidiabetic effect ofC. tinctorius, especially

on animal models for diabetes.160–165 Moreover, there are a number of studies on pro-

tective effects of safflower on complications of diabetes, such as diabetic

embryopathy.166–168

Furthermore, some studies evaluated possible mechanisms such as alpha glucosidase

inhibitory effect,169 increased response of insulin to glucose,170 postprandial serum para-

oxonase arylesterase activity,171 insulin-stimulated glycogen synthesis, and glycolysis172

for its antidiabetic activity.

Clinical trials about safflower for diabetic patients were not limited to its hypogly-

cemic effects.173 There are two clinical trials on postmenopausal obese women with

T2DM showed improvement of FBS (P ¼ .0343), HbA1c (P ¼ .0007), and decrease

of HOMA-IR (P ¼ .027) after a 16 weeks period of 8g/day safflower oil consump-

tion. Also, safflower consumption improved inflammatory status, adiponectin level,

and HDL cholesterol of the patients.174, 175
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6. CONCLUSION AND FUTURE RESEARCH

Different types of recommendations for patients with diabetes are available in PM. Most

of them can be considered as dietary recommendations. They were suggested to the

patients in the context of traditional theories and disease classification system. Some

PM dietary recommendations are supported by modern scientific findings. Besides inves-

tigation of the potential effects of other recommendations, evaluation of the relevance of

PM-based classification of diabetes (hot- and cold-type) in the response to different types

of dietary and herbal-based interventions can be the future direction of research in

the field.

7. SUMMARY

• PM is among the oldest traditional systems of medicine. It was rooted in Persian,

Indian, Greek, and Egyptian culture and medicine and was practiced in Iran as well

as India and Arabic countries through the history. Prevention, diagnosis, and treat-

ments of diseases in PM are based on temperamental and humoral theories.

• Diabetes mellitus, known as Ziabites in PM, is considered as the impairment of kidney

function with two main following causes:

1. Hot dystemperament of the kidneys (Ziabites-e-har) which is the most common

cause. In this type, kidneys absorb much more water (more than their capacity)

due to their hotness; the situation which consequently leads to overflow urination

(what is known as polyuria). The related signs and symptoms would be excessive

thirst, frequent urination, decreased libido, hotness of the kidneys, and weight loss.

2. Cold dystemperament of the kidneys (Ziabites-e-barid) which is considered to be

less common. The patient would have less thirst relieved by hot water, weakness,

coldness of the kidneys, decreased appetite and libido, and weight loss.

• Based on PM, diet of patients with diabetes should be offered on an individual basis.

Patient’s and disease Mizaj (temperament) is the main determinants of individualiza-

tion of patients in PM. Besides these individualized recommendations some general

healthy eating rules are suggested to these patients.

• There are some general healthy eating rules in PM which are recommended to

the most of patients including patients with diabetes (Table 1). Adherence to these

recommendations is showed to be beneficial in improvement of glycemic and lipid

outcomes of patients with diabetes in recent clinical studies.

• In view point of PM, every food affects the whole body via changes of organs metab-

olism. These changes are different from calorie effects of food. For example, when the

mean body metabolism rate decreased by eating of a food, it is called cold-nature food

in PM. In contrast, hot-nature foods are supposed to increase the metabolism rate of
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body. In the case of hot-type diabetes, cold temperament foods (such as pumpkin,

purslane, and barley) and for cold-type diabetes, hot temperament foods (such as garlic,

peas, and dill) are recommended (Table 2).

• Besides dietary recommendations, many herbal supplements are suggested for patients

with diabetes in PM. Psyllium, safflower, spinach, sumac, bitter apple, common purs-

lane, barely, and cinnamon are some of examples of these recommended supplements.

Multiple recent preclinical and clinical studies have supported the beneficial effects of

these herbal supplements in diabetes.
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1. INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is a chronic metabolic liver disease, defined as

the accumulation of hepatic fat (in excess of 5%) that is not attributable to alcohol or

drugs.1 It comprises a wide pathological spectrum ranging from the relatively benign sim-

ple steatosis to the more aggressive steatosis with necroinflammatory changes (nonalco-

holic steatohepatitis; NASH) and may culminate as related advanced fibrosis, liver

cirrhosis, and hepatocellular carcinoma.2 With an estimated global prevalence of 25%,

NAFLD is currently the most common chronic liver disease worldwide3 and represents

a significant clinical burden, associated with increased healthcare cost and resource uti-

lization.4 ANational Health andNutrition Examination Survey (NHANES) data analysis

suggested a 2.5-fold increase in prevalence of NASH cirrhosis between 1999–2002
and 2009–2012.5 A separate study from the surveillance, epidemiology, and end results

(SEER) registries reported the increasing burden of NASH hepatocellular carcinoma,

with prevalence increasing 9% annually between 2004 and 2009.6 Not unexpectedly,

NAFLD is anticipated to become the leading indication for liver transplantation in

the near future.7

The fatty liver accumulation that defines NAFLD is a consequence of an imbalance of

free fatty acids between lipid deposition and removal within the liver.8 The liver free fatty

acids derive from dietary sources, lipolysis of adipose tissue, and de novo lipogenesis

(DNL); the latter two components highly regulated by insulin resistance (IR). Hence,

NAFLD is closely related to diabetes mellitus (DM) and metabolic syndrome (MS),

which share the common pathophysiology of IR.9 Indeed, NAFLD has been considered

as the hepatic manifestation of MS10 and remains closely intertwined with DM. Studies

suggest a bidirectional relationship between NAFLD and DM.11 Between 40% and 70%

of patients with DM have NAFLD and are at increased risk of more severe liver disease,

including NASH, cirrhosis, and liver-related mortality.12–14 Conversely, patients with

NAFLD are also at increased risk of developing incident DM, with pooled data reporting
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that patients with NAFLD having 3.5-fold increased risk of new-onset DM.15 Intui-

tively, successful treatment approaches toward management of NAFLD would also ben-

efit DM, and vice versa.

Currently, there are no established universally accepted pharmacologic therapies for

NAFLD.1 However, lifestyle measures have consistently demonstrated effectiveness in

treating NAFLD and is the first line of treatment.8 These include measures to achieve

gradual weight loss (between 5% and 10%), increase physical activity, and dietary mod-

ification. Studies have shown that patients with NAFLD had higher consumptions of red

meat, saturated fat, soft drinks, fructose while intake of fiber, antioxidants, and polyun-

saturated fatty acids (PUFAs) were considerably lower, when compared to controls.16–19

As such, a myriad of dietary interventional studies have been performed to address the

optimal dietary aspects to manage NAFLD, which in general, focus on caloric restric-

tions, dietary composition and other complements. This review summarizes the various

dietary manipulations to manage NAFLD.

2. WEIGHT LOSS AND CALORIC RESTRICTION

Achieving effective, durable weight loss is of paramount importance in NAFLD. Apart

from improved cardiovascular/metabolic outcomes, weight loss also improves histolog-

ical features of NASH.16–18 In a meta-analysis of eight randomized control trials (RCTS),

patients who were able to achieve �5% weight loss had improvements in hepatic stea-

tosis. Further, achieving�7%weight loss was associated with improvements in NASH.17

In a 52-week study of 261 patients, dietary caloric restriction and lifestyle intervention

alone was able to resolve NASH and fibrosis.18 A total of 88 patients (30%) were able to

achieve >5% weight loss. NASH resolution was achieved in 72 patients (25%) whereas

there was improvement in the NAFLD activity Score (NAS) in 138 (47%) with 56 (19%)

having regression in fibrosis. Dose-response relationship was demonstrated, with greater

weight loss associated with greater histological improvements; for those achieving

7%–10% weight loss, 64% had NASH resolution, and 16% fibrosis regression. With

�10% weight loss, 90% had NASH resolution, and 45% fibrosis regression.18

Calorie restriction is essential to achieving weight loss, regardless of macronu-

trient composition of the diet.19 Expert consensus recommend a calorie deficit of

500–1000kcal/day to induced weight loss of 500–1000g/week, with a target of

7%–10% of total weight loss.20

3. CARBOHYDRATES AND LOW GLYCEMIC INDEX DIETS

Dietary carbohydrates (CHO) can be divided into simple (monosaccharides and disac-

charides) or complex (polysaccharides that are found in whole plant foods and are usually

rich in fiber, vitamins, and minerals) CHO. While a low carbohydrate, high protein diet
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may appear to be attractive to patients with MS, extreme carbohydrate restriction can

have deleterious effects of glycogen store depletion and precipitate a ketogenic effect.21

The Glycemic Index (GI) is defined as “the incremental area under the blood glucose

curve following ingestion of a test food, expressed as a percentage of the corresponding

area following an equivalent load of a reference carbohydrate, either glucose or white-

wheat bread.”22,23 Foods are hence ranked on their ability to raise postprandial blood

glucose. Numerous factors may influence the GI: the type of carbohydrate, fat protein,

water content of food, and the presence of soluble or insoluble fibers.21

High GI foods raise postprandial blood glucose levels with accompanying hyperin-

sulinemia to a greater degree than lower GI alternatives, which give a more stable diurnal

blood glucose profile, blunting postprandial hyperglycemia and hyperinsulinemia, while

mitigating late postprandial rebounds in circulating free fatty acids.24 Furthermore, low-

GI foods are often rich in fiber which slows gastrointestinal transit, resulting in increased

secretion of anti-satiety hormones such as cholecystokinin, glucagon, ghrelin, and

glucagon-like-peptide 1.21,25

In a study evaluating the effects of GI diet, relative to a low GI diet, mice fed a

high GI diet had increased plasma insulin and triglycerides (TG), accompanied with

rapid increases in body adiposity and hepatic TG content.26 In another cross-sectional

study of 247 health volunteers, individuals consuming a high GI diet showed an

increased prevalence of high-grade liver steatosis.27 This was especially so in

insulin-resistant subjects, with two-fold increased prevalence of high-grade liver stea-

tosis in subjects on high-GI diet vs those on a low/medium GI diet. This was further

supported by Bawden et al. who reported that healthy volunteers fed a high GI diet

had increased hepatic fat and glycogen stores, as compared to low GI diet.28 Com-

paring a low GI diet (50%–55% low GI CHO: 30% fat: 15%–20% protein) with a

modified Mediterranean diet (MD) [35% low GI CHO: 45% fat (high MUFA):

15%–25% protein] and the 2003 American Diabetes Association diet (50%–55%
CHO: 30% fat: 20% protein), Fraser et al. demonstrated differential effects on

ALT in an obese population with DM; while ALT levels were reduced in all three

groups, the modified MD, followed by the low GI diet, had the greatest reductions

in ALT, even when adjusted for changes to waist hip ratio, BMI, homeostasis, homo-

stasis model assessment (HOMA) or triglyceride.29 Separately, Misciagna et al. exam-

ined the effect of a low GI MD on patients with NAFLD in a double blind RCT.30

Relative to a control diet, patients on the low GI diet had significant reductions in the

NAFLD score measured by hepatic ultrasound.31

4. FRUCTOSE

Fructose is readily used as a sweetener in the form of high-fructose corn syrup (HFCS),

frequently found in soft drinks and other sweetened foods.32 The proliferative and
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widespread use of fructose in the food industry as a flavor enrichment has increased free

sugar intake in modern diet and has been cited by the World Health Organization

(WHO) as a health concern.33

Fructose bypasses the rate limiting step of 1- or 6-phosphofructokinase in glycolysis

that plays a key regulatory role in glycolysis. This results in increased hepatic uptake

and a more rapid utilization of fructose compared to glucose, with profound conse-

quences on carbohydrate and lipid metabolism.34 Pyruvate and lactate production is

increased, with activation of pyruvate dehydrogenase, shifting the balance from fatty acid

oxidation toward esterification of fatty acids, ensuing an increased production of hepatic

very low-density lipoproteins (VLDLs). Long-term, excessive fructose intake results in

enzyme adaption. Carbohydrate response element-binding protein (ChREBP), a key

factor for enzymes involved in DNL, glycolysis, gluconeogenesis, and fructolysis, is

increased in animal models of high-fructose feeding.35–38 Of note, without ChREBP,

high-fructose diets do not increase intrahepatocellular lipid concentrations, but result

in inflammation and fibrosis instead.39

High-fructose diets result in hyperinsulinemia and IR resulting in insulin-induced

sterol regulatory element-binding protein 1c (SREPB1c) activation.40–43 SREPB1c is

another important transcription factor involved in DNL and the onset of NAFLD.44

In addition, fructose among other monosaccharides, activate other transcription factors

such as liver X receptor (LXR),45 and peroxisome, proliferator-activator receptor γ coac-
tivator 1β (PPARGC1B),46 which have synergistic effects with ChREBP and

SREPB1C-mediated lipogenesis. Lastly, fructose has also been implicated in leptin resis-

tance, an important satiety mediator.47–51

A causal relationship has been suggested between the increased prevalence of

NAFLD/MS with the increased consumption of fructose.52–56 Patients with

NAFLD consume more fructose when compared with healthy individuals despite

similar total energy and macronutrient composition intake.52 This increased intake

also correlated with increased plasma concentrations of endotoxin, plasminogen

activator inhibitor (PAI)-1 and increased hepatic expression of PAI-1, and toll-like

receptor (TLR) 4 mRNA.52 Increased intrahepatic ChREBP expression has also

been associated with NAFLD and IR in obese individuals.57 Moreover, in patients

with NAFLD, increased fructose ingestion was associated with a higher fibrosis

stage.58

A meta-analysis byWang et al.54 (14 isocaloric trials in which fructose was exchanged

isocalorically with other carbohydrates and two hypercaloric trials in which fructose sup-

plemented the background diet) showed that while there was no significant effect in the

isocaloric trials, there was a significant increase in the postprandial TG in the hypercaloric

group. Limitation being the significant heterogeneity and short durations of the trials are

analyzed. A separate meta-analysis comprising seven isocaloric trials and six hypercaloric
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trials (fructose given at an increase of 25%–35% energy) found no effect of fructose in the

isocaloric trials, but fructose in the hypercaloric trials increased both intrahepatocellular

lipids and serum ALT levels.59

5. SATURATED FATTY ACID (SFA)

A high saturated fatty acid (SFA) diet has long been implicated with an increased risk of

cardiovascular disease.60–62 In animal models, excessive SFAs result in hepatic steatosis,

endoplasmic reticulum stress, hepatocyte inflammation, IR, tumor necrosis factor α
(TNF α) elevation, and may play a role in facilitating the progression of NAFLD to

NASH.63–68

Several studies have shown that patients with NAFLD/NASH have a higher dietary

intake of SFAs (>10% of total energy) compared with healthy individuals (Table 1).69–71

Comparing the effects of a 4 week, isoenergetic low-fat/low-saturated/low-GI diet

(LSAT: 23% fat/7% saturated fat/GI<55) vs a high-fat/high saturated fat/high-GI

(HSAT: 43% fat/24% saturated fat/GI>70) on hepatic fat quantification by magnetic

resonance spectroscopy, those on the LSAT diet had significant reductions in liver fat

when compared to the HSAT diet.72

Should SFAs be limited universally? Or is there a minimum recommend intake,

below which, there are deleterious effects? In a double blind, 3-period cross-over study

in healthy patients sought to examine the effects of three diets with varying total fat: a

control diet mimicking the average American diet (38% fat, 14% SFA), the National

Cholesterol Education Program (NCEP) Step I diet (30% fat, 9% SFAs), and the NCEP

Step II diet (25% fat with 6% SFAs).73 When compared with controls, the Step I and

Step II diets achieved reductions in LDL, but also decreased HDL and raised TG. Inter-

estingly, in the subgroup of patients with a high percentage of body fat, higher BMI with

IR, the 6% SFA Step II diet resulted in modest decreases in LDL, but larger reductions in

HDL and larger increases TGwhen compared with the other diets. This seems to suggest

that in patients with MS with IR (a phenotype similar to NAFLD patients) a diet that has

�6% SFA may have adverse effects. Therefore, a reasonable dietary recommendation for

NAFLD may be a SFA content of 7% to �10%.

6. MONOUNSATURATED FATTY ACIDS (MUFA)

Monounsaturated fatty acids (MUFAs) are found in abundance in nuts, avocado, and

olive oil (up to 80% MUFA) and are a key component of the MD. Diets rich in MUFAs

have been shown to have favorable anti-inflammatory and cardiovascular benefits, while

allowing for an improved lipid profile.74,75 Consequently, MUFAs may be an ideal sub-

stitute for SFA, obviating the adverse effects of SFAs.
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Table 1 Studies evaluating the association between SFA and NAFLD/metabolic syndrome
Author (year) Study design Patient population Intervention/evaluation Summary of results

Toshimitsu

et al.71
Cross-sectional

study

• 28 patients, biopsy

proven NASH

• 18 patients with simple

steatosis

• Dietary habit and

intake evaluated by

questionnaire

• Low ratio of PUFA to SFA noted

in patients with NASH, compared

to general Japanese population

Musso et al.69 Cross-sectional

study

• 25 patients with NASH

vs 25 matched controls

• 7 Day alimentary

record

• OGTT with ISI cal-

culated post OGTT

• NASH patients had higher SFA

intake and lower PUFA, fiber and

antioxidant intake compared with

controls

• ISI significantly lower in NASH

compared with controls

Zelber-Sagi

et al.70
Cross-sectional

study

• 26 patients with

NAFLD, subgroup of

Israeli National Health

and nutrition survey

• Dietary and anthro-

pometric

measurements

• Abdominal ultra-

sound, biochemical

tests

• NAFLD patients had a higher

intake of soft drinks and meat

• Lower intake of fish rich in omega-

3

• Intake of soft drinks and meat

associated with increased risk for

NAFLD (OR¼1.45, 1.13–1.85
95% CI and OR¼1.37, 1.04–1.83
95% CI, respectively.

Utzschneider

et al.72
Randomized,

double-blind

dietary

intervention

• Subset of larger study

“Macronutrient

Effects” on Alzheimer’s

Disease (AD)

• Randomized to receive

low SFA

(n¼20 controls, 9 AD),

high SFA

(n¼15 controls, 5 AD)

• Effects of 4 week of

low SFA vs high SFA

diet on hepatic fat as

evaluated by MRS

• Low SFA: 23% fat/

7% saturated fat/

GI<55

• High SFA: 43% fat/

24% saturated fat/

GI>70

• Hepatic fat content was signifi-

cantly reduced in the low SFA

group [median 2.2 (interquartile

range (IQR) 3.1) to 1.7 (IQR 1.8)

%, P¼ .002] but not in the high

SFA group

• Low SFA diet lowered fasting

glucose, total cholesterol, HDL

and LDL-cholesterol and

raised TG
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Lefevre

et al.73
Randomized

double-blind

crossover

dietary

intervention

• 121 healthy male

volunteers

• Fed 3 diets over 3

periods (6 weeks in

length) with a

1–6 weeks washout

periods:

1. Control (38% fat,

14% SFA)

2. NCEP Step I diet

(30% fat, 9% SFAs)

3. NCEP Step II diet

(25% fat with 6%

SFAs)

• Step I and Step II diets lowered

LDL cholesterol by 6.8% and

11.7%, lowered HDL cholesterol

by 7.5% and 11.2%, and raised

triglycerides by 14.3% and 16.2%,

respectively

• Insulin resistant subgroup: greater

reductions in HDL cholesterol and

larger rises in TG when compared

with other diets.

AD, Alzheimer’s disease; ISI, Insulin Sensitivity Index;OGTT, Oral Glucose Tolerance Test;MRS, magnetic resonance spectroscopy;NASH, nonalcoholic steatohepatitis;
NCEP, National Cholesterol Education Program; PUFA, polyunsaturated fatty acids; SFA, saturated fatty acids; TG, triglycerides.
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Similarly, MUFAs may be a preferable substitute of carbohydrate-rich diets. This

strategy of reducing CHO and SFA with a corresponding increase in MUFA intake

was beneficial in a study of patients with type 2 DM; a MUFA-rich diet (40% of energy

as fat) lowered VLDL cholesterol by 35% and VLDL TG by 16% when compared to a

CHO diet (28% of energy as fat).76 In a recent meta-analysis, Qian et al.77 found that in

Type 2 DM, relative to high-CHO diets, MUFA diets had significant reductions in fast-

ing glucose, TG, body weight and systolic bloods pressure, with increased HDL.

7. POLYUNSATURATED FATTY ACIDS (PUFA)

PUFAs, as essential fatty acids, are only available through dietary consumption. PUFA-

rich foods include: fish (typically fish that store lipids in the flesh as opposed to the liver;

e.g., salmon, tuna, mackerel, sturgeon, anchovy) and nuts (e.g., walnut, flaxseed). PUFAs

are divided into n-6(omega-6) and n-3(omega-3) fatty acids. Omega-3 fatty acids include

α-linoleic acid, which is a precursor of eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA). Omega-3 PUFAs play a pivotal role in hepatic glycolysis, de-novo lipogen-

esis, and fatty acid regulation through upregulation of peroxisome proliferator-activated

receptor-α (PPAR-α) and downregulation of SREBP-1. This promotes fatty acid oxi-

dation with reductions in hepatic steatosis and is also associated with improved insulin

sensitivity, decreased VLDL, TG, and increased HDL.78,79

Omega-3 has been shown to have beneficial effects in cardiovascular disease, stroke

and DM.80 For ischemic heart disease, the American Heart Association (AHD) recom-

mends 1g/day of combined EPA/DHA intake or 2–4g/day for those with hypertrigly-

ceridemia.81 For patients without ischemic heart disease, the AHA recommends at least

two servings (3.5oz/serving) per week.

Patients with NAFLD have been noted to consume less fish and PUFA compared to

normal controls.69,70,82 In patients with NAFLD there is an abnormally increased hepatic

omega-6/omega-3 ratio, with a decrease in circulating Omega-3, resulting in impaired

PPAR-α activity, which in turn has been implicated with increased lipogenesis and

hepatic uptake of free fatty acids, while fatty acid oxidation is decreased. The resultant

hepatic steatosis and pro-inflammatory state contributes toward the progression to

NASH.83–85

A systemic review of omega-3 supplementation in NAFLD [(355 patients) nine stud-

ies including four RCTs] demonstrated improvements in AST, but not ALT.86 In the

subgroup analysis of the RCTs, Omega-3 PUFA, with dose ranging between 0.8 and

13.7g/day (median 4g/day) showed a significant benefit in decreasing hepatic fat (as

measured by MRI or ultrasound) favoring PUFA vs control; caveat being the significant

heterogeneity between studies. While the use of omega-3 PUFA seems to be encourag-

ing in ameliorating hepatic steatosis, the optimal dose for use in NAFLD/NASH remains

unknown (Table 2).
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Table 2 Studies evaluating the effects of PUFAs and NAFLD/metabolic syndrome
Author
(year) Study design Patient population Intervention/evaluation Summary of results

Musso

et al.69
Cross-sectional

study

• 25 patients with

NASH vs 25 matched

controls

• 7 Day alimentary record

• OGTT with ISI calculated

post OGTT

• NASH patients had higher SFA

intake and lower PUFA, fiber and

antioxidant intake compared with

controls

• ISI significantly lower in NASH

compared with controls

Zelber-

Sagi

et al.70

Cross-sectional

study

• 26 patients with

NAFLD, sub group

of Israeli National

Health and nutrition

survey

• Dietary and anthropometric

measurements

• Abdominal ultrasound,

biochemical tests

• NAFLD patients had a higher

intake of soft drinks and meat

• Lower intake of fish rich in omega-

3

• Intake of soft drinks and meat

associated with increased risk for

NAFLD (OR¼1.45, 1.13–1.85
95% CI and OR¼1.37, 1.04–1.83
95% CI, respectively.

Cortez-

Pinto

et al.82

Cross-sectional

study

• 45 patients with

NAFLD/NASH

• Compared with sam-

ple data of 856 aged

matched individuals

• Dietary and anthropometric

measurements

• Biochemical tests

• Total fat consumption was found

to be higher in NAFLD/NASH

patients (79.7�1.7g vs

73.0�0.4g, P< .01)

• In NAFLD/NASH patients there

was a higher intake of n-6 (omega-

6) fatty acids with an increased n-6/

n-3 (omega-6/omega-3) ratio

Parker

et al.86
Meta-analysis • 9 Studies (n¼355)

• 4 RCTs

• 1 randomized pla-

cebo controlled

cross-over

• 1 quasiexperimental

• 1 quasiexperimental/

crossover

• 2 uncontrolled

• Effect of PUFA supple-

mentation on liver fat as

quantified by MRS or

ultrasound, and liver func-

tion tests.

• Benefit of PUFA vs control seen in

AST (ES¼0.97, 95% CI:

0.13–1.82, P¼ .02)

• Benefit of PUFA vs control on liver

fat only during subgroup analysis of

RCTs only (ES¼effect

size¼0.96, 95% CI: 0.43–1.48,
P< .001)

• NB: Significant heterogeneity

noted between studies

CHO, carbohydrates; ES, effect size; MRS, magnetic resonance spectroscopy; MUFA, monounsaturated fatty acids; NAFLD, nonalcoholic fatty liver disease; NASH,
nonalcoholic steatohepatitis; PUFA, polyunsaturated fatty acids; T2DM, type 2 diabetes mellitus; VLDL, very low density lipoproteins. 77
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8. MEDITERRANEAN DIET

MD is characterized by a low consumption of red meat and full fat diaries with an

increased consumption of fish poultry, fruits, vegetables, non-refined cereals legumes,

and potatoes.87 The diet is low in SFA and rich in omega-3 PUFA, MUFA, with olive

oil as the main contributor of MUFA. Olive oil is typically used in food preparation

and also for consumption. Low-to-moderate amounts of wine may be taken with meals.

The MD however, lacks a clear, universally accepted definition. While it reflects the tra-

ditional eating habits practiced by populations indigenous to the areas bordering the

Mediterranean sea, the exact composition of theMD is heterogeneous with a high degree

of geographic variability.88 In epidemiological studies, the MD Score, proposed by

Tricopoulou et al.87, 89 is commonly used to define adherence to the traditional MD.

The score allocates a value of 0 or 1 in each of nine components: [(i) vegetables,

(ii) legumes, (iii) fruit and nuts, (iv) cereal, (v) fish, (vi) the beneficial ratio of MUFA

to SFA, (vii) all meats, (viii) dairy products, and (ix) alcohol] according to sex-specific

median cut-offs.

In NAFLD patients, adherence to the MD was associated with a lower intrahepatic

TG content, likelihood of high-grade steatosis/NASH and degree of IR.90–94 Several

studies have evaluated MD as a possible dietary intervention in patients in NAFLD/

NASH (Table 3). Exploring different diets in obese patients with DM, Fraser et al.29

demonstrated that MD was independently associated with the lowest ALT levels at both

6 and 12 months when compared with the other diets. Bozzetto et al.95 in a 8 week ran-

domized trial comprising 45 patients with type 2 DM studied the effects of a high-CHO/

high-fiber/low-GI diet vs a high MUFA diet with and without a physical activity pro-

gram; 29% hepatic fat reduction was noted in the highMUFA diet, when compared with

only 4% reduction in the low GI diet. Consistent findings of beneficial effects of MD on

hepatic fat, weight, insulin sensitivity, and other metabolic parameters were also reported

by Ryan et al.96 and Abenavoli et al.97

Given the numerous benefits that the MD has toward the various components of the

MS and associated complications (stroke, cardiovascular disease) that extend beyond the

benefits of weight loss, MD has been one of the diets endorsed by the AHD/American

College of Cardiology.98 With respect to NAFLD, the MD has also been endorsed by

EASL-EASD-EASO in their 2016 guidelines as the diet of choice for patients with

NAFLD.20

9. COFFEE

Coffee is a popular beverage and forms a major component of the dietary pattern among

many people worldwide. It comprises an amalgamation of thousands of compounds that

are potentially bioactive in health and disease. Epidemiological studies have suggested

possible hepatoprotective effects of coffee across a range of liver diseases such as viral
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Table 3 Studies evaluating the effects of Mediterranean diet and NAFLD/metabolic syndrome
Author (year) Study design Patient population Intervention/evaluation Summary of results

Aller et al.90 Cross-sectional

study

• 82 patients with

NAFLD/

NASH

• Associations between adher-

ence to MD and liver histo-

logical characteristics

• Adherence to MD was asso-

ciated with a lower likelihood

of having steatohepatitis 0.43

(CI: 95%: 0.29–0.64) and
steatosis 0.42 (CI: 95%:

0.26–0.70)
Kontogianni

et al.91
Cross-sectional

study

• 73 patients with

NAFLD

• Associations between adher-

ence to MD and patient bio-

chemical profile, histology

• Patients with nonalcoholic

steatohepatitis (NASH)

exhibited lower adherence to

MD (29.3�3.2 vs 34.1 �4.4,

P¼0.004)

• Adherence to MD was asso-

ciated with a lower likelihood

of having steatohepatitis (odds

ratio: 0.64, 95% confidence

interval: 0.45–0.92)
Chan et al.92 Cross-sectional

study

• 797 healthy

volunteers in

population

health

screening

• N¼220 with

NAFLD

• Associations between DQ-I

and MDS with NAFLD

prevalence (as determined by

MRS)

• DQ-I but not MDS was

associated with the prevalence

of NAFLD

• Nonadherence as assessed by

DQ-I was associated with the

likelihood of having NAFLD

(OR: 1.24 (95% CI:

1.06–1.45), P¼ .009)

Baratta

et al.93
Cross-sectional

study

• 584 patients

with metabolic

risk factors

• Association between adher-

ence to MD and NAFLD (as

diagnosed by ultrasound)

• Adherence to MD (high

adherence vs low adherence)

was negatively associated with

NAFLD (OR: 0.093 (95%CI:

0.011–0.792), P¼0.030)

Continued
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Table 3 Studies evaluating the effects of Mediterranean diet and NAFLD/metabolic syndrome—cont’d
Author (year) Study design Patient population Intervention/evaluation Summary of results

Fraser et al.29 Quasi-randomized

study

• 259 Obese

patients with

diabetes

• 12-month study

• Randomized to three isoca-

loric diets:

1. American Diabetes Associa-

tion (2003) (n¼64)

� 50%–55% CHO, 30% Fat,

20% Protein

2. Low GI (n¼73)

� 50%–55% Low GI CHO, 30%

fat, 20% protein

3. Modified Mediterranean

(n¼64)

� 35% low GI CHO, 45% fat

(high MUFA), 15%–20%
protein

• Endpoint: reduction in ALT

levels

• Lowest mean ALT levels in

the modified MD, followed

by the low GI diet

• Effect persisted despite cor-

rection for waist to hip ratio,

BMI, homeostasis or TG

Bozzetto

et al.95
2�2 Randomized

parallel-group

design

• 45 patients with

type 2 DM

• 8-week study of isocaloric

high-CHO/high-fiber/low-

GI diet vs a high MUFA diet

with and without a physical

activity program

• Liver fat as assessed by MRS

• Hepatic fat content was

decreased in by a greater

degree MUFA (�29%) and

MUFA+Exercise (–25%)
groups than in CHO/fiber

(–4%) and CHO/ fiber

+Exercise groups (–6%).
Ryan et al.96 Randomized, cross-

over trial

• 12 nondiabetic

patients with

biopsy proven

NAFLD

• 6 week dietary intervention

comparing MD vs a control

diet (low fat, high CHO) with

a 6 week washout in-between

• Biochemistry, Insulin sensi-

tivity and hepatic fat content

were compared

• No difference in mean weight

loss between both groups

• Significant relative reduction

in hepatic fat by MRS in MD

vs control (39�4% vs 7�3%,

P¼0.012)

• Improvements in insulin sen-

sitivity in MD vs control
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Abenavoli

et al.97
Randomized,

control trial

• 50 overweight

patients, BMI

>25kg/m2

with NAFLD

• Randomized into:

1. Low calorie MD

(1400–1600kcal/day:
50–60% CHO, 15%–20%
protein, MUFA, PUFA

<30%, SFA <10%, fiber

25–30g/day)
2. Low calorie MD with

Antioxidants

3. No treatment

• Anthropometric parameters,

biochemistry, hepatic fat

content (FL Index) and liver

stiffness were compared

• Significant reductions in

weight, BMI, waist circum-

ference, fasting glucose, serum

insulin, triglycerides, fatty

liver index, and liver stiffness

as assessed by transient elas-

trography favoring MD

groups vs control

CHO, carbohydrates; DQ-I, Diet Quality Index-International; FL Index, Fatty Liver index (ultrasound assessment of steatosis); LSM, liver stiffness measurement; MD,
Mediterranean diet;MDS, Mediterranean diet score;MRS, magnetic resonance spectroscopy;MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; SFA,
saturated fatty acids; T2DM, type 2 diabetes mellitus; TE, transient elastography; VLDL, very low density lipoproteins.
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hepatitis B/C, alcoholic, NAFLD, cirrhosis, and HCC.99 Coffee has also been reported

to improve mortality outcomes, be it liver related100 or all-cause mortality.101 Possible

bioactive constituents include caffeine, chlorogenic acid, cafestol, and kahweol, which

possess antioxidative and anti-fibrotic properties.102 In the context of NAFLD, several

studies have demonstrated beneficial effects of coffee (Table 4). A study using NHANES

data revealed that caffeine intake was associated with reduced risk of developing

NAFLD.103 Separately, two case control studies suggested beneficial effects of coffee

on risk of NAFLD, as defined by ultrasound imaging.104,105 In addition, using analysis

of histological specimens, two other studies found an inverse relationship between coffee

consumption and hepatic fibrosis among patients with NAFLD.106,107 The benefits of

coffee may be further extended to reducing NASH cirrhosis-related mortality, as

Table 4 Studies evaluating effect of coffee on NAFLD

Author (year) Study design
Patient
population Summary of results

Catalano et al.104 Case control

Severity of

NAFLD

assessed by BLS

137 NAFLD;

108 controls

Bright liver score reduced in

coffee drinkers

Gutierrez et al.105 Case control

Ultrasound

defined

NAFLD

57 NAFLD;

73 controls

Inverse association with grade of

NAFLD

Birerdinc et al.103

NHANES data

Cross sectional

AST/ALT

defined

NAFLD and

no other CLD

1782 NAFLD;

16,768

controls

Minor effect of caffeine in

lowering prevalence of NAFLD

Anty et al.

France108
Cross sectional

Histology

defined

NAFLD

195 bariatric

surgery

patients

Regular but not espresso coffee

protects against fibrosis

Molloy et al.106 Cross sectional

Histology

defined

NAFLD

36 NASH stage

2–4
61 NASH

stage 0–1
83 NAFL;126

controls

Negative correlation with stage of

fibrosis

Bambha et al.107

NASH CRN

Cross sectional

Histology

defined

NAFLD

782 NAFLD Inverse association with advance

fibrosis in patients with less

Insulin Resistance;

HOMA<4.3

BLS, bright liver score; AST, aspartate aminotransferase; ALT, alanine aminotransferase; CLD, chronic liver disease;
HOMA, homeostatic model assessment.
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suggested by the Singapore Chinese Health study, which reported that compared to non-

daily coffee drinkers, those who drank two or more cups per day had a 66% reduction in

liver cirrhosis mortality risk.100

10. CONCLUSION

There have been many dietary interventions adopted for patients with NAFLD as a treat-

ment modality.While the long-term impact of dietary interventions on liver-related out-

comes remain to be elucidated, these interventions have shown to improve histological

outcomes in patients with NASH as well as other complications of the MS. Current evi-

dence supports a low SFA, low trans-fat, with an increased intake of PUFA and MUFAs,

paired with a low-GI, fructose avoidance diet. Calorie restriction of 500–1000kcal/day
should be implemented to achieve a weight loss of 500–1000g/day with an eventual

weight loss target of least 5%–7% of total body weight.20

The MD is promising in this regard and satisfies many components of this suggested

diet. However, the heterogeneous interpretation of what a MD should compose of,88 as

well as cultural and geographic differences with regard to diet especially in parts of Asia,

may limit the widespread applicability of this diet in daily clinical practice. Further

research is warranted to ascertain the optimal NAFLD diet that is readily and generally

applicable to all patient populations.

REFERENCES
1. Chalasani N, Younossi Z, Lavine JE, et al. The diagnosis and management of nonalcoholic fatty liver

disease: practice guidance from the American Association for the study of liver diseases. Hepatology.
2018;67(1):328–357.

2. Goh GB-B, McCullough AJ. Natural history of nonalcoholic fatty liver disease. Dig Dis Sci. 2016;61
(5):1226–1233.

3. Younossi ZM, Koenig AB, Abdelatif D, Fazel Y, Henry L, Wymer M. Global epidemiology of non-
alcoholic fatty liver disease-meta-analytic assessment of prevalence, incidence, and outcomes.
Hepatology. 2016;64:73–84.

4. Younossi ZM, Blissett D, Blissett R, et al. The economic and clinical burden of nonalcoholic fatty liver
disease in the United States and Europe. Hepatology. 2016;64(5):1577–1586.

5. KabbanyMN, Conjeevaram Selvakumar PK,Watt K, et al. Prevalence of nonalcoholic steatohepatitis-
associated cirrhosis in the United States: an analysis of national health and nutrition examination survey
data. Am J Gastroenterol. 2017;112(4):581–587.

6. Younossi ZM, Otgonsuren M, Henry L, et al. Association of nonalcoholic fatty liver disease (NAFLD)
with hepatocellular carcinoma (HCC) in the United States from 2004 to 2009. Hepatology. 2015;62
(6):1723–1730.

7. Charlton MR, Burns JM, Pedersen RA, Watt KD, Heimbach JK, Dierkhising RA. Frequency and
outcomes of liver transplantation for nonalcoholic steatohepatitis in the United States.
Gastroenterology. 2011;141(4):1249–1253.

8. Marchesini G, Petta S, Dalle GR. Diet, weight loss, and liver health in nonalcoholic fatty liver disease:
pathophysiology, evidence, and practice. Hepatology. 2016;63(6):2032–2043.

9. Bugianesi E, McCullough AJ, Marchesini G. Insulin resistance: a metabolic pathway to chronic liver
disease. Hepatology. 2005;42(5):987–1000.

83Dietary Manipulations for NAFLD

http://refhub.elsevier.com/B978-0-12-813822-9.00005-9/rf0010
http://refhub.elsevier.com/B978-0-12-813822-9.00005-9/rf0010
http://refhub.elsevier.com/B978-0-12-813822-9.00005-9/rf0010
http://refhub.elsevier.com/B978-0-12-813822-9.00005-9/rf0015
http://refhub.elsevier.com/B978-0-12-813822-9.00005-9/rf0015
http://refhub.elsevier.com/B978-0-12-813822-9.00005-9/rf0020
http://refhub.elsevier.com/B978-0-12-813822-9.00005-9/rf0020
http://refhub.elsevier.com/B978-0-12-813822-9.00005-9/rf0020
http://refhub.elsevier.com/B978-0-12-813822-9.00005-9/rf0025
http://refhub.elsevier.com/B978-0-12-813822-9.00005-9/rf0025
http://refhub.elsevier.com/B978-0-12-813822-9.00005-9/rf0030
http://refhub.elsevier.com/B978-0-12-813822-9.00005-9/rf0030
http://refhub.elsevier.com/B978-0-12-813822-9.00005-9/rf0030
http://refhub.elsevier.com/B978-0-12-813822-9.00005-9/rf0035
http://refhub.elsevier.com/B978-0-12-813822-9.00005-9/rf0035
http://refhub.elsevier.com/B978-0-12-813822-9.00005-9/rf0035
http://refhub.elsevier.com/B978-0-12-813822-9.00005-9/rf0040
http://refhub.elsevier.com/B978-0-12-813822-9.00005-9/rf0040
http://refhub.elsevier.com/B978-0-12-813822-9.00005-9/rf0040
http://refhub.elsevier.com/B978-0-12-813822-9.00005-9/rf0045
http://refhub.elsevier.com/B978-0-12-813822-9.00005-9/rf0045
http://refhub.elsevier.com/B978-0-12-813822-9.00005-9/rf0050
http://refhub.elsevier.com/B978-0-12-813822-9.00005-9/rf0050


10. Marchesini G, Bugianesi E, Forlani G, et al. Nonalcoholic fatty liver, steatohepatitis, and the metabolic
syndrome. Hepatology. 2003;37(4):917–923.

11. Smith BW, Adams LA. Nonalcoholic fatty liver disease and diabetes mellitus: pathogenesis and treat-
ment. Nat Rev Endocrinol. 2011;7(8):456–465.

12. Anstee QM, Targher G, Day CP. Progression of NAFLD to diabetes mellitus, cardiovascular disease or
cirrhosis. Nat Rev Gastroenterol Hepatol. 2013;10(6):330–344.

13. El-Serag HB, Tran T, Everhart JE. Diabetes increases the risk of chronic liver disease and hepatocellular
carcinoma. Gastroenterology. 2004;126(2):460–468.

14. Younossi ZM,Gramlich T,Matteoni CA, Boparai N,McCullough AJ. Nonalcoholic fatty liver disease
in patients with type 2 diabetes. Clin Gastroenterol Hepatol. 2004;2(3):262–265.

15. Musso G, Gambino R, Cassader M, Pagano G. Meta-analysis: natural history of non-alcoholic fatty
liver disease (NAFLD) and diagnostic accuracy of non-invasive tests for liver disease severity. Ann
Med. 2011;43(8):617–649.

16. LazoM, Solga SF, Horska A, et al. Fatty liver subgroup of the look AHEAD research group. Effect of a
12-month intensive lifestyle intervention on hepatic steatosis in adults with type 2 diabetes. Diabetes
Care. 2010;33(10):2156–2163.

17. Musso G, Cassader M, Rosina F, Gambino R. Impact of current treatments on liver disease, glucose
metabolism and cardiovascular risk in non-alcoholic fatty liver disease (NAFLD): a systematic review
and meta-analysis of randomised trials. Diabetologia. 2012;55(4):885–904.

18. Vilar-Gomez E, Martinez-Perez Y, Calzadilla-Bertot L, et al. Weight loss through lifestyle mod-
ification significantly reduces features of nonalcoholic steatohepatitis. Gastroenterology. 2015;149(2).
367-78.e5.

19. Haufe S, Engeli S, Kast P, et al. Randomized comparison of reduced fat and reduced carbohydrate
hypocaloric diets on intrahepatic fat in overweight and obese human subjects. Hepatology. 2011;
53(5):1504–1514.

20. European Association for the Study of the Liver (EASL), European Association for the Study of
Diabetes (EASD), European Association for the Study of Obesity (EASO). EASL-EASD-EASO
clinical practice guidelines for the management of non-alcoholic fatty liver disease. J Hepatol.
2016;64(6):1388–1402.

21. Radulian G, Rusu E, Dragomir A, Posea M. Metabolic effects of low glycaemic index diets. Nutr J.
2009;8:5.

22. Jenkins DJ, Wolever TM, Taylor RH, et al. Glycemic index of foods: a physiological basis for carbo-
hydrate exchange. Am J Clin Nutr. 1981;34(3):362–366.

23. Report of a Joint FAO/WHO Expert Consultation. Carbohydrates in human nutrition. FAO Food
Nutr Pap. 1998;66:1–140.

24. Aston LM. Glycaemic index and metabolic disease risk. Proc Nutr Soc. 2006;65(1):125–134.
25. Pawlak DB, Ebbeling CB, Ludwig DS. Should obese patients be counselled to follow a low-glycaemic

index diet? Obes Rev. 2002;3(4):235–243.
26. Scribner KB, Pawlak DB, Ludwig DS. Hepatic steatosis and increased adiposity in mice consuming

rapidly vs. slowly absorbed carbohydrate. Obesity (Silver Spring). 2007;15((9):2190–2199.
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1. INTRODUCTION

Avocado is the fruit harvested from the Persea americanaMill tree. Avocado is an unusual

fruit due to its high percentage of fatty acids and a wide variety of bioactive compounds,

many of them of lipophilic character. Avocado consumption has gained popularity

because a growing awareness about its healthy properties that were first studied by the

pioneering work of Dr. Mario Alvizouri-Muñoz in the last decade of the 20th century

in M�exico.1,2 This country is also the largest producer of avocados in the world, with

1,520,695 tons reported in 2014.3

An edible oil can be extracted from the mesocarp of avocado through various

methods like cold pressing, solvent extraction, or centrifugation.4 Avocado oil contains

fatty acids, mainly oleic acid, carotenoids, chlorophylls, phytosterols, and tocopherols.5,6

A myriad of benefits has been reported for these molecules relative to the metabolic alter-

ations occurring during the development of diabetes and its complications. In this regard,

reactive oxygen species (ROS) are key mediators of the pathways leading to tissue degen-

eration in target organs of diabetes, with mitochondria being identified several years ago

as the main source of these species.7 Thus, mitochondrial ROS overproduction has been

targeted as a therapeutic approach to counteract the deleterious effects of diabetes and

other diseases with semisynthetic antioxidants capable to accumulate into mitochondrial

matrix in response to mitochondrial membrane potential (ΔΨ). However, these mole-

cules are currently under both preclinical and clinical trials, making them unavailable yet

for bedside use in individuals suffering from diabetic complications; moreover, concerns

have been raised about the lack of studies about their mitochondrial toxicity and hence, of

unexpected adverse effects.8

Another approach to alleviate mitochondrial defects elicited by diabetes might be

the intake of functional foods containing bioactive compounds decreasing oxidative

stress by directly quenching ROS, by boosting endogenous antioxidant defenses, or
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by counteracting defective mitochondrial function. Because avocado oil contains several

molecules with these properties, we have studied the effects of its dietary supplementa-

tion on the mitochondrial alterations elicited by diabetes, to settle the scientific founda-

tions supporting the use of avocado oil like a functional food complementing

conventional pharmacological approaches to delay the progression of this catastrophic

disease of pandemic dimension. Here, we briefly review the role of mitochondrial dys-

function on the development of some diabetic complications, then we described the

results obtained from our studies about the effects of avocado oil on mitochondria from

diabetic models and the future directions needed to further elucidate the impact of avo-

cado oil on the complications of diabetes.

2. ROLE OF MITOCHONDRIA DYSFUNCTION IN THE DEVELOPMENT OF
DIABETIC COMPLICATIONS

Irrespectively of its etiology, the essential feature of diabetes is hyperglycemia due to

decreased levels of insulin, resistance to the actions of this hormone, or both. In organs

like kidney, brain, or liver, cytosolic glucose overload occurs during diabetes as its trans-

port is independent of insulin via members of GLUT family of glucose transporters with

various affinities and transport rates.9 This lead to augmented glucose catabolism and high

NADH/NAD+ ratios, which causes numerous alterations producing cell damage

(Fig. 1). In first instance, elevated NADH/NAD+ ratios exacerbate ROS production

in mitochondria by set the flavin mononucleotide of the complex I from the electron

transport chain (ETC) in a redox state that enables O2 reduction to superoxide (O2
•�)

radical.10 NADH/NAD+ ratio also modulates ROS levels by altering the activity of

sirtuin-3 (Sirt3). Sirt3 is member of a family of proteins regulating energy metabolism

and antioxidant defense in response to energy demand via protein deacetylation using

NAD+ as co-substrate.11 In mitochondria, the increase of NAD+ levels (i.e., low

NADH/NAD+ ratios) diminish ROS levels by augmenting the Sirt3-mediated deace-

tylation of manganese superoxide dismutase (MnSOD)12 and isocitrate dehydrogenase

2 (IDH2),13 the latter replenishing the levels of NADPH and augmenting the antioxidant

capacity of glutathione since this antioxidant is maintained in its reduced form by

glutathione reductase (GR) in a NADPH-dependent way. Therefore, an increase in

NADH/NAD+ ratio may cause oxidative stress by decreasing deacetylation of these pro-

teins by Sirt3, which agrees with augmented oxidative stress and decreased Sirt3 activity

observed during diabetes.14

Enhanced glucose metabolism by the polyol pathway also contributes to oxidative

stress by increasing the levels of both NADH and NADP+ produced by sorbitol dehy-

drogenase and aldose reductase, respectively15 (Fig. 1).While increased NADH levels are

deleterious for the cell as described above, augmented NADP+ levels stimulate oxidative

stress by limiting the conversion of oxidized glutathione (GSSG) reduction to reduced
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Fig. 1 See legend on next page.
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glutathione (GSH) by GR, which utilizes NADPH as reductant. In turn, decreased GSH

levels impair the ability of antioxidants enzymes like glutathione peroxidase (GPX),

glutaredoxin,16 and even the thioredoxin system to prevent or repair oxidative damage,

the latter system being suspected to interact with glutathione system through a physical

and/or functional interaction.17 Decreased antioxidant capacities along with an increased

mitochondrial ROS generation at the ETC lead to further damage in mitochondria of

experimental models of diabetes, including protein carbonylation,18 lipid peroxidation,19

DNA damage,20 and degradation of electron transport carriers (e.g., cytochromes).21

This creates a vicious circle that further promotes ROS generation by augmenting elec-

tron leak at the ETC because damaged structure and dysfunction of the ETC proteins,

increasing in this way antioxidants depletion.

Mitochondrial ROS overproduction is involved in the development of diabetic

chronic kidney disease by inducing inflammation and hypoxia (Fig. 1). Regarding

inflammation, ROS activates inflammatory mediators like transforming growth factor

(TGF)-β1, NF-κB, AP-1, and PAI-1, causing hallmarks of renal damage like cell hyper-

trophy, extracellular matrix accumulation,22 macrophage infiltration,23 and glomerulo-

sclerosis.24 Concerning hypoxia, kidney exhibits in physiological conditions a gradient

of oxygen tension that decreases from the cortex to the medulla to values as low as

10–20mmHg.25 Because of this, kidney is especially prone to undergo hypoxia by factors

decreasing oxygen levels, which activates hypoxia-induced factor-1 (HIF-1). Aug-

mented induction of this protein has been observed during diabetes26 and it has been

involved in the development of diabetic renal fibrosis.27 Increased oxygen consumption

by the mitochondrial ETC due to uncoupling has been identified as a key factor causing

Fig. 1 Overview of the role of mitochondria on the progression of diabetic complications in liver,
kidney, and brain. Hyperglycemia induces cytosolic glucose overload, activating the sorbitol
pathway where glucose is sequentially converted into sorbitol and fructose. This leads to
decreased NADPH levels and increased NADH concentrations. Enhanced cytosolic flux augments
the synthesis of both NADH and pyruvate. Augmented flux in tricarboxylic acid cycle (TCA) also
increases NADH synthesis, contributing also to augmented NADH/NAD+ ratio in mitochondria.
Enhanced NADH/NAD+ ratio increases ROS generation in the complex I of the electron transport
chain (ETC), which induces lipid peroxidation and contributes to exhaustion of glutathione
(i.e., diminishes GSH/GSSG ratio). Avocado oil decreases ROS levels in mitochondria from kidney,
brain, and liver of diabetic rats. Avocado oil also counteracts increased NADH levels in liver
mitochondria of diabetic rats by improving the complex I activity, which uses NADH as substrate.
Moreover, avocado oil also prevents decreased GSH/GSSG ratio and enhanced lipid peroxidation in
liver and kidney mitochondria. It is hypothesized that the actions of avocado oil on mitochondria
would block the events leading to tissue damage during diabetes, such as inflammation,
apoptosis, or fibrosis, as these events are upregulated by ROS, end products of lipid peroxidation,
and decreased mitochondrial membrane potential (ΔΨ) via activation of several factors, which
includes TNF-α, NF-κB, TGF-β1, HIF, PAI-1, and AP-1. DACD, diabetes-associated cognitive decline.
The dashed arrows indicate decreased blood levels of both glucose and lipids by avocado oil.
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oxygen depletion, induction of HIF-1, and renal fibrosis in diabetic mice,28 with O2
•-

being hypothesized as the primary activator of HIF-1 since this specie upregulates the

activity of both uncoupling protein 2 (UCP-2)29 and HIF-1.30

Nonalcoholic fatty liver disease (NAFLD) is another condition that coexist with dia-

betes. NAFLD comprises a set of hepatic alterations that progress from simple steatosis to

nonalcoholic steatohepatitits (NASH) and cirrhosis. NAFLD can worse the vascular

complications of diabetes; for example, in individuals with type 2 diabetes, NAFLD aug-

ments the risk of both cardiovascular events31 and microvascular complications like ret-

inopathy and chronic kidney disease.32 Moreover, NASH is becoming the leading cause

of end-stage liver disease33 and the second cause of liver transplantation at least in the

United States.34 Thus, effective approaches attenuating the occurrence of NAFLD in dia-

betic individuals are needed. Fat content in the liver depends on an equilibrium between

its accumulation and removal, occurring a minimal fat storage in the healthy liver. During

diabetes, lipid accumulation occurs by enhanced uptake of free fatty acids, increased de

novo lipogenesis and impaired fatty acid β-oxidation due to insulin resistance and hyper-
insulinemia.35 In turn, excessive load of lipids and glucose causes defects in the ETC and

increased ROS generation, being the complex I the more impaired site because the per-

oxidative damage to cardiolipin, which is essential for the proper structure and function

of that enzyme.36,37 Defective complex I activity increases ROS levels, which augments

lipid peroxidation and creates a vicious cycle where the end products of lipid peroxida-

tion further inactivate the complexes I and IV of the ETC,38 worsening in this way mito-

chondrial ROS production.

Besides its deleterious effects onmitochondria, lipid peroxidation has been established

as a fundamental factor triggering liver fibrosis during NAFLD.39,40 In experimental

NAFLD, hepatocytes are the main producers of lipid peroxidation products like malon-

dialdehyde (MDA) and 4-hydroxynonenal (4-HNE) because accumulation of lipids and

enhanced levels of ROS. Lipid peroxidation products are released from hepatocytes and

then activate fibrosis by activating stellate cells, which synthesize collagen α1(1) and
enhance accumulation of extracellular matrix (Fig. 1). This is also accompanied by upre-

gulation of TGF-β1, a major profibrogenic cytokine that is released from the Kupffer

cells.41 Moreover, ROS amplifies this inflammatory response by activating the nuclear

factor NF-κB, which induces the expression of tumor necrosis factor α (TNF-α). This
cytokine induces apoptosis when binding to TNFR1 receptor by increasing the perme-

ability of the outer mitochondrial membrane and allowing the release of cytochrome c to

the cytosol. Indeed, if ATP production also collapses, necrosis occurs instead apoptosis,

with these processes contributing to a state of chronic cell death in the liver.42

Brain is another organ susceptible to deleterious effects of diabetes that manifest as

diabetes-associated cognitive decline (DACD), characterized by psychomotor slowing

and impaired mental flexibility.43 Brain is particularly prone to oxidative damage because

its relatively high content of polyunsaturated fatty acids (PUFA) like arachidonic acid and
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docosahexaenoic acid,44 being these lipids highly prone to peroxidative damage due to its

high content of double bonds. Paradoxically, despite its elevated rate of oxygen con-

sumption, the brain contains lower antioxidant levels in comparison with other organs.45

In consequence, increased lipid peroxidation, diminished concentration of GSH, and

decreased MnSOD activity have been observed in brain mitochondria of diabetic rats,

along with markers of mitochondrial dysfunction such as dissipation of mitochondrial

ΔΨ and impaired adenosine triphosphate (ATP) synthesis.46 Inflammation has been

linked to neuronal damage in diabetes since a correlation between NF-κB induction,

apoptosis, and oxidative stress is observed in brain structures like hippocampus and hypo-

thalamus.47,48 Mitochondrial dysfunction is believed to be upstream NF-κB activation

and apoptosis.47 Indeed, neuronal apoptosis due to excessive glucose can be blocked

by inhibiting ROS generation in the mitochondrial ETC.49 Together, these studies sug-

gest that glucose overload during diabetes lead to enhanced neuronal apoptosis due to

increased mitochondrial ROS generation, oxidative damage, and induction of inflamma-

tion via NF-κB (Fig. 1).

3. PROTECTIVE EFFECTS OF AVOCADO OIL ON THE ALTERATIONS
INDUCED BY DIABETES ON THE ETC AND OXIDATIVE STRESS IN LIVER,
KIDNEY AND BRAIN MITOCHONDRIA

We started 7 years ago a series of studies about the effects of avocado oil supplementation

on the mitochondrial alterations induced by diabetes in target organs like kidney, liver,

and brain based on the information above summarized regarding the central role of dys-

function on the ETC and excessive ROS generation in the development of diabetic

complications. The idea that avocado oil could counteract these mitochondrial defects

arose from previous studies carried out in our group where we observed that the mito-

chondrial ETC is highly resistant to the deleterious effects of in vitro oxidative stress and

produces lower levels of ROS when membranes are constituted by fatty acids with low

unsaturation degree like in the yeast Saccharomyces cerevisiae, whose mitochondria are resis-

tant to peroxidative damage because its fatty acids (i.e., monounsaturated and saturated

fatty acids) lacks of CdH bonds in bis-allylic positions where peroxidation initiates by

the abstraction of a hydrogen atom.50,51 Thus, we thought that avocado oil intake might

modify the composition of fatty acids from the mitochondrial membranes of rat organs

toward a lower unsaturated one because of its high content of oleic acid (˃60% of total

fatty acids), making them in this way less prone to peroxidative damage. We expected

that this would lead to protection of the respiratory complexes against oxidative damage

and decreased ROS production in the context of the oxidative stress caused by diabetes.

The notion that consumption of a source of monounsaturated fatty acids (MUFA) would

have an impact on membrane fatty acid composition of the rat was based on the obser-

vations by Ochoa and Mataix, which described that chronic consumption of virgin olive
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oil, another source of oleic acid, increases the content of MUFA in rat mitochondrial

membranes and induced profound changes in the ETC function and composition.52,53

When avocado oil was given during 90 days to streptozotocin-induced type 1 diabetic

rats, increments of 10% and 18.4% were observed in the content of C18:1 and total

MUFA in kidney mitochondria, respectively,21 while no changes were observed in liver

mitochondria.19 In type 2 diabetic rats, avocado oil consistently increased the content of

MUFA in kidney mitochondria when administered by 3, 6, and 12 months.54

According to these data, it was expected that mitochondria undergoing increments in

their content of MUFA it would exhibit lower levels of lipid peroxidation and/or less

susceptibility to in vitro-induced lipid peroxidation. This was the case for kidney mito-

chondria from type 2 diabetic rats,54 but not in kidney mitochondria from type 1 diabetic

rats, where only mitochondria from control rats displayed decreased susceptibility to

Fe2+-induced lipid peroxidation.21 Surprisingly, avocado oil diminished lipid

peroxidation levels in liver mitochondria of type 1 diabetic rats and the susceptibility

to Fe2+-induced lipid peroxidation also in control mitochondria without inducing

changes in MUFA content.19 In view of these results, it was suggested that the changes

in MUFA content elicited by avocado oil did not influence the susceptibility of mito-

chondria to lipid peroxidation. We corroborated this idea by calculating the peroxidiz-

ability index (PI) of mitochondrial lipids, which is a parameter that predicts the

susceptibility of a membrane to undergo lipid peroxidation based on its composition

of fatty acids.55 No relationship was found between the PI of membranes and lipid per-

oxidation susceptibility, as avocado oil did not modified the PI of mitochondria from

neither control nor diabetic rats irrespectively of the organ or the type of diabetes.19,21,54

Therefore, the question arose about what was the mechanism by which avocado oil

decreased mitochondrial lipid peroxidation, especially in liver mitochondria, where

no increments in MUFA were observed and a more profound protective effect against

lipid peroxidation was observed with avocado oil.

Lipid peroxidation is counteracted in mitochondria by the mitochondrial isoform of

phospholipid hydroperoxide glutathione peroxidase (PHGPx). PHGPx is able to reduce

phospholipid hydroperoxides directly even when integrated in the membrane. Impor-

tantly, PHGPx is able to reduce cardiolipin hydroperoxides. Consequently, its function

is key tomaintain optimalmitochondrial function under conditions of highROSproduc-

tion because intact cardiolipin is needed for the function of amyriad of proteins embedded

in the innermitochondrialmembrane, including the components of theETC.One feature

of PHGPx is the preferential use of reduced glutathione (GSH) as electron donor56; thus, it

would be expected an impaired capacity of PHGPx to repair peroxidative damage to phos-

pholipids when the levels of GSH fall. In this regard, we have observed consistently a

decrease in the ratio GSH to oxidized glutathione (GSSG) in mitochondria from kidney,

brain, and liver of diabetic rats because a diminution in the concentration of GSH19,54,57

(Fig. 1). Furthermore, total levels of glutathione (GSH+GSSG) underwent a progressive
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decrease as aging progressed in type 2 diabetic rats.54 These alterations were paralleled to

increased levels of lipid peroxidation; the lower the GSH/GSSG ratio was, the higher the

lipid peroxidation levels were. In all cases, the treatment with avocado oil increased the

GSH/GSSG ratio in diabetic rats with a concomitant normalization of lipid peroxidation

levels, besides augmenting total glutathione pool in kidney mitochondria of aged, type 2

diabetic rats.54 Therefore, it seems that avocado oil counteracts mitochondrial lipid per-

oxidation elicited by diabetes by favoring the reduction of GSSG into GSH,which allows

to hypothesize an improving of the PHGPx activity, although cannot be discarded a direct

participation of the xanthophyll antioxidants contained in avocado oil like lutein and zea-

xanthin to counteract lipid peroxidation by neutralizingROS in a lipophilic environment

like the mitochondrial membranes.

How avocado oil increases the levels of GSH in the mitochondrial milieu? There are

two probable answers to this question. Avocado oil is an important source of β-sitosterol
as demonstrated by Berasategi et al.6 This phytosterol is known to improve GSH/GSSG

ratio via activation of the estrogen/phosphatidylinositol 3-kinase pathway.58 Hence, a

possible explanation for increased GSH is the improvement of glutathione redox cycling

(i.e., the reduction of GSSG to GSH) by β-sitosterol contained in avocado oil.

A limitation for this hypothesis is that the effects of pure β-sitosterol on mitochondrial

GSH have been observed only in female rats because decreased β-sitosterol bioavailability
in male ones.59 However, it must be stressed that the levels of β-sitosterol reached with

avocado oil might be higher than those used in that study (up to 70μg/kg), as avocado oil
can contain up to 251mg β-sitosterol per 100g oil.6 Considering that we have admin-

istered avocado oil at a dose of 1mL/250g with a density of 0.8710g/mL, and assuming a

content of β-sitosterol similar to that reported by Berasategi et al.,6 for example, it turns

that we have supplied 2.18mg β-sitosterol for a rat weighing 250g. On this basis, it can be

proposed that decreased bioavailability in male rats might be overridden because the

superior amounts of β-sitosterol administered via avocado oil. The other probable answer

to the question about the modulation of GSH/GSSG ratio by avocado oil is simpler and

consist in that avocado oil decreases ROS generation directly in the ETC of kidney, liver,

and brain mitochondria of diabetic rats.19,21,54,57 Under this scheme, less peroxides

(e.g., H2O2 or lipid peroxides) it would be expected to be produced. GSH is the first

line of defense against peroxides via the activities of GPXs and PHGPx. Hence, atten-

uated ROS generation by avocado oil would decrease GSH utilization, causing in this

way a rise in GSH levels.

As mentioned above, avocado oil decreased ROS generation in the ETC of mito-

chondria from diabetic rats.19,21,54,57 ROS generation can increase in the complexes

of the ETC due to slowing of electron flow, which in turn can be caused by lipid per-

oxidation, particularly of cardiolipin, by oxidation of thiol groups of the complex I or by

damage in the prosthetic groups participating in the electron transfer.60We have detected

decreased activities of the complexes I and III in liver and kidney mitochondria of
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diabetic rats with a concomitant increment in ROS generation in these enzymes and a

protective effect of avocado oil against these alterations.19,21 Diminished content of cyto-

chromes c+ c1 was identified as the cause of decreased complex III activity and enhanced

ROS production, while preliminary data from our lab suggest that cardiolipin depletion

might be the cause of decreased activity in the complex I andROS exacerbation (data not

shown). The protective effects of avocado oil against these alterations might be mediated

by the augment observed in GSH/GSSG ratio, which would lead to preservation of car-

diolipin integrity through enhanced activity of PHGPx. This, in turn, would explain the

improved activity of the complex I and the normalization of cytochromes levels as cyto-

chrome c attachment to inner membrane is dependent of cardiolipin.61 Intensive research

is carried out in our group to test this hypothesis.

4. FUTURE PERSPECTIVES

In summary, the dietary supplementation with avocado oil in animal models of diabetes

counteracts impaired electron flow in the ETC while decreases the levels of ROS and

lipid peroxidation, which may be the result of improved redox state of glutathione, being

all these effects independent of changes in the content of MUFA in the mitochondrial

membranes. As a consequence, mitochondria from diabetic rats become also more resis-

tance to the deleterious effects of in vitro-induced oxidative stress. However, a central

question remains unsolved: does the beneficial effects of avocado oil on mitochondria

delay the complications of diabetes? At this time, we do not have answers yet to this ques-

tion, but it can be said that the data obtained in mitochondria are promising. Importantly,

we have observed that avocado oil improves risk factors leading to microvascular com-

plications of diabetes such as hyperglycemia,54 hypertriglyceridemia, and hypercholester-

olemia19 (Fig. 1). Also, we have not observed liver histological alterations after 30 days

supplementation with avocado oil.19 These properties of avocado oil might work

together with its effects on mitochondria to potentially improve diabetic complications.

Concerning diabetic kidney nephropathy (Fig. 1), avocado oil might delay this com-

plication because the decrease in mitochondrial levels of ROS observed in two of our

studies.19,21 This would block the ROS-mediated activation of TGF-β1, NF-κB,
AP-1, and PAI-1, leading to diminished inflammation and delay of kidney damage by

diminishing fibrosis and glomerular damage. Besides, decreased ROS levels would aid

to attenuate renal fibrosis by augmenting O2 availability, which would block the activa-

tion of HIF, a key factor leading to fibrosis.27 In the case of liver, we believe that aug-

mented NADH oxidation in the complex I elicited by avocado oil19 would be beneficial

for lowering hepatic fat deposits through improvement of NAD+ availability, which

would enhance fatty acid β-oxidation at the steps of this pathway requiring NAD+ for

dehydrogenase activity. On the other hand, the decrease in lipid peroxidation by avocado

oil19 would attenuate fibrosis by diminishing the activation of stellate cells and by
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downregulating TGF-β1, which would decrease collagen synthesis and extracellular

matrix accumulation.39–41 Besides, the attenuation in mitochondrial ROS generation

observed with avocado oil19 would block uncontrolled apoptosis in the liver by interfer-

ing the upregulation of NF-κB and TNF-α. Finally, in the brain, avocado oil counteracts
events that contributes to neuronal cell death during diabetes such as lipid peroxidation,

decreased GSH, and dissipation of ΔΨ.57 These actions and the diminution of ROS

levels would block apoptotic neuronal cell death associated with NF-κB activation.47–49

Accordingly, one of our perspectives is to unveil by both histopathological and biochem-

ical means whether the mitochondrial effects of avocado oil lead to decreased and/or

delayed diabetic damage to kidney, liver, and brain. Another perspective is to investigate

if avocado oil downregulates the molecules triggering tissue damage like TGF-β1,
NF-κB, HIF, AP-1, and PAI, among others, via its effects on mitochondrial levels

of ROS.
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Carbajal F. Effects of a vegetarian diet vs. a vegetarian diet enriched with avocado in hypercholester-
olemic patients. Arch Med Res. 1997;28:537–541.

3. FAOSTAT. Food and agriculture organization of the United Nations. Available from: http://www.fao.
org/faostat/en/#search/Avocados. Accessed 8 November 2017.

4. Qin X, Zhong J. A review of extraction techniques for avocado oil. J Oleo Sci. 2016;65:881–888.
5. Ashton OB, Wong M, McGhie TK, et al. Pigments in avocado tissue and oil. J Agric Food Chem.

2006;54:10151–10158.
6. Berasategi I, Barriuso B, Ansorena D, Astiasarán I. Stability of avocado oil during heating: comparative

study to olive oil. Food Chem. 2012;132:439–446.
7. Brownlee M. The pathobiology of diabetic complications: a unifying mechanism. Diabetes. 2005;

54(6):1615–1625.
8. Olszewska A, Szewczyk A. Mitochondria as a pharmacological target: magnum overview. IUBMB Life.

2013;65:273–281.
9. Shah K, Desilva S, Abbruscato T. The role of glucose transporters in brain disease: diabetes and Alzhei-

mer’s disease. Int J Mol Sci. 2012;13:12629–12655.
10. Kussmaul L, Hirst J. The mechanism of superoxide production by NADH: ubiquinone oxidoreductase

(complex I) from bovine heart mitochondria. Proc Natl Acad Sci U S A. 2006;103:7607–7612.
11. Wu YT, Wu SB, Wei YH. Roles of sirtuins in the regulation of antioxidant defense and bioenergetic

function of mitochondria under oxidative stress. Free Radic Res. 2014;48:1070–1084.
12. Chen Y, Zhang J, Lin Y, et al. Tumour suppressor SIRT3 deacetylates and activates manganese

superoxide dismutase to scavenge ROS. EMBO Rep. 2011;12:534–541.

98 Bioactive Food as Dietary Interventions for Diabetes

http://refhub.elsevier.com/B978-0-12-813822-9.00006-0/rf0010
http://refhub.elsevier.com/B978-0-12-813822-9.00006-0/rf0010
http://refhub.elsevier.com/B978-0-12-813822-9.00006-0/rf0010
http://refhub.elsevier.com/B978-0-12-813822-9.00006-0/rf0015
http://refhub.elsevier.com/B978-0-12-813822-9.00006-0/rf0015
http://refhub.elsevier.com/B978-0-12-813822-9.00006-0/rf0015
http://www.fao.org/faostat/en/#search/Avocados
http://www.fao.org/faostat/en/#search/Avocados
http://refhub.elsevier.com/B978-0-12-813822-9.00006-0/rf0025
http://refhub.elsevier.com/B978-0-12-813822-9.00006-0/rf0030
http://refhub.elsevier.com/B978-0-12-813822-9.00006-0/rf0030
http://refhub.elsevier.com/B978-0-12-813822-9.00006-0/rf0035
http://refhub.elsevier.com/B978-0-12-813822-9.00006-0/rf0035
http://refhub.elsevier.com/B978-0-12-813822-9.00006-0/rf0040
http://refhub.elsevier.com/B978-0-12-813822-9.00006-0/rf0040
http://refhub.elsevier.com/B978-0-12-813822-9.00006-0/rf0045
http://refhub.elsevier.com/B978-0-12-813822-9.00006-0/rf0045
http://refhub.elsevier.com/B978-0-12-813822-9.00006-0/rf0050
http://refhub.elsevier.com/B978-0-12-813822-9.00006-0/rf0050
http://refhub.elsevier.com/B978-0-12-813822-9.00006-0/rf0055
http://refhub.elsevier.com/B978-0-12-813822-9.00006-0/rf0055
http://refhub.elsevier.com/B978-0-12-813822-9.00006-0/rf0060
http://refhub.elsevier.com/B978-0-12-813822-9.00006-0/rf0060
http://refhub.elsevier.com/B978-0-12-813822-9.00006-0/rf0065
http://refhub.elsevier.com/B978-0-12-813822-9.00006-0/rf0065


13. Someya S, Yu W, Hallows WC, et al. Sirt3 mediates reduction of oxidative damage and prevention of
age-related hearing loss under caloric restriction. Cell. 2010;143:802–812.

14. Jing E, Emanuelli B, HirscheyMD, et al. Sirtuin-3 (Sirt3) regulates skeletal muscle metabolism and insu-
lin signaling via altered mitochondrial oxidation and reactive oxygen species production. Proc Natl Acad
Sci U S A. 2011;108:14608–14613.

15. Wu J, Jin Z, Zheng H, Yan LJ. Sources and implications of NADH/NAD(+) redox imbalance in dia-
betes and its complications. Diabetes Metab Syndr Obes. 2016;9:145–153.

16. Fernandes AP, Holmgren A. Glutaredoxins: glutathione-dependent redox enzymes with functions far
beyond a simple thioredoxin backup system. Antioxid Redox Signal. 2004;6:63–74.

17. Aon MA, Stanley BA, Sivakumaran V, et al. Glutathione/thioredoxin systems modulate mitochondrial
H2O2 emission: an experimental-computational study. J Gen Physiol. 2012;139:479–491.

18. Raza H, Prabu SK, John A, Avadhani NG. Impaired mitochondrial respiratory functions and oxidative
stress in streptozotocin-induced diabetic rats. Int J Mol Sci. 2011;12:3133–3147.

19. Ortiz-Avila O, Gallegos-Corona MA, Sánchez-Briones LA, et al. Protective effects of dietary avocado
oil on impaired electron transport chain function and exacerbated oxidative stress in liver mitochondria
from diabetic rats. J Bioenerg Biomembr. 2015;47:337–353.

20. Madsen-Bouterse SA, Mohammad G, Kanwar M, Kowluru RA. Role of mitochondrial DNA damage
in the development of diabetic retinopathy, and the metabolic memory phenomenon associated with its
progression. Antioxid Redox Signal. 2010;13:797–805.
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CHAPTER 7

Whey Protein and the Metabolic
Syndrome
Sebely Pal, Monica Jane, Jenny McKay, Suleen Ho
School of Public Health, Faculty of Health Sciences, Curtin University, Perth, Western Australia, Australia

1. INTRODUCTION

Obesity is a preventable condition that hasmore than doubled across the globe since 1980 1.

Globally, approximately 39% of adults aged 18years or older were overweight and 13%

were obese, in 2014.1 Obesity significantly increases the risk of developing metabolic

syndrome (MS),2 which comprises a number of physiological impairments,3 such as

abdominal obesity, glucose intolerance, insulin resistance, atherogenic dyslipidemia,

elevated blood pressure (BP), diminished endothelial function,4 arterial stiffness,5 and

inflammation.6 As of 2006, 34% of Americans had the MS and the prevalence increased

up to 50% with age.7 Individuals with the MS are five times more at risk of developing

type 2 diabetes (T2D), and three timesmore likely to having a heart attack or stroke a com-

pared with those without the syndrome.8 Impaired insulin sensitivity makes individuals

with obesity susceptible to T2D, due to an inability to maintain blood glucose within

acceptable limits.9

Recent studies into treatment and prevention for the various components of the MS

have focused on dietary macronutrients. When the energy contents of diets are matched,

the consumption of high-protein diets results in a greater loss of body fat and a reduced

loss of lean body mass,10–13 however, the benefits can vary depending on the different

protein sources.14,15 More recently, consumption of dairy whey protein has been shown

to have many health benefits. Therefore, the aim of this chapter is to examine the effects

of dairy whey protein consumption on several MS risk factors, such as glucose and insulin

homeostasis, satiety, body weight and composition, vascular function, hypertension, and

lipids and lipoproteins.

2. DAIRY PROTEINS

Whey accounts for approximately 20% of the total protein found in milk, which is

synthesized in mammary secretory epithelial cells; caseins account for the other

80%.16 The consumption of whey proteins has an array of benefits not found with other

protein sources such as soy and egg.14 Both animal and human studies17–20 have suggested
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that whey protein and its components may preserve lean body mass during energy-

restricted normal or energy-restricted diets,21 may have cardiovascular health benefits,

along with antimicrobial and antiviral activity, immune-modulating activity, and anti-

cancer activity.22

Dairy whey protein is a by-product of the cheese-making process. It consists of a het-

erogeneous, polymorphic group of proteins consisting of five main protein fractions—

beta-lactoglobulin (β-Lg), alpha-lactalbumin (α-LA), glycomacropeptide, proteose

peptones, and immunoglobulin—with ratios varying from 8% to 35%, and in vitro

and animal studies these components have been found to have biological effects.23

The other minor constituents present in whey are bovine serum albumin (BSA), lacto-

ferrin, lactoperoxidase, and other nonprotein fractions such as lactose, calcium, magne-

sium, phosphorus, zinc, vitamins, and traces of milk fat.16,24 The main casein fractions

found in milk consist of alpha-caseins, beta-casein, and kappa-casein.25

Wheyproteins are secondary, tertiary,orquaternaryglobular structures, sensitive toheat,

andareneitherphosphorylatednorextensivelyglycosylated.Theexact compositionofwhey

depends on themilk source, type of cheese, andmanufacturing process. The twomain pro-

teins inwhey,α-LA and β-Lg, appear to be responsible for the physiochemical properties of

whey, such as gel forming and foaming.22,26 Evidence indicates that various protein sources

have differing rates of digestion and absorption,whichmay influence the postprandial amino

acid responses.27 Whey proteins are referred to as “fast” proteins because they are emptied

rapidly from the stomach and delivered to the small intestine intact, an effect thought to be

due to their branched chain amino acid (BCAA) content (isoleucine, leucine, and valine)

found in relatively high amounts in β-Lg.28 Casein, on the other hand, is considered as a

“slow” protein because gastric acids cause it to coagulate and thus delay gastric emptying,

resulting in a reduction in postprandial plasma amino acids.22,29

The available evidence indicates that whey protein does not have many common bio-

logical activities with casein, and soy proteins. Therefore, the proteins specific to whey

are thought to be responsible for their impact on MS risk factors, and are presumably due

to the unique properties of each type of protein. Depending on the intended use, whey

can be prepared as a fresh pasteurized liquid or in these condensed forms: whey protein

concentrate (WPC), whey protein isolate (WPI), hydrolyzed whey proteins, lactose-

reduced whey, and demineralized whey. The condensed products preserve the protein

content, and contain less of the unnecessary components such as lactose and fat.22

Both WPC and WPI are manufactured from whey using ultrafiltration, spray drying,

and evaporation techniques.30 WPC consists of approximately 34%–85% protein and

modest amounts of lactose, fats, andminerals22; whereasWPI is composed of 90% protein

and little or no lactose or fat.22,31,32 The latter product provides a greater amount of pro-

tein and minimizes the effects of the other constituents, thus enhancing its functionality.

Whey hydrolyzates are peptides derived from the hydrolysis of whey proteins derived

from milk, which is a process that includes fermentation with proteolytic enzymes.16
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3. HYPERTENSION

Small reductions in BP of 2–5mmHg can be gained by modifying environmental factors

such as dietary and lifestyle factors; however, it would appear that diet may play a greater

role in lowering BP.33–35 Reducing hypertension is beneficial, and would result in

decreased total mortality as it is one of the components of the MS as well as a major

contributor to the development of cardiovascular disease (CVD). 36

Although human studies into the effects of whey protein on BP are limited,19,37 dairy

proteins may have antihypertensive properties.38 An acute study with overweight and

obese postmenopausal women without hypertension by Pal et al. showed that a meal with

45gWPI or casein resulted in a postprandial decrease in both systolic BP (SBP) and diastolic

BP (DBP).39 Chronic studies have also examined the effect of whey protein on hyperten-

sion. A 6-week study with borderline hypertensive participants (�120/80mmHg

and�155/95mmHg) randomized to a whey protein hydrolyzate (active) treatment or

an unmodified whey protein (control) treatment reported that consumption of whey pro-

tein hydrolyzate significantly reduced SBP by 8.0mmHg (P < .05) andDBP by 5.5mmHg

(P< .05).40 A 12-week study in overweight participants without hypertension found

that supplementation with 54g WPI and 54-g casein protein reduced DBP in a similar

manner to a glucose control, although there was no significant difference in SBP, possibly

because the trial involved non-hypertensive individuals.41

The process by which whey protein and its constituents improves hypertension38

appears to be via the inhibition of angiotensin-converting enzyme (ACE), an enzyme

that catalyzes the conversion of angiotensin I to angiotensin II resulting in arterial

vasoconstriction.42 Reductions in BP43 may be due to the action of such peptides as

α-LA, β-Lg, and BSA, which restrict ACE.42,44,45Whey protein contains lactokinins that

inhibit ACE, whereas casokinins are casein-derived ACE inhibitors46; both have been

demonstrated to affect significant spontaneous reductions in BP in hypertensive animals,

with SBP reduced by 2–34mmHg.47,48 Chronic intake of 20-g whey hydrolyzate

appears to improve BP in hypertensive individuals. Furthermore, both acute and chronic

WPI intake reduced BP in non-hypertensive participants, however, additional trials

investigating the effect of WPI on BP in hypertensive individuals are needed. Overall,

increasing the dairy WPI or whey protein hydrolyzate consumption may improve BP

and decrease the risk of hypertension.

4. VASCULAR FUNCTION

Central arteries gradually stiffen with increasing age49,50; the progression of this stiffening is

influenced by diabetes, hypertension, and atherosclerosis.51 The augmentation index (AI) is

an indicator of arterial stiffness,which has been found tobehigher in individualswithhyper-

cholesterolemia.52 In addition, arterial stiffening is an independent risk factor for CVD.53,54
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A postprandial study evaluating the effects of 45gWPI on BP and vascular function in

overweight participants39 found AI to remain unaffected immediately following whey

protein consumption (175.1�5.71%, P> .05) compared to casein (172.32�5.73%)

and control (180.33�5.73%).39 Pal and Ellis39 suggested that the consumption of whey

may need to be sustained for several weeks to result in a decrease in AI and, consequently,

arterial stiffness. A subsequent chronic study with overweight and obese participants con-

ducted by Pal and Ellis41 reported that supplementation with 54g/day WPI for 12weeks

produced a significant (21%, P¼ .006) reduction in AI compared to the control group

and a 23% decrease (P¼ .006) when compared to the casein group.

The differing effects on AI of whey and casein proteins may be due to their effect on

hypertension, as increased arterial stiffness has been associated with increase in BP.55–57

While the mechanisms involved remain to be fully elucidated, current evidence suggests

the renin-angiotensin system, matrix metalloproteinases, intracellular signaling, and

extracellular matrix components may be involved.55–57 As dairy proteins influence the

rennin-angiotensin system,47,58 they may also affect processes that improve AI.41 Fur-

thermore, the whey peptides α-LA, β-Lg, and BSA can inhibit the action of

ACE42,44,45 decreasing BP,43 which may affect the AI.

In summary, whey protein consumption may result reduced arterial stiffness. A 54g

dose of WPI has been demonstrated to reduce the AI after 12weeks of supplementation.

Additional studies are required to clarify whether bioactive constituents, the BCAAs in

whey, and/or their influence on the renin angiotensin system may be responsible for

improvements in the AI.

5. GLUCOSE AND INSULIN

Studies in animals,17 healthy individuals,27,59–63 and those with T2D64,65 indicate that

whey protein consumption may significantly reduce the postprandial glucose concen-

trations due to the insulinotropic action of its amino acids.17,27,64–68 A study in Wistar

rats found that consumption of WPC for 6-weeks lowered plasma insulin concentra-

tion and insulin:glucose ratio, indicating improved insulin sensitivity.17 The effects of

whey protein consumption on postprandial blood glucose in humans are similar to

sulfonylureas and other pharmaceutical treatments used to manage hyperglycemia

in T2D.69

A study by Pal et al. with overweight and obese participants (without T2D) demon-

strated that 55-g WPI per day for 12weeks could significantly lower fasting insulin level

(41.71�3.80pM) when compared to a glucose control (54.77�5.18pM, P¼ .049), in

the absence of weight loss.70 These results suggest that daily consumption of whey may

reduce plasma insulin levels in MS patients. In addition, Pal and Ellis compared the post-

prandial effects of 50g of WPI, egg albumin, tuna, or turkey on glucose and insulin in

healthy lean men, and found theWPI preload to result in a significantly lower area under
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the curve (AUC) for plasma glucose (8.69�0.32) than did egg (9.63�0.54, P< .001)

and turkey (9.62�0.35, P < .023).59 The WPI preload also led to a higher AUC for

insulin (46.73�2.4) compared to tuna (34.41�1.9), egg (23.09�1.5), and turkey

(29.69�1.9) (P< .001 for all preloads).59 These results are consistent with a similar post-

prandial study in lean participants that reported that WPI (0.81�0.07g/kg) significantly

increased insulin response compared with a glucose control (154%, P¼ .02), soy (151%,

P¼ .03), and casein (143%, P¼ .07).67

Another postprandial study with healthy adults showed that glycemic index lowering

peptide (GILP) from whey (at doses of 0, 5, 10, and 20g GILP) added to a 50-g glucose

drink lowered the glucose response in a dose-dependent manner.62 The average decrease

in glucose was 4.6�1.4mM/min/g GILP, as shown by a significant reduction in the

glucose incremental AUC, and was thought to result from increased insulin secretion.62

A trial involving participants with T2D studied the postprandial glucose response to a

dietary challenge of soup followed by a potato meal, whereby 55g WPI was added to

either the soup or the potato meal, and found that both the soup and the potato meal

with WPI significantly decreased the glucose AUC compared to the no-whey control.65

Another study with diabetic patients given a 27.6-g whey-supplemented breakfast (white

bread) and lunch (mashed potatoes and meatballs) found the AUC for blood glucose sig-

nificantly reduced after lunch (21%, P< .05) and the postprandial insulin response signif-

icantly increased following both breakfast (31%, P< .05) and lunch (57%, P < .05),

compared to the same meal without the whey.64

Amino acids appear to be important insulin secretagog, particularly in the absence of

carbohydrates.71 Compared to other protein sources, whey protein has been shown to

result in a more rapid increase in plasma amino acids.15,29 Whey proteins, digested rel-

atively quickly, and may explain why they have a greater insulinotropic effect than other

protein sources. Different amino acids seem to influence the insulin response in different

ways,71,72 both acutely and chronically, via their actions on pancreatic beta cells.73

Beverages containing high concentrations of the amino acids found in whey protein

(e.g., leucine, isoleucine, valine, threonine, and lysine) have been shown to produce sim-

ilar glycemic and insulinemic responses to whey protein.74 The relatively high BCAA

content of whey may also be responsible for the higher insulin response27,72 compared

to other protein and nonprotein sources. Insulin release generally opposes glucagon

secretion; therefore, it may be that certain insulinotropic proteins and/or amino acids

induce a reduction in glucagon. Conversely, proteins that reduce the insulin response

may promote greater glucagon concentrations.61 Furthermore, both whey protein and

casein contain glutamine, a compound known to stimulate incretin, as well as improve

blood glucose.75 It has been suggested that whey protein hydrolyzate may decrease glu-

cagon synthesis and thus enhance insulin secretion, resulting in a lowered plasma glucose

response due to an increased gastric inhibitory polypeptide (GIP) and glucagon-like

peptide 1 (GLP-1) concentrations.61,63
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Overall,WPI andWPC have been demonstrated to enhance postprandial glucose and

insulin responses in both animals and humans. Doses smaller than 10g of intact whey or

its peptides do not appear to produce any beneficial changes to postprandial glucose and

insulin responses.60,62 However, the doses of around 50g WPI that have been trialled in

most postprandial studies appear to be able to produce immediate health benefits. In pre-

vious studies, improvements in glucose and insulin concentrations and AUCs were seen

in both healthy participants and T2D patients.59,60,62,64,65,67 Most studies credited the

effect on insulin release to the specific amino acids present in whey; however, more

research is needed to clarify the exact mechanism responsible for the insulinotropic effect

of whey proteins, as well as to examine acute and chronic effects of whey ingestion in

individuals with MS.

6. SATIETY AND APPETITE

Protein ingestion is well known as a strong factor promoting satiety and moderating

energy intake,14,17,76–78 and has a greater satiating effect than carbohydrate and fat79,80

under isoenergetic conditions. Current evidence suggests that it is not only the amount

of protein consumed but also the protein source14 that produces the satiating effect; how-

ever, there are conflicting results on this issue.14,15,59,76,81–83

A review of the role of different proteins in the regulation of food intake in humans

found whey protein to have a more pronounced effect on short-term food intake com-

pared to casein, egg albumin, and soy protein.76 Several short-term trials have demonstrated

that whey is more satiating than other proteins. WPI has been shown to be more satiating

than casein15 or egg.14A studywith young leanmen [bodymass index (BMI) 20–25kg/m2]

given45–50-gproteinpreloads fromeitherWPI, egg albumen, or soy inbeverages (400mL)

or a water control, followed 1–2h later by a pizza meal, reported that whey (2766�238kJ,

P< .05) and soy protein (3054�301kJ, P< .05), but not egg albumen (3816�280kJ),

suppressed subsequent pizza consumption compared to control (3557�284kJ).14

Another study tested with healthy lean participants (n¼22, BMI<25kg/m2) with two

liquid preloads consisting of 48g of either whey or casein.15 Ad libitum energy intake from

a buffet meal was significantly lower 1.5h after the whey preload, compared to casein

(3676�359kJ vs 4537�528kJ, P< .05); greater satiety was also reported following the

whey test meal (P< .05).15 Pal et al. found 50g WPI to be significantly more satiating

than tuna, egg, or turkey in leanmen (mean BMI 22.6�0.8kg/m2), given the four protein

liquid test meals on four separate occasions followed by a buffetmeal 4h later.59 In addition,

the AUC for self-rated hunger was significantly less after the whey meal (174.6�16) than

after the tuna (201.6�17, P¼ .033), turkey (237.0�18, P< .001), and egg (253.6�18,

P< .001) meals; ad libitum energy intake was significantly less following the whey meal

(2950.1�98.1kJ) than the tuna (3275.2�104.4kJ), egg (3513.7�110.7kJ), or turkey

(3534.8�113.6kJ) meals (all P< .001).
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Other studies, conducted by Bowen et al., reported conflicting results, such that whey

protein did not significantly lessen energy intake compared to other protein sources, and

found no significant differences in energy intake between whey protein and other pre-

loads.81–83 One of the studies comprised of 25 lean (mean BMI 23.3�0.2kg/m2) and

47 obese (mean BMI 30.1�0.5kg/m2) participants, and found energy intake to be

10% (P< .05) lower after 50g of WPI, gluten, or soy protein preloads compared to a

glucose preload, independent of protein type and BMI; moreover, there was no differ-

ence between lean and obese participants in response to the whey protein preload.81 As

changes to energy intake or appetite did not affect weight, the authors speculated that

overweight participants may have had reduced sensitivity to GLP-1 as these individuals

had higher GLP-1, which is thought to supress appetite.81 In addition, both lean and

overweight participants were mixed randomly into groups for the buffet meals, hence

behavioral influences may have moderated the outcomes, resulting in the lack of

difference between groups.81 Likewise, a study with 28 obese men (mean BMI

32.5�0.6kg/m2), given beverages containing either 50g WPI, glucose, or fructose, or

25g whey with 25g fructose, had little effect on appetite (P> .05).82 Furthermore, 2-h

energy intake and appetite were similarly reduced after consumption of either 55g WPI

or casein; or 56g lactose, in a study of 19 obese men (mean BMI 32.1�0.9kg/m2), com-

pared to 56g glucose, as measured on visual analog scales (VAS) every 15min.83

A long-term study by Pal et al.84 with 70 overweight and obese participants randomly

assigned to consume a 27-g supplement containing either whey protein, casein, or glu-

cose (control), before lunch and dinner daily for 12 weeks, rated five different aspects of

hunger and satiety using a VAS, at baseline and at weeks 6 and 12.84 The before lunch

ratings at week 6 showed a significantly higher satiety rating after whey consumption

compared to the casein (P¼ .017) and glucose (P¼ .024); a similar increase in satiety

was observed at week 12 in the whey group compared to the casein (P¼ .025) and glu-

cose (P¼ .032).84 Furthermore, the fullness rating at week 6 was significantly higher after

whey consumption compared to both casein (P¼ .038) and glucose (P¼ .020); the full-

ness rating at week 12 was also significantly higher in the whey group compared to both

casein (P¼ .022) and glucose (P¼ .030) groups.84 However, none of these interventions

resulted in any significant changes on the three other appetite ratings (appetite size, desire

to eat, and hunger) before lunch, or on any of the five ratings before dinner, at weeks 6 or

12.84 The conflicting results found in these studies may suggest that a larger amount of

whey protein is required to promote satiety in obese individuals compared to those that

are lean or of lower body weight, or taken for a longer duration. It seems that approx-

imately 50g WPI is sufficient to promote satiety in lean individuals, but may not be

enough for those with a BMI>30kg/m2. Therefore, body weight and WPI amount

and/or length of intervention may need to be considered in future studies.

The satiating effect of whey protein may be explained by one or more proposed

mechanisms. The differing effects of whey and casein on satiety may be due to their
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digestibility; that is, whey being a “fast” protein and casein being a “slow” protein.29

Whey proteins are emptied from the stomach quickly, reaching the jejunum intact.

Hydrolysis of whey peptides in the small intestine is fast, compared to other proteins,

and digestion and absorption take place over a greater length of small intestine.29,83Whey

contains relatively high amounts of BCAAs,85 which might be responsible for this rapid

rate of digestion and absorption. The subsequent appearance of amino acids in plasma is

fast, high, and transient.29 The effect of whey protein on satiety15,29 and its insulinotropic

effect17,27,66,74 are believed to be due to this rapid appearance of essential amino acids in

plasma.74

Whey protein may also have an influence on gut hormones, inhibiting ghrelin,86,87 or

stimulating the anorexigenic hormones involved in satiety, for example, cholecystokinin

(CCK), GIP, GLP-1, and peptide YY (PYY).15,27,64,74 Again, findings in this area are

conflicting. The release of CCK into circulation is stimulated by the presence of protein

or fat in the duodenum. CCK is considered a suitable biomarker for satiation as it is

involved in the events leading to appetite suppression and cessation of the meal.88 In addi-

tion, it is thought that CCK and GLP-1 impact central nervous system activity, which

results in a reduction of orexigenic neuropeptides (e.g., neuropeptide Y) and an increase

of anorexigenic neuropeptides (e.g., pro-opiomelanocortin) in the hypothalamus.28

Commercial whey protein produced by ultrafiltration contain 15%–20%
glycomacropeptide,89 which appears to stimulate CCK release,76 and may explain the

effect of whey protein on satiety. However, whey protein has only been shown to

increase CCK in some15 but not all83 studies. There are other possible candidates for

the satiating effects of whey. For example, whey protein consumption resulted in higher

plasma concentrations of GLP-1 for up to 3h compared to casein.15 Furthermore, the

circulation of ghrelin (an orexigenic gut hormone)82 reaches a peak just before meals,

and is suppressed by food ingestion.90 Whey ingestion has been shown to reduce ghrelin

for over 3h,81,83 and correlates with greater suppression of subsequent energy intake.83

Nevertheless, recent research has produced contradictory findings. A intervention

with 82 overweight participants (BMI 25–30kg/m2) compared the effect on gastric emp-

tying and satiety of liquid protein snacks, consisting of 30g maltodextrin, and 30-g whey

protein, or 30g of casein, or an equal mixture of the two proteins (all 1003kJ), consumed

in themorning for 5 days.91 To establish a baseline satiety measurement, participants were

given a standardized control breakfast snack at 8 am, consisting of 60-g maltodextrin only

(1003kJ) at 11 a.m. and asked to request for lunch (comprised of large amounts of pasta,

tomato sauce, cottage cheese, fruit salad, and water) when hungry; satiety was measured

as the time between the 8 a.m. snack and the request for lunch; participants also rated

feelings of satiety via a VAS during lunch.91 Satiety testing was performed again on

day 7 after the consumption of the liquid protein snack, and included time between

the snack and request for lunch, amount of food consumed at lunch and VAS satiety rat-

ings.91 Satiety increased by 17min following all protein snacks compared to the control
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(P¼ .02); the duration was greater in those that requested lunch earlier following the

baseline snack (by 32min, P¼ .001); however, the protein snacks did not inhibit energy

consumption at lunch.91 In addition, the level of satiety was highly variable among par-

ticipants, with post hoc analysis revealing the satiating influence of the protein snacks to

be more efficacious in participants with short satiety times, suggesting that individual

differences in sensitivity to satiety may influence the satiating effect.91 Digestive and met-

abolic examinations were performed with a subgroup of participants (n¼24) after the

consumption of the protein snacks, which identified gastric emptying times of 2.5, 4,

and 6h following the whey protein, mixed proteins, and casein snacks, respectively, with-

out influencing gastrointestinal and pancreatic hormones (GIP, GLP-1, PYY, and ghre-

lin).91 While the latter findings highlight the differing kinetics of the two milk proteins,

the former fail to support the suggestion that whey protein enhances the hunger and

satiety hormones.

Collectively, the beneficial effects of whey protein on postprandial satiety and energy

intake14,15,59,76 seem to be related to body weight, as the studies discussed above involve

lean participants. While these studies demonstrate the beneficial effects of a 45–50g dose
of WPI on energy intake and satiety in this segment of the population, this amount may

not be sufficient for overweight or obese individuals, as shown in the Bowen studies.81–83

Further research with overweight and obese individuals is needed to better understand

the effects of whey supplementation on postprandial satiety and energy intake in this pop-

ulation and therefore, determine whether the dose-dependent effect is related to BMI.

Furthermore, future research could consider examining the effect of whey protein on

digestive hormones in relation to satiety.

7. BODY COMPOSITION

The consumption of milk protein has been shown to improve body composition.

McGregor and Poppitt conducted a review of the effect of milk protein on metabolic

health and found that, aside from direct mechanisms, consumption of milk protein con-

sumption may improve metabolic health by decreasing fat mass and increasing lean mass,

particularly when consumed in conjunction with energy-restricted weight loss.69 More

precisely, studies have shown that WPC may improve weight loss in both animals17 and

humans.69 A 23-week double-blind, randomized clinical trial of 90 overweight individ-

uals (mean BMIs: control 31.1�2.5; whey 31.1�2.2; soy 30.9�2.3kg/m2) compared

the effects of supplementation of 56g/day WPC or soy protein and an isoenergetic

amount of carbohydrate on body weight and composition.92 Body weight and fat mass

were significantly lower in the whey protein group (�1.8kg, P¼ .006 and �2.3kg,

P¼ .005, respectively) than the carbohydrate group, but not compared to the soy protein

group.92 Another study of 31 overweight and obese postmenopausal women (BMI

33.7�4.9kg/m2) randomly assigned to either two doses of 25g/day of either WPI or
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maltodextrin supplementation for 6months, along with a reduced calorie diet, found the

whey diet to result in considerably more weight loss (�8.0�6.2%, P¼ .059) than those

on the maltodextrin diet (�4.1�3.6%).93

Two other studies reported reduced body fat in individuals consuming whey

protein,94,95 but found no weight loss. A 12-week, randomized, double-blind trial with

158 overweight and obese participants (BMI 30–42kg/m2) reported similar weight loss

between those consuming a Prolibra supplement (high in leucine, bioactive peptides, milk

calcium, and containing 10g of whey as a combination of intact whey protein and peptides)

or an isocaloric ready-to-mix drink containing maltodextrin twice daily (20min before

both breakfast and dinner).95 Caloric intake was reduced by 500kcal/day; however, par-

ticipants in the Prolibra group lost significantly more fat mass for both the completers (those

who completed the study; 2.81kg vs 1.62kg, P¼ .03) and responders (those who lost at

least 2.25kg body weight; 3.63kg vs 2.11kg, P¼ .01), compared to the control group.

In addition, the Prolibra group lost significantly less lean muscle mass than the responder

group (1.07kg vs 2.41kg, P¼ .02).95 The absence of weight loss in the Prolibra group

may be due to the low dose of whey compared to other studies with positive results

(e.g., 20g/day vs 50g/day), or related to the relatively short treatment period. Another trial

was conductedwith overweight or obese participants, randomized to one of the three diets:

control [15% protein (64g)], mixed protein [30%mixed protein (124g)], including protein

frommeat, chicken, bread, fruit, and vegetables, or whey protein diet [15% mixed protein

plus 15% WPI (124g)].94 The study comprised controlled food intake (5 weeks) followed

by ad libitum intake (12 weeks), and found no significant differences between the high

whey protein and the control groups in total weight reduction (�9.7�1.27kg vs

�6.1�0.82kg, P¼ .198) or loss total fat mass (�8.77�1.3kg vs �5.45�1.1kg,

P¼ .216).94 The studymay not have been powerful enough to detect statistically significant

differences in weight, albeit the investigators observed a significant difference in regional fat

loss in midlife adults between treatments.94

In summary, a dose of 50gWPC orWPI for a minimum of 6months was effective in

decreasing body weight in overweight and obese adults consuming either a normal diet92

or an energy-restricted diet,93 compared to maltodextrin, but not soy protein.92 The two

other studies with overweight and obese participants used supplements of 63g/day

WPI94 or 20g/day intact whey protein and peptides95 over a 3- or 5-month trial. It

has been surmised that the β-Lg in whey reduces adipose tissue, either by an effect on

satiety, or by binding hydrophobicmolecules and preventing the uptake of fat in the small

intestine.28 While these interventions s did not result in a greater weight reduction in the

whey groups compared to the control groups, they did report greater fat loss. Low dos-

ages and/or the low power of these studies may account for the minimal effect on weight

loss observed in the two latter studies. Collectively, WPC and WPI result in improve-

ments in body weight and body composition when supplemented at approximately

50g/day, taken for at least 6months.
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8. BLOOD LIPIDS

Both human and animal models have indicated that dairy proteins may provide cardio-

vascular benefits.17–19,39–41 Increasing consumption of dietary proteins may have a

positive impact on circulating lipid and lipoprotein concentrations, including reductions

in serum total cholesterol, low-density lipoprotein (LDL) cholesterol, and serum triglyc-

erides (TGs), and an increase in high-density lipoprotein (HDL), all of which are

independent risk factors for CVD if not modulated,10,96 a notable complication of T2D.

Animal studies investigating the benefits of whey protein on lipidmetabolism have been

conducted mainly with rats.18–20,97,98 One such trial reported the serum cholesterol levels

of rats to be reduced following supplementation with WPC compared to casein.20

A 3-week study of diet containing whey protein, casein, or amino acidmixtures simulating

these proteins fed to female weanling rats showed a significant decrease in cholesterol and

TG concentrations; specifically, a reduction in very LDL cholesterol.18 Improvements in

lipid status were observed in Fisher rats fed a mixture of WPC, WPI, and partially hydro-

lyzed whey peptides, compared with casein.99 This study also reported a positive relation-

ship between HDL cholesterol and paraoxonase (PON) activity in the whey protein group

(PON is anesterase/lactonase with cardioprotective properties),100 which has been shown

to protect LDL cholesterol and HDL cholesterol from oxidation. Physiological, patholog-

ical, and even dietetic factors can affect PON activity, which can destroy biologically active

peroxidized lipids in lipoproteins and arterial cells.101 A whey protein diet improves HDL

cholesterol as well as PON activity, with many studies supporting hypocholesterolemic

effect of whey protein in rats.18,19,97 Furthermore, whey protein has been found to reduce

hepatic cholesterol in aged, but not young, rats.98

Recently, a review of human studies found that whey protein consumption improved

postprandial (and postexercise) glucose, lipid, and protein metabolism, and may curb wors-

ening metabolic health, particularly in conjunction with lifestyle changes.69 However, the

first whey protein trial was conducted in humans in 1990, a chronic feeding study exam-

ining the effects of whey protein on plasma lipids, however, the results were limited to

infants.102 Pal et al. showed that consumption of 54-g WPI daily for 12weeks improved

fasting lipids in 70 overweight and obese adults.70 Fasting TG levels (baseline

1.07�0.08mM) were significantly reduced in the whey group at 6weeks

(0.93�0.05mM, P¼ .008) and 12weeks (0.93�0.07mM, P¼ .003), compared to the

glucose control group (baseline 1.21�0.08; 6weeks 1.21�0.08; and 12weeks

1.20�0.09mM). At 12weeks, there was a significant reduction in total cholesterol in

the whey group (baseline 5.36�0.17mM) by 9% (4.97�0.16mM) compared to casein

(baseline 5.34�0.23mM; 12weeks 5.30�0.23mM, P¼ .026) and by 11% compared

to control (baseline 5.43�0.17mM; 12weeks 5.58�0.18mM, P< .001). In addition,

LDL cholesterol was significantly lowered in the whey group (baseline 3.31�0.17;

12 weeks 3.08�0.12mM) compared with the casein (baseline 3.32�0.24; 12weeks
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3.36�0.22mM, P¼ .045) and control (baseline 3.25�0.15; 12weeks 3.41�0.16mM,

P¼ .003) groups, by week 12.70 The authors suggested that the benefits of chronic whey

consumption may include a reduction of total cholesterol, LDL, and arterial exposure

to TGs.70

Dietary fat consumption induces the appearance of chylomicrons (CMs) in the form

of enlarged TG-rich particles, which are then hydrolyzed by lipoprotein lipase (LPL) to

form smaller, cholesterol-rich CM remnants (CMRs). In the healthy state, CMRs bind

mainly to LDL receptors in the liver and are rapidly cleared; however, under conditions

of insulin resistance and/or obesity, the clearing process is impaired and/or CMR pro-

duction rises.103 This elevation in plasma CMs and CMRs increases arterial exposure of

TG and cholesterol, thus increasing the risk of CVD.103 Pal et al. investigated the acute

effects of adding 45gWPI, casein, or glucose (control) to a meal on apolipoprotein B-48

(ApoB-48; a marker of CM) in overweight and obese postmenopausal women.104 The

results showed a significant reduction in arterial exposure to smaller TG-enriched lipo-

protein particles following the whey meal compared to the glucose control (by 21%,

P¼ .032) and casein (by 27%, P< .001). Furthermore, after the whey meal

(0.15�0.02), there were 27% (0.20�0.01, P¼ .033) and 32% (0.22�0.02, P¼ .019)

reductions in the AUC for the TG:ApoB-48 ratio compared to the glucose and casein

groups, respectively.104 These results support the findings of a previous acute study,

whereby the addition of 45-g whey protein to a fat-rich meal significantly reduced

the TG response (205�86mM) compared to casein (282�132mM, P< .005), cod

(296�111mM, P< .005), and gluten (299�75mM, P< .005) in patients with T2D.105

Pal et al. speculated70 that the decrease in circulating TG-rich CMs following whey

protein consumption may be due to the rapid rates of digestion and/or absorption15,27 of

whey, caused by its relatively high BCAA content. Mortensen et al. 105 suggested that the

whey protein meal may have resulted in decreased production of CM compared to the

cod and casein meals as there was a lower retinyl palmitate concentration in the CM-rich

fraction of the plasma. Vitamin A esters, particularly retinyl palmitate, have been used as

an endogenous label of the core of CMRs in humans, and can therefore be used as a

marker of CM kinetics in plasma. Whey ingestion may stimulate LPL, which then accel-

erates CM clearance due to the retinyl palmitate concentration in the CM-poor fraction

being significantly higher following the whey meal compared to the cod and gluten

meals.105 Other possible mechanisms include the inhibition of cholesterol absorption

by β-Lg in the intestine,18 the inhibition of gene expression involved in the absorption

and synthesis of intestinal fatty acids and cholesterol,106 as well as elevated fecal steroid

excretion.107

The mechanisms involved in the effect of whey on lipids and lipoproteins may

include whey proteins as a factor implicated in the hepatic cholesterol synthesis,18 via

the inhibition of 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMG-CoA

reductase; a rate-limiting enzyme in cholesterol synthesis). Skim milk, whey, casein,
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and some amino acids (leucine, isoleucine, and valine) have been shown to downregulate

gene expression involved in cholesterol metabolism and lipogenesis in vitro.106 Whey

and isoleucine also seem to downregulate gene expression involved in fatty acid transport

and cholesterol absorption,106 implicating BCAAs in lipid metabolism.

Overall, whey protein appears to reduce CVD risk factors by improving lipid profiles

in both animals and humans. A 45-g dose of WPI added to a meal may lower the post-

prandial TG response in overweight, postmenopausal women, and T2D patients. So far

few studies have examined the chronic effect of whey on lipids without the confounding

effects of weight reduction. A 54-g daily dose of WPI has been found to reduce total

cholesterol, LDL cholesterol, and TG concentrations, but with no effect on HDL cho-

lesterol, in overweight adults after 12weeks. However, continuing research is required to

clarify the exact mechanisms of action of whey proteins to fully understand their role in

the inhibition of hyperlipidemia.

9. CONCLUSION

Several whey constituents have been shown to produce benefits in animals and humans.

Of particular importance is the relatively high BCAA content in whey protein (leucine,

isoleucine, and valine). Whey proteins are rapidly emptied from the stomach and deliv-

ered intact to the small intestine, and are implicated in a number of bioactivities in both

the gut and circulation. It is not known whether the ingestion of the different condensed

products of whey used in the studies (i.e., WPC, WPI, or hydrolyzate) would have sep-

arate effects on reducing MS risk factors. However, WPI has a greater proportion of pro-

tein (90% protein) and no lactose or fat, thus improving its functionality, whereas the

protein content of WPC is lower (34%–85%) and contains small amounts of lactose, fats,

and minerals.

Research results support the benefits of the consumption of whey protein and its con-

stituents on several elements of theMS.Whey protein has been demonstrated to improve

blood glucose and the insulin response, promote a reduction in hypertension, lipid pro-

file, and arterial stiffness, and thus reduce cardiovascular risk. The evidence highlighted in

this chapter indicates that whey protein, as opposed to casein and/or mixed protein, is the

dairy fraction that has the most beneficial effect on MS and other risk markers.

Current evidence is sufficient to recommend doses of whey protein that would be

beneficial for adults with MS. Approximately 50-g WPI daily has been demonstrated

to improve postprandial as well as chronic glucose and insulin. A minimum of 6 months’

supplementation of approximately 50g/day of either WPC or WPI has been shown to

result in positive changes to body weight and body composition. The positive postpran-

dial effects of whey protein on satiety and energy intake appear to be associated with body

weight or BMI, as doses of WPI between 45 and 50g were beneficial for lean, but not for

obese, participants. Increasing the whey protein content of the diet may improve
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hypertension, as well as improve lipid profiles and thus reduce cardiovascular risk factors.

Whey protein consumption may also reduce arterial stiffness, as a daily dose of 54g WPI

has been found to reduce the AI after 12weeks. Research to date supports the consump-

tion of whey protein to improve many elements the MS; however, further research is

required to clarify the precise mechanisms of action.
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Abbreviations
ApoB-100 apolipoprotein B-100

BW body weight

Ca2+ calcium

cAMP adenosine monophosphate cyclical

CPT-1 carnitine-palmitoyl transferase 1

DM diabetes mellitus

DNA deoxyribonucleic acid

ERRs estrogen-related receptors

FDA Food and Drugs Administration

GI glycemic index

GL glycemic load

HDL-c high-density lipoprotein cholesterol

HOMA-IR homeostasis model assessment insulin resistance

LDL-c low-density lipoprotein cholesterol

mg micrograms

NAFLD nonalcoholic fatty liver disease

PPARs peroxisome proliferator-activated receptors

SREBP sterol regulatory element-binding protein

USA United States of America

USDA United States Department of Agriculture

VLDL-c very low-density lipoprotein cholesterol

1. INTRODUCTION

Obesity increases the risk for a number of disorders such as metabolic syndrome (MS),

diabetes, and cardiovascular disease. MS is a combination of medical disorders that

increase the risk for cardiovascular diseases and type 2 diabetes. Obesity may lead to

MS because it increases the prevalence of visceral obesity, insulin resistance, very low-

density lipoprotein cholesterol (VLDL-c) and low-density lipoprotein cholesterol
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(LDL-c), decreased high-density lipoprotein cholesterol (HDL-c), elevated triglycerides,

hypertension (high blood pressure), and fatty liver, which are important factors of MS.

During the last few decades, several studies were developed to examine the role of nutri-

tional factors in the prevention and treatment of obesity.1

Scientific evidence has shown that isoflavones may influence the control of chronic

diseases such as cancer, diabetes mellitus, cardiovascular diseases, and dyslipidemia, which

are considered comorbities of obesity (Fig. 1). These compounds are widely found in

beans, particularly in soybeans (Glycine max). In addition to their antiestrogen activity,

they have biological properties that may impact many biochemical and physiological pro-

cesses. Evidence that isoflavones protect against chronic diseases is based on experimental

and epidemiological studies. In humans, epidemiological studies clearly show a higher

incidence of some kinds of cancers and cardiovascular diseases in western people that

are exposed to limited amounts of soy isoflavones, such as daidzein and genistein, in their

diets. Additional evidence, such as the effects of genistein on insulin release, has also been

observed in experimental animal models. It seems that their mechanisms of action depend

on their estrogen agonist-antagonist properties and other biochemical properties such as

enzymatic activity inhibition and antioxidant effects.2

According to the Food andDrugs Administration (FDA), 40–60mg/day of isoflavone

are suggested to obtain beneficial effects. The isoflavone concentration in soy products

can vary depending on the range of grains, soil, climate, was area of cultivation, and, espe-

cially, processing.World soy consumption is estimated at around 239.4 million tons. The

USDA in the United States estimates a production of 84.5 million tons and a consump-

tion of approximately 54.7 million tons. The United States is the main world producer of

Functions of  Isoflavone in metabolic syndrome parameters 
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Fig. 1 Functions of isoflavone in metabolic syndrome parameters.
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soy, corresponding to 35% of total production. After the United States, Brazil is res-

ponsible to 26.5% of world soy production. Due to its cholesterol-lowering effect,

soy protein has been studied exhaustively around the world for mechanism and clinical

proof. In 1999, the FDA approved a similar designation and labeling of soy protein.3

The diary consumption of soy has been associated with prevention and treatment of

several diseases, making soy considered as a functional food. Its bioactive components are

amino acids, peptides, fiber, and isoflavones. The soy grain presents a higher nutritional

value, containing more proteins, vitamins, and minerals than other grains. The quality of

soy protein is not totally equal to animal protein; therefore, soy protein needs to be com-

bined with other vegetable proteins to be effective. It is important to note that the quan-

tity of lipid in soy grain is superior to that of other grains; however, these lipids do not

promote cholesterol. Soy grain is also rich in fibers, being suggested for use in weight loss

diets, diabetics, and other comorbidities. Consumption is recommended in lactose intol-

erance; however, the calcium quantity of soy is negligible compared with that observed

in animal milk. Whole soy grain contains 8% of iron; however, this iron is not as well

absorbed as the iron in red meat,4 see Tables 1 and 2 for soy-grain composition.

The term “probiotic” refers to live microorganisms that, when administered in ade-

quate amounts, confer a health benefit on the host.5 Probiotic bacteria have been

Table 2 Amount of isoflavones in different soy products
Food Amount of isoflavones (mg)

½ cup soy flour, fat free 257

½ cup soy flour, raw 210

½ cup soy grain 216

½ cup tofu 76

1 cup soy milk 48

90mg soy hamburguer 8

1 tablespoon soy sauce 0.3

Source: Embrapa, 2010. Available from: http://www.cnpso.embrapa.br/soja_
alimentacao/index.php?pagina¼7.

Table 1 Mineral composition of soy grain (100g)
Nutrients Milligrams (mg)

Calcium 230

Phosphorus 580

Iron 9.4

Sodium 1

Potassium 1900

Magnesium 220

Source: Embrapa, 2010. Available from: http://www.cnpso.embrapa.br/soja_
alimentacao/index.php?pagina¼7.

123Effects of Soy Products and Isoflavones

http://www.cnpso.embrapa.br/soja_alimentacao/index.php?pagina=7
http://www.cnpso.embrapa.br/soja_alimentacao/index.php?pagina=7
http://www.cnpso.embrapa.br/soja_alimentacao/index.php?pagina=7
http://www.cnpso.embrapa.br/soja_alimentacao/index.php?pagina=7
http://www.cnpso.embrapa.br/soja_alimentacao/index.php?pagina=7
http://www.cnpso.embrapa.br/soja_alimentacao/index.php?pagina=7


the focus of much scientific and commercial interest due to a range of possible health

effects of these bacteria on processes such as lipid metabolism. The most widely studied

probiotic bacteria are Lactobacillus GG, Lactobacillus acidophilus, Bifidobacterium bifidum, and

Enterococcus faecium.6,7 Probiotics improve intestinal microecological system in nonalco-

holic fatty liver disease (NAFLD) patients acting in the insulin pathway, via improvement

in the adiponectin and reducing tumor necrosis factor-α (TNF-α), regulating the blood
glucose, lipid metabolism, and NAFLD genesis.8 Indeed, Bifidobacterium longum supple-

mentation in experimental obesity was more beneficial in metabolic and inflammatory

profile changes than the mixture species.9 Classically, probiotic dairy products are con-

sidered to have functional properties because the probiotic bacteria added to the regular

fermentation cultures provide therapeutic benefits such as modification of the immune

system, reduction in cholesterol, alleviation of lactose intolerance, and faster relief from

diarrhea.10 It was strongly recognized by scientific community the role of soybean in the

prevention and control of many diseases. Recently, Cavallini et al.6 showed that a regular

consumption of soy product fermented with E. faecium and Lactobacillus helveticus,

supplemented with isoflavones, could contribute to reducing the cardiovascular risk in

moderately hypercholesterolemic men, through an improvement in lipid profile and

antioxidant properties.

During the past few years, we have dedicated our research to studying the role of a

fermented soy product in the control of obesity and dyslipidemia. It was demonstrated in

hypercholesterolemic male adult rats that, over an 8-week period, a dose of 1mL/rat/day

of a soy-fermented product enriched with E. faecium and Lactobacillus Jugurti improved

lipid metabolism and reduced visceral and central adipose tissue, suggesting a correlation

to protecting against both obesity and dyslipidemia.11 Studies reported that administra-

tion of the fermented soy products supplemented with isoflavones had beneficial effects

on the white adipose tissue, leading to a reduction in the lipids accumulation, decrease in

adipocyte size, and in the distribution of adipose tissue.8,12 Therefore, this chapter is

dedicated to reviewing the role of soy products as functional foods and their bioactive

components as effective controls of obesity, dyslipidemia, and NAFLD (a constellation

of metabolic abnormalities included in MS); and considering the relevance of soy in

nutritional strategies to prevent these diseases and improve the human health.

2. FERMENTED SOY PRODUCT AND ISOFLAVONES IN ADIPOSE TISSUE
METABOLISM

It has been known that the metabolism of adipose tissue is regulated by lipolysis, lipogen-

esis, and lipid accumulated from the diet.13 Previous studies developed by our group

showed that a fermented soy product effectively reduced rates of lipogenesis and lipid

absorption from the diet.11,14 On the other hand, soy products stimulate an increase

in lipolysis, leading to a significant reduction in central and visceral adipose tissue areas.
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Moreover, these effects were observed to be more accentuated when the soy product was

associated with chronic exercise training. 11,14 Indeed, increasing evidence from animal

studies has suggested that soy components, such as isoflavones, may regulate lipid metab-

olism by modulating the activities of key transcription factors and thereby changing the

downstream gene expression involved in lipogenesis, adipogenesis, lipolysis, and

β-oxidation leading to the obesity control. 15,16

As mentioned above, the intake of soy protein has been associated with improve-

ments in lipid metabolism, with much attention being focused on the serum

cholesterol-lowering properties of soy. The components of soy that are responsible

for improvements in lipid metabolism have been investigated and their specific actions

debated. One component, isoflavones, has been shown to have weak estrogenic activity,

and recently, several research groups have suggested that isoflavones activate peroxisome

proliferator-activated receptors (PPARs). 17

Results of in vitro studies have demonstrated that soy isoflavones, particularly genis-

tein and daidzein, were able to activate both PPARs and PPARα-mediated gene expres-

sion. In vivo studies have also demonstrated the effects of isoflavone intake on

physiological parameters such as glucose tolerance.18 Furthermore, the soy isoflavone

genistein has been identified as a ligand of the PPAR-α receptor.19 Gene profiling sug-

gests that genistein regulates gene expression through PPAR, which acts to stimulate

mitochondrial fatty acid oxidation.20 The three different isoforms of PPARs (α, γ, δ)
have overlapping tissue distributions and functions associated with lipid metabolism. Iso-

flavones acting through both PPAR-α independent and PPAR-α-dependent pathway.
Alternatively, the PPAR-α-independent pathway of isoflavones regulation may occur

via the activation of sterol regulatory element-binding protein (SREBP) pathways. It

was previously shown that the exposure to isoflavones induces SREBP processing in

an in vitro model.21

Further work suggests a possible action of isoflavones similar to the nonestrogenic

ligands that bind estrogen-related receptors (ERRs). Recently, these receptors have been

demonstrated to contribute to lipolytic processes. Finally, evaluation of receptor activa-

tion studies suggests that thyroid receptor activation may provide additional clues

explaining the metabolic action of isoflavones. The recent advances in the discovery

and evaluation of the promiscuous nuclear receptors that bind many different chemical

ligands should prove helpful in explaining some of the biological effects of soy isoflavones

and other phytochemicals in the regulation of adipose tissue metabolism.22

The role of genistein in adipogenesis in vitro has been studied in multipotent stem

cells and preadipocyte cells. The volume of an adipocyte varies in accordance with

the balance of lipogenesis and lipolysis. Lipogenesis involves the incorporation of free

fatty acids into adipocytes for storage as triglycerides. Lipolysis describes the process that

triglycerides stored in adipocytes to hydrolyze into free fatty acids and glycerol. Different

from estrogen, which mainly inhibits lipogenesis, genistein regulates both lipogenesis and
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lipolysis in vitro. An experimental study with genistein supplementation showed a

decrease in lipogenesis and an increase in lipolysis, confirming that genistein regulates

adipogenesis and the process of triglyceride storage, leading to changes in the number

and volume of adipocytes.19 The relationship between these mechanisms of soy com-

pounds in the regulation of adipose tissue metabolism in experimental research needs

to be confirmed and further explored in human studies.

Sites et al.23 reported a significant effect of soy on total abdominal fat and subcutane-

ous abdominal fat in postmenopausal women. Although a fivefold reduction in visceral

fat gain with soy compared with a placebo was noted, this did not reach significance.

After adjusting for total body fat, however, there was a strong trend toward a correlation

between soy and the prevention of visceral fat accumulation. The greater effect on

subcutaneous vs visceral fat partly may be explained by the greater absolute amount of

subcutaneous fat and the fact that total abdominal fat is the summation of subcutaneous

and visceral abdominal fat.

Interestingly, one recent ellegant revision summarizes that the phytestrogens down-

regulate the NFκB via PPAR, increasing insulin sensitivity and inversely, reducing the

inflammatories processes related to the MS and others chronic diseases. In this revision, it

was described five mollecular mechanisms, including1: reduction on the pro-

inflammatory cytokines COX-2 and iNOS2; increase in the reverse cholesterol trans-

port3; improvement in the insulin sensitivity4; activiation in the antioxidants genes;

and5 downregulation in the adipogenesis, increasing the energy expenditure17 (Fig. 2).
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Fig. 2 Isoflavones mechanisms and its effects on metabolic syndrome components and NAFLD.
(Modified from Jungbauer A, Medjakovic S. Phytoestrogens and the metabolic syndrome. J Steroid
Biochem Mol Biol. 2014;139:277–89).
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3. SOY AND ISOFLAVONES IN WEIGHT LOSS

Studies have pointed the anti-obesity effects of soy and its components. In a prospective

randomized, controlled trial, 14womenwithoverweight/obesitywere randomly assigned

to 720mL of soy milk or an equivalent volume of skim milk daily for 8 weeks. It was

shown that 720mL soy milk or an equivalent volume of skim milk, both of equal protein

content, promoted statistically equivalent losses in weight, body fat, and abdominal cir-

cumferencewhile preserving fat-freemass.The results of this study are promising tovegans

and other individuals who restrict dairy products due to food allergies or intolerance.

Indeed, soy milk ingestion promoted additional benefits, mainly in postmenopausal

women and in MS control. These findings support the contention that individuals

attempting to lose weight should be encouraged to maintain high dietary calcium intake

either by consuming 720mL soy milk or skim milk daily to optimize weight loss.24

A double-blind randomized placebo-controlled trial conducted with 180 postmen-

opausal Chinese women reported a mild but significant favorable effect of soy protein

(15g) with isoflavones (100mg) on changes in body weight, body mass index (BMI),

and body fat percentage after 6-month supplementation.25

Hu et al.26 examined the effects of biscuits supplemented with soy fiber (SF) for

12 weeks. In all, 39 overweight and obese adults were randomly assigned to consume

control biscuits or biscuits supplemented with SF for their breakfast (100g/day). Volun-

teers that consumed SF presented favorable effects on body weight, BMI, and fasting

LDL-c levels in overweight and obese adults.

4. SOY AND ISOFLAVONES IN CARDIOVASCULAR DISEASES AND
DYSLIPIDEMIAS

Cardiovascular diseases include stroke and atherosclerosis, which causes vascular prob-

lems that range from diseases of the arteries, veins, and lymph vessels to blood disorders

that affect circulation. Like the blood vessels of the heart, the peripheral arteries also may

develop atherosclerosis, a build-up of fat and cholesterol deposits called plaque, on the

inside walls. Overtime, this build-up narrows the artery. Eventually, the narrowed artery

causes less blood to flow, and a condition called ischemia can occur. Ischemia refers to an

inadequate blood flow to the body’s tissue. A high cholesterol-serum concentration is

considered one of the main factors that cause the occurrence of these pathologies, once

it is one of the precursors in the development of atheroma.27

Soy consumption has been associated with cardiovascular illness reduction, especially

by reducing lipid profile. The FDA recognizes that foods containing soy protein is pro-

tective against coronary heart disease. Intake of 25g of soy protein per day is recognized

to reduce total and LDL-c.3,28

Confirming these results,meta-analyses of randomized controlled trials concluded that

soy protein containing isoflavones may be associated with reduction in total cholesterol
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(3.77%), LDL-c (5.25%), and triacylglycerols (7.27%) and significantly increases in serum

HDL cholesterol (3.03%).29 More recently, another meta-analysis of randomized con-

trolled trials conducted byTaku et al.30 demonstrated results more expressive after supple-

mentation with soy protein enriched with isoflavones than isoflavone-depleted soy

protein.

Chalvon-Demersay et al.28 reported improvements in triacylglycerol after intake of

soy protein-based diet (or supplemented with soy protein with isoflavones) compared

with animal-sourced protein.

A study in postmenopausal women with MS revealed that both soy nuts and soy

protein had beneficial effects on serum concentrations of total cholesterol, LDL-c, tria-

cylglycerol, and apoB-100.31 In a classic meta-analysis of 38 controlled clinical trials,

Anderson et al.32 demonstrated significant reductions in total cholesterol (9%), LDL-c

(13%), and triacylglycerols (11%) with the consumption, on average, of 47g soy

protein/day.

Mechanisms of action are typically based on the connection between isoflavones

and estrogen receptors inside cells influencing cholesterol and lipoprotein metabolism;

vegetable protein composition and high soluble fiber content. On the other hand, a

high consumption of soy protein and products can promote reduction of foods rich in

saturated fats and cholesterol, exerting an indirect effect on the blood cholesterol

decrease.17

The increase in HDL-cholesterol promoted by soy intake can be described by mech-

anisms related to reverse cholesterol transport via PPAR and liver X receptor (LXR) sig-

naling and inhibition of SREBP-1c signaling.17

In addition, isoflavones act like antioxidants, inhibiting inflammatory cytokines, ath-

erosclerotic, and thrombotic process. It is hypothesized that isoflavones could be incor-

porated in the lipoproteins and could protect against oxidation.33 This protective effect is

mediated by the activation of nuclear respiratory factor (NRF) pathway, a transcription

factor involved in the regulation of antioxidant enzymes. The Nrf2-Keap1 signaling

pathway can be also triggered by phytoestrogens, upregulating transcriptional activation

of phase II defense genes and antioxidant genes in oxidative stress17 (Fig. 2).

The antiinflammatory effects of soy isoflavones are demonstrated by the effects that

genistein and daidzein promote in downregulation of pro-inflammatory cytokines, like

interleukin 2 and TNF-α. Isoflavones can also inhibit COX-2 and reduce the synthesis of

prostaglandin E2 and thromboxane B2. Furthermore, isoflavone and its metabolites are

considered PPAR γ activators, which can inhibit the potent pro-inflammatory nuclear

factor, NFκB.17

It is well known that cardiovascular disease development is related to inflammatory

process, endothelial dysfunction, and oxidative stress. Besides, soy bioactive factor can act

in these pathways, being associated with a reduction in the cardiovascular disease

development.34,35
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5. SOY AND ISOFLAVONES IN GLYCEMIC CONTROL

MS is a clustering of metabolic abnormalities that occurs in individuals with impaired

insulin sensitivity. Foods that improve insulin sensitivity might also modulate the

metabolic abnormalities linked with insulin resistance. Soy consumption could reduce

the risk of MS through its beneficial components, including complex carbohydrates,

unsaturated fatty acids, vegetable protein, soluble fiber, oligosaccharides, vitamins, and

minerals, inositol-derived substances such as lipintol and pinitol, and

phytoestrogens—particularly the isoflavones genistein, diadzein, and glycitein.

It was observed that soy consumption improved glycemic control. homeostasis model

assessment for insulin resistance (HOMA-IR) decreased significantly during a soy nut

diet. This finding may support a direct pharmacologic effect of soy constituents. The

hypothesis that soy isoflavones modulate glycemic control is not proven yet.

Diabetes mellitus is characterized as a metabolic disorder associated with an absolute

or relative deficiency of insulin, presenting metabolic alterations and vascular and neu-

ropathic problems as clinical consequences. Insulin is the main regulatory hormone of

glucose metabolism. This hormone activates glucose and amino acid transportation,

glycogen and lipidic metabolism, proteic syntheses, and specific gene transcriptions.

The biological actions of insulin are initiated by the connection of this hormone to

specific receptors located in the plasmatic membranes of responsive cells. It has been

emphasis how the initial sign promoted by the connection of insulin to the receptor

is converted to the final effects of this hormone on growth and metabolism and how this

signalization is altered in states of insulin resistance, such as in the DM type 2.36 In addi-

tion, it was shown in women with polycystic ovary syndrome (PCOS) an improvement

in the insulin resistance, dyslipidemias, and biomarkers of oxidative stress after short-term

supplementation with soy isoflavones.37

In the cells, insulin receptors are enzymes stimulated by itself, with protein tyrosine

quinase activity. The general mechanism of insulin action initiates with the connection of

this hormone to the tyrosine quinase receptors in the cellular membrane. This connec-

tion is dependent on plasmatic glucose concentrations and triggers a series of intracellular

reactions that lead to insulin secretion. This process is also mediated by intermedial signals

such as calcium levels and adenosine monophosphate cycles (cAMP). The key effect of

Ca2+ in insulin secretion involves the acceleration of a protein quinase that is dependent

on Ca2+/calmodulin. Due to the inhibitory effect of the tyrosine quinase protein, genis-

tein has been studied as a regulator component of insulin secretion. In fact, quinases A and

C activate the protein phosphorilation, which culminates with the gene transcription for

insulin that increases the secretion of this hormone. In contrast, these quinase proteins are

activated by membrane receptors connected to the G protein and not by tyrosine quinase

receptors. The tyrosine quinase receptor deactivation by genistein would promote the

activation of quinase proteins A and C by the dependent mechanisms of calcium and
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cAMP. In addition, it has been observed that daidzein promotes a proportional increase

in insulin secretion to genistein, and daidzein is not an inhibitor of tyrosine quinases, sug-

gesting again that the mechanism that leads to increased insulin secretion involves even

more than tyrosine quinase receptor inactivation2 (Fig. 3).

The glycemic index (GI) describes different effects on the body by ranking carbohy-

drates according to their impact on blood-glucose levels. Choosing low-GI carbohy-

drates, which produce small fluctuations in blood glucose and insulin levels, is an

important co-adjuvant tool to long-term health, reducing the risk of NAFLD, promoting

better glycemic control, and improving some parameters of MS.38 This way, foods with a

low GI and glycemic load (GL) may provide a variety of health benefits. The soy food

products generally have low-GI values and low to medium GL values. Improvements in

ingredient selection and usage may further improve glycemic responses to soy foods. The

low GI of soy foods appears to be an additional benefit of soy for human health and sug-

gests that soy foods are an appropriate part of diet plans intended to improve control over

blood glucose and insulin levels.39
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Fig. 3 Possible mechanisms of isoflavones action in the insulin secretion control.
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In a recent review, it was pointed that soy products and constituents were associated

with a lower risk of type 2 diabetes mellitus, and its effects were dependent of the dose

response, being important to be considered in the clinical practice.40

6. SOY AND ISOFLAVONES IN NAFLD

The term “nonalcoholic fatty liver disease” (NAFLD) has been used to describe a larger

spectrum of steatosis liver diseases commonly associated with the MS that represents a

constellation of related health diseases. However, obesity-associated NAFLD was first

described nearly 50 years ago but only recently has been confirmed to be partially caused

by the complexity of the biochemical machine that plays an important intermediary role

between inflammatory processes and cellular mechanisms of NAFLD-related diseases.41

NAFLD is considered the hepatic manifestation of MS, including multifactorial dis-

eases that involve complex interactions of genetics, diet, and lifestyle and are defined as

the accumulation of lipids, primarily in the form of triacilglycerol, in individuals who do

not consume significant amounts of alcohol (20g ethanol/d).42 Given the close relation-

ship between obesity,MS, and the development of NAFLD, it is not surprising that many

NAFLD patients present multiple components of MS. Therefore, the management strat-

egies for such patients need to be predominantly supported by diet therapy to promote

weight loss as well as improve related comorbidities; however, multidisciplinary

approaches, including clinical examinations, exercise, and psychological counseling

are recommended for long-term success.43

Prevention of hyperinsulinemia may ameliorate metabolic abnormalities that occur

in the liver as a consequence of obesity. There is evidence that type of dietary protein

could play an important role in the secretionof insulin by the pancreas and in the regulation

of hepatic lipogenesis mediated by sterol regulatory element binding protein-1

(SREBP-1).44

The induction by insulin of SREBP-1 in the liver is a rapid process. In fasting rats,

after the consumption of a casein diet, their serum insulin concentrations rose rapidly,

reaching maximal concentration after 1h. In these animals, hepatic SREBP-1 mRNA

concentrations increased in proportion to serum insulin levels. Interestingly, when casein

was replaced with soy protein, there was a 36% reduction in insulin concentration, which

in turn reduced SREBP-1 mRNA levels in the liver by approximately 54%.45 Results

have shown that repression of SREBP-1 expression by soy protein is also due to an

increase in serum glucagon concentration, decreasing the insulin:glucagon ratio. As a

consequence, the reduction of SREBP-1 by soy protein intake also reduced gene expres-

sion of enzymes involved in fatty acid biosynthesis46 (Fig. 4).

The primary event in the progression of NAFLD constitutes the deposition of triglyc-

erides in the cytoplasm of hepatocytes.43 It has been shown that excess triglycerides may

cause fibrosis in nonadipocyte cells. Hepatic fibrosis is a common finding in obese,
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nonalcoholic patients with excessive hepatic triglyceride depositions.47 Soy protein con-

sumption prevents triglyceride accumulation in the liver, decreasing the deleterious

effects of lipotoxicity. The mechanisms by which soy protein prevents triglyceride accu-

mulation is by reducing hepatic fatty acid and triglyceride biosynthesis and by increasing

fatty acid oxidation through the activation of the transcription factor PPARa.48 PPARa is

a ligand-dependent transcription factor of the nuclear receptor superfamily. It controls

fatty acid oxidative metabolism through the transcriptional induction of carnitine palmi-

toyl transferase 1 (CPT-1) and several enzymes for β-oxidation.49 A soy protein diet

upregulates PPAR-α gene expression in the liver and is associated with a higher content

of CPT-1 mRNA, with respect to rats fed with casein.48

Finally, altogether the soy protein can modify some gene expression in the liver, con-

tributing to a decrease in the hepatic lipid accumulation, inhibiting the IR, attenuating

oxidative stress and inflammatory state,50 as shown in Fig. 5.

In this chapter, we provided some evidences that the soy components were associated

with mechanisms involved in the cellular and molecular regulation, in both, animals and

humans, promoting regulation in the glucose homeostasis, lipid profile, inflammatory

processes, leading to obesity, MS, NAFLD control, and preventing cardiovascular

diseases.
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7. SUMMARY POINTS

• MS and NAFLD is a constellation of medical disorders managed in a multidisciplinary

approach that are associated with risk factors for diabetes and premature cardiovascular

disease.

• Lifestyle changes are the first line and mainstay of management. The basal universal

approach consists in the clinical examinations, nutrition, exercise, and psychological

counseling.

• It is important to identify new nutritional strategies including daily soy consumption,

in the prevention and treatment of obesity and related co-morbities, since we could

verify beneficial actions of soy in several MS components.

• Future research is needed to discover other benefits offered by soy and soy products on

MS control and on the co-morbidities related to obesity in omics sciences.
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1. INTRODUCTION

Diabetes mellitus (DM) is a global metabolic disorder with a significant annual geometric

prevalence. As at 2004, over 366 million people were diabetic globally and this was spec-

ulated to increase to 552 million or even more by 2030, if no sustainable approach is

embraced.1 The progressively increasing incidence of DM is primarily caused by obesity,

sedentary lifestyle, and consumption of energy-rich diets. DM is now a well-recognized

public health challenge that gulped more than 11.6% of the entire international health-

care expenses in 2010 and was estimated to have amounted to US$490 billion by 2030.2

Reports have indicated a marked age-related prevalence in the urban population, largely

among the people with sedentary life style.3 Generally, diabetes is divided into two main

types: type I [insulin-dependent diabetes mellitus (IDDM)] and type II [noninsulin-

dependent diabetes mellitus (NIDDM)]. IDDM occurs due to insulin insufficiency

because the body does not generate any insulin and the victim solely depends on its exog-

enous sources. IDDM causes severe damage to the pancreatic β-cells and is more pro-

nounced in children and young adults. It is categorized as autoimmune (immune

mediated) diabetes (type 1A) or idiopathic diabetes with β-cell destruction (type 1B).

Unlike the IDDM, the sufferers of NIDDM are unable to respond to insulin and may

be treated with exercise, dietary management, and special medication. Mostly, the onset

of NIDDM is in adults over the age of 40 years, and mainly characterized by symptoms of

obesity with disturbed carbohydrate and fat metabolism.4 The two types demonstrate

common symptoms like high blood sugar, extreme hunger and weakness, blurred vision,
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unusual thirst, frequent urination, and amongst others. Although the pathophysiology of

diabetes is not completely comprehended, a good number of studies have implicated free

radicals in its pathogenesis and subsequent complications.5,6 Free radicals potentiate

ravaging influence on cellular macromolecules (proteins, lipids, and DNA) with conse-

quential defect to cell functions. It is noteworthy that most diabetic complications are

attributable to certain idiosyncrasies in lipids and proteins.7,8 Also, many reactive oxygen

species (ROS) have been found in different tissues in diabetes and they are direct

by-products of processes like the electron transport chain inmitochondria, nonenzymatic

glycosylation reaction, and membrane-bound NADPH oxidase9. ROS are also involved

in the progression of insulin resistance and pancreatic β-cell dysfunction.10 In addition,

the advanced glycation end products (AGEs) are produced by nonenzymatic glycosyla-

tion of proteins, which buildup in tissues and playing significant role in both free radical

production and endothelial dysfunction.

In view of the foregoing, it may be inferred that one of the logical approaches to man-

age DM and its complications may be via antioxidant supplementation. Antioxidants

have been shown among other things, to prevent destruction of pancreatic β-cells by
inhibiting autooxidation chain reaction, thereby halting progression to diabetes compli-

cations.11,12 Due to their remarkable antioxidant and pharmacological significance,

medicinal plants are being extensively explored as therapeutic modality of choice against

diabetes.13,14 Excitingly, Allium cepa (onion) and Allium sativum (garlic) are the two out-

standing species of the genus Allium (amaryllidaceae) with well-established antioxidant

and antidiabetic potentials over the years. Due to their unique pharmacological traits,

they may be designated as good representatives of herbs or herbal extracts that have been

broadly used as foods, dietary supplements, and drugs against DM.

2. AMARYLLIDACEAE FAMILY

Amaryllidaceae is a highly cosmopolitan monocotyledonous family found in all the

biomes of the world and native to central Asia andNorth America. It consists of 79 genera

including Allium, Nothoscordum, Prototulbaghia, and Tulbaghia.15 Alloideae (onion group)

consists of 30 genera. Of all the genera, Allium represents the most fascinating, richly

diversified, and highly important genus as the world’s oldest and the most studied veg-

etables.16 The genus Allium consists of ca. 850 species and widespread in the Northern

hemisphere.17 It is a petaloid perennial herb with a typical parallel narrow leaves with

rhizomatous or bulbous stems. The flowers are usually petaloid with six free tepals in

two whorls, six stamens which may be free or jointed, superior ovary with 0–6 crests,

cymose-umbel inflorescence, bilateral pollen, and capsule fruit.18,19 Previously, genus

Alliumwas grouped under the Liliacea family but was later moved to amaryllidaceae based

on the arrangement of floral structure.20 Consequently, genusAllium and its allies used to

belong to the family Alliaceae before it was reduced to subfamily Allioideae, an infrage-

neric rank below the family amaryllidaceae.21 In most cases, the plants in this group are

138 Bioactive Food as Dietary Interventions for Diabetes



ornamental, vegetables, spices, and highly medicinal. Furthermore, the species have a

great affinity for each other in terms of chemical and nutraceutical profiling but tend

to differ in taste, morphology, and color.16,22 However, the species of Allium are known

for their pungent flavor and significant medicinal properties. Popularly known species in

the genus areA. cepa,A. sativum,A. ascalonicum,A. porrum, andA. schoenoprasum (chive).19

Generally, Allium species are characterized by their thiosulfinates, a sulfur-based com-

pound formed by the action of the enzyme alliinase. However, this compound can be

degraded to form additional sulfur constituents such as diallyl, methyl allyl, and diethyl

mono-, di-, tri-, tetra-, penta-, and hexasulfides, vinyldithiins, and (E)- and (Z)-ajoene

based on the environmental condition of the plants.16 Furthermore, thiosulfinates com-

pound in Allium species has been well studied. Apart from being a good antifungal and

antibacterial agent against pathogenic microorganisms, it has also been able to compete

favorably with ascorbic acid, n-propyl gallate, butylated hydroxytoluene, trolox, and

reduced glutathione in the scavenging of hydroxy radicals, singlet oxygen, and lipid per-

oxidation.23–29 Thiosulfinate was also reported to be effective in the treatment of post-

prandial hyperglycaemia as well as insulin stimulation in diabeticrats.30

3. A. CEPA AND A. SATIVUM

Globally, onion and garlic are the most important Allium species frequently consumed.

They constitute the most important ingredient for culinary and as medicines for curing

array of ailments including DM.31

Onion is a bulbous perennial plant with depressed-globose bulbs (1–3) of varied size

depending on the cultivar or race. It is normally characterized with persistent leaves and

scape, fistulose blade, and white or purple flowers with erect or spreading tepals. The fruit

is withering bearing margins with either obtuse or acute apex. Onion has unique char-

acteristics of pungency which is due to its allyl-propyl disulfide. Also, it contains appre-

ciable proportion of vitamins B and C, calcium, flavonoids, and riboflavin.31,32 An

investigation into its carbohydrate contents revealed the presence of nonstructural car-

bohydrates like glucose, fructose, sucrose, oligosaccharides, and fructans.33

Garlic is also a bulbous perennial plant like onion but they differ in number of bulb

which is usually 5–15 or more in the former and 1–3 in the later. The bulbs are usually

white to light brown with unique depressed-ovoid appearance. The leaves are also with-

ering like in onions with umbel inflorescence and flowers that are usually aborted in

bud. The flowers are usually greenish white to pink with erect tepals. Garlic contains

higher concentration of sulfur-containing compounds than any Allium species especially

S-allylcysteine sulfoxide (alliin). It is also rich in vitamins A, B1, and C, fiber, water, cal-

cium, copper, germanium, iron, magnesium, potassium, selenium, and zinc.34 Garlic is

composed of 17 amino acid including alanine, arginine, aspartic acid, lysine, cysteine,

glutamine, glycine, histidine, isoleucine, leucine, methionine, phenylalanine, proline,

serine, threonine, tryptophan, and valine.35
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4. CHEMICAL PROFILES OF ONION AND GARLIC

Onion and garlic are among the oldest cultivated plants used both as food and for medic-

inal purposes. They are rich sources of several phytonutrients and employed in the treat-

ment and management of cancer, coronary heart disease, obesity, hypercholesterolemia,

type II diabetes, hypertension, cataract, and disturbances of the gastrointestinal tract (e.g.,

colic pain, flatulent colic, and dyspepsia). An understanding of the biosynthesis of the

aroma and flavor precursors [S-alk(en)yl-L-cysteine S-oxides] in intact whole

garlic and onion, and how upon crushing, the precursors are digested by allinase, giving

sulfenic acids (highly reactive organosulfur intermediates) are imperative. In garlic,

2-propenesulfenic acid gives allicin, a thiosulfinate with significant pharmacological

effects including antidiabetic, while in onion I-propenesulfenic acid rearranges to

the sulfine (2)-propanethial S-oxide.36 Also noteworthy in the chemistry of garlic is

the discovery of ajoene (another potent therapeutic candidate), and the elucidation of

the unique sequence of reactions that occur when diallyl disulfide, which is present in

steam-distilled garlic oil, is heated. These events point to the fact that the constituents

of the Alliums vary significantly in accordance to the operating condition and form in

which they exist. For instance, when Allium spp. is cut, highly reactive sulfenic acids

and/or sulfines are produced by enzymatic action on precursors in the intact bulb.

The main fate of the sulfenic acids appears to be condensation to form thiosulfinates.36

The thiosulfinates can then participate in a variety of subsequent reactions which depend

on conditions and which afford various types of organosulfur compounds. Based on this,

the probable derivable compounds may be categorized as more volatiles, less volatile

(products formed when the thiosulfinates stand in solution at room temperature), or

compounds produced by more vigorous processes. A simplified representation of this

may be conceptualized as shown in Fig. 1. Hence, the diverse results emanating from

studies involving the use of garlic and onion in their various forms like powder, extract,

juice, etc. could be better explained by this concept.

Till date, diallyl disulfide (allicin) and allyl propyl disulfide are the main active sulfur-

containing compounds present in garlic and onion, respectively.16 These bioactive

metabolites exit in the form of cysteine derivatives, as S-alkyl cysteine sulfoxides that

decompose upon extraction into polysulfides and thiosulfinates in the presence of alli-

nase. The thiosulfinates are implicated in the pungent smell of these plants. Apart from

the low molecular weight compounds, phenolics, flavonoids, and steroids have also been

reported and implicated to be responsible for their pharmacological properties. These

latter compounds, compared to the more studied thiosulfinates, present the advantages

to be pungent free and more stable to cooking. The potent antidiabetic activity of both

plants may be attributed to the presence of the volatile decomposed products that
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predominate in their oils in addition to other nonvolatile sulfur-containing peptides and

proteins.37

The main organosulfur compounds of antidiabetic significance in garlic and onion are

presented in Table 1.

Furthermore, some of the other well-studied major antidiabetic phytoconstituents of

garlic and onion are highlighted as follows.

5. QUERCETIN

Quercetin is a polyphenol from the flavonoid group, found in many fruits, leaves, and

vegetables including the Alliums. Specifically, onion is rich in quercetin 3, 40-
O-diglucoside (flavonol) and quercetin 40-O-monoglucoside.38,39 Similarly, the pres-

ence of rhamnosides and other classes of quercetin and their glycoside derivatives has also

been reported in garlic.40

Fig. 1 A representation of the derivable compounds from crushing/processing an Allium bulb.

Table 1 Organosulfur compounds of antidiabetic importance in onion and garlic

Constituents

Specie

Onion Garlic

S-methyl-L-cysteine + +

S-ally cysteine � +

Diallyl disulfide � +

S-allyl-mercapto-captopril � +

+, present; �, not present.
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6. ISORHAMNETIN

Isorhamnetin is an O-methylated flavonol from the class of flavonoids. It is a minor pig-

ment and a 30-methoxylated derivative of quercetin. Isoharmentin and its glucoside con-

jugates are found in both onions and garlic and been studied to contribute significantly to

their overall pharmacological activities.40,41

7. KAEMPFEROL AND ANTHOCYANINS

Kaempferol is a natural flavonol occurring freely in onions and garlic. Its marked anti-

oxidant and hypoglycaemic effects both in vivo and in vitro have been well documen-

ted.42,43 Just like kaempferol, considerable amount of the glycosides of anthocyanidins

(anthocyanins) are found in onion and garlic and they potentiate significant hypoglycae-

mic and anti-hyperlipidemic effects.43

8. RUTIN AND LUTEOLIN

Rutin is one of the most occurring bioactive constituents in the entire genusAllium. It is a

derivative of isoharmnetin and may also be regarded as rutoside, quercetin-3-O-rutino-

side, or sophorin.44 Its presence in both garlic and onions is opined to be partly respon-

sible for their different elicited biological activities including antidiabetic.6 Lanzoti45

reported the presence of luteolin in both onion and garlic and studies have upheld that

it is one of the main antioxidant constituents of the plants.

9. FRUCTAN AND COUMARIN

Both garlic and onion contain fructan—a nondigestible polymer of fructose.43 In a study

involving alloxan-challenged animals, a representative fructan was found to be both an

effective hypoglycaemic and antioxidant agent to alleviate oxidative stress and enhance

enzymatic defenses in diabetic rats.46 On the other hand, coumarin is a fragrant organic

chemical compound in the benzopyrone chemical class, although it may also be seen as a

subclass of lactones. It is a natural substance found in many plants, and a colorless crys-

talline substance in its standard state. While Bisen and Emerald43 reported the presence of

coumarin in both onion and garlic, a good number of scientific studies have lent credence

to its antioxidant and antidiabetic potentials in animal experimental models.47,48

10. STEROIDS

Garlic and onion have both been reported to contain considerable amount of cholesterol

and derivatives. Specifically, the presence of ergost-8-en-3-ol, cholesta-4,6-dien-3-ol,
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fucosterol, and squalene has been reported and contributed significantly to the blood glu-

cose lowering effect of the Allium species.49

11. ALLICIN

Allicin is an organosulfur compound primarily found in garlic.50 It is reportedly absent in

onion.51 The antidiabetic potential of allicin has been established and report suggests that

it could aid increase in peripheral insulin-like activity that results from the direct stim-

ulation of residue pancreatic β-cells or from the indirect production of gastrointestinal

hormones associated with the pancreatic secretion of insulin. It also elicits good antiox-

idant effect.52

12. ANTIDIABETIC SIGNIFICANCE OF ONION AND GARLIC

It is a well-established fact that different formulations of garlic and onion elicit marked

antioxidant and hypoglycaemic effects in different experimental models. Although few

studies53–55 have contrastingly reported on the hypoglycaemic potential of garlic, several

others have reputed the claims and supported its remarkable effect on the regulation

of blood sugar through well-defined mechanisms. For instance, the results of many

in vivo evaluations of garlic extracts on diabetic animals revealed a good modulatory

influence on fasting blood sugar and oral glucose tolerance (OGT) test conducted.47,56–59

In these studies, either allicin or S-allylcysteine sulfoxide was suggested as the probable

agent of influence that is partly stimulating pancreatic β-cells. Similarly, reports of studies

involving either extracts of garlic, fresh raw garlic, or garlic oil also demonstrated

improved OGT in diabetic animals subsequent to treatment with the garlic prepara-

tions.60–64 Although the contrasting results may be attributable to differences in exper-

imental designs, the different preparations or derivatives of garlic used and the severity of

β-cell damage in the adopted experimental models, the overall hypoglycaemic effect of

garlic with its sulfur-containing compounds as responsible candidates cannot be

overemphasized.

The involvement of ROS in the pathogenesis of diabetes is an aged concept.

Hyperglycaemia causes elevated levels of ROS through different mechanisms with

overall consequential effects on enzymic and nonenzymic tissue antioxidant

defenses.65–67 Besides autooxidation of carbohydrate leading to superoxide generation,

ROS may also impede glutathione (reduced) (GSH) content, aid formation of AGEs,

and activate protein kinase C.68–70 Together, these events facilitate pancreatic β-cell
dysfunction, insulin resistance, and organ damage in diabetes.64 With the evidence

from both in vitro and in vivo antioxidant potentials of garlic in different diabetes

experimental models, it has been demonstrated that garlic had significant inhibitory

effect on nitric oxide-induced intracellular oxidative stress and oxidation of lipoprotein

143Antidiabetic Significance of A. cepa and A. sativum



cholesterol with concomitant increase in intracellular levels of GSH coupled with

induction of the specific tissue activities of antioxidant enzymes.71–74 It is also notewor-

thy that the increased oxidative stress that stimulate transcription factors (nuclear factor

kappa B or activator protein-1) in many cells including the β-cells that subsequently
facilitate increased expression of pro-inflammatory cytokines (interleukin-1 and tumor

necrosis factor-α) and of inducible nitric oxide synthase and greatly increase the pro-

duction of nitric oxide, has been reportedly ameliorated following treatment with gar-

lic formulations.74–77

Similarly, the significant hypoglycaemic and antioxidant potentials of onion have

been well substantiated and S-methylcysteine sulfoxide is the most frequently implicated

phytonutrient.63,78,79 In these studies, the hypoglycemic effects of onion to lower blood

glucose levels were opined to be due to the presence of bioactive compounds that may

enhance glucose uptake in peripheral tissues by improving insulin sensitivity and/or

secretion, and by increasing the activity of NADP+ and NADPH ratio. In other similar

studies, onion extracts were found to be capable of attenuating the liver histologic infil-

trations, regulated blood sugar levels, ameliorated the increased lipid peroxidation prod-

ucts, and effectively reversed the reduced activities of endogenous antioxidant enzymes

induced by established diabetic agents.78–80 Besides S-methylcysteine sulfoxide, querce-

tin is considered the most potent constituent of onion, and has been reported to elicit

both protective and resuscitating effect on β-cells in chemically challenged diabetic ani-

mals.81–84 Such impact of quercetin on the β-cells may be termed antioxidative as it sig-

nificantly reduced the serum levels of nitric oxide and pancreatic lipid peroxidation

products as well as increased the activities of catalase, glutathione peroxidase, and super-

oxide dismutase in pancreatic islets. A comprehensive insight into some selected scien-

tifically validated antidiabetic potentials of garlic and onion is presented in Table 2. The

implicated phytoconstituent(s) and the probable mechanism(s) of action are also

presented.

Overall, in view of the foregoing, it may be logically concluded that both garlic and

onion are endowed with phytonutrients of antioxidant and hypoglycemic significance

and as such a unified mechanism of antidiabetic action may be proposed for these two

important Allium species (Fig. 2).

This may be viewed to potentiate hypoglycaemia through inhibitory influence on

carbohydrate metabolizing enzyme (α-glucosidase) with consequential increase in adi-

ponectin that would delay carbohydrate digestion and reduce insulin resistance. Their

antioxidant content (quercetin) may facilitate sugar-mediated insulin secretion coupled

with conferring considerable level of protection on the pancreatic β-cells against

oxidative assaults by promoting phosphorylation of extracellular signal-regulated

kinase. Such effect would subsequently contribute to the regulation of glucose-induced
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Table 2 Selected reports on the antidiabetic potential of garlic and onion

Species Extract type
Bioactive
component Mechanism(s) References

Allium cepa Commercially

prepared

pure onion

Onion skin

extract

Quercetin • Inhibits the libera-

tion of D-glucose

from disaccharides

and oligosaccharides

by inhibiting α-glu-
cosidase, resulting in

delayed absorption

of glucose from the

intestine and there-

fore controlling

blood glucose levels.

• Increases hepatic

glucokinase and

pancreatic islets

activity that contrib-

ute to glucose

tolerance.

85–87

Fresh onion

extraction

S-methylcysteine

sulfoxide

• Hypoglycemic effect

due to the stimula-

tion of insulin secre-

tion and antioxidant

effects due to stimu-

lation of antioxidant

enzymes such as

superoxide dismu-

tase and catalase

which leads to

reduction in oxida-

tive stress.

60,78

Onion juice Allyl propyl

disulfide

• Alleviates liver and

renal damage in

diabetes.

• Antioxidant and

antihyperglycaemic

activity due to

enhanced glucose

uptake in peripheral

tissues by improving

insulin sensitivity

and/or secretion and

also by increasing the

activity of NADP+

and NADPH ratio.

88

Fresh red

onion

Onion essential

oil

• Improves insulin

secretion into the

blood and blood

83

Continued
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Table 2 Selected reports on the antidiabetic potential of garlic and onion—cont’d

Species Extract type
Bioactive
component Mechanism(s) References

glucose levels. Also

reduces levels of lipid

profiles such as nitric

oxide and lipid per-

oxidation

compounds.

• Induces diabetes-

associated hepato-

protective and

nephroprotective

effects.

Onion peel

extract

Quercetin • Increases glucose

uptake and insulin

sensitivity; decreased

lipid profiles, oxida-

tive, and inflamma-

tory stress.

• Effects are due to the

lowering of liver

hexokinase activity

as well as glucose-6-

phosphatase activity.

89

Fresh onion Allyl propyl

disulfide

• Exerts hypoglycemic

effect due to an

insulin-sparing

action mediated by

inactivation of those

compounds which

antagonize insulin.

90

Onion skin Quercetin • Inhibits

α-glucosidase activ-
ity and has antioxi-

dant properties.

91

Onion peel/

flesh powder

Polyphenols

Quercetin

• Has both antioxidant

and antidiabetic

properties.

92

Allium

sativum

Fresh garlic di (2-propenyl)

disulfide and

2-propenyl

propyl

disulfide

• Directly or indirectly

stimulates the secre-

tion of insulin.

• Prevents dSH inac-

tivation of insulin by

reacting with

endogenous thiol-

containing mole-

cules such as serum

albumins and

cysteine.

37,47
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Table 2 Selected reports on the antidiabetic potential of garlic and onion—cont’d

Species Extract type
Bioactive
component Mechanism(s) References

Fresh garlic Alliin, allicin,

diallyl

disulfide,

diallyl

trisulfide,

diallyl sulfide,

S-allyl

cysteine,

ajoene, and

allyl mercaptan

• Significantly

decrease serum glu-

cose due to restora-

tion of delayed

insulin response or

inhibition of intesti-

nal absorption of

glucose.

• Also decreases total

cholesterol, triglyc-

erides, urea, uric

acid, creatinine,

levels due to inhibi-

tion of fatty acid

synthesis as well as

inhibition of

enzymes involved in

cholesterol synthesis

such as hydroxyl

methyl glutaryl CoA

reductase, while

increased serum

insulin.

• Improves insulin

resistance.

47,93–95

Fresh garlic

cloves

Allicin (thio-2-

propene-1-

sulfinic acid S-

allyl Ester)

• Alters the lipid pro-

file in hyperlipi-

demic conditions.

• Reduces the serum

cholesterol levels.

• Lowers blood glu-

cose and increases

insulin production

and sensitivity

96–98

Garlic powder

Garlic juice

Essential oil

Allicin • Affects atherosclero-

sis by reduction of

hyperlipidemia,

hypertension, and

Diabetes mellitus.

• Prevents thrombus

formation.

• Prevents or amelio-

rate oxidative stress

99–101

Continued
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insulin secretion, increase the specific activity of hepatic carbohydrate enzymes (glu-

cokinase) and the number of pancreatic islets that will aid improved glucose tolerance.

In addition, quercetin and allicin may also provide further protection against oxidative

damage and by doing so facilitate induction and optimization of preventive (catalase,

glutathione peroxidase) and chain-breaking (superoxide dismutate, glutathione reduc-

tase) antioxidants that subsequently increase pancreatic GSH content, and proficiently

scavenge ROS.

Table 2 Selected reports on the antidiabetic potential of garlic and onion—cont’d

Species Extract type
Bioactive
component Mechanism(s) References

Fresh garlic S-allylcysteine

sulfoxide

(SACS)

• Has antioxidant

activity which allows

the amelioration of

in vivo quinolinate

striatal toxicity by a

mechanism related to

its ability to scavenge

free radicals, decrease

oxidative stress and

preserve the striatal

activity of Cu,

Zn-superoxide

dismutase.

95,60

Aged garlic

extracts

S-allylcysteine • Antioxidant activity

due to several

mechanisms which

include scavenging

of free radicals and

prooxidant species,

induction of antiox-

idant enzymes, acti-

vation of Nrf2 factor,

inhibition of pro-

oxidant enzymes,

and chelating effects.

102

Garlic oil Allicin • Improves oral glu-

cose tolerance and

ameliorates protein-

uria and can improve

renal function in

diabetes.

103
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Ameliorates
lipid

peroxidation

tissues

Fig. 2 Proposed unified mechanisms of hypoglycaemic potential of garlic and onion.
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13. CONCLUSION

From this review, it is evident that onion and garlic are endowed with significant anti-

oxidant and antidiabetic properties. The significance and strength of the results obtained

in each of the reviewed work is dependent on the adopted experimental designs, the dif-

ferent preparations or derivatives of the onion/garlic used, and the severity of β-cell dam-

age in the experimental models. While the antioxidant effects of both onion and garlic

were unarguably attributed to their quercetin contents, the sulfur-containing compounds

were prominently implicated in their hypoglycaemic potentials. The results of the find-

ings are further supported by a number of tentative mechanisms by which these Allium

spp. may elicit their blood glucose lowering effects and annihilation of oxidative stress

mediated cellular damage. Overall, with their being endowed with phytonutrients of

utmost significance in maintaining glucose tolerance and β-cell viability by reducing oxi-
dative damage and ultimately improving insulin secretion, it is highly envisioned that gar-

lic and onion would continue to be recognized as herbs, food, or dietary supplements for

the management of diabetes and its associated complications. Going forward, effort

should be geared towards elucidation of the exact mechanism of hypoglycaemic effects

of both plants with a view to clinically substantiating their acclaimed efficacies in the

management of diabetes.
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The Role of Vitamin D in the Prevention
and Treatment of Diabetes Mellitus
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†Department of Endocrinology and Diabetes, AHEPA University Hospital, Thessaloniki, Greece

1. INTRODUCTION

Vitamin D is a fat-soluble vitamin, which can act as a hormone mainly through a nuclear

vitamin D receptor (VDR). Its role has been extensively studied in bone metabolism and

calcium, phosphorus, and magnesium homeostasis. Vitamin D can be found in two

forms: ergocalciferol (vitamin D2) derived from plants and acquired through dietary

intake and cholecalciferol (vitamin D3), which is synthesized in the skin from

7-dehydrocholesterol in a nonenzymatic two-step process. Vitamin D3 is the most

important source of vitamin D. Pre-vitamin D3, produced by a biochemical reaction

(that takes place during sunlight exposure) mediated by ultraviolet B rays (UVB)

(290–315nm), isomerizes to D3 through a temperature-sensitive rearrangement.1

Endogenous vitaminD production is determined by genetic, environmental, and cul-

tural factors. Twin studies have confirmed a genetic contribution on circulating vitamin

D levels of about 50%.2 However, all polymorphisms currently identified explain only

5%–15% of the variation in vitamin D concentrations. Total UVB exposure (UVB

intensity—as determined by time, duration, and season of exposure—multiplied by

the exposed skin area) and skin pigmentation are main contributors of vitamin D3

formation rate. Darkening of the skin, clothing, and sunscreen use blocks UVB derived

vitamin D.3 Dietary vitamin D intake is very limited and contributes about 20% to the

total vitamin D concentration except for areas where fatty fish is habitually overcon-

sumed (Scandinavian countries, Japan).

Vitamin D synthesized in the skin is biologically inactive. Due to its hydrophobic

nature it circulates bound to proteins, mainly vitamin D-binding protein (VDBP). It is

initially transported to the liver where it is hydroxylated by 25-hydroxylase at C-25 to

produce 25-hydroxyvitamin D3. 25(OH)D3 is the major circulating form of

vitamin D with a half-life of 2–3 weeks.4 25(OH)D3 is then transported by VDBP to

the kidney. There, in the proximal renal tubule, the second hydroxylation takes place

to form1,25(OH)2D3, the active formwith a short half-life of approximately 4 hours. This

reaction is catalyzed by 1-alpha-hydroxylase.4 The renal 1-alpha-hydroxylase, unlike the
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hepatic 25-hydroxylase, is under strict hormonal control: parathyroid hormone (PTH)

stimulates 1-alpha-hydroxylase while fibroblast growth factor 23 (FGF23) and 1,25

(OH)2D3both inhibit 1-alpha-hydroxylase
1 (Fig. 1). Isoformsof this enzymeare expressed

invarious typesof cells (macrophages, leucocytes, pulmonaryepithelium,osteoclasts, etc.).

Locally produced 1,25(OH)2D3 may be an important mediator of extraskeletal vitamin

D actions (in an autocrine or paracrine way) in cells expressing VDRs. Therefore,

7-Dehydrocholesterol
(skin)

Biological effects

Fig. 1 Schematic depiction of vitamin D metabolism
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circulating 1,25(OH)2D3 does not reflect vitaminD activity while measurement of serum

25(OH)D3 due to its longer half-life and its substrate-dependent production is the best

available way of estimating vitamin D status. Several methodologies for 25(OH)D3 mea-

surement have been developed (RIA, high-performance liquid chromatography or liquid

chromatography tandemmass spectrometry),with discrepancies that aremainly attributed

to the metabolites detected or the VDBP-vitamin D separation in the process. Newer

methods appear to be adequate for clinical care after extensive standardization.5–7 Based

mostly on studies of skeletal outcomes vitamin D deficiency is defined by the Institute

of Medicine (IOM) as a 25(OH)D concentration of less than 20ng/mL.8 Vitamin

D insufficiency is defined as a 25(OH)D level of 21–29ng/mLwhile levels equal or above

30ng/mL are considered sufficient.8

Oral vitamin D supplementation is the treatment of choice in vitamin D deficiency.

Existing supplementation guidelines focus on skeletal outcomes and emphasize increased

need in special populations like infants and children, pregnant and lactating women,

menopausal women, elderly, and obese populations. However, there is abundant evi-

dence that vitamin D may be linked to the pathogenesis, progression, and treatment

of various nonskeletal diseases including both types of diabetes.9 Potential extra-skeletal

health benefits associated with vitamin D supplementation are not well-established.

However, data from recent large epidemiologic studies indicate that the incidence of

many disorders (cancer, autoimmune diseases, diabetes) varies according to season and

latitude and is associated with measured or estimated vitamin D levels.10,11 Epidemio-

logic associations do not prove causality but prompt investigation. In the case of diabetes

several clinical trials have been conducted to test the hypothesis of facilitation of the

disease by vitamin D deficiency and establish the benefit of supplementation to prevent

or treat both types of diabetes.

2. VITAMIN D AND DIABETES MELLITUS PATHOGENESIS

2.1 Vitamin D and Type 1 Diabetes Mellitus Pathogenesis
Type 1 diabetes mellitus (T1DM) pathogenesis may be modified by vitamin D in

several ways.

2.1.1 Vitamin D-Related Genetic Predisposition
The established principal genetic determinants of T1DM, HLA class II genes at the

chromosome 6p21, cannot adequately explain the genetic predisposition of the disease.

Vitamin D-related genetic markers are included in the approximately 40 non-HLA sus-

ceptibility genetic markers that have been confirmed to contribute to the development of

the disease,12 namely VDR gene polymorphisms, VDBP gene polymorphisms and poly-

morphisms in the gene encoding the responsible enzymes for the metabolism of vitamin

D3 to 25(OH)D3 and 25(OH)D3 to its active form of 1-25(OH)2D3.
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VDR gene polymorphisms were the first to be associated with insulin secretory

capacity while the VDR genotype may determine VDRmRNA and VDRprotein levels

in peripheral blood mononuclear cells.13 Several VDR gene polymorphisms have been

associated with the pathogenesis of T1DM (BsmI, ApaI, FoqI, TaqI), yet with conflicting

data from different populations.14–19 Moreover, VDR specific polymorphisms have been

associated with decreased islet autoimmunity, potentially carrying a protective role in

genetically susceptible children.20 In context with current theories of genetic networks,

a recent meta-analysis concluded that rather than implicating isolated VDR polymor-

phisms in T1DM pathogenesis it seems more plausible that a cluster of haplotypes

may contribute to disease susceptibility. In other words, diverse genotypes with various

VDR polymorphisms interact with other genetic components, ethnic backgrounds, and

environmental factors to cause the disease.21

Vitamin D circulates in blood bound to VDBP, encoded by GC gene. VDBP is more

than a carrier protein as it has been attributed immunomodulation properties itself.22 Islet

autoimmunity (IA), detected by the presence of IA-2 antibodies, has been linked to spe-

cific VDBP genotypes.22,23 However, not all studies have similar findings.24,25 Interest-

ingly, low levels of VDBP have been reported not only in T1DM patients but also in

pregnant women (third trimester) whose offspring developed T1DM. Still VDBP role

in disease pathogenesis is far from clarified.25,26

The enzyme vitamin D 25a-hydroxylase that converts vitamin D to 25(OH)D3 is

encoded by the CYP2R1 gene. The enzyme 1α-hydroxylase that produces the active

1,25-dihydroxyvitamin-D3 is encoded by the CYP27B1 gene.27 The association of

CYP2R1 and CYP27B1 polymorphisms with susceptibility to T1DM has been exten-

sively investigated.24,27–30 The development of IA has been linked to a CYP27B1 single

nucleotide polymorphism.31 A plausible pathogenetic mechanismwould be encoded dif-

ferences in circulating active vitamin D levels and therefore different vitamin D signaling

in T-cells.27–30 However, diverse results have been recorded in different populations and

not all studies confirm association with susceptibility to T1DM. Once again, discrepan-

cies highlight the complexity of the genetic traits when considered in the context of

clusters of genetic loci, ethnic differences,32 and environmental factors.

2.1.2 Immunomodulatory Role of Vitamin D in Type 1 Diabetes
Vitamin D is a known immunomodulator33 with main immune function summarized in

Table 1.

At the onset of T1DM, chronic inflammatory insulitis (infiltrates) is found in the islets

of Langerhans involving CD8+ and CD4+ T-cells, B lymphocytes, and macrophages.30

It has been hypothesized that vitamin D may have a prophylactic/therapeutic role in

T1DM via its immune-modulatory properties. Supplementation with high doses of

1,25(OH)2D3 in nonobese diabetic (NOD)mice induced suppression of insulitis and dia-

betes development.34 Further studies on animal models suggested a halt of T1DM
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progression by vitamin D analogues even after initiation of the autoimmune attack.35,36

Disappointingly, the protective effect of vitamin D in animal models was not replicated in

man, probably due to the more diverse nature of the autoimmune process and greater

heterogeneity compared with animal studies.37

2.2 Vitamin D and Type 2 Diabetes Mellitus Pathogenesis
2.2.1 Vitamin D and Insulin Resistance in Type 2 Diabetes
Type 2 diabetes mellitus (T2DM) pathogenesis is more complex and insulin resistance is

present in the majority of T2DM patients. Muscle and adipose tissue ability to respond to

insulin-induced glucose utilization defines peripheral insulin sensitivity. The presence of

VDRs in skeletal muscles suggests a direct role of vitamin D in the major regulatory sys-

tem of glucose homeostasis in muscle tissue. Vitamin D has been shown to modulate

insulin action and enhance insulin responsiveness by stimulating the expression of insulin

Table 1 1,25(OH)2D3 activity on the immune system

APCs (monocytes,

macrophages, dendritic

cells)

Inhibits the expression of class II MHC molecules

Inhibits the expression of costimulating molecules (CD40,

CD80, and CD86) and other maturation inducing proteins

(CD1a and CD83)

Inhibits the maturation of dendritic cells

Inhibits antigen presenting capability

Inhibits the release of IL-12 p70

Inhibits pro-inflammatory cytokines (IL-1 and TNF) by

monocytes and macrophages

Increases chemotaxis and phagocytosis of monocytes and

cytotoxicity against tumor cells and bacteria

Induces tolerogenic dendritic cells capable of inducing

Treg cells

T-lymphocytes Inhibits T cell proliferation and differentiation, inhibits

pro-inflammatory cytokine secretion while enhances

anti-inflammatory cytokines

Inhibits IL-12, INF-g, IL-2, IL-6, and TNF-β
Inhibits activation of antigenspecific T lymphocytes

Inhibits the expression of FasL by activated T lymphocytes

Increases the production of IL-4, IL-5, IL-10, and TGF-β
B cells Inhibits proliferation

Inhibits plasma differentiation

Inhibits immunoglobulin production

Induces apoptosis

Induces VDR expression

NK cells Inhibits IFN-γ

APC, antigen presenting cell; FasL, Fas ligand; IFN-γ, gamma interferon; IL, interleukin;MHC, major histocompatibility
complex; TNF, tumor necrosis factor; NK, natural killer.
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receptors in bone marrow cells.38 Moreover, active vitamin D (1,25(OH)2D3-calcitriol)

increases peroxisome proliferator-activated receptor delta (PPAR-δ) gene expression, a
member of PPAR family, which is often co-expressed with VDR,39 and has been shown

to favorably affect fatty cell accumulation and fatty acid oxidation.

Also, calcitriol can activate transcription of the human insulin gene and thus play an

essential role in insulin secretion.40 Twenty-four hours administration of calcitriol

has been shown to activate the transcription of the human insulin receptor gene, as a

vitamin D response element has been identified in the promoter of the gene.40,41

Vitamin D is part of a cluster of calciotropic hormones that regulate calcium influx

through cell membranes and concentration of cytosolic-free calcium. Extracellular but

mainly intracellular calcium is essential for insulin action on glucose metabolism.42,43

PTH, another calciotropic hormone increased in vitamin D deficiency, may be equally

important as it may promote dephosphorylation of glucose transporter-4 (GLUT-4)

leading to diminished insulin-stimulated glucose transport.44–46

2.2.2 Vitamin D and Pancreatic β-Cell Dysfunction
β-cell dysfunction is the mainstay of T2DM pathogenesis. Experimental data both

in vitro and in animal models support the role of vitamin D in promoting insulin secre-

tion although the exact mechanism has yet to be clarified.47 VDRs have been identified

in pancreatic islets48 modifying insulin response to a glucose load in a positive and direct

way through stimulation of insulin secretion. Pancreatic islets can produce calcitriol.48 In

insulin secretingMIN6 cells calcitriol may produce a slow increase of cytosolic Ca2++.49

Calcitriol may promote β-cell biosynthetic capacity and accelerate the conversion of

proinsulin to insulin in animal studies. Insulin secretion decreased by 60% after glucose

loading (despite normal basal insulin levels) has been found in mice lacking a functional

VDR.50,51

As stated before β-cells express 1-alpha-hydroxylase and can locally activate

vitamin D that can potentially act in an autocrine or paracrine way to promote insulin

secretion. Vitamin D plays a key role in the regulation of the calcium pool of β-cell, ensur-
ing preservation of extracellular calcium levels and intracellular cytosolic calcium concen-

tration either directly or indirectly through PTH. Vitamin D insufficiency through

alterations in calcium flux on β-cell may interfere with normal insulin release, mediated

by a calcium-dependent mechanism, particularly in response to a glucose load.49,52

2.2.3 Vitamin D and Inflammation
Chronic inflammation has been implicated in the pathogenesis of T2DM.53,54 Increased

levels of acute phase proteins and abnormal levels of many markers of systemic inflam-

mation have been reported in T2DM.55 These inflammatory mediators interfere with

both insulin resistance and β-cell function, through several mechanisms.56 In addition,

adipose tissue inflammation and adipocytokines are implicated in the development of
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insulin resistance and promote various metabolic effects on glucose homeostasis.57

Vitamin D may interfere with both innate and adaptive immunity (as summarized in

Table 1), by preventing the production of inflammatory cytokines and may thus reduce

chronic low-grade inflammation observed in T2DM exerting a protective role against

the disease.58

3. VITAMIN D AND PREVENTION OF DIABETES MELLITUS

3.1 Vitamin D and Prevention of T1DM
T1DM pathogenesis is more homogeneous than that of T2DM. Initially, the contribu-

tion of vitamin D status on T1DM risk has been suggested based on animal data in NOD

mice59 and a seasonal variation of the disease that has been observed together with a

higher incidence in certain geographical areas.60,61

Observational studies are mostly in agreement with a protective role of vitamin D.

Recent cross-sectional studies have shown a high prevalence of vitamin D deficiency

among children and adolescents with T1DM present at the onset of the disease and more

pronounced in those with diabetic ketoacidosis.62–65 A recent meta-analysis of 12 studies

published from 2009 to 2014 showed lower levels of 25(OH)D in patients compared

with their matched controls.66 Subsequent studies on different and varied ethnic and

age groups are in the same direction67–69 and even suggest that lower vitamin D levels

may be associated with earlier onset of the disease.67 However, not all studies are positive,

as a Danish study failed to find an association between 25(OH)D levels and T1DM

incidence in children and adolescents.70

The protective role of vitamin D supplementation early in life (or even during ges-

tation) on T1DM risk has also been investigated.Whenmeasurements were performed at

one time point during pregnancy, lower 25(OH)D and VDBP levels at late pregnancy

were associated with a higher risk of developing T1DM in the offspring,71,72 while no

such connection was confirmed for the first trimester of pregnancy.73 To overcome the

limitation of minimal information provided by single measurements, a recent case-cohort

study in Scandinavian population recorded average 25(OH)D plasma concentration

during pregnancy (from the first trimester until delivery) and indicated that the normal

variation of maternal 25(OH)D does not have a clinically important effect on the risk of

developing T1DM during childhood.74 However, there is evidence suggesting that

specific maternal VDR SNPs in the presence of vitamin D insufficiency may influence

in utero environment in such a way, leading to the early programming of T1DM in the

fetus.75,76 Therefore, the whole process is obviously more complex and other

vitamin D metabolism components should be included in the effort to identify early

determinants of T1DM.

Until now a Finnish study has provided the strongest evidence for a role of

vitamin D in T1DM.62 Hypp€onen et al. have shown that the relative risk of developing
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T1DM by the age of 30 among children who were regularly supplemented with

vitamin D was only 0.12 (CI 0.03–0.51) compared with children who received no sup-

plementation. The highest protection against T1DMwas observed in children that were

given at least 2000IU/day of vitamin D3.

The association between vitamin D intake during early life and T1DM risk and the

association between maternal vitamin D intake during pregnancy and diabetes risk in the

offspring was examined in a recent meta-analysis of nine studies77 (six case-control studies

and three cohort studies). Vitamin D intake early in life was found to decrease future

T1DM risk but there was not enough evidence to support a similar protective role of

maternal vitamin D supplementation on T1DM development of the offspring.

Where you can see smoke there is fire, but in the case of T1DM the smoke (evidence)

comes from observational studies with a cross-sectional design, significant heterogeneity,

lack of initial 25(OH)D measurements, and information on vitamin D supplementation

derived mostly through questionnaires. There is a need for interventional randomized

cohort studies with adequate and multiple dosing schedules and duration of

vitamin D substitution to determine the role of early vitamin D supplementation in

T1DM prevention.

3.2 Vitamin D and Prevention of T2DM
As the incidence of T2DM increases globally, cost-effective strategies for reducing

T2DM risk are urgently needed. The idea of T2DM prevention via

vitamin D substitution emerging during the past two decades was supported by epide-

miological data correlating diabetes incidence with latitude and sunlight exposure.

Vitamin D supplementation in case of deficiency appeared to reduce the risk of devel-

oping T2DM while animal studies confirmed reduced pancreatic insulin secretion in

vitamin D-deficient rats.78

An inverse association between serum 25(OH)D concentration and insulin resistance

or T2DMprevalence, in several ethnic groups79–82 was reported by observational studies,

mostly of cross-sectional design. A longitudinal cohort study on a large Danish popula-

tion has shown that type 2 diabetes risk increased with a decrease in plasma 25(OH)D

concentration.83 The results of this large cohort study along with the results of 16 pro-

spective cohort studies of a total 72,204 participants from Europe and US were meta-

analyzed with confirmatory conclusions.83 A more recent meta-analysis including nine

studies with 28,258 participants of older age in a 7.3 years follow up confirmed that lower

levels of 25(OH)D were associated with a higher risk of developing diabetes.84

The lifelong effect of optimal vitamin D levels on the risk of both types of diabetes is a

major issue. A cohort study with a follow up of 31 years has linked high 25(OH)D levels

in young age with reduced future risk of developing T2DM, implicating a potential cost-

effective strategy for reducing adulthood risk of T2DM.85 It seems plausible that
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achieving and supporting sufficient vitamin D levels early in life may be the key to reduc-

ing diabetes risk in adulthood and in the elderly in susceptible individuals. To prove this

theory long duration supplementation cohort studies should be performed.

In that direction, as observational nature of the prospective studies is a known lim-

itation, outcomes of interventional studies implementing vitamin D supplementation

have been analyzed to prove a cause-and-effect relationship. Disappointingly, interven-

tional trials investigating vitamin D supplementation on glycemic markers86–91 or T2DM

incidence87,88 showed no effect. However, the primary outcome of most trials was not

the association of vitamin D levels with glycemic status and diabetes incidence and the

results were produced via post hoc analysis. Therefore, concrete conclusions cannot

be made.

In T2DM prevention prediabetes is considered a window of opportunity, as it rep-

resents an early stage of the disease that can be reversed. Several trials have been designed

to evaluate the potential role of vitamin D supplementation in prediabetic individuals

with variable outcomes.92–98 No benefit of vitamin D supplementation on insulin resis-

tance indices (HOMA-IR) and 2-h plasma glucose concentration after oral glucose tol-

erance test (OGTT) in individuals with prediabetes was shown in a meta-analysis of

10 randomized control trials.99 However, there was a subgroup of participants with base-

line serum 25(OH)D<20ng/mL, in whom 2-h plasma glucose after OGTT was signif-

icantly reduced, indicating that vitamin D supplementation might be beneficial in

vitamin D-deficient individuals with prediabetes. Duration of treatment did not seem

to affect outcomes in this meta-analysis that included studies of longer duration than pre-

vious meta-analyses.100 Notably, no information was provided on treatment compliance

or serum 25(OH)D levels after supplementation. As vitamin D should be considered

more as a nutrient hormone rather than a drug, achieving optimal levels might be nec-

essary, as a threshold effect of 25(OH)D level on glycemia has been previously advo-

cated.101 As in the case of T1DM more adequately powered studies investigating

vitamin D supplementation in individuals at risk of diabetes are needed. D2d study is such

a large multicenter clinical trial in 22 cities around the United States that aims to enroll

approximately 2400 participants at risk of developing type 2 diabetes and shed light on

that complex vitamin D-glucose metabolism relation.102

In conclusion, data from animal, epidemiological, and observational studies regarding

vitamin D effect on diabetes incidence and diabetes risk seem consistent for both types of

diabetes. Observational studies have strongly and repeatedly reported an inverse associ-

ation between 25(OH)D levels and diabetes incidence prompting researchers to conduct

supplementation studies to prove a cause-and-effect association. Regarding T1DM,

RCTs examining the effect of vitamin D supplementation during pregnancy or early life

on T1DM risk and incidence with extended periods of follow up are lacking. Similarly,

studies investigating vitamin D supplementation in individuals at risk of T2DM are inad-

equately powered, not well designed or have included not well defined “at risk”
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populations. Until data from interventional work such as D2d study are available, we

should adopt a pragmatic approach and only offer vitamin D supplementation in those

at risk of diabetes with well-defined deficiency.

4. VITAMIN D AND GLYCEMIC CONTROL

4.1 Vitamin D and Glycemic Control in T1DM
In observational studies, better glycemic control in T1DM patients has consistently been

related to higher 25(OH)D3 levels.
103,104 As a result, screening for vitamin D deficiency,

especially in case of poor glycemic control has been suggested. Still, further confirmation

of the impact of vitamin D supplementation on glycemic control of poorly controlled

and/or vitamin D-deficient patients with interventional studies is needed.

In the case of T1DM most interventional studies are small in numbers of participants

and short in durations. In such a study of 80 vitamin D-deficient T1DM children and

adults, supplementation with vitamin D for 12 weeks improved glycated hemoglobin

(HbA1c). Better glycemic outcomes were recorded in participants whose 25(OH)D3

levels exceeded 20ng/mL at the end of the study.105 In the same direction, a recent

study conducted by Hafez et al. in Egyptian T1DM children with a high prevalence

of vitamin D deficiency (70% of themwere vitamin D deficient) found that mean HbA1c

improved significantly after only 3 months of supplementation.106 However, not all

studies have similar findings.104,107–109 It should be noted that most negative results usu-

ally come from poorly designed studies (small sample size, inclusion of patients with other

types of diabetes mellitus or vitamin D levels less than targeted at completion).

4.2 Vitamin D in Glycemic Treatment of T2DM
Derangements in insulin secretion, insulin sensitivity, and chronic inflammation are the

cornerstone pathogenetic pathways leading to T2DM and vitamin D has been shown to

affect each one of them.11,110,111 Pancreatic β-cells can produce the biologically active

form of vitamin D and express VDRs. Therefore, locally produced 1,25(OH)2D3 can

act in either an intracrine or a paracrine manner, affecting neighboring pancreatic cells

of other cell lines.110

As in the case of T1DM, observational studies have shown an inverse association

between glycated hemoglobin (HbA1c) and Vitamin D status in T2DM patients, suggest-

ing a possible role of vitamin D status in glycemic control.112–114 Supplementation studies

that followed from several researchers have reported benefit of vitamin D supplementation

in serum fasting plasma glucose (FPG), insulin and HOMA-IR.115–117 However, such an

effect has not been confirmed in all interventional studies.118 An older meta-analysis

performed by George et al. in 2012, including heterogeneous rather small studies, with

nondiabetic populations and inadequate vitamin D doses was marginally positive, demon-

strating a weak vitamin D effect on glycemia.119
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To clarify conflicting results, SUNNY Trial, a randomized double-blinded

placebo control trial was performed.110 This well-designed study with 275 T2DM

participants examined the effect of vitamin D supplementation on HbA1c of well-

controlled T2DM patients and concluded on the significant benefit of 6-month

vitamin D supplementation on glycemic control, only in severely vitamin D-deficient

patients,110 in accordance with previously reported results.119

However, most recent systematic reviews and meta-analyses also produced con-

flicting results. A meta-analysis of 23 RCTs performed by Krul-Poel et al. (2016),

including 1797 patients, found no evidence to support improvement of glycemic con-

trol in T2DM in general.120 However, subgroup analysis revealed a favorable effect of

vitamin D supplementation on fasting glucose in those with poor glycemic control.120

Likewise, Santos et al. suggested that evidence to support vitamin D supplementation

for improving glycemic control in T2DM patients remain insufficient and if consid-

ered, it should be addressed to vitamin D deficiency and poorly controlled patients.121

On the other hand, Mirhosseini et al. (2017) in a meta-analysis of 24 RCTs suggested

that vitamin D supplementation leading to increased serum 25(OH)D levels may

improve glucose control in T2DM patients, reflected by significant reductions

in HbA1c, FPG, and HOMA-IR.122 Conflicting outcomes may be due to the

heterogeneity of included studies regarding type, dose, and duration (short term vs

long term) of vitamin D supplementation as well as different definitions of

vitamin D deficiency.

The effect of vitamin D supplementation on glycemic control in specific groups of

T2DM patients with vitamin D deficiency and comorbidities such as hypogonadotropic

hypogonadism,123 chronic kidney disease124,125 and hemodialysis patients,126 postmen-

opausal women,127 and diabetes patients with established cardiovascular complica-

tions128,129 has also been investigated with encouraging but far from conclusive results.

In summary, there is a lack of a large adequately powered study to conclusively address

the role of vitamin D supplementation on T1DM glycemic control and this remains an

area for future research. Various points will have to be clarified before conducting such a

trial. Optimal vitamin D levels for glycemic targets in T1DM are literally unknown as is

the dose of vitamin D to be administered and the duration of therapy. Likewise, current

evidence does not support widespread use of vitamin D supplementation in individuals

with T2DM either. Although more interventional studies have been conducted in

T2DM, results are diverse. It seems plausible that subgroups of patients with T2DM

may benefit from vitamin D supplementation, but this also remains an area for future

research. Until larger and better designed interventional studies are available, the concept

of substituting vitamin D deficiency, when detected in T2DM patients (by the current

IOM definition) seems a rational approach, based on the available data, while current

recommendations for the Standards of Medical Care for diabetes, established by the

American Diabetes Association do not recommend vitamin D supplementation to

improve glycemic control.130
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5. CONCLUSIONS

A role of vitamin D in the pathogenesis, prevention, and treatment of both types of dia-

betes has been implicated by observational and epidemiological studies. However, RCTs

have failed to support a cause-and-effect association. Heterogeneity of study design and

diverse diabetic population included may explain the discrepancy. Carefully designed

supplementation studies in well-defined at risk subgroups of diabetic or prediabetic

patients are needed. Until then, universal vitaminD screening or supplementation cannot

be recommended, while supplementation in those with well-defined deficiency seems a

pragmatic approach.
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1. INTRODUCTION

Type 1 diabetes mellitus (T1DM) is a chronic autoimmune disease characterized by

injury to and destruction of pancreatic beta cells secondary to activation of dendritic cells

(DCs) and macrophages, CD4+ and CD8+ T lymphocytes, and B lymphocytes. These

cells interact to generate an inflammatory response, leading to insulitis with a predom-

inance of CD8+ T lymphocytes.1 The exact trigger of the autoimmune process is not

fully understood but may involve genetic predisposition, viral infections, changes in

the intestinal flora, and low vitamin D levels.2–5

The continuous destruction of beta cells promotes loss of secretory reserve of insulin,

leading to clinical diabetes when the mass of beta cells reduces to less to 20% of the total

amount present before the disease.6 Beta cells are known to be able to replicate after birth,

and even patients with long-standing T1DM have residual beta cells-producing insulin.7

Preservation of residual pancreatic insulin function in patients with T1DM is fundamen-

tal to reduce blood glucose fluctuations, decrease insulin requirement, and improve

metabolic control, thereby reducing the occurrence of complications related to hyper-

glycemia.8,9 One of the goals of treatment in T1DM is to preserve/regenerate the mass of

pancreatic beta cells through intensive insulin therapy,10 reducing glucotoxicity on these

cells, or through therapies that regulate the immune system, reducing the inflammatory

response and cell apoptosis and improving the function of beta cells.11–14 In T1DM, there

is an imbalance between regulatory T cells (Treg), which have reduced suppressive

function,15,16 and increased activity of inflammatory Th17 cells, which are responsible

for the autoimmune process against beta cells.17,18 IL-17+CD8+ T cells (also known

as Tc17 cells)19 and IL-17+CD4+ are increased in children with new-onset type

I diabetes compared with age-matched healthy controls.20 This imbalance seems to be

generated by increased serum IL-6 levels21 and other cytokines as IL-1β, IL-17, and
INF-Ƴ.22,23 However, it is important to emphasize the importance of IL-6 levels to control

the Treg/Th17 cells differentiation and programmation.24 Both classic T1DM and latent
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autoimmune diabetes in adults (LADA) are autoimmune in nature, but lack of necessity of

insulin treatment at diagnosis or at least within first 6 months after diagnosis clinically, dif-

ferentiates LADA from classic T1DM.25,26 Mostly, only one pancreatic autoantibody

is present in LADA patients whereas, T1DM patients typically are positive for more

than one pancreatic auto antibodies.27 Thus, therapies correcting this imbalance between

Treg and Th17 cells could assist in preserving the secretory function of beta cells in T1DM

and LADA. In fact, we and other authors have reported cases of prolonged clinical

remission and preservation of secretory beta cell reserves with vitamin D3 or vitamin

D3 plus dipeptidyl peptidase-4 (DPP-4) inhibitors in patients with T1DMand LADA.28–31

Based on the above, the aim of this review is to discuss the mechanisms of the vitamin

D3 in regulating the imbalance between the functions of Treg and Th17 cells, as well as

their possible beneficial effects on beta cell function in T1DM and LADA.

2. VITAMIN D3: IMMUNE SYSTEM, T1DM AND LADA

In humans, vitamin D is synthesized through the conversion of 7-dehydrocholesterol in

the skin into previtamin D3 in response to ultraviolet B radiation from sunlight and is

quickly converted into vitamin D3. Vitamin D can also be obtained from some perish-

able, in natura foods or supplemented as vitamin D2 or D3. In the liver, vitamin D3 is

metabolized into 25-OH vitamin D3 through the action of 25-hydroxylase and, subse-

quently, converted into its active form 1,25-dihydroxyvitamin D3 by 1-α-hydroxylase in
the kidney and in some cells, including immune system cells.32Monocytes, macrophages,

DCs, T and B lymphocytes express a receptor for vitamin D (VDR) in addition to enzy-

mes that activate 25-OH-vitamin D3 into 1,25-dihydroxyvitamin D3 [1,25(OH)2D3],

indicating its importance in maintaining the homeostasis of the immune system.33

The main function of vitamin D in the immune system appears to be immunoreg-

ulation. In DCs 1,25(OH)2D3 is able to change the morphology and function of DCs

to tolerogenic DCs (tolDCs), impairing the turnover of DCs and maintaining them in

an immature state, reducing the expression of the major histocompatibility complex

(MHC class II) and costimulating molecules such as CD40, CD80, and CD86.34 In addi-

tion, 1,25(OH)2D3 can upregulate the secretion of the chemokines CCL2, CCL18, and

CCL22, which are involved in the recruitment and induction of Treg cells, polarization

for Th2 andmaintenance of DCs in an immature state, in addition to reducing the recrui-

tment of Th1 cells by decreasing the production of the chemokine CXCL-10.34–37 1,25

(OH)2D3 and its analog TX527 directly change the function of T cells by inhibiting the

production of Th1 cytokines (IL-2 and IFN-Ƴ), Th2 (IL-4), and Th17 (IL-17 and IL-21)

to the extent that they induce Treg cells with increased expression of IL-10 and CTLA-

4.38,39 1,25(OH)2D3 also inhibits the differentiation of B cells into plasma cells, as well as

their proliferation, and IgG and IgM secretion, inhibiting the generation of B memory

cells and inducing their apoptosis.40 Considering all that, vitamin D3 has a potential in

the treatment of autoimmune diseases like T1DM and LADA.

Epidemiologic studies showed an inverse correlation between T1DM prevalence and

sunlight exposure, with an evident north-south gradient and seasonal onset of disease.41–44
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Also, a higher prevalence of vitamin D deficiency was shown in patients with T1DM.45,46

In some studies, low-serum 25-OH vitamin D3 levels were associated with an increased

risk to develop T1DM.47,48 Of interest, low 25(OH)D levels may predispose healthy,

young, non-Hispanic white adults to the development of T1DM, but not among non-

Hispanic blacks or Hispanics.47

In studies of primary prevention of T1DM in humans, vitaminD supplementation has

been shown to significantly reduce the incidence of new cases of T1DM when adminis-

tered early in childhood.49,50 In contrast, intervention studies in patients with new-onset

T1DM have shown conflicting results, which may have occurred due to differences in

intervention type. Some studies have used cholecalciferol, while others used calcitriol,

or even alfacalcidol, a vitamin D analog; all at different doses, variable T1DM diagnosis

duration and different age groups, which prevents comparisons among studies. The use

of cholecalciferol for 12months at a dose of 70 IU/kg/day in new-onsetT1DMhas shown

a significant increase in the suppression function of Treg cells in these patients, without an

increase in these cells number, while in the placebo group, there was a reduction in the

suppressive role of Treg cells after 12 months.51 On the other hand, in 61 patients with

T1DMwith ages between 8 and 15 years and disease duration<8 weeks, the use of alfa-

calcidol at a dose of 0.25μg twice a day showed benefits in preserving fasting C peptide

levels, with requirement of lower daily insulin doses, an effect that has been shown to

be more important in men.52 The use of calcitriol 0.25μg/day administered to children

at high risk for T1DM, aged between 1.5 and 13 years andwith positive antibodies against

T1DM (anti-GAD and antiinsulin) but without clinical T1DM,was able to induce disap-

pearance of antibodies in all patients after 1–3 years of treatment.53 Gabbay et al.30 treated

17 patients with T1DM with cholecalciferol 2000IU/day and showed a significantly

increased percentage of Treg cells, with a more slowly decline in the levels of stimulated

C peptide when compared with placebo. In patients with LADA, treatment with 1-alpha

(OH)D3 0.5μg/day was able to preserve at 1 year the levels of C peptide at fasting and 2h

after a 75-g glucose overload, but the effect was only beneficial in those patients with a

diagnosis duration below 1 year.31 In healthy volunteers treated for 3 months with

cholecalciferol 140,000IU/week, there was a significant increase in the number of

Treg cells in peripheral blood,while in theplacebogroup, therewasnochange in thenum-

ber of these cells, or changes in C peptide levels during fasting or after stimulation with

OGTT.54 However, in other studies with treatment of patients with new-onset T1DM

with calcitriol 0.25μg/day, no benefit was observed.55,56

3. VITAMIN D3—POTENTIAL THERAPEUTIC ON IMMUNE SYSTEM AND
BETA CELL FUNCTION FOR TYPE 1 DIABETES AND LADA. QUESTIONS TO
ANSWER…

The immunomodulating effects of vitamin D3 and vitamin D analogues seem unquestion-

able. However, the benefits of these drug in the treatment of new-onset T1DMand LADA

still require confirmation. Probably no immunomodulating therapy alone can promote
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prolonged T1DM remission, and combined therapy is already accepted as the most suitable

due to the involvement of several immunological pathways, in which the blockade of one

pathway can lead to increased activation of other pathways.57 Ideally, such therapy should

be safe, inexpensive and have effects both on the immune system and on beta cells.58

The association of DPP-4 inhibitors and vitamin D3 appears to satisfy these requirements,

as both drugs have effects on the immune system and on beta cells,59,60 have demonstrated

to be safe and are relatively inexpensive, and with some already demonstrated benefit in

autoimmune diabetes.28,29,61 The best doses of vitamin D3 or their analogues have yet

to be defined since polymorphisms in the vitamin D receptor and the various enzymes

involved in the metabolism of vitamin D may influence its serum concentration and effec-

tiveness.62 In children with type 1 diabetes, BsmIBB, BsmIBb, and TaqItt polymorphisms

of the VDRwere associatedwith an increased risk of T1DM,whereasBsmIbb andTaqITT

had protective effect for T1DM.63 In addition, it is necessary to define whether treatment

with higher doses of 25-OH vitamin D3 or 1,25(OH)2D3 would be more effective. The

use of high doses of 25-OH vitamin D3 seems safer against the occurrence of hypercalce-

mia64 and perhaps more effective by allowing higher concentrations of free 25-OHvitamin

D3 as substrate to 1-α-hydroxylase in immune system cells in the inflamed areas.65 On

the other hand, genetic association with T1DM has been found for the vitamin

D-metabolizing genes CYP2R1, CYP27B1, and DHCR7.66–68 These polymorphisms

are though to reduce the local bioconversion of 25-OH vitamin D3 into 1,25(OH)2D3.

In this cases, the use of 1,25(OH)2D3 or their analogues could be better. The Fokl poly-

morphisms can also alter the amount of VDR produced, and the presence of the shorter

F-VDR results in higher nuclear factor-κB- and nuclear factor of activated T cell-driven

transcription in addition to higher IL-12p40 promoter-driven transcription, which could

change the immune response.69 Morán-Auth et al.70 showed that nonstimulated and

25(OH)D3-stimulated Th cells isolated from T1DM patients had lower VDR expression.

Moreover, a significantly lower of CD4+ cells were observed in T1DM patients carrying

the “FF” genotype compared with those with the genotypes “Ff/ff.”

Our group has shown that the use of sitagliptin 100mg/day associated with vitamin

D3 5000IU/day enabled prolonged clinical remission (mean 27.1�18.9 months) in

patients with T1DM, showing a reduction in serum CD8+CD26+ T cells when com-

pared with T1DM treated with insulin alone.61 Of note, the highest concentrations of

VDR are found in CD8+ lymphocytes,71 which could explain the reduction of

CD8+/CD26+ cells in our study, as well as good clinical results at noted by levels of

HbA1c (mean: 6.33%�1.12%) and C-peptide (1.19�0.72ng/mL) even after 27months

of evolution. However, this was not a randomized, double blind study, which limits its

interpretation.

Vitamin D72 (Fig. 1) also has beneficial actions in insulin synthesis, secretion, and

sensitivity.73 The VDR is also expressed in the beta cell itself, allowing 1,25(OH)2D3

to exert direct effects in these cells as well. 1,25(OH)2D3 inhibits the expression of
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Fig. 1 Diagram of the immune dysfunction in T1DM and effects of DPP-4 inhibitors and vitamin D. Environmental factors (e.g., viral infection)
associated with genetic factors induce an inflammatory process in the pancreatic islet (insulitis) causing apoptosis of beta cells. Increased
inflammatory cytokines promote increased expression of MHC class I molecules in beta cells and MHC class II cells in antigen-presenting
cells (APCs). APCs interact with CD4+ T lymphocytes, which increase the secretion of inflammatory cytokines by activating CD8+ cytotoxic
lymphocytes and B lymphocytes, which become plasma cells producing antibodies against beta cell peptides. CD4+CD25HighFoxP3+ (Treg)
cells should halt the autoimmune inflammatory process, but their function is reduced in T1DM, which maintains the insulitis for months to
years until destruction of about 80% of the beta cell mass resulting in the clinical emergence of T1DM. We believe that the association of
DPP-4 inhibitors and vitamin D at high doses (>2000 IU/day) is able to correct defects in cellular and humoral immunity in new-onset
T1DM, preserving the residual function of beta cells. The increased serum GLP-1 levels caused by DPP-4 inhibition have beneficial effects in
beta cells through their binding in the GLP-1 receptor (GLP-1R), increasing insulin secretion and reducing beta cell apoptosis; it also has
immunomodulatory effects on natural killer lymphocytes (NK) and CD4+ T lymphocytes. In addition, DPP-4 inhibitors administered early in
new-onset T1DM may improve blood glucose control and reduce beta cell glucotoxicity. Vitamin D also has beneficial actions in insulin
synthesis, secretion, and sensitivity. (Adapted from Pinheiro, M.M., Pinheiro F.M.M., Trabachin, M.L., 2018. Dipeptidyl peptidase-4 inhibitors
(DPP-4i) combined with vitamin D3: An exploration to treat new-onset type 1 diabetes mellitus and latent autoimmune diabetes in adults in
the future. Int. Immunopharmacol. 57, 11–17.)
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several proinflammatory cytokines and chemokines (e.g., IL-1β, IL-15, and CXCL10),

thus reducing infiltration of monocytes, macrophages, and T cells into the islets,

thereby resulting in a preserved beta cell function and enhanced insulin synthesis

and secretion.74,75

4. CONCLUSION

The effects of vitamin D3 on the immune abnormalities that occur in T1DM and LADA,

in addition to their beneficial effects on beta cells, have a rational theoretical that still needs

to be proven in new clinical studies. These clinical trials need to define the time to starting

the treatment, and the best dose of 25-OH vitamin D3, 1,25(OH)2D3, or their analogues.

In a recent review about vitaminD on autoimmunity, Dankers et al.76 share the same opin-

ion as our group: this lack of effect could be due to the low level of remaining beta cell

function at the start of the study, suggesting that the therapeutic window for vitamin

D supplementation is in the earliest phases of the disease. In other words, time to starting

intervention is crucial.We believe should starting at diagnosis of the T1DM, and in the case

of prediabetic children with multiple autoantibodies, it may be sensible to avoid vitamin

D deficiency and consider recommending vitamin D supplementation at an early stage

T1DM and LADA. Vitamin D supplementation in young children49,77 significantly

reduces the risk to develop T1DM in the later life and should therefore be recommended.
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1. INTRODUCTION

Diabetes is affecting a greater fraction of population worldwide and is declared epidemic

as the prevalence is enormously increasing across the globe. Based on the current survey

of International Diabetes Federation (IDF), there are almost 73.12million people in India

who are currently suffering from diabetes and globally it is expected to rise from 450

million in 2017 to 691 million by 2045.1 As far as countries are concerned, China, India,

and United States have higher number of people affected by diabetes.2

Diabetes is a disease of ancient times which was earlier regarded as “sweet urine” and

now it is defined as a group of complex metabolic disorders characterized by deficient

insulin secretion, impaired insulin action, or a combination of both resulting in hyper-

glycemia.3 The abnormality in the metabolism of carbohydrate or its improper utilization

by insulin leads to hyperglycemia which is now regarded as the hallmark of diabetes. The

etiology behind this abnormality can be genetic, hormonal, exercise, obesity, and diet

and if not treated in time can lead to dreadful complications.4 Based on the etiology,

it is categorized into different types:

1. Type I diabetes/insulin-dependent diabetes mellitus/juvenile diabetes

2. Type II diabetes/noninsulin-dependent diabetes mellitus/adult-onset diabetes

3. gestational diabetes

4. monogenic diabetes

5. secondary diabetes

Type I diabetes is also called juvenile diabetes and occurs more in young age while

Type II DM, also known as adult-onset diabetes mellitus, occurs in later stages of life.

Gestational diabetes occurs only in pregnancy and gets normalized after delivery. These

three types of diabetes are now worldwide accepted while monogenic diabetes and sec-

ondary diabetes are less common types of diabetes and their prevalence rate is only around
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1%–5%. Monogenic diabetes is the result of a single genetic mutation in an autosomal-

dominant gene rather than the contributions of multiple genes and environmental

factors as seen in type 1 and type 2 diabetes, for example, neonatal diabetes mellitus

and maturity-onset diabetes of the young (MODY). Secondary diabetes arises due to

complications of other diseases such as hormone disturbances (e.g., Cushing disease or

Acromegaly), diseases of the pancreas (e.g., pancreatitis), or as a result of drugs

(e.g. corticosteroids).1

Diabetes, if diagnosed late or not treated on time can lead to life-threateningmicrovas-

cular and macrovascular complications, viz., nephropathy, cardiomyopathy, retinopathy,

neuropathy, and for all these complications hyperglycemia (increased blood glucose level)

is themain culprit.5,6 TheUnitedKingdomProspectiveDiabetes study demonstrated that

intensive diabetes control could reduce the development of microvascular complications

in type 2 diabetes patient.7,8

1.1 Complications Associated With Diabetes
A long-withstanding diabetes and severity of hyperglycemia both can lead to serious

complications.9 Diabetic complications are of two types: acute and chronic which are

further categorized as follows:

Acute complication includes:

1. hypoglycemia

2. diabetic ketoacidosis

3. nonketotic hyperosmolar diabetic syndrome or coma

4. lactic acidosis

Chronic complications can be microvascular and macrovascular.

• Microvascular: Nephropathy, retinopathy, neuropathy.

• Macrovascular: Coronary artery disease, cerebrovascular disease, peripheral artery

disease.

Among the microvascular complication, diabetic retinopathy is the most commonwhich

is asymptomatic in its early stages, and regular screening and prevention can reduce blind-

ness rates in diabetes patients.10,11 Globally, among all the reported cases of blindness, 5%

occur due to diabetes.12

Foot lesion is also a common chronic complication of diabetes; about 15%–25% of

diabetes patients develop foot ulcers which can lead to amputations and the chances

of foot complications is 25 times greater than for nondiabetic patients.13

Additionally, diabetic nephropathy has become the most common cause of morbidity

and a key determinant of mortality in diabetes patients14 and up to 50% patient under-

going renal replacement therapy is due to diabetic nephropathy.15 Around 30% of

diabetes patients develop nephropathy, which is also a major cause of end-stage renal

diseases.16,17
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Among the major macrovascular complications, more than 30% of patients hospital-

ized with acute myocardial infarction have diabetes, and 35% have impaired glucose tol-

erance.18 The problem can be resolved if new RBC formation occur but it is also

impaired due to diabetes which can finally result in decreased collateral vessel formation

in ischemic hearts, and in nonhealing foot ulcers.19 Based on the various experiments

conducted on diabetes and the reported facts, there are five mechanisms which cause

the tissue damage:

• increased flux of glucose and other sugars through the polyol pathway,

• increased intracellular formation of advanced glycation end products (AGEs),

• increased expression of the receptor for AGEs and its activating ligands,

• activation of protein kinase C (PKC) isoforms, and

• overactivity of the hexosamine pathway.

Thus, it can be summed up overproduction of reactive oxygen species in mitochondria is

the root cause of all the disease. In the diabetic microvasculature, this is a consequence of

intracellular hyperglycemia.20,21

Viewing the effect of hyperglycemia in diabetes, we came to a concept that proper

management of diabetes can reduce the risk of complications of diabetes.

2. BIOACTIVE FOODS

From prehistoric times, man is dependent on natural resources either for eating or for the

treatment or cure of ailments. Several plants have been reported for their medicinal value

based on their traditional knowledge and scientific observations. The World Health

Organization (WHO) also endorsed the use of medicinal plants in the treatment of

diabetes22 and encouraged the documentation of ethnomedical data of medicinal

plants.23,24 In the past, hundreds of plants have been screened for the treatment of dia-

betes and several compounds are isolated from them but none of them have reached the

clinical state. Plants contain large number of bioactive compounds like polyphenols,

flavonoids, tannins, chalcones, fatty acids, and carotenoids which are mostly together

responsible for efficacy of natural products.23,25,26 Extensive research on omega-3-fatty

acids over the years has enabled their widespread use in the modern world.

2.1 Omega-3-Fatty Acids
Omega-3-fatty acids are in great demand in the modern world as they keep us fit and

healthy. It is a clinically proven fact that omega-3-fatty acids can act in a protective

way if taken in proper balanced amount with omega-6-fatty acids. While looking at

the day-to-day lifestyle changes of people of 21st century, it has become difficult to main-

tain the normal health as now the people rely more on saturated fatty acids and have no

time to maintain a regularity of exercise and proper diets. The imbalance between body’s

187Omega-3-Fatty Acids in the Management of Diabetes



requirements (vitamins, minerals, and proteins) and what we eat (fast foods) leads to

undesirable consequences like weight issues, cardiovascular diseases, diabetes which

can further lead to many other complications. So, proper dietary changes must be done

in order to ensure the fruitful results from these bioactive food components.

2.2 What Are Omega-3-Fatty Acids?
It is a type of polyunsaturated fatty acid which have got its name from the structure of

their molecules, in which the double bonds between the carbon atoms are at third and

second place from the end of the hydrocarbon chain (in which the first of several double

bonds occurs three carbon atoms away from the end of the carbon chain). It is of three

types: alpha-linolenic acid (ALA) which is found in vegetable sources, and eicosapentae-

noic acid (EPA) and docosahexaenoic acid (DHA) come from fish and other marine

life.27

Omega-3-fatty acids (ω-3 fatty acids) possess antiinflammatory and lipid-lowering

effects, suggesting a possible beneficial effect in the management of type 2 diabetes

and its complications.28,29 As per the results of preclinical studies, it is a proven fact that

omega-3-fatty acids, EPA and DHA prevent the development of insulin resistance,

obesity, and dyslipidemia29,30

2.3 How Omega-3-Fatty Acids Works?
Omega-3-fatty acids acts via peroxisome proliferator-activated receptor (PPAR-α)
which plays an important role in adipocyte differentiation, lipid and carbohydrate metab-

olism through transcriptional regulation of different genes.31,32

Fibroblast growth factor 21 (FGF21) is a recently identified hormone that has an

important role in glucose and lipid homeostasis.33,34 It lowers the glucose level by alle-

viating glucose uptake in differentiated adipocytes via the induction of glucose

transporter-1 (GLUT1)33,35,36 and also act on glucagon metabolism, leading to decreased

hepatic glucose production, and increased liver glycogen.37 In conclusion, FGF21 has

shown to preserve β-cell function and survival.38

Fibroblast growth factor 21 is produced by the liver and white adipose tissue, under

the influence of PPAR-α and PPAR-γ, respectively.39,40 It was reported that serum

FGF21 concentration is significantly increased in the case of hypertriglyceridemia, insulin

resistance, and metabolic syndrome, indicating a state of FGF21 resistance.41 Peroxisome

proliferator-activated receptor agonists have been shown to lower blood glucose, total

cholesterol, and triglycerides concentrations and improve insulin resistance.

2.4 Sources of Omega-3-Fatty Acids
Following table contains the list of sources from which omega-3-fatty acids can be

obtained.
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S. no. Fatty acid Source

1 Omega-3-fatty

acids

Nuts, seeds, vegetables, and some fruit, egg yolk, white and red

meats, as well as marine organisms

2 Alpha-linolenic

acid (ALA)

1. Plant oils (soybean, rapeseed oil, and walnuts)

2. Flax, Perilla, and Chia42,43

3 EPA and DHA 1. Marine sources including fish oils, as well as other marine

animals.

2. Mackerel, Herring, and Salmon42,44

3. Marine planktons45

4. Marine algae46

4 DHA Crypthecodinium cohnii, Javornicky, and Mortierella alpine47

5 EPA Brown algae48

Wild edible mushrooms, such as the genus Suillus,

Hygrophorus, Amanita, Russula, Boletus, Tricholoma,

Fistulina, Cantharellus, and Hydnum49

2.5 Benefits of Omega-3-Fatty Acids in Diabetic Complications
Cardiovascular diseases: According to American Diabetes Association review January 2016,

a patient suffering from diabetes will definitely encounter diabetic dyslipidemia (increase

in HDL and decrease in LDL) which serves as the primary cause for heart diseases and

stroke. Treatment with ω3 fatty acids will be a boon for secondary prevention of (1) cor-
onary heart disease (CHD) and sudden cardiac death among patients with prevalent

CHD; and (2) adverse outcomes in patients with heart failure as concluded by American

Heart Association Science Advisory.50 The Australian National Heart Foundation sup-

ports the positive role of ω3 in the treatment of hypertriglyceridemia. So, it can be useful

in atrial fibrillation and hypertension but further trials are required to support any firm

recommendations.51 Additionally, it can be given with lipid-lowering drugs or antihy-

pertensive and antithrombotic medication as it does not have any interaction with them.

Diabetic nephropathy: Diabetic nephropathy refers to damage caused to kidneys which

can occur due to high level of sugar and diagnosed by the presence of protein in the urine.

Omega-3-fatty acids act by ameliorating urine albumin to creatinine ratio (ACR) and

preserving glomerular filtration rate (GFR). Although, it has been proved positive in

experimental study but for clinical aspect, a more quantified study is needed before

concluding.52,53

Diabetic neuropathy: Injuries related to central nervous system, that is, brain and spinal

cord come with a narrow therapeutic agent availability and high expenditure cost. When

the neurologically injured patients are tried with omega-3-fatty acids, they have shown

promising results in the patients with traumatic brain injury (TBI) and spinal cord injury

(SCI). The mechanisms involved include decreased neuro-inflammation and oxidative

stress, neurotrophic support, and activation of cell survival pathways.54
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Diabetic retinopathy: It is caused by prolonged high blood glucose levels. Over time,

high glucose levels can weaken and damage the small blood vessels within the retina. This

may cause hemorrhages, exudates, and even swelling of the retina which then starves the

retina of oxygen, and growth of abnormal blood vessels takes place. Omega-3-fatty acids

prevent its progression by inhibiting a wide range of inflammatory mediators, decreasing

the formation of free radicals, and inducing the expressions of endogenous antioxidant

enzymes. Also, they remarkably prevent the initiation of retinal angiogenesis by down-

regulating the expressions of various angiogenic agents such as VEGF, MMPs, and

COX-2.

3. CONCLUSION

Extensive research on the bioactive foods has ensured their active participation as ther-

apeutic component in various morbid conditions. Thus, it can be concluded that the

introduction of omega-3-fatty acids in the diet can avert the risk of diabetic complications

in diabetic patients.
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1. INTRODUCTION

1.1 Epidemiology of Type 2 Diabetes Mellitus
Type 2 diabetes mellitus (T2DM) has become the 21st century epidemic. According to

the World Health Organization (WHO), 422 million adults were living with diabetes in

2014, its prevalence has doubled since 1980. In 2012, 3.7 million deaths were caused by

either diabetes or elevated glucose and their comorbidities. The increase in the preva-

lence of diabetes has been more rapid in low- and middle-income countries, generating

a very high economic burden due to its effects such as blindness, kidney failure, heart

attacks, stroke, and lower limb amputation.1

1.2 Pathogenesis and Metabolism of T2DM
T2DM is a chronic disease of multifactorial etiology, including an abnormality of the

anterior hypothalamus and pancreas due to progressive ischemia, or of islet innervation,

both of which may cause insulin resistance. De Fronzo2 described eight risk factors for

developing T2DM: insulin resistance in muscle, liver, and β-cells, accelerated lipolysis in
the fat cell, incretin deficiency or resistance in the gastrointestinal tract, β-cell hyperglu-
cagonemia, increased glucose reabsorption by the kidney, and insulin resistance in the

brain, warranting the need for multiple therapies to overcome all of their effects.

Insulin is the main hormone related to glucose metabolism, controlling its uptake by

the majority of tissues; produced by β pancreatic cells, its production adapts to the pres-

ence of glucose in blood as well as to the amounts of circulating insulin and its activity,

thus maintaining normoglycemia.3

In some tissues however (e.g., brain, liver, and splenic tissue) glucose homeostasis in

the fasting state does not depend on insulin for the uptake of glucose. The presence of

circulating glucose does however change the process, and glucose metabolism in general

depends on the presence of insulin, on glucose uptake by peripheral and splenic tissues,

and on the supression of glucose production by the liver.4 Although adipose tissue utilizes
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glucose in very small amounts, to maintain homeostasis in order to control the release of

fatty acids and cytokine production, both of which help in the regulation of hepatic and

muscular insulin sensitivity. Otherwise, hyperglycemia and glucose intolerance develop,

leading to the appearance of T2DM, through insulin resistance or insufficient insulin

secretion.5

Insulin resistance is caused by an alteration in its receptor at the cell surface level or a

decrease in its production by pancreatic β cells, due to a decrease in their mass. Individuals

with insulin resistance need to compensate this lack of insulin production or activity to

avoid hyperglycemia.6–9

Evidence suggests that there is an important interaction with the innate immune sys-

tem, where acute phase inflammatory cytokines may be generating insulin resistance.10,

11 Low-grade inflammation has been recognized as a risk factor for the development of

insulin resistance and T2DM for more than two decades.12–16 The mechanisms involved

in the association of the innate immune system and glucose metabolism alterations are not

fully understood. However, the release of proinflammatory cytokines such as IL-1, IL-6,

TNFα; acute phase proteins like C reactive protein (CRP), monocyte chemotactic

protein-1 (MCP-1), sialic acid, and the adipokines such as leptin, adiponectin, resistin,

and visfatin, has been observed in T2DM patients, particularly when excess fat mass is

present.10, 17 These cytokines, as well as other acute phase proteins secreted during

inflammatory processes have been linked to the regulation of insulin resistance.18

Increased energy intake may induce the production of acute phase markers such as

CRP and sialic acid.19, 20

1.3 Nutritional Metabolism of n-3 and n-6 PUFAs
ThePUFAs are divided into several families, ofwhichn-9,n-6, andn-3 are themost impor-

tant.21 Oleic acid (C18:1) of the n-9 family can be synthesized by plants and animals from

stearic acid (C18:0) by the delta-9-desaturase enzyme. Only plants have the necessary

enzymes to produce n-3 and n-6 fatty acids α-linolenic (C18:3n-3) and linoleic

(C18:2n-6) from oleic acid (C18:1). On the other hand, animals are unable to synthesize

these parent precursor n-3 and n-6 fatty acids, however, they can desaturate and elongate

them when obtained from the diet, thus they are called essential fatty acids.21–23 Vegeta-

bles, sunflower and safflower oils are rich in n-6 parent fatty acid linoleic fatty acid, while

vegetables and flaxseed contain the n-3 α-linolenic fatty acid. Both require delta-6 desa-

turase for their conversion to γ-linolenic (C18:3n-6 or GLA, found in blackcurrant and

borage seed oils) and octadecatetraenoic acid (18:4n-3), respectively. Animals have elon-

gase and delta-5 and -4 desaturases, in order to produce long-chain (LC) n-6 metabolites,

such as dihomo-γ-linolenic (C20:3n-6 or DHGLA), arachidonic (C20:4n-6 or AA), doc-

osatetraenoic (C22:4n-6), and docosapentaenoic (C22:5n-6) acids; as well as n-3 LC

eicosapentaenoic (C20:5n-3 or EPA, found in seafood, fish, and fish oils), docosapentae-

noic (C22:5n-3 or DPA), and docosahexaenoic (22:6n-3 or DHA, found in seafood,
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fish, and fish oils) fatty acids. The same enzymes are responsible for desaturation and elon-

gation of all PUFAs, however their affinity varies (n-3>n-6>n-9).21 the PUFAs contain-

ing 3, 4 and 5 double bonds are precursors to prostaglandins, thromboxanes, leukotrienes,

and lipoxins. Prostaglandins, unstable peroxidized intermediates, are produced by the

cyclization and incorporation of oxygen to a specific site in the precursor dihomo-γ-lino-
lenic, arachidonic, and eicosapentaenoic fatty acids. Prostaglandin E is named PGE1,

PGE2, or PGE3; thromboxane is namedTXA1, TXA2, or TXA3, depending on their pre-

cursor C20-PUFA, C20:3n-6 (DHGLA), C20:4n-6 (AA), or C20:5n-3 (EPA), respec-

tively. Leukotrienes LTB4 (proinflammatory) and LTB5 (less proinflammatory than

LTB4) are produced from5, 12, and 15 hydroxy acids by lipoxygenase or hydroperoxidase

enzymatic activity.21, 24 Furthermore, EPA and DHA are substrates for the biosyntesis

of the resolvins, protectins and maresins which can promote inflammation resolution.

Dietary PUFA (n-3, n-6, and n-9) can change the fatty acid composition of

cellular membranes of the immune system, for instance, EPA and DHA from fish oil, can

modulate immunecell functions, inflammation, autoimmune and inflammatorydiseases.25–30

Supplementation with n-3 FAs EPA and DHA can reduce the 2-series prostaglandins and

4-series leukotrienes and increase synthesis of the less proinflammatory 3-series

prostaglandins, that is, PGE3, PGI3, and TXA3 and 5-series leukotrienes, i.e., LTB5, as well

as reduce proinflammatory cytokine production, i.e., TNF-α, IL-1β, IL-6.However, certain

n-6 fatty acids, for example, GLA and DHGLA can also have various anti-inflammatory

actions.25–29

1.4 Inflammatory Markers in T2DM
Risk of developing, as well as the presence of T2DM has been associated with changes in

the secreted cytokines from an anti- to a proinflammatory profile. For instance, elevated

IL-β, through the activation of NLRP3b inflammasome is found in T2DM, due to the

infiltration of macrophages and other cells into adipose tissue.31

A meta-analysis by Wang et al. concluded that the elevation of IL-6 and CRP sig-

nificantly increases the risk of developing T2DM.32 A study by our research group

showed that Mexican patients with T2DM had higher proinflammatory cytokines when

compared with subjects without T2DM.33 Other markers of inflammation, such as sialic

acid, α1-antitrypsin, ceruloplasmin, fibrinogen and haptoglobin, have also been identi-

fied as predictors of T2DM, particularly associated with obesity. Fibrinogen, homocys-

teine, and PAI-1 increase with insulin resistance.34

On the other hand, lower concentrations of adiponectin, omentin, and IL-10 have

also been identified as related to risk of developing T2DM.35, 36

A recent study by Weiyi et al. demonstrated that patients with T2DM had decreased

natural antibodies against proinflammatory cytokines (IL-6, IL-8, and TNF-α) when
compared to non-T2DMcontrols; these antibodies were found to increase after 6months

of glucose-lowering therapy.37
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1.5 Effects of PUFA on Metabolic and Inflammatory Processes in T2DM
PUFAs have shown beneficial effects in patients with different chronic inflammatory dis-

eases.27,29 Total fat intake has been associated with T2DM through extensive epidemi-

ological studies, e.g., EPIC Norfolk Study and it has also been observed that replacing

saturated fat by mono- or polyunsaturated fat may have a positive effect on insulin metab-

olism, by modulating the inflammatory response.10, 38

Habitual intake of PUFA, particularly n-3, has been associated with the improvement

in insulin action through several metabolic pathways, such as suppression of hepatic lipo-

genesis, reduction in the release of triacylglycerols from liver, improvement in ketogen-

esis, and oxidation of fatty acids in liver and skeletal muscle.39

Several investigations have evaluated the effect of fatty acid supplementation in the

evolution of T2DM, reporting beneficial effects. The hypotriacylglyceridemic effects

of n-3 fatty acids from diets rich in oily fish or fish oil supplements; reduction in serum

total cholesterol; increases in HDL cholesterol; decreases in very low-density lipoprotein

(VLDL), and improvement in atherogenic index, have all been described.40–47 Other

studies have shown improvement in glucose serum concentrations and HbA1c, related

to an increase in the time of residency of glucose transporters type 1 and 4 (GLUT1 and

GLUT4) in the plasma membrane (which leads to an expansion of the intracellular pool

of glucose-6-phosphate and increased skeletal muscle glycogen synthesis). 40, 48, 49 Insulin

sensitivity may therefore improve because of the effects of fatty acid intake on membrane

fluidity; Shah et al. reported a positive effect,50 but in some trials, no such changes have

been reported.51, 52

Another potentially important effect described is a decrease in oxidative stress,53 by

the stimulation of antioxidant enzymes, and inhibition of phospholipase A2, as well as the

incorporation of n-3 fatty acids into membrane lipids and lipoproteins making double

bonds less available for free radical attack.

Anti-inflammatory effects related to the counteracting of the low-grade chronic

inflammation, mediated by the expression of cytokines and adipokines have also been

reported, 47, 54 as well as associated with the less potent proinflammatory actions of eicos-

anoids synthesized from EPA, compared with those synthesized from arachidonic acid.

Jacobo-Cejudo et al. in a study with n-3 PUFA supplementation in subjects with T2DM,

showed a beneficial effect on leptin and leptin/adiponectin ratio.55 EPA and DHA are

also substrates for the synthesis of resolvins and protectins which are involved in the

active resolution of inflammation.56 However, despite the above, some studies have

not reported such beneficial effect.57

Recently an increase in a “myokine” (called Irisin) with anti-inflammatory properties,

which prevents insulin resistance, has been described after the administration of n-3

fatty acids.58

Other beneficial effects of n-3 PUFA such as reduction in cardiovascular risk,59–61

improvement in microvascular function, as well as improvement in gene expression
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of AdipoR1 and AdipoR2 could also be potentially important 62 However, undesirable

effects have also been reported, including the increase in serum glucose levels, homeo-

static model assessment (HOMA) index, HbA1C,63 plasma cholesterol, and low-density

lipoprotein cholesterol (LDL-C).64

Table 1 summarizes the results of clinical trials with n-3 PUFA supplementation in

T2DM measuring different endpoints. Differences in results may be due to differences

in ethnicity of the population, small sample size, and short study duration and due to

the different dose of n-3 PUFA intervention used in the trial designs.

In recent years, meta-analysis studies related to the supplementation of n-3 PUFA and

its effect on patients with noncommunicable diseases such as diabetes have been pub-

lished. Supplementation has been administered in the form of fish-derived n-3 fatty acids,

fish oil, algae, microalgae, and n-3 extracts. For the most part, the studies used inclusion

criteria such as1 cohort investigating the association between n-3 PUFA supplementation

and the incidence of T2DM2; analyzing relative risks (RRs), risk ratios (RR) or odds

ratios (OR) with a confidence interval (CI) of 95%3; reporting at least three levels of

quantitative n-3 PUFA exposure for the dose-response analysis4; the method of dietary

evaluation5; participants diagnosed as T2DM, and6 including biochemical parameters

and inflammation biomarkers.

The results of these analyses (Table 2) show that dietary and circulating n-3 PUFAs

were positively associated with T2DM, or there was no significant association. The data

show that there are ethnic differences in the response to n-3 PUFA consumption among

the Asian and Caucasian population. n-3 PUFAs have a beneficial effect on insulin sen-

sitivity in the Asian population, but not in the Caucasian population. In addition, PUFAs

play a crucial role in the prevention of noncommunicable dieases (NCDs) including dia-

betes.74, 76 The source of n-3s has different effects, for example, the consumption of

marine n-3 PUFA shows protective associations for the risk of developing T2DM in

Asian populations, but is positively associated with the risk of T2DM inWestern popula-

tions.65 These data differ from those found in other studies of risk estimates, which indi-

cate that there is no association between the consumption of n-3 and the relative risk of

diabetes mellitus in European studies, being different from the United States, where the

association is direct, with an inverse association in Asian/Australian studies.66

The effects of n-3 PUFA on the lipid profile and safety, that is, the safety of its use in

the treatment of the hypertriglyceridemia of T2DM, is convincing,67 and consistent with

studies in subjects without T2DM. Studies have also shown significantly decreased

parameters such as CRP in patients with diabetes56 but no improvement in insulin sen-

sitivity independent of the dose of n-3 administered68 and no effect on insulin resis-

tance.69 In an aged T2DM population, a higher intake of n-3 PUFA from fish or

shellfish did not show significant effects on the risk of T2DM70; unlike supplementation

with high and appropriate sources and high doses of n-3, which have shown beneficial

results in the prevention of T2DM in other age groups.71
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Table 1 Summary of clinical trials of n-3 PUFA supplementation in patients with Type 2 diabetes mellitus
Author
year
country

Gender
Age range Subjects Intervention Duration Results

Mostad

et al.45

2008

Norway

Men and women

40–75 years

old

Not taking insulin

BMI 29–30
5.9-g fish oil¼1.8g

EPA/3.0g DHA vs

corn oil¼8.5mg

linoleic acid

9 weeks Lowered VLDL

Shah et al.49

2007

United

States

Men

Mean age

54.6 years

Not taking insulin

BMI 29–30
Fasting glucose

<200mg/dL

Salmon oil¼6g of n-3

PUFA vs flaxeed oil

One

dose

Reduced postprandial

response to insulin

Waite et al.50

2008

UK

No data BMI>25 Fish oil¼440mg

DHA/660mg EPA

8 weeks No effect on insulin or

glucose

Barre et al.51

2008

Canada

Men and women

>18 years old

Not taking insulin

BMI 30–32
Flaxseed oil¼60mg

ALA/kg/d vs

safflower

oil¼103mg oil/kg/

d

12 weeks No effect on insulin,

glucose or HbA1c

Garg et al.39

2007

Australia

Men and women,

no specific age

Not taking insulin

Mean BMI>28.8

540mg EPA and

600mg DHA

6 weeks Decrease in

triacylglycerides

(TG), no effect on

glucose and HbA1c

Kabir et al.40

2007

France

Women

Mean age

55 years

Postmenopausal women

with BMI 30

3-g fish oil vs placebo 8 weeks Decrease in TG, no

effect on insulin

sensitivity

de Luis et al.41

2009

Spain

Men and women

Mean age

55 years

Hypertracyliglyceridemia

BMI 30

930mg EPA/750mg

DHA

12 weeks Decrease in TG and

CRP, no effect on

glucose or insulin

Holman

et al.42

2009

UK

Mean age

64 years

No stroke history

BMI>31

920mg EPA/760mg

DHA vs 920mg

EPA/760mg DHA/

Atorvastatin vs

placebo

16 weeks Decrease in TG, no

effect on HbA1c
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Nomura

et al.44

2009

Japan

Men and women

Mean age

66 years

Dislipidemia

BMI>27

1800mg EPA 36 weeks Decrease in cholesterol,

LDL-c, TG and

adiponectin

Rizza et al.43

2009

Italy

Men and women

Mean age

30 years

BMI>26 2000mg EPA/2000mg

DHA vs placebo

12 weeks Decrease in TG and

TNF-α

Norris et al.47

2009

United

States

Women younger

than 70 years

old

Postmenopausal

BMI>30

8-g Linoleic acid vs

flaxseed oil

16 weeks Improvement of

glucose,

inflammation

biomarkers and lipid

profile

Stirban et al.61

2010

United

States

Men

37–78 years

old

No stroke history

BMI 31

2000mg EPA/2000 mg

DHA vs placebo

6 weeks Improvement of

microvascular

function

Azizi-

Soleiman

et al.53

2013

Iran

Men and women

Mean age

54.9 years old

BMI between 20 and 35 EPA 1 g/day and DHA

1 g/day vs placebo.

12 weeks Decrease in

malondialdehyde, no

effect on CRP, blood

glucose nor BMI

Lee et al.54

2014

United

States

Men and women

Mean age

57.8 years

Early-stage of T2DM or

metabolic syndrome

Corn oil vs botanical oil

vs fish oil

8 weeks Fish oil increased serum

levels of n-3

LcPUFAs (EPA,

DPA, and DHA),

reduced CRP levels,

decreased serum

levels of TG, and

increased HDL-

cholesterol and

insulin

Dasarathy

et al.63

2015

United

States

Men and women

Mean age

50.6 years

Well-controlled diabetes

(HbA1C<8.5%) and

nonalcoholic

steatohepatitis

EPA 2160mg and DHA

1440mg vs placebo

48 weeks Increased blood

glucose, HOMA

index and HbA1C.

No effects on hepatic

tissue

Continued
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Table 1 Summary of clinical trials of n-3 PUFA supplementation in patients with Type 2 diabetes mellitus—cont’d
Author
year
country

Gender
Age range Subjects Intervention Duration Results

Tremblay

et al.64

2016

Canada

Men Mean BMI 34.1 3g/d of EPA (64%) and

DHA (36%) vs corn

and soybean oil

8 weeks Reduced fasting TG

levels but also

increased levels of

plasma cholesterol,

LDL-C, and HDL-C

Toorang

et al.48

2016

Iran

Men and women

52–65 years

old

Not taking insulin;

absence of other

chronic diseases

EPA¼1548mg,

DHA¼828mg and

338mg of other n-3

fatty acids vs 2100mg

sunflower oil

8 weeks No effect on

antioxidant enzyme

activity, reduction in

HbA1c level

Toupchian

et al.59

2016

Iran

Men and women

30–70 years

old

BMI 18.5–35 1542mg of DHA and

400mg of EPA vs

placebo

8 weeks Reduction of CVD risk

and controlling the

complications caused

by diabetes

Mazaherioun

et al.62

2016

Iran

Men aged

30–65 years

and

premenopausal

women

>30 years

BMI 25–40 1800mg EPA and

900mg DHA vs

placebo

10 weeks Improvement of gene

expression of

AdipoR1 and

AdipoR2 and serum

adiponectin level and

glycemic status

Balfegó

et al.60

2016

Spain

Men and women

Mean age

60.5 years

Drug-naı̈ve patients with

type 2 diabetes

100g of sardines 5 days a

week

24 weeks No improvement in

glycemic control, no

effect on adipokines

levels either gut

microbiota.

Reported beneficial

effects on

cardiovascular risk
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Ansari et al.58

2017

Iran

Men and women

30–65 years

old

BMI 25–35 900mg of DHA and

1800mg of EPA vs

placebo

12 weeks Increased serum irisin

Chauhan

et al.46

2017

United

States

Men and women

43–63 years

old

Newly diagnosed

diabetes mellitus

patients only on

metformin treatment

Group I metformin and

placebo; group II

metformin and n-3

fatty acids (1g) once

daily; group III

metformin and n-3

fatty acids (1g) twice

daily

12 weeks Reduction in TG,

improvement in

atherogenic index

favourably, no

reduction in glucose

Poreba et al.57

2017

Poland

Men and women

Mean age

65.6 years old

DM2 and a history of

coronary artery disease

EPA 1g/day and DHA

1g/day vs placebo

12 weeks No improvement in

coagulation,

metabolic or

inflammatory status

Jacobo-

Cejudo

et al.55

2017

Mexico

Men and women

range age

35–60 years

old

BMI > 30 320 mg of EPA and

200 mg of DHA vs

placebo

24 weeks Improved serum

glucose, HbA1c,

leptin, and leptin/

adiponectin ratio,

lipid profile and waist

circumference
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Table 2 Meta-analyses related to the effect of n-3 PUFA supplementation and diabetes mellitus
Author
Year Subjects Inclusion criteria Studies included Results

Zheng

et al.65

2012

24,509 T2D patients and

545,275 participants

1. 1. Prospective cohort study

design

2. 2. Dietary intake of fish,

fatty fish, shellfish, n-3

PUFA, marine n-3 PUFA

or alpha-linolenic acid

3. 3. T2D incidence

4. 4. Relative risk (RR) or

hazard ratio (HR) with the

corresponding 95% confi-

dence interval (CI)

24 Published

studies:

1 from

Australia,

1 from Cuba,

7 from Europe,

8 from Asia, 7

from the

United States

Marine n-3 PUFA

consumption had protective

associations with risk of T2D

in Asian populations, but

was positively associated

with risk of T2D in Western

populations

Wallin

et al.66

2012

527,441 Participants and

24,082 cases of diabetes

1. 1. Prospective design (pro-

spective cohort studies or

nested case-control studies)

2. 2. The exposure studied

was self-reported fish con-

sumption or dietary intake

of long chain n-3 fatty acids

3. 3. The outcome of interest

was incidence of type 2

diabetes

4. 4. Relative risk (RR) esti-

mates with 95% CI

14 Studies The summary risk estimates

indicate no association

among European studies, a

direct association among

U.S. studies, and an inverse

association among Asian/

Australian studies

Reis et al.67

2014

2105

Hypertriglyceridemic

patients with T2DM

The source of n-3 PUFA

supplementation were

isolated n-3 PUFA, fish oil,

EPA or DHA

14 Studies:

3 from Italy

3 from France

2 fromAustralia

1 from Sweden,

United States,

Canada, Iran,

Spain, and

Brazil

Safety use of n-3 PUFA in the

hypertriglyceridemic

treatment of T2DM

population
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Lin et al.56

2016

955 Participants Data for at least one

inflammation biomarker;

diagnosed or confirmed

T2DM, with reported

impaired fasting glucose, a

control arm, with or without

a placebo

8 Randomized

control trials

(RCT)

Persons with T2DM who

received n-3 PUFA

supplements had

significantly lower CRP

levels compared with

subjects in control groups

Gao et al.68

2017

672 Participants Human RCTs with fish oil

supplementation

intervention (including n-3

fatty acid, n-3 fatty acid,

DHA, EPA) Outcomes of

baseline and after

intervention insulin

sensitivity or insulin

resistance

17 Studies:

1 was crossover

design and

16 were parallel

design

Fish oil supplementation did

not improve insulin

sensitivity overall

There was no influence of

dosage of supplementation

and measure of insulin

sensitivity on the outcomes

Abbott

et al.69

2016

1848 Participants Included either a dietary or

supplemental n-3 PUFA

intervention with a

measurable dose of n-3

PUFA

31 RCT parallel

and crossover

designs:

10 from United

States,

1 from Canada,

12 from

Europe,

6 from

Australasia

2 from South

America

It was shown that overall n-3

PUFAs do not affect

measures of insulin resistance

Continued
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Table 2 Meta-analyses related to the effect of n-3 PUFA supplementation and diabetes mellitus—cont’d
Author
Year Subjects Inclusion criteria Studies included Results

Zhang

et al.70

2013

896,665 Participants 1. 1. Prospective cohort

design and study the asso-

ciation between fish/sea-

food, n-3 fatty acid intake,

and the incidence of T2D

2. 2. Risk ratios or odds ratios

have to be available with

95% confidence intervals

(CI)

3. 3. Consumption of fish/

seafood and/or LC

n-3 PUFA

4. 4. Participants at baseline

were not already diagnosed

as being diabetic

11 Prospective

studies

Showed no significant effect of

fish/seafood or marine LC n-

3 PUFA intake on risk of

T2D

Chen

et al.71

2017

426,852 Participants 1. 1. Cohort design investi-

gating the association

between n-3 supplementa-

tion and the incidence of

type 2 diabetes

2. 2. Relative risk (RR),

hazard ratios (HR) or odds

ratios (OR) with 95% CI

3. 3. At least three quantitative

exposure levels of n-3 for

dose-response analysis

4. 4. Showed the method of

dietary assessment

5. 5. Participants at baseline

who were not diagnosed as

Type 2 diabetes

10 Cohort studies

with three

dietary factors

(EPA, DHA,

and mixed n-3)

The appropriate dosage and

compositions of n-3, and

early n-3 supplementation

might be beneficial for type

2 diabetes prevention
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Jovanovski

et al.72

2017

212 Participants Included RCTs that compared

ALA intake with an

appropriate control in a

T2DM population, studies

assessed at least one of

HbA1c, fasting blood

glucose (FBG), fasting blood

insulin (FBI), HOMA-IR,

fructosamine, or glycated

albumin

8 RCT:

5 from North

America (4 in

Canada, 1 in

United States),

2 fromAustralia

1 from Brazil

The effect was neutral. It

suggest that there may be

greater benefit from

incorporating ALA-

containing foods to see

major effect

Wu et al.73

2012

540,184 Participants Prospective cohort studies that

provided a multivariate-

adjusted effect estimate

(odds ratio, relative risk

[RR], or hazard ratio) and

information about its

variance for any of the

exposures of interest and

incident DM

16 studies: 7 from

United States, 5

from Europe, 3

from Asia, 1

from Australia

Neither EPA+DHA nor fish/

seafood intake have

significant associations with

risk of DM overall, while

plant-derived ALA is

associated with

nonsignificant trends toward

lower risk.

Akinkuolie

et al.74

2011

561 Participants All RCT studies with fish oil or

n-3 PUFA as the only active

intervention

11 RCTs n-3 PUFA consumption did

not affect insulin sensitivity.

Chen

et al.75

2015

1209 Participants 1. 1. Included subjects with

T2DM

2. 2. Included n-3 fatty acids

and placebo/vegetable oil

for comparison

3. 3. Had a minimum dura-

tion of 2 weeks

4. 4. Assessed clinical

measures

20 RCT The composition of mixed n-3

fatty acids (EPA/DHA) may

affect glucose control and

lipid levels

Early supplementation of n-3

in healthy individuals may

bring out more beneficial

clinical outcomes

RCT, randomized control trials.
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2. CONCLUSION

Analysis of the evidence from clinical trials andmeta-analyses indicates that the consumption

of LC n-3 PUFA either as a supplement or in the diet has positive beneficial effects in some

populations with T2DM. There are several biologically plausible mechanisms, which may

account for the beneficial effects of n-3 PUFA inT2DM.These include improvement of the

dysregulated lipid profile in T2DM and a decrease in the proinflammatory cytokines. One

of the most likely is helping to attain equilibrium between the pro- and anti-inflammatory

mediators that are both cause and effect of the metabolic alterations leading to the develop-

ment of T2DM, as well as to the numerous consequences of its chronicity.
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1. INTRODUCTION

Oleic acid (OA) is the principal monounsaturated fatty acid (MUFA) present in olive oil

and nuts, especially peanuts and walnuts.1–4 These are two key bioactive foods of a

healthy dietary pattern such as the Mediterranean Diet (MedDiet), known for its bene-

ficial properties and as a cultural heritage of Mediterranean populations.5 The OA

content is approximately 15% of the total energy intake in a traditional MedDiet.6,7

Olive oil is obtained from the olive tree (Olea europaea, from the family Oleaceae), a

traditional Mediterranean fruit that can be consumed as extra virgin olive oil or as a

refined product.8 Differences between refined and virgin or extra virgin olive oil must

be taken into account because the existing evidence supports the beneficial effects of vir-

gin or extra virgin olive oil varieties only.1,9 During the refining process, minor but still

important compounds such as polyphenols are lost; virgin or extra virgin varieties, how-

ever, are produced with mechanical mechanisms that conserve all of the beneficial

compounds.1

Olive oil has a high content of OA (56%–84% of its total fatty acids), which is a mono-

unsaturated omega-9 fatty acid because of the single double bond in the carbon nine posi-

tion.8 In contrast to omega-3 and omega-6 fatty acids, omega-9 fatty acids are not

essential because humans are capable of synthesizing OA from stearic acid by the action

of the enzyme 49-desaturase.10 Additionally, OA is the major fat component in pea-

nuts.3 For these reasons, an OA-rich diet can easily be attained with regular daily intake

of olive oil and/or nuts.3

There is limited evidence of the direct role of OA in disease and health, due in part to

the difficulty of separating the OA content from olive oil and nuts from the other com-

ponents of a dietary pattern such as the MedDiet1; another reason is the fact that olive oil
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and nuts have other bioactive compounds, such as polyphenols, which have been shown

to have beneficial properties in the prevention and management of diabetes.2,11,12 Thus,

OA may not be the only component of these foods responsible for the potential health

benefits associated with their intake.2

In this chapter, the benefits of OA and MUFAs have been described because the

scientific studies were designed to assess the relationship between OA as a MUFA and

the prevention or progression of diabetes and its complications. Currently, there is no

evidence related to the role of OA or MUFAs in the prevention of type 1 diabetes mel-

litus (T1DM); this lack of data may be due to the limited interest up to now in the

involvement of this nutrient in the pathogenesis of the autoimmune process that leads

to the development of T1DM. Correspondingly, few studies have examined the con-

sumption of OA and monounsaturated fatty acids (MUFAs) with the development of

diabetic complications in T1DM (Table 1). Therefore, this chapter focuses on the

evidence related to the intake of OA and MUFAs in type 2 diabetes mellitus (T2DM).

2. PREVENTION OF DIABETES MELLITUS WITH OA INTAKE

Several studies have determined the beneficial properties of OAwithin theMedDiet pat-

tern in the prevention of T2DM.5,24–27 The most important cohort studies and dietary

intervention trials indicate that as olive oil and nut intake increases, so do serum levels of

OA, which is beneficial in the incidence, prevalence, and progression of the metabolic

syndrome.24–28 The EPIC-Interact study,25 which included a large sample of patients

with T2DM and participants without the disease, showed that a high adherence to

the MedDiet reduced the risk of T2DM by 12% in comparison with a low adherence

to this dietary pattern. More recently, the PREDIMED study, a randomized clinical trial

with a sample of 7216 subjects at high cardiovascular risk (50% of the sample had T2DM)

determined a 40% lower risk of T2DM with a MedDiet supplemented with extra virgin

olive oil.28 An extensive description of the PREDIMED trial is provided in Chapter 24.

Additionally, they showed improvements in glucose metabolism and body weight

(factors related to new-onset diabetes) with the intake of olive oil within a MedDiet.28

Moreover, the Nurses’ Health Study (NHS I and II), with a sample of 59,930 (NHS I)

and 85,157 (NHS II) women, reported a 6% lower risk of T2DM for each 8-g additional

daily intake of olive oil.5 Furthermore, a high adherence to the MedDiet in European or

Mediterranean populations was related to a 20% lower risk of T2DM; this finding was

confirmed in another study that described a lower risk of T2DM with the intake of OA

after 9 years of follow-up.29 There are two prospective studies with large cohorts of

participants without diabetes that found inconsistent results regarding the relationship

between the incidence of T2DM and the intake of monounsaturated fatty acids

(MUFAs) and saturated fatty acids (SFAs).29,30 The Cardiovascular Health Study

included a large nondiabetic cohort and did not find a relationship between a high intake
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Table 1 Scientific studies related to the impact of monounsaturated fatty acids (MUFA) and oleic acid (OA) in the development of diabetic
retinopathy and nephropathy

Study Year Country
Study
design Sample size Subjects Age

Outcome
type

Dietary
factor

Dietary
assessment Findings

Diabetic retinopathy

Alcubierre

et al.13
2016 Spain Case-

control

Cases: 146

Controls:

148

T2DM 40–75 Prevalence OA,

MUFA

Validated

FFQ

High intake of MUFA

vs low intake of

MUFA, OR 0.42

(95% CI: 0.18–0.97)
High intake of OA

vs low intake of OA,

OR 0.37 (95%

CI 0.16–0.85)
Stronger associations

with longer diabetes

duration

Dı́az-López

et al.14
2015 Spain Post hoc

analysis

from

RCT

3614 T2DM 55–80 Incidence MedDiet

+EVOO

MedDiet

+nuts

Validated

FFQ

MedDiet+EVOO,

HR 0.56 (95% CI:

0.32–0.97)
MedDiet+nuts,

HR 0.63 (95% CI:

0.35–1.11)
Sasaki

et al.15
2015 Australia Cross-

sectional

379 Any diabetes >18 Prevalence MUFA Validated

FFQ

Per 10 energy-adjusted

g, OR 1.19 (95%

CI: 0.74–1.92)
Roy et al.16 2010 United

States

Prospective 469 T1DM NR Progression

and

incidence

OA Validated

FFQ

High intake of OA vs

low intake, OR 1.40

(95% CI: 1.11–1.77)
dependently of age,

sex, physical activity,

HbA1c,

hypertension.

Continued



Table 1 Scientific studies related to the impact of monounsaturated fatty acids (MUFA) and oleic acid (OA) in the development of diabetic
retinopathy and nephropathy—cont’d

Study Year Country
Study
design Sample size Subjects Age

Outcome
type

Dietary
factor

Dietary
assessment Findings

Cundiff

et al.17
2005 United

States

Prospective 1412 T1DM 13–39 Progression MUFA Dietary

Interview

MUFA intake

correlated with

retinopathy

progression rate,

r¼0.12; P< .001.

Roy et al.18 1989 United

States

Cross-

sectional

34 Any diabetes NR Prevalence MUFA 3-Day dietary

record

No association (data

not shown).

Diabetic nephropathy

Ortiz-Avila

et al.19
2017 Mexico In vitro NR Kidney

mitochondria

– Pathogenesis OA from

avocado

oil

– Augmented

mitochondrial

content of OA.

Hypoglycemic

effect.

Reduced lipid

peroxidation and

reduced glutathione.

Reduced ROS.

Dı́az-López

et al.14
2015 Spain Post hoc

analysis

from

RCT

3614 T2DM 55–80 Incidence MedDiet

+EVOO

MedDiet

+nuts

Validated

FFQ

MedDiet+EVOO,

HR 1.15 (95% CI:

0.79–1.67)
MedDiet+nuts,

HR 1.06 (95% CI:

0.72–1.58)
Dominguez

et al.20
2015 United

States

In vitro Diabetic rats

with renal

ischemia:

11

Lean rats:

6

Renal tubular

cells

– Pathogenesis OA - Substantial increment

in renal tubule iron

accumulation.



Diabetic

rats with

sham

surgery: 7

Yasuda

et al.21
2014 Japan In vitro NR Podocytes – Progression OA,

MUFA

– Not induction of

apoptosis.

Antagonized

palmitate-induced

apoptosis.

Liu et al.22 2013 China In vivo Lean: 4

Vehicle:

12

Losartan:

8

Nitro-

OA: 10

Losartan

+nitro-

OA: 11

Mice – Pathogenesis Nitro-OA – Moderately

ameliorated kidney

injury.

With losartan,

remarkably reduced

albuminuria,

restored glomerula

filtration barrier

structure, attenuated

glomerulosclerosis,

and suppression of

renal oxidative stress

and inflammation.

Sieber

et al.23
2010 Switzerland In vitro – Podocytes – Pathogenesis OA – Prevent podocyte

apoptosis and

necrosis.

Attenuate CHOP

induction.

CHOP, proapoptotic C/EBP homologous protein; CRF, cardiovascular risk factors; EVOO, extra virgin olive oil; FFQ, food frequency questionnaire; HbA1c, glycated hemoglobin; MedDiet,
Mediterranean Diet; MUFA, monounsaturated fatty acids; NR, no report; RCT, randomized clinical trial; T1DM, type 1 diabetes mellitus; T2DM, type 2 diabetes mellitus



of SFAs and MUFAs instead of carbohydrates with the incidence of T2DM after 9 years

of follow-up.29 In addition, the intake of MUFAs was not related to the development of

T2DM, although a low intake of carbohydrates and fiber was associated with new T2D

after 14 years of follow-up.30 On the other hand, a recent cross-sectional study with a

large sample of subjects without diabetes suggested that serum MUFA and OA levels

were related to a higher risk of T2DM in Japan.31 They found a positive correlation

between serum concentrations of fatty acids and the homeostasis model assessment of

insulin resistance (HOMA-IR), fasting glucose, triglycerides, high-sensitivity

C-reactive protein, and urinary 8-epi-prostaglandin-F2α.
31

3. BENEFITS OF OA IN T2DM

Diabetes mellitus or impaired glucose tolerance are frequent components of the meta-

bolic syndrome.32 T2DM is characterized by both metabolic disturbances and a low-

grade systemic inflammatory state. These metabolic disturbances may include alterations,

such as high blood pressure, overweight and obesity, hyperglycemia, an atherogenic lipid

profile, insulin resistance and prothrombotic alterations affecting hemostasis, platelet

aggregation, and fibrinolysis.

Currently, there are no specific nutritional recommendations regarding total dietary

fat content in the management of diabetes. The American Diabetes Association only

describes the importance of the Mediterranean-style eating pattern rich in MUFAs to

prevent the incidence of the disease and development of diabetic complications.33

A recent systematic review concluded that the quality of fat is more important than total

intake of fat, and diets based on vegetal fats could be more advantageous in comparison

with those based on animal fats.34

Many studies have described the beneficial properties of MUFA consumption, and

olive oil in particular, as a main food source of OA in the Mediterranean eating pattern

(Table 2). Randomized clinical trials reported an improvement in systemic inflammation

with the MedDiet and olive oil intake in patients with the metabolic syndrome and

T2DM35,36 (see also Chapter 24). The management of T2DM has improved with the

intake of olive oil within a MedDiet context. A review of a health consensus report

described that MUFA-rich diets have beneficial effects in several proatherogenic condi-

tions such as diabetes, dyslipidemia [e.g., postprandial lipemia and high low-density lipo-

protein (LDL) concentrations], lipoprotein oxidation, inflammation, thrombosis, and

endothelial dysfunction.32

3.1 Blood Pressure
The European Prospective Investigation into Cancer and Nutrition (EPIC) study, a mul-

ticenter study with a large cohort of subjects without diabetes, determined that a high

intake of olive oil reduces systolic and diastolic blood pressure independent of patients’
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sociodemographic or anthropometric traits or the energy intake and expenditure in a

nondiabetic population.37 Ameta-analysis of randomized clinical trials demonstrated that

a MUFA-rich diet (more than 12% of total energy intake), especially one high in OA, has

beneficial effects on cardiovascular risk factors and reduces systolic and diastolic blood

pressure in patients with T2DM.38 Additionally, it reduces the long-term (10 year) car-

diovascular risk because of the inverse association between OA intake and systolic and

diastolic blood pressure.39

3.2 Adiposity Parameters
AMedDiet supplemented with extra virgin olive oil intake improves all anthropometric

variables related to the development of diabetes mellitus,40 that is, body weight, waist

circumference, total body fat, and body mass index (BMI). According to a review per-

formed in a health consensus report, the lack of a fattening effect of olive oil intake allows

for the satiating effect and the ensuing compensation of vegetables or other low-calorie

foods in the MedDiet.32 For this reason, diets rich in fats (approximately 40% fat) derived

from nuts or olive oil are recommended as an alternative to low-fat diets for body weight

management in diabetic adults with overweight or obesity.40 A prospective study in a

Table 2 Benefits of monounsaturated fatty acids (MUFA) in diabetes mellitus
Factors Oleic acid benefits

Blood pressure - Reduces SBP and DBP.

Anthropometry - Reduces body weight, waist circumference, total body fat,

and BMI.

Glycemic control - Improves glucose metabolism and endothelial dysfunction

in the inflammation process.

- Reduces HbA1c.

- Improves glucose homeostasis.

Lipid profile - Decreases oxidation of postprandial lipoproteins.

- Reduces tryglycerides and LDL.

- Increases HDL.

Insulin resistance - Functional variability of pancreatic beta-cells, beta-cell

insulin, and basal insulin secretion.

- Decreases postprandial insulin, glucose induced insulin

secretion and insulin secretion index.

- Improves insulin resistance.

Hemostasis, platelet

aggregation and fibrinolysis

- Reduces thrombosis.

Inflammation - Inhibits TNF-α.
Others - Increases food thermogenesis.

- Increased efficacy of diabetes treatment.

BMI, bodymass index;DBP, diastolic blood pressure;HbA1c, glycated hemoglobin;HDL, high-density lipoprotein; LDL,
low-density lipoprotein; SBP, systolic blood pressure; TNF-α, tumor necrosis factor alpha.
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large cohort of patients without diabetes showed that a MUFA-rich diet (�12% of total

energy intake) reduced body fat in parallel with increasing serum OA levels.29 Further-

more, a meta-analysis from randomized clinical trials determined that an increase in

serum OA levels was related to a lower BMI and waist circumference.38

Evidence generated from studies of the mechanisms of satiety and adiposity indicates

that feeding stimulates the production of oleoylethanolamide (OEA), which is a lipid

messenger of satiety produced in the duodenum and jejunum.41 The intake of OA

has been shown to increase the intestinal mobilization of OEA in adult rats41; this

mobilization could explain the contribution of OA to the improvement in weight

management in diabetic patients with overweight or obesity.

3.3 Glycemic Control
An intervention with a high intake of MUFAs in a MedDiet improved glycemic control

after two years of intervention in participants with T2DM when compared with a low-

carbohydrate or low-fat diet.42 Furthermore, two meta-analyses of randomized clinical

trials determined that a high-MUFA diet improves glycated hemoglobin and fasting

blood glucose levels in patients with diabetes when compared with a low-MUFA diet

or a high-carbohydrate diet.38, 43 However, the effect of highMUFA intake on glycemic

or metabolic control has not been clearly established. Some cross-sectional studies of

nondiabetic subjects reported a positive relationship between the intake of MUFA

and fasting plasma glucose levels.31, 44 However, these adverse effects of MUFAs may

be due to the consumption of meat and dairy products rich in SFA, which is typical

in the Western diet.31 On the other hand, a randomized clinical trial with a small sample

of patients with T2DM did not demonstrate an effect on postprandial glucose levels fol-

lowing an olive oil-based MUFA-rich meal.45 A systematic review and meta-analysis of

randomized clinical trials showed a beneficial effect of MUFA-rich diets in improving

glycated hemoglobin in patients with T2DM.46

Olive oil intake induced larger incremental GLP-1 responses 8h after a meal when

compared with a butter and carbohydrate-rich meal in patients with T2DM.45 This

finding suggests a beneficial effect of olive oil in this pathway, since in T2DM, there

is a deficiency of glucagon-like peptide 1 (GLP-1). Briefly, GLP-1 is a peptide pro-

duced in the small intestine that promotes several actions that lead to improved glyce-

mic control and other metabolic benefits.47 GLP-1 has different physiological effects

related to improved glycemic and metabolic control, such as reduced gastric emptying,

decreased motility, and increased food transit time in the colon; increased thermogen-

esis and energy expenditure of brown adipose tissue; and decreased food intake

(increased satiety) and body weight.48 Additionally, a beneficial effect on GLP-1 result-

ing from a healthy fatty acid composition of the diet can be found in patients with

T2DM.45
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3.4 Lipid Profile
Several studies in patients with and without T2DM have shown that an SFA-rich diet

negatively impacts the lipid profile, specifically postprandial lipemia, and glucose homeo-

stasis.32,49,50 In contrast, another study observed that these factors have improved after

meals rich in MUFAs from olive oil in patients without diabetes.50 Systematic reviews

and meta-analyses of clinical trials and cohort studies revealed that a MUFA-rich diet

decreases triglyceride concentrations in comparison with low-fat or high-carbohydrate

diets in T2DM.42,51 Additionally, MUFAs have potential benefits in the lipid profile, that

is, increased serum concentrations of high-density lipoproteins (HDLs) in diabetic

patients, which may be beneficial in the prevention of cardiovascular diseases

(CVD).42 Furthermore, a small trial observed that MUFAs from olive oil reduced the

susceptibility to oxidation of LDL in subjects without diabetes, an effect that may be ben-

eficial in preventing atherosclerosis.52 Finally, a MUFA-rich meal (with olive oil) has

been shown to result in a reduction in postprandial triglyceride concentrations after

8 hours in patients with T2DM.45

The Cardiovascular Health Study described that the intake of SFAs and MUFAs

influences serum fatty acids in nondiabetic subjects,29 a higher intake of protein increased

palmitic and stearic acids, but these compounds did not influence the OA levels when

compared with fat intake. A high-carbohydrate diet, however, decreased palmitic and

OA serum levels in comparison with SFA, but it increased palmitic acid and reduced

OA serum levels when it was compared with a MUFA-rich diet.29 Furthermore, a diet

high in PUFAs increased serum levels of OA in comparison with a high-carbohydrate

diet.29 One randomized clinical trial showed that a high intake (50–100g/day) of nuts
(approximately 25% of energy intake) increased OA and MUFA serum levels in patients

with T2DM.39 Additionally, increased OA serum levels were related to higher HDL and

lower LDL plasma concentrations.29 AMedDiet rich in OA decreased the biomarkers of

risk, that is, cholesterol, LDL, ApoB48, Apo100, phospholipids, and total fatty acids in

comparison with a linoleic acid-rich diet in patients with T2DM included in a crossover

clinical trial.53 Two other clinical trials showed that a meal enriched with MUFAs from

olive oil decreased postprandial chylomicrons, which are strongly atherogenic in patients

with T2DM.45,54 As a result of all of these findings, it is reasonable to conclude that the

cardiovascular protective effect is due to MUFAs, specifically OA.39

3.5 Insulin Resistance
Insulin resistance is an important risk factor as well as one of the main pathogenic mech-

anisms leading to the development of T2DM. Insulin resistance is also closely linked with

the development of atherothrombotic CVD,55 which is one of the main complications of

type 2 diabetes. A recent meta-analysis of clinical trials showed an improvement in insulin

sensitivity when carbohydrates or SFAs were replaced with MUFAs.56 A replacement of
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5% of energy intake fromMUFAs instead of carbohydrates or SFAs lowered HOMA-IR

by 2.4% and 3.1%, respectively.56 Additionally, a higher insulin secretion was associated

with dietaryMUFAs from olive oil intake and PUFAs in patients without diabetes.49 The

reason for this finding could be that the composition of serum fatty acids reflects the type

of fatty acids consumed in the diet and likely has an effect on insulin production.49 More-

over, an OA-rich diet has been shown to improve insulin resistance in patients with

T2DM in comparison with a linoleic acid-rich diet.57 All these actions may contribute

to the antiatherogenic effect of OA. Additionally, a clinical trial with a small sample of

patients with T2DM observed that a MUFA-rich meal lowered postprandial insulin

while maintaining postprandial glucose levels58; this result was interpreted as an improve-

ment in insulin sensitivity. Therefore, all these studies support the concept that diets with

a high-energy intake from OA can be beneficial for improving insulin sensitivity in

patients with diabetes.

A study performed on rat pancreatic islets cells showed that treatment with OA

increased the secretion of basal insulin and decreased glucose-induced insulin secretion

with a reduction in the insulin secretion index (stimulated/basal insulin secretion).59 In

the same study, the mechanisms that mediated these effects were increased intracellular

[Ca++] levels (which are related to increased glucose-induced insulin secretion), pancre-

atic duodenal homeobox-1 (PDX-1) (improves different factors related with insulin

secretion), transcription of glucose transporter 2 (GLUT2), and regulation of

preproinsulin.59

3.6 Hemostasis, Platelet Aggregation, and Fibrinolysis
The OA also has beneficial effects on hemostasis and fibrinolysis, which are important

contributing factors in the development of CVDs. Different studies showed that OA

consumption decreases platelet hyperactivity and aggregation, decreases levels of the

coagulation factors FVII, FVIIc, FXII, FXIIa, and FXc, increases fibrinolysis, and reduces

plasma plasminogen activator inhibitor-1 (PAI-1) levels.60 Furthermore, a high-MUFA

diet reduced vonWillebrand Factor (vWF) levels, venous thrombosis, thrombotic occlu-

sion, and increased bleeding time, as well as prostacyclin and tissue plasminogen activator

(t-PA).60 All these actions translate into a favorable effect on the increased atherothrom-

botic milieu present in T2DM.

3.7 Low-Grade Inflammatory Response
An innate low-grade inflammatory state is characteristic of T2DM and themetabolic syn-

drome. Themain inflammatory cytokines driving this response are tumor necrosis factor-

alpha (TNF-α) and interleukin-6 (IL-6).61,62 These cytokines are produced by adipose

tissue and play an important role in the metabolic syndrome, which is characterized by

insulin resistance and inflammation.3 Few studies have analyzed the effect of OA on the
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inflammatory response in patients with metabolic syndrome.63,64 A meta-analysis of clin-

ical trials determined that the MedDiet with high MUFA intake decreased inflammation

in patients with the metabolic syndrome.64 Moreover, two clinical trials showed that a

MUFA-rich diet decreased TNF-α in subjects with the metabolic syndrome.62,65 On the

other hand, experimental studies have had inconsistent results.3,63,66,67 An experimental

study in vitro in rat pancreatic cells and in vivo in mice with T2DM observed that OA

was able to enhance insulin production because it reversed the inhibitory effect of

TNF-α3; this finding was similar to another study performed with human visceral ady-

pocites.63 However, in another study, OA had no effect on inflammatory cytokines.66

For this purpose, a diet rich in OA could be beneficial in T2DM.

4. EFFECT OF OA IN THE PREVENTION OF COMPLICATIONS

Few studies have assessed the relationship between OA intake and its role in the devel-

opment of late complications of diabetes, that is, microvascular and macrovascular

complications.

4.1 Microvascular Complications
Diabetic retinopathy (DR), diabetic nephropathy (DN) and diabetic neuropathy are the

typical microvascular complications of diabetes. Long-term exposure to chronic hyper-

glycemia in the different tissues explains the pathophysiology of microvascular compli-

cations; these microvascular complications occur in target tissues that are regularly

exposed to capillary glucose levels, that is, the retina, the kidneys, and the peripheral ner-

vous system.68 These complications develop as a result of a combination of endothelial

damage, oxidative stress, excess sorbitol production, activation of protein kinase C, and

advanced glycosylated end-product production due to hyperglycemia.68

Scientific evidence examining the role of MUFA in the development of microvas-

cular complications is very limited.69 Few studies have assessed the possible relationship

between MUFA and OA intake and the presence or progression of DR and DN in

patients with T2DM as well as in T1DM (Table 1). To our knowledge, the involvement

of MUFA in diabetic neuropathy has not yet been assessed in the scientific literature.

Therefore, further research is necessary to establish the potential role of MUFA in the

pathogenesis and prevention of diabetic complications.

4.1.1 Diabetic Retinopathy
Two recent systematic reviews showed that few studies have assessed the role of MUFA

and OA intake in the development of DR.69,70 Our group observed a protective

association of a high intake of OA and total MUFA with the prevalence of DR in a

case-control study of T2DM patients13; of note, this association was stronger with longer

disease duration. Moreover, the PREDIMED trial reported a protective effect of a
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MedDiet supplemented with extra virgin olive oil (rich in MUFA) in the prevention and

progression of DR.14 However, prospective and cross-sectional studies have not found

any association between MUFA intake and DR development in patients with diabe-

tes.15,16,18 In contrast, the Diabetes Control and Complications Trial (DCCT) reported

a positive correlation between MUFA intake and the progression of DR in patients with

T1DM in a post hoc analysis without any adjustment for potential confounders.17 For this

reason, further research is necessary to establish conclusive results between the intake of

MUFA and the presence of DR.

4.1.2 Diabetic Nephropathy
The pathophysiology of DN includes major stages such as glomerular hyperfiltration,

glomerular and tubular epithelial hypertrophy, glomerular basement membrane thicken-

ing, and the development of microalbuminuria followed by an accumulation of extracel-

lular proteins in the mesangium and overt proteinuria leading to glomerulosclerosis.71

Hyperglycemia and mitochondrial reactive oxygen species (ROS) overproduction were

also identified as key factors included in the development of DN.19 Furthermore, mito-

chondrial ROS are generally overproduced in diabetes either by alterations in oxidative

phosphorylation or by glutathione depletion, which may produce peroxidative damage

of the lipids within the mitochondrial membranes.19 Experimental studies in diabetic rats

observed that OA mitochondrial content increased as a result of an OA-rich diet,19 in

addition to a notable hypoglycemic effect, a reduction in lipid peroxidation, and deple-

tion of both ROS and glutathione. However, another study observed that OA seemed to

stimulate iron accumulation in renal tubular cells in vitro, which could be counterpro-

ductive for DN.20

Podocytes are cells of the glomerular epithelium that maintain an optimal barrier

function in glomerular filtration.21 Podocyte apoptosis is a potent mechanism of pro-

teinuria in DN. Yasuda et al.21 found that palmitic acid induced podocyte apoptosis in

an in vitro study; however, they observed that OA prevented apoptosis through antag-

onizing palmitate-induced apoptosis.21,23 Furthermore, in vitro research studies sug-

gest that OA could attenuate proapoptotic C/EBP homologous protein (CHOP)

induction (a gene that leads to cell apoptosis regulated by cell stress) and prevent

necrosis.23 Other references support that renal injury may be enhanced by OA in

the pathogenesis of DN.22

The PREDIMED trial, however, is the only clinical evidence available on the issue of

the role of OA in the prevention of DN in humans. A sub-analysis of this trial did not

show any effect of a MedDiet supplemented with extra virgin olive oil or nuts on the

development of chronic kidney disease.14 Therefore, additional studies are necessary

to establish a potential relationship between the intake of MUFA and the development

of microvascular complications.
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4.2 Macrovascular Complications
A recent meta-analysis of cohort studies found positive effects on all-cause mortality and

cardiovascular endpoints with a higher intake of MUFA.64 They determined a reduced

risk of all-cause mortality (11%), cardiovascular mortality (12%), a combination of car-

diovascular events (cardiovascular mortality, nonfatal myocardial infarction, angina,

stroke, heart failure, and peripheral vascular disease) (9%), and stroke (17%) with higher

intakes of MUFA, olive oil, OA, and MUFA:SFA ratio.64 Buckland et al.72 described a

26% lower overall and all-cause mortality and a 44% lower CVD mortality with higher

intake of virgin olive oil in the Spanish cohort of the EPIC study; therefore, they esti-

mated a 7% lower overall mortality and a 13% lower mortality from CVD with every

10g/day of olive oil intake.72 The PREDIMED study has shown a 13% lower risk of

major cardiovascular events, a 48% lower risk of death from CVD, and a 16% lower mor-

tality from CVD for every 10g/day of extra virgin olive oil intake.11 In the same trial, a

41% and 63% lower risk of major events (myocardial infarction, stroke, and death from

CVD) were observed with a MedDiet supplemented with extra virgin olive oil and nuts,

respectively, in comparison with the control group.11

4.2.1 Cerebrovascular Disease
A recent meta-analysis of prospective cohort studies reported a 17% lower risk of stroke

with higher intake of MUFA.64 The Framingham Heart Study found a lower risk of

stroke in men without previous cerebrovascular disease associated with each 1% increase

in daily MUFA intake.73 The NHS study observed a tendency toward lower risk of

intraparenchymal hemorrhage with an intake of approximately 25.3g/day of MUFA.74

Furthermore, the Three-City and EPIC studies found an inverse relationship between

the intake of olive oil and MUFA (approximately 50g/day) and cerebrovascular

events.75,76 A 41% lower incidence of stroke was found with a high olive oil consump-

tion in nondiabetic subjects in comparisonwith nonconsumers.76 However, some studies

have shown no differences between MUFA intake and the incidence of cerebrovascular

diseases (ischemic stroke, cerebral infarction, and intraparenchymal hemorrhage).74,77–83

This difference might be explained by some study limitations, such as a lack of assessment

of changes in the diet during the follow-up.Moreover, they did not take into account the

food source of the MUFA, that is, animal or vegetable fats, which are not equivalent in

terms of benefit.

4.2.2 Peripheral Arterial Disease
There are very few studies that assess the possible association between OA or MUFA

intake and the presence or incidence of peripheral arterial disease (PAD).84–91 A low con-

sumption of MUFA has been observed in patients diagnosed with PAD.84 However, the

evidence in this subject is unclear because most studies have had potential limitations and
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design bias. Some authors did not find any association between the intake of OA,MUFA,

olive oil or nuts and the prevalence of PAD in patients with or without T2DM.85,89,90

Other studies have found less prevalence of PADwith a higher intake ofMUFA,86–88 and

the PREDIMED trial found a low incidence of PADwith aMedDiet supplemented with

nuts or extra virgin olive oil.89 Further research is necessary to establish the possible

impact of OA or MUFA intake on the development of PAD.

4.2.3 Coronary Heart Disease
Different randomized controlled trials have shown that virgin olive oil intake is associated

with beneficial effects on cardiovascular risk factors, such as the lipid profile, blood pres-

sure, inflammation, and thrombosis.1,32 Another study indicated that a daily intake of

nuts (between 12.5% and 25% of total energy) increases the OA andMUFA serum phos-

pholipid fraction in patients with T2DM39; this fact contributes to a decrease in coronary

heart disease (CHD), lipid risk factors, and overall 10-year CHD risk.39Moreover, a case-

control study in Greece has reported a 47% lower risk of CHD, while 82% protection has

been shown in a Spanish study in patients with a previous event.92,93 The results of a

cross-sectional study suggested that the consumption of PUFA and MUFA may be asso-

ciated with a lower coronary risk profile in a healthy population.94 Additionally, the

European Prospective Investigation into Cancer and Nutrition in Italy (EPICOR) found

a strong reduction in CHD risk among participants with a high intake of olive oil

(approximately 30g/day).95 The EPIC study also found a 22% lower risk and a 7% lower

incidence of CHD for every 10g/day of olive oil intake in the Spanish cohort9; more-

over, they found a 25% lower CHD risk for every 10g/day of olive oil intake in never

alcohol drinkers.

On the other hand, a meta-analysis of clinical trials and prospective studies reported

no association between circulating plasma concentrations of OA with coronary out-

comes.96 However, in this meta-analysis, the authors did not include the different poten-

tial studies with positive results regarding the intake of MUFA, PUFA, and CHD risk.

5. CONCLUDING REMARKS

To our knowledge, there is little high-quality evidence that supports the benefits of OA

intake in the development of diabetes mellitus and its complications. In this chapter, a

potential preventive role of OA and MUFA intake in the pathogenesis of T2DM and

the metabolic syndrome can be observed, although further research must be performed

because OA is not the only healthy compound present in olive oil and nuts. The ben-

eficial effects of virgin or extra virgin olive oil as the main food source of OA must be

taken into account because scientific studies have described these beneficial properties

with these olive oil varieties.
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In conclusion, a MedDiet enriched with OA is beneficial for preventing diabetes

mellitus and CVDs; specifically, approximately 40% lower risk has been found in

patients with T2DM who follow a MedDiet supplemented with extra virgin olive

oil or nuts. Moreover, a MUFA-rich diet improves the cardiovascular risk factors asso-

ciated with the metabolic syndrome and T2DM; an OA-rich diet (�12% of total

energy intake, approximately) reduces systolic and diastolic blood pressure, enhances

the lipid profile and glycemic control, is favorable for maintaining a healthy body

weight, lowers postprandial insulin while maintaining postprandial glucose levels,

improves insulin sensitivity, and exerts potential influence on the improvement of

hemostasis, platelet aggregation, fibrinolysis, and low-grade inflammation in T2DM.

However, scientific studies provide little evidence of the role of OA in the prevention

of diabetic complications; OA is associated with lower risks of DR and DN, although

more scientific studies are necessary to examine this healthy effect. Furthermore, clin-

ical trials and prospective studies have established a lower incidence and prevalence of

CVDs with an OA-rich diet in Mediterranean populations. Nevertheless, further

research is necessary to establish an optimal amount of dietary MUFA intake to prevent

T2DM and its complications. In addition, more clinical trials and prospective studies

are also necessary to determine the role of MUFA in the development of diabetic

complications.
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Abbreviations
AT adipose tissue

CMD cardio-metabolic disorders

DAMP damage-associated molecular patterns

ECs endothelial cells

ED endothelial dysfunction

ET-1 endothelin-1

FFA free fatty acids

gLDL glycated low-density lipoprotein

HDL high-density lipoprotein

ICAM-1 intracellular adhesion molecule

IL interleukin

MAPK mitogen-activated protein kinase

NF-κB nuclear factor kappa B

NLRP3 nucleotide-binding domain, leucine-rich repeat, pyrin domain containing 3

NO nitric oxide

oxLDL oxidized LDL

PAI-1 plasminogen activator inhibitor-1

PGI2 prostacyclin

PI3K phosphatidylinositol-3 kinase

PKC protein kinase C

ROS reactive oxygen species

T2DM type 2 diabetes mellitus

TF tissue factor

TLR4 toll-like receptor 4

TNF-α tumor necrosis factor-alpha

sdLDL small dense low- density lipoprotein

VCAM-1 vascular cell adhesion molecule

VLDL very low-density lipoproteins

vWF von Willebrand factor
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1. INTRODUCTION

The etiopathogenesis of obesity is multifactorial and highly complex.1 The interactions

among biological (genetic and epigenetic), behavioral, social, and environmental factors

are responsible for the development of the disease.2,3 During the evolutionary adaptation

to various environmental conditions and periods of energy deficit, the intake of nutrients

was favorable to energy consumption. In modern civilization, environmental factors,

mostly foods containing large amounts of fat and sugar, and a sedentary lifestyle lead

to a disrupted relationship between increased nutrient intake and energy consumption.4,5

The long-lasting disturbance of energy homeostasis promotes the development of

obesity and obesity-related cardiometabolic disorders (CMD).6–8 Furthermore, fat

accumulation (adiposity) could be related to a number of adipose tissue (morpholog-

ical and functional) abnormalities, endocrine, cardiovascular, and immune derange-

ments termed adiposopathy (“adipose-opathy” or “sick fat”).9,10 One of the most

important consequences of adiposopathy is the promotion of the vascular endothe-

lium phenotypic conversion to microcirculatory and macrocirculatory endothelial cell

dysfunction (EDs).8,11

Excessive caloric intake, on the other hand, has been associated with a paradoxical

increase in the prevalence of the micronutrient deficiencies in overweight and obese

individuals.12–14 Additionally, the increased intake of high calorie, low nutritional-

quality foods, inadequate fruit and vegetable consumption, adiposity, and adiposopathy

per se may affect the availability of several micronutrients.15,16 Micronutrients (vitamins

and minerals) have been shown to have beneficial effects on the regulation of the

physiological processes intimately involved in adipo-vascular homeostasis. The high

occurrence and chronicity of the micronutrient deficiencies in obesity may contribute

to the morbidity and mortality rates related to chronic diseases.17,18

2. OBESITY AND MICRONUTRIENTS DEFICIENCY

Obesity is very often accompanied by the deficiency of vitamins and elements due to an

unhealthy lifestyle, lack of antioxidants, and excess saturated fats. Although vitamin D

deficiency is the most highly prevalent affecting approximately 60%–90% of obese

individuals, previous studies have reported the prevalence of thiamine deficiency of

15.5%–29%, ascorbic acid deficiency of 35%–45%, zinc deficiency of 14%–30%, sele-
nium deficiency of 58%, and chronic latent magnesium deficiency of 40%.19–27 Excessive

adipose tissue is considered to be a source of increased production of reactive oxygen

species (ROS) that contributes to lipid peroxidation. Vitamins and elements play an

important role in the regulation of insulin resistance, inflammation, and ultimately affect

body weight. Therefore, careful monitoring of deficiency of vitamins and minerals is

important for better control and prevention of obesity and its complications.28
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Vitamin D plays an important role in the metabolism of calcium and the maintenance

of bone health. Nowadays, the lack of vitamin D is widespread and is involved in some

diseases such as cardiovascular disease (CVD), complications in heart disease, metabolic

syndrome, and type 2 diabetes mellitus (T2DM).29 There is a high tendency among obese

individuals for deficiency of vitamin D, which is associated with the onset of atheroscle-

rosis and heart diseases.30 People who have metabolic resistance have low vitamin

D levels compared to healthy subjects. Deficiency of vitamin D contributes to the fat

accumulation.31 Obese subjects have low vitamin D status, due to the low physical activ-

ity and limited exposure to sunlight, and this status did not significantly change even

under ultraviolet.32 In addition, increased adipose tissue cause reduction of 25(OH)D

level in circulation and consequently enhance its catabolism in the adipose tissue convert-

ing 25(OH)D to biologically inactive metabolite 24,25-dihydroxyvitamin D.33 Besides

increased body fat mass, evidence indicate that total body size is also associated with low

25(OH)D level.34 Russian cohort study reported a high prevalence of abdominal obesity

and vitamin D deficiency in both female and male subject, accompanied by decreased

adiponectin and increased leptin levels.35 The study conducted on 70 overweight African

Americans with low serum 25-hydroxyvitamin D level who received three different

doses of vitamin D and another group that received placebo treatments has shown that

arterial stiffness was improved in a dose-response manner.36

The identification of the vitamin D receptor (VDR) in endothelial cells (ECs) sparked

the early interest in vitamin D involvement in vascular homeostasis.37,38 Clinical and

experimental studies have shown that vitamin D has beneficial effect on the vascular

endothelium,39 and that vitamin D deficiency and impairment in VDR signaling lead

to EC activation and increases leukocyte-EC interactions. Also, vitamin D can be

involved in the protective effects of antioxidants and in the repair of EC damage.40 In

the study by Ertek et al. it was shown that serum 25-hydroxy vitamin D was significantly

related to endothelial functions measured as reactive hyperaemia index (an indicator of

the vasodilator function of endothelium), even in healthy nonsmoking women.41 Also,

Ilincic et al. have found that 25(OH)D levels are significantly and positively associated

with biomarkers of proinflammatory endothelial activation in obese nondiabetic individ-

uals.42 Vitamin D deficiency, accelerated atherosclerotic cardiovascular diseases

(ASCVD), and dysfunctional endothelial repair mechanisms are commonly present in

obesity and autoimmune diseases. Considering the significance of obesity, which con-

tributes to the onset and progression of autoimmune diseases, the results of interventional

studies with vitamin D have been encouraging. Calcitriol, the active form of vitamin D,

positively modifies endothelial repair mechanisms in patients with autoimmune diseases

and dysfunctional endothelial repair mechanisms43,44 .

Among obese subjects, 36% had vitamin D deficiency and concomitant latent mag-

nesium (Mg) deficiency (CLMD). Decreased serum level of Mg in obesity is associated

with increased oxidative stress and causes of developing CVD.45,46 As a cofactor, Mg
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regulates activity of enzymes involved in glucose and lipid metabolism. A low content of

Mg in the diet and its deficiency is associated with an increased risk of occurrence of the

glucose metabolic disorders. Several previous in vitro studies in ECs have demonstrated

that low Mg promotes the phenotypic conversion to a proinflammatory phenotype in

ECs, by inducing the free radicals production, activation of NF-κB and upregulation

of IL-1α.47–49

A recent cross-sectional analysis on 681 subjects fromNorthernMexico demonstrates

that body weight is not in correlation with low serum Mg levels and hyperglycemia is

associated with hypomagnesemia which is strongly associated with glucose metabolic dis-

orders.39 Reduced serum level of Mg was observed in obese children, probably because

of increased weight which predisposes children toMg-deficient states and further leads to

insulin resistance which in turn leads to diabetes and increases cardiovascular risk in

adulthood.50

In recent meta-analysis51 it was observed that the tendency to have vitamin

D deficiency is associated with the condition of obesity regardless of other factors such

as age, latitude cut-off to define vitamin D. Similarly, in obese persons there is dis-

turbed function of adipose tissue indicating that supplementation with vitamin

D could have a positive effects in terms of modulation of adipocytokine secretion.52

Deficiency of vitamin D in overweight subjects leads to the development of athero-

sclerosis and CVD.53

Iron deficiency was observed in a population of obese subjects in 1962. Initially, iron

deficiency was linked with a low level of physical activity, poor dietary habits, and

increased requirement of iron related to larger blood volume and obesity.54 Decreased

concentration of iron and hemoglobin, ferritin, and decreased the level of saturated trans-

ferrin were observed in obese individuals more than in lean subjects due to the inflam-

mation caused by obesity and increased level of hepcidin (hepcidin plays role in the

diminished iron absorption in the gut).53 Young overweight women are at risk of iron

and zinc deficiency and iron and zinc status could be maintained by energy restriction.23

Obese men have abnormalities in several vitamins and trace elements, such as zinc,

copper, retinol, folic acid, and α-tocopherol.55 Obese children have low serum concen-

trations of growth hormone (GH), measured before and after exercise and production of

GH is negatively associated with body mass.56 Short-term energy restriction in children

results in improvement in GH secretion by 60%.57 Stimulation of GH in obese children

could be achieved by niacin.57,58 Obesity in pregnancy influences fetal and neonatal out-

comes including increased risk of major congenital malformations and is also a major

cause of infant mortality and long-termmorbidity.59 The recent meta-analysis conducted

in Sweden showed that the offspring of obese mothers have a higher risk of any major

congenital malformations.59 A possible reason for teratogenicity effect of maternal

obesity lies in metabolic arrangements such as insulin resistance, hyperlipidemia, and

inflammation.
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3. THE CONTINUUM OF OBESITY-RELATED ENDOTHELIAL
DYSFUNCTION

Morphologically, vascular endothelium represents a one-cell-thick layer formed by

billions of ECs that cover more than 1000m2 of body surface area. It has many vital

functions, serving as a dynamic autocrine, paracrine, and endocrine organ that plays a

major role in the maintenance of the vascular health. Considering their anatomic

localization between circulating blood and vascular wall, the intact ECs actively com-

municate with numerous local cellular and systemic humoral mediators and provide

oxygen and nutrients to the tissues.60, 61 Also, ECs exhibit phenotypic heterogeneity

based on the localization in the vascular tree, and local metabolic and functional

requirements of the surrounding tissues.62, 63 The ECs have vasculoprotective prop-

erties and various essential functions, by controlling and regulating vascular tone,

permeability, coagulation and cell trafficking, local cellular growth, molecular trans-

port, and other processes.64, 65

Physiologically, phenotypic characteristics of EDs provide antiinflammatory proper-

ties of the vascular wall, inhibition of adhesion and migration of leukocytes and vascular

smooth muscle cells (VSMC), and also anticoagulant and profibrinolytic properties.66

The long-term maintenance of EC quiescence largely depends on the vasodilator action

of nitric oxide (NO).67 NO beneficially modulates vascular tonic function (by dephos-

phorylation of myosin light chain in VSMC and induces vasodilatation), controls trophic

function by maintaining metabolic homeostasis (nutrient and oxygen supply), and

inhibits the trafficking by decreasing adhesivity of leukocytes, as well as enhancing

antiproliferative and antimigratory properties of the VSMC. Also, NO, by activating

guanylate cyclase, inhibits platelet activation, adhesion, and aggregation. Additionally,

by stabilizing the inhibitory subunit of nuclear factor kappa B (NF-κB), NO inhibits

the upregulation of EC surface adhesion molecules and the production of proinflamma-

tory cytokines and chemokines.68

The endothelial activation is not synonymous with EC damage, although the activa-

tion precedes vascular damage in vivo. Acute endothelial activation is a reversible endo-

thelial alteration, but without the loss of integrity of ECs. Prolonged EC activation may

lead to endothelial dysfunction, the initial step of the numerous vascular diseases, or even

can lead to apoptosis–an irreversible process of endothelial injury.69

According to current scientific knowledge, EC dysfunction represents a highly com-

plex pathophysiological feature of the systemic vascular abnormalities associated with

ASCVD. Although primarily determined by the decreased bioavailability of NO with

insufficient vasoprotective capacity, EC dysfunction includes all of the maladaptive

changes in the phenotypic characteristics of ECs. Various etiological factors (mechanical,

physical, chemical, and biological) and stimuli, during acute and/or chronic diseases, can

induce localized and systemic EC activation.70
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There are two types of heightened responsiveness of the ECs: type I EC activation and

type II EC activation. The specific features related to type I EC activation are indepen-

dent of gene expression and protein synthesis and include a rapid response from ECs fol-

lowed by their retraction, expression of P selectin, and release of von Willebrand factor

(vWF). Further, in order to enhance a proper response to pathophysiologic stimuli, type

II EC activation presents a more complex response. This type of EC activation depends

on new gene expression, the activation of pleiotropic transcription factor NF-κB, which
induces conversion of ECs into a specific endothelial phenotype. Activated ECs can gen-

erate and secrete proinflammatory cytokines (IL-1β, IL-3, IL-5, IL-6, IL-8, IL-11, IL-15,
and TNF-α), chemokines, and adhesion molecules [E-selectin, intracellular adhesion

molecule (ICAM-1), and vascular cell adhesion molecule (VCAM-1)]. Endothelial

proinflammatory activation modulates the activities of immune cells in the microvascu-

lature during acute and chronic inflammatory responses. Furthermore, phenotypic mod-

ulation encompasses other nonadaptive alterations of ECs-cell shape changes, increased

permeability, and prothrombotic changes.71,72 Proinflammatory endothelial activation in

the specific regions of the arterial endothelium, associated with chronic exposure to

numerous nonmodifiable and modifiable pathophysiological stimuli (cell senescence,

menopause, disturbed blood flow, cigarette smoke, metabolic stressors, adipokines,

proinflammatory cytokines, etc.) further promote the continuum of atherosclerotic

disease. The clinical manifestation of vascular endothelium phenotype is the result of

the overall effect of the risk factors and endothelial repair capacity.73

The similarity in the pathogenesis of endothelial dysfunction and obesity is far above

overlapping prevalence. Partly, they are chronic inflammatory processes associated with

innate and adaptive immunity. Numerous metabolic stressors, low-grade inflammation

resulting from adiposopathy, insulin resistance and hyperinsulinemia, atherogenic dysli-

pidemia, arterial hypertension, and other nonmodifiable and modifiable risk factors, may

be associated with endothelial dysfunction in obesity.74,75

Obesity causes many disturbances of metabolic processes, related to metabolic and

tissue stress and target organ dysfunction (vascular endothelium, pancreatic islets,

insulin-sensitive tissues, etc.). It was reported that metabolic stressors [glucose, free fatty

acids (FFA), palmitate, cholesterol crystals, ceramides, etc.] could activate innate immu-

nity by interactions with multiprotein complexes, inflammasomes.76 Specific induction

signals, notably the metabolic stressors could activate inflammasome nucleotide-binding

domain, leucine-rich repeat, and pyrin domain containing 3 (NLRP3). The activation of

inflammatory protease caspase-1 regulates the maturation of the key host proinflamma-

tory cytokines IL-1β and IL-18 or pyroptosis (caspase-1-dependent cell death). More-

over, NLRP3 inflammasome activation is related to other noxious self-derived

molecules (ROS, potassium, extracellular ATP, hyaluron, amyloid-β fibrils, and uric acid
crystals) called damage-associated molecular patterns (DAMPs). Studies have also

reported that toll-like receptor (TLR) signaling may also play a role in obesity.77
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The expression and activation of TLR2 and TLR4 have the proven significance in

metabolic disorders. Since the increase in the extracellular concentration of FFA is the

hallmark of obesity, it is interesting that they serve as TLR4 (toll-like receptor 4) complex

ligands. Also, during phenotypic switching of ECs, the number of TLR2 and TLR4

expression increases. Thus, metabolic stressors induce inflammatory processes with a

long-term deleterious effect.78

The morphological and functional features of adiposopathy may initially be present in

visceral, extraperitoneal, and perivascular adipose tissue (PVAT) depots.8 Adipocyte

hypertrophy, stress, and organelle dysfunction [mitochondria and endoplasmic reticulum

(ER), hypoxia, disturbances of angiogenesis, adipogenesis, remodeling and degradation

of extracellular matrix (ECM)], could all lead to the activation of the innate immune

system.79,80 Furthermore, increased production of ROS and oxidative stress in obesity

could play an important role in the formation of a vicious self-perpetuating cycle of

proinflammatory endothelial activation.81 The imbalance between proinflammatory

and antiinflammatory adipokines further contributes to the development of a chronic

inflammatory state and metabolic dysfunction. Proinflammatory adipokines, predomi-

nantly present in dysfunctional adipose tissue depots, exert a pleiotropic autocrine, para-

crine and endocrine effect. Locally, in AT, they may promote phenotypic switch from

antiinflammatory (M2) to proinflammatory (M1) macrophage. Systemically, they can

disturb glucose and lipid metabolism, contribute to insulin resistance in insulin-

sensitizing tissues (skeletal muscle, liver, and vasculature), and trigger and stimulate

inflammation. Furthermore, antiinflammatory adipokines with protective effect on

endothelial homeostasis promote the activation of endothelial NO synthase (eNOS)

and stimulate endothelium-dependent vasorelaxation and angiogenesis, inhibit proin-

flammatory signals in ECs, and reduce the production of ROS and oxLDL.9,11,82–84

Insulin resistance associated with obesity is a major risk factor for CMD. This highly

prevalent condition represents a defective biological response of the tissue to the endog-

enously synthesized insulin and is manifested by a reduction in the transport and metab-

olism of glucose primarily in adipocytes and skeletal muscles.85 Based on the degree of

vascular insulin sensitivity, insulin could provide opposite pro- and antiatherogenic

effects on the vasculature. Physiologically, the binding of insulin to EC receptors leads

to the activation of the phosphatidylinositol kinase (PI3K) and mitogen-activated protein

kinases (MAPK), NO production, and balance between vasodilatation and vasoconstric-

tion. The net effect favors the production of NO and directs the flow of blood and nutri-

ents into the capillaries, increasing the glucose utilization in the skeletal muscles. In

skeletal muscles, the activation of PI3K leads to the translocation of glucose transporter

(GLUT-4) and the activation of glucose metabolic pathways.86,87 In obesity, an increase

in FFA and an imbalance in adipokines (TNF-α/adiponectin) lead to disturbances of

skeletal muscle intracellular signaling and an imbalance between NO-dependent vasodi-

lator actions and vasoconstrictor actions (via endothelin-1), which predisposes to the
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development of vascular insulin resistance. Also, proinflammatory paracrine effects of the

perivascular AT could have an important role for microvascular endothelial dysfunction.

In obesity, various proinflammatory cytokines and obesity-related glucotoxicity and

lipotoxicity are known to selectively impair the insulin signaling pathways, leading to

an increase in vascular oxidative stress, endothelin-1 release from the ECs, increased

expression of adhesion molecules, and upregulation of plasminogen activator

inhibitor-1 (PAI-1). This contributes to phenotypic switching of ECs to dysfunctional

endothelial phenotype and causes microvascular dysfunction, important in the pathogen-

esis of T2DM and hypertension.88

Dyslipidemia is a central metabolic consequence of AT dysfunction.89 In obese

individuals, disorders in adipogenesis (disorders in proliferation and/or differentiation)

could be present in peripheral subcutaneous AT depots. Due to limited capacity to store

energy in AT subcutaneous depots, FFA are increased in circulation, increasing their

deposit in other AT deposits. Therefore, the increase in the visceral, pericardial, and peri-

vascular adiposity can be considered a surrogate marker for disorders in the storage of FFA

in subcutaneous AT.90

Direct exposure of hepatocyte to increased FFA, glycerol, lactate, associated with

proinflammatory adipocytokines, are important factors that stimulate glucogenesis and

very low-density lipoprotein (VLDL) synthesis in hepatocytes. Also, chronically elevated

FFA promote gluconeogenesis in the liver and reduces the production of the enzymes

involved in their oxidation.91 Excessive lipid delivery in the liver results in intrahepatic

fat accumulation and deterioration of insulin resistance. The resulting dyslipidemia is

characterized by an increase in systemic levels of FFA, triglycerides, VLDL, and low-

density lipoprotein (LDL), along with reduced high-density lipoprotein (HDL). Unlike

HDL lipid particles, VLDL and LDL have significantly reduced the capacity of choles-

terol ester efflux to the liver. These particles exhibit a significant atherogenic potential

followed by the increased storage of cholesterol, primarily in the arterial subendothelial

space. In addition to isolated hypercholesterolemia, hypertriglyceridemia, a specific dys-

lipidemic form termed atherogenic lipid triad, represents simultaneously elevated VLDL

residues (as a slightly elevated triglycerides) and LDL-C levels and reduced level of HDL-

cholesterol (HDL-C). This lipid disorder, individually or combined with other CV risk

factors, is significantly associated with the development and progression of atherosclero-

sis.92 In addition, functional changes in lipid fractions, apolipoproteins, transfer proteins,

biological transponders, cellular receptors, enzymes, hormones, and adipocytokines

observed in adiposopathy can contribute to the development of “adiposopathic

dyslipidemia.” Also, the insufficient actions of some enzymes could lead to the disorders

of lipolysis, the rapid postprandial clearance of FFA, and the increase in triglycerides.93

In ECs exposed to the elevated levels of cholesterol, there is an increased transfer of

specific peroxidases, LDL molecules (native LDLmolecule binds to LDL receptor on the

surface of ECs), modified lipoproteins (lysophosphatidylcholine-activation of protein
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kinase C), which can lead to EC activation.94,95 In addition to the EC activation, the

chronic presence of atherogenic lipoprotein particles, LDL and VLDL, predisposes to

fatty streaks. Inflammatory vascular changes, cytokine secretion, and lipoprotein modi-

fication, related to oxidative stress, promote the formation of foam cells and the devel-

opment of fatty streaks. In the vascular intima, LDL particles are influenced by ROS and

can be modified by oxidation, glycosylation, or incorporation into immune complexes.

Minimally modified LDL molecules (with minimal changes to apolipoprotein B) occur

by the oxidative modification of LDL particles, the conversion of cholesterol esters and

phospholipids into hydroperoxides, isoprostane, and short-chain aldehydes. This mole-

cule can stimulate ECs to secrete chemokines. Structural changes in protein molecule

components, modification of the apolipoprotein B, and the formation of lysophospha-

tidylcholine occur in the second part of the process of oxidation of LDL particles.

The proatherogenic effects of oxLDL particles include the induction of cholesterol accu-

mulation in macrophages, the expression of VSMC growth factors, the formation of

superoxide anions, and the apoptosis of ECs. During vascular inflammation oxLDL binds

to ECs and VSMC. Further, by linking modified LDL particles to the Class

A (S-scavenger receptor class A) receptors on the surface of macrophages, inflammatory

cytokines are activated.96,97 Although inflammation has a protective role in the origin by

“cleaning” the blood vessels from the lipids deposits, in conditions of chronic inflamma-

tion there is a progression of fatty streaks and atherosclerosis.70

4. MECHANISMS OF REDUCED NO BIOAVAILABILITY IN OBESITY

Obesity leads also to a disorder of endothelial functioning and represents a risk factor for

the pathogenicity of cardiovascular atherosclerosis.98 Individual obesity is numerically

represented by the body mass index (BMI) value where people with BMI value over

30kg/m2 are classified as obese. Obese persons have elevated risk for a number of diseases

(T2DM, sleep apnea, and some cancers) and suffer more frequently from CVD than an

individual with BMI of 25kg/m2 or less.99 Today, about one-fifth of the adult human

population in Europe is obese with increasing tendency toward obesity. Thus, obesity is

thought to have an increasingly prominent role in the development of CVD and athero-

sclerosis.100 Individuals who suffer from coronary artery disease with normal BMI values

have increased risk from fatal outcome due to CVD than people with BMI between

25 and 29.9kg/m2.101 Over the past decades, obesity is increasing in the population living

both in the developing countries and in the developed countries because of environmen-

tal factors rather than genetic changes. Obesity has numerous negative influences on the

functioning of the cardiovascular system and because of this obese people are more prone

to develop hypertension, cardiomyopathy, and have a higher percentage of infraction.102

Obesity is associated with all causes of mortality.103 In the pathogenesis of atherosclerosis

lies complex interaction between the vascular endothelium, lipids in the serum,
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inflammatory cells platelets, and VSMC.104 Chronic inflammation caused by obesity

leads to dysregulation of endocrine and paracrine effects of factors synthesized by adipo-

cytes. Obesity and its consequences lead to distortion of vascular homeostasis and endo-

thelial vasodilator dysfunction (ED). Functionally preserved PVAT allows the dilatation

of blood vessels and blood pressure regulation. The PVAT in obesity has changed the

profile of the released adipocytokines resulting in a disrupted and reduced vasorelaxant

effect.

Obesity is a medical condition which carries a risk for the development and progres-

sion of coronary artery atherosclerosis. The maintenance of vascular homeostasis relies on

the proper integrity of vascular EC function. An important early step in the pathogenesis

of atherosclerosis is a disturbed endothelial cell function (ED). A primary feature of ED is

the reduced bioavailability of the signaling molecule NO, which has important anti-

atherogenic properties because NO is a potent vasodilator which regulates blood flow

in humans. NO prevents adhesion of monocytes to the endothelial surface,105 and

reduces oxidative stress and inhibits the transcription of proteins which are of central

importance for the initial phase of cell wall inflammation.106 In VSMC the atherosclerosis

process can be prevented by NO.107 Proliferation and migration of VSMC have a prom-

inent role in the process of atherosclerosis.108 In obese humans, NO bioavailability

depends on the balance between its production by nitric oxide synthases (NOS), and

its reaction with ROS.

Generation of ROS within a vascular wall, such as for example a superoxide anion,

plays a prominent role in the pathogenesis of ED.109 The superoxide anion causes endo-

thelial and vascular dysfunction by reacting with NO and thus inactivating it.110 Perox-

ynitrite produced in the reaction of NO with superoxide exerts harmful effects via

protein nitrosylation111 Peroxynitrite and H2O2 (and the loss of NO) may activate redox

signaling cascades that consequently induces deleterious changes in EC phenotype.

Potential sources of ROS in the vascular wall are enzyme xanthine oxidase, mitochon-

dria, dysfunctional NOSs, and the phagocyte-type NADPH oxidase. These enzymes and

organelle represent the main source of superoxide in the vascular112 and in adipose tis-

sue113 in the obese mice.

In obese humans without accompanying diabetes, the increase in blood flow into

extremities as a response to methacholine treatment the abnormality correlates

to the level of obesity.114 In obese individuals, NO biosynthesis as a response to

Ca2+-independent stimuli is abnormal as well. Forearm vasodilator response to shear

stress is blunted in the obese subjects115 and a similar observation was observed concern-

ing large blood vessels.116 In obese individuals there are several disorders such as elevated

systemic inflammation, a disorder of blood pressure regulation and vascular homeostasis,

insulin resistance, and significant impairment of shear stress-induced changes in forearm

conduit artery blood flow.117 In insulin-resistant nondiabetic Asian male population,

there is a reduction in basal production of NO in resistance vessels and blunted vasodi-

latation in response to shear stress in conduit arteries.118 Reduction in NO bioavailability
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was correlated with a reduction in the number and function of progenitor cells, which are

crucial for the regeneration of dysfunctional endothelium.119 The correlation between

insulin resistance and reduction in NO synthesized by eNOS was observed due to the

elevated generation of ROS and disabled eNOS-derived NO biosynthesis as a reaction

to various physiological stimuli.120

In healthy humans, there is a close positive correlation between insulin sensitivity and

basal endothelial NO production121 as a sign of insulin resistance. Therefore, NO is

suggested to be a more reliable predictor of vascular dysfunction than hyperglycemia.

Obesity as well as T2DM are linked with increased plasma levels and turnover of non-

esterified fatty acids (NEFA).122 Exposure to pathophysiological concentrations of

NEFAs may impair endothelial function as measured by agonist-stimulated and flow-

mediated vasodilatation. This effect was similar to that seen in obese, insulin-resistant

individuals in whom comparable NEFA levels are seen clinically. A similar impairment

in response to intralipid infusion was observed although they demonstrated impaired

endothelium-independent vasodilatation as well.123 The effect of NEFAs has been

shown to be independent of chain length or prostaglandin synthesis in a study using ace-

tylcholine as a stimulus to endothelium-dependent vasodilatation.124 However, this

study induced NEFA levels far in excess of those seen in insulin-sensitive or insulin-

resistant individuals. A link between specific NEFAs and ED has been proposed by Davda

et al. who observed impaired eNOS activity in the presence of oleic and linoleic acids,

but not stearic or elaidic acids.66

5. CONCLUSION

Obese individuals with clinical manifestations of adiposopathy present a complex cardi-

ometabolic phenotype with significantly higher risk of chronic diseases. In the cardiome-

tabolic continuum there is a long asymptomatic period in which the cumulative effect of

risk factors and inadequate vasoprotection largely determines the development and pro-

gression of CMD in obesity. Considering the importance of microvascular and macro-

vascular endothelial dysfunction in the pathogenesis and development of T2DM,

hypertension, and ASCVD, early assessment of cardiometabolic phenotype and effective

prevention strategies are of great importance. Therefore, in order to maintain vascular

and cardiometabolic homeostasis, lifestyle changes, nutrient-rich foods, and micronutri-

ent supplements could be beneficial in obese individuals.
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Magnesium and Relationship
with Diabetes
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Health Canada, Ottawa, ON, Canada
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Abbreviations
DRV dietary reference values

HbA1c glycated hemoglobin

HOMA-IR homeostatic model assessment of insulin resistance

IOM Institute of Medicine

Mg magnesium

QUICKI quantitative insulin sensitivity check index

RCT randomized controlled trials

ROS reactive oxygen species

SCF Scientific Committee on Food

TRPM6 transient receptor potential melastatin type 6

UL tolerable upper intake level

1. MAGNESIUM

Magnesium (Mg) is an essential mineral nutrient present in high amounts in nuts,

seeds, legumes, seafood, cereals, and dark green vegetables.1 Mg is present in many

multivitamin-multimineral supplements sold in Canada and the United States.2,3 More

than 99% of Mg in the body is found in bone, muscle, and soft tissues, while only a

small fraction is present in extracellular fluid (<1%).4,5 Mg is the fourth most abundant

cation in the human body and second most abundant intracellular cation after potassium.

Hundreds of enzymes that function in a vast number of diverse physiological processes

use Mg as a structural component or catalytic cofactor.6 The release of phosphate from

adenosine triphosphate (ATP) or guanosine triphosphate (GTP) for energy requiring

reactions is enabled by Mg. Mg is required for cellular calcium and potassium transport,

electrolyte balance, muscle contraction and relaxation, synaptic transmission, protein
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and carbohydrate metabolism, cellular energy production, cell proliferation, and bone

development.4,6–9 Mg is also required for insulin signaling and secretion and thus plays

an important role in glucose homeostasis.10

Whole-body Mg balance is regulated primarily by intestinal absorption, renal reab-

sorption, and amounts released from bone.1,4 Intestinal Mg absorption can occur by a

passive or active transport system. The kidneys regulate the reabsorption of filtered

Mg and play a major role in maintaining Mg homeostasis. Under conditions of Mg defi-

ciency, renal reabsorption increases and consequently urinary Mg excretion decreases.

Conversely, under conditions of Mg overload, renal reabsorption decreases and urinary

output increases. Extracellular fluid is in quasi-equilibrium with boneMg. Bone contains

a pool of Mg that can be released to supplement extracellular fluid and tissues when Mg

status declines. Chronic diseases, dietary components, medication use, and other factors

that affect intestinal Mg absorption, renal Mg reabsorption, or bone metabolism can lead

to Mg deficiency or overload.

2. DIABETES

Diabetes mellitus is an endocrine disorder characterized by chronically elevated blood

glucose concentrations. The main types of the disease are type 1, type 2, and gestational

diabetes. Type 1 diabetes results from loss of insulin production from pancreatic beta cells.

This is often caused by destruction of the beta cells by the immune system. Approxi-

mately 5%–10% of diabetes cases can be categorized as type 1.11 Gestational diabetes

is characterized by high blood glucose during pregnancy in women without a prior his-

tory of diabetes. Gestational diabetes is detected in approximately 3%–5% of pregnancies

and usually disappears after birth.11 Type 2 diabetes is the most prevalent form of the

disease and accounts for more than 90% of all cases. Type 2 diabetes is usually diagnosed

in adults. The hallmark of the disease is insulin resistance where tissues do not respond

appropriately to insulin. Progression of the disease can lead to decreased production of

insulin by pancreatic beta cells. Genetics, obesity, overweight, and lack of exercise are

major risk factors for type 2 diabetes.11

Diabetes is a major public health concern and burden to healthcare systems world-

wide. Globally, the prevalence of diabetes is rising. In Canada, diabetes is one of the most

common diseases. It is estimated that 9.8% of the adult population aged 20 years and over

is living with diagnosed type 1 or type 2 diabetes.12 A major complication of diabetes is

damage to blood vessels. Diabetes is a risk factor for a number of chronic diseases and

health conditions including kidney disease, retinopathy, neuropathy, and cardiovascular

disease. Compared to persons without diabetes, it is estimated that diabetics are 3, 12, and

20 times more likely to be hospitalized for cardiovascular disease, end-stage renal disease,

and nontraumatic lower limb amputations, respectively.11
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3. MG DEFICIENCY IN THE GENERAL POPULATION, CHRONICALLY ILL
AND DIABETICS

In North America, Mg intakes fall short of dietary recommendations for a large propor-

tion of the population.2,13 In 2004, greater than 34% of Canadian adults over the age of

19 years had Mg intakes from food and water below the estimated average requirement

set by the Institute of Medicine (IOM).13,14 Changes in dietary patterns and an increase

in food processing are key factors accounting for the shortfall in Mg intakes. The 2015

Dietary Guidelines Advisory Committee has identified Mg as a shortfall nutrient.15

The large percentage of populations not meeting recommended intakes for Mg sug-

gests that there may be a problem of Mg deficiency. However, at present, there is a poor

understanding of the amounts of Mg needed for optimal health. This is reflected by the

large differences in recommended intakes established by authoritative scientific bodies

from different jurisdictions.14,16,17 Furthermore, a biomarker for assessment of physio-

logical Mg status that can be used for routine screening with a defined reference interval

based on a health outcome is lacking. It is therefore currently impossible to accurately

determine the prevalence of Mg deficiency and related health risk in the general

population.

Many biomarkers in various biological samples have been examined for their value in

assessing Mg status, but for many of these markers there is insufficient data to assess their

suitability as indicators.1,18,19 The best characterized biomarkers that can provide infor-

mation on Mg status include serum (plasma) total Mg concentration, the Mg loading

(retention) test, 24-h urine Mg excretion, and red blood cell Mg concentration.1 Total

serum Mg concentration is the most commonly used of these biomarkers despite certain

limitations.1 A major drawback is that the reference interval (0.75–0.955mmol/L)

was not based on a health outcome but rather the central 95th percentile of serum

Mg concentrations in a US adult (18–74 years) population.20 Also, this reference interval
was derived from data collected as part of the first National Health and Nutrition Exam-

ination Survey (NHANES I) 1971–1974 conducted over 40 years ago. Nonetheless, it

is still commonly used and a serum Mg concentration below the lower cut-off value

(i.e.,<0.75mmol/L) is typically considered as hypomagnesemia (low serumMg concen-

tration). A recent meta-analysis of randomized controlled trials (RCT) has shown that

serum Mg concentrations increase in a dose- and time-dependent manner in response

to oral Mg supplementation.19 The response is greater when baseline serumMg concen-

trations are lower. These results suggest that serumMg concentrations can provide valu-

able information on underlyingMg status; however, serumMg has not yet been validated

as a reliable indicator of Mg status.

Recent national estimates of total serum Mg concentrations in Canada have been

reported based on data from the Canadian Health Measures Survey cycle 3 conducted

in 2012–2013.21 Results from that study suggest that present day serumMg concentrations
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in Canadians are lower than concentrations in the US population in the early 1970s sug-

gesting a possible decline in Mg status in the North American population over the last

40 years. Greater than 15% of some sex-age groups had serumMg concentrations less than

0.75mmol/L.

Low serumMg concentration is frequently present in hospitalized patients.22 Among

critically ill patients, the incidence of marked hypomagnesemia can be as high as 65%.23

Impaired intestinal Mg absorption and elevated urinary Mg excretion from disease,

undernourishment, or use of medications are contributing factors.

It is well established that diabetes (both types 1 and 2) has a detrimental effect on Mg

status and that diabetics have lower serum Mg concentrations compared with generally

healthy nondiabetics.24 Multiple factors likely contribute to the poorer Mg status

observed in diabetics. Higher renal Mg excretion is a primary contributor. This can result

from reduced renal Mg reabsorption caused by various metabolic disturbances.10,24 In

diabetics, high blood glucose (hyperglycemia) results in hyperfiltration and elevated

urinary flow.25,26 With an increase in urinary volume, the Mg2+ in prourine becomes

diluted. This decreases the transepithelial Mg2+ gradient in the proximal tubule and

reduces Mg2+ reabsorption. Insulin deficiency and resistance may also reduce renal

Mg2+ reabsorption and promote Mg wasting. Transient receptor potential melastatin

type 6 (TRPM6) is a Mg2+ channel that functions inMg2+ reabsorption in the distal con-

voluted tubule and insulin has been shown to increase expression of TRPM6 at the

plasma membrane.27 Proteinuria in patients with diabetic nephropathy may lead to

loss of protein-bound Mg in urine. Lower dietary Mg intakes, reduced gastrointestinal

Mg absorption, and use of medications are other factors that may account for the poorer

Mg status in diabetics.

4. MG INTAKES AND SERUM MG CONCENTRATIONS ARE INVERSELY
ASSOCIATED WITH DIABETES RISK AND ABNORMAL GLUCOSE
METABOLISM

In observational studies, lower Mg intakes and serumMg concentrations have been asso-

ciated with increased risk of diabetes and indicators of abnormal glucose metabolism such

as higher blood glucose concentrations, elevated glycated hemoglobin (HbA1c), and

measures of insulin resistance. A recent national-level survey in Canada examined the

associations between total serum Mg concentrations and diabetes and indicators of gly-

cemic control and insulin resistance in adults 20–79 years using linear mixed models.21

The results showed that diabetes was the strongest predictor of serumMg concentration.

Having diabetes (type 1, type 2, or both) was associated with 0.04–0.07mmol/L lower

serum Mg when compared to not having diabetes after controlling for possible con-

founders such as sex, race (whites or nonwhites), age, body mass index, household

income, and serum albumin concentration. These estimates account for over 20% of
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the spread between the lower and upper cut-off values of the normal reference interval

for serum Mg suggesting that these differences in serum Mg concentrations are clinically

relevant. In that study, serum Mg concentrations were also inversely associated with

HbA1c, a measure of long-term glycemic control. In a fasted subpopulation, serum

Mg concentration was inversely associated with serum glucose and insulin concentrations

and homeostatic model assessment of insulin resistance (HOMA-IR). Serum insulin con-

centrations and HOMA-IR are well-established surrogate indices of insulin resistance;

therefore, these results indicate a positive relationship between serumMg concentrations

and insulin sensitivity.

A cross-sectional study conducted in Ottawa, Ontario, Canada examined associations

of serumMg concentrations with diabetes, serum glucose, and surrogate indices of insulin

sensitivity including plasma insulin concentration, quantitative insulin sensitivity check

index (QUICKI), HOMA-IR, and McAuley’s index in South Asian and white women

and men.28 Racial differences in serum Mg concentrations were observed. South Asian

women and men had lower serum Mg compared with white women and men, respec-

tively. Notably, however, when controlling for use of diabetes medication, racial differ-

ences in serum Mg were no longer significant. This result suggested that the higher

prevalence of diabetes in South Asians accounted for the lower serumMg concentrations.

Interestingly, in that study, serumMgwas inversely associated with serum glucose, serum

insulin, QUICKI, HOMA-IR, McAuley’s index, and body mass index in women, but

not in men. These results may suggest that conditions that increaseMg requirements such

as elevated blood glucose and insulin resistance may have a greater effect on Mg status in

women than men.

Associations between Mg intakes and insulin resistance in normal-weight, over-

weight and obese participants as well as premenopausal and postmenopausal womenwere

investigated in the general population of Newfoundland and Labrador.29 Participants

with the highest dietary Mg intakes had the lowest serum insulin concentrations,

HOMA-IR, and homeostatic model assessment of β-cell function (HOMA-β). Partic-
ipants with the lowest dietary Mg intakes had the highest levels of these measures sug-

gesting a dose effect. Multiple regression analysis showed a strong negative association

between dietary Mg intake and insulin resistance with the strongest effects observed

for overweight and obese participants and premenopausal women.

Inverse relationships between Mg intake and incidence of type 2 diabetes have been

reported in prospective cohort studies. Meta-analyses have reported relative risks of type

2 diabetes of 0.85 (95% CI: 0.79, 0.92),30 0.86 (95% CI: 0.82, 0.89),31 and 0.81 (95% CI:

0.77, 0.86)32 per 100mg/day increment in Mg intake. In the Nurses’ Health Study and

the Health Professionals’ Follow-up Study, men and women were followed for 12 and

18 years, respectively.33When the highest quintile of total Mg intake was compared with

the lowest quintile, the relative risk of type 2 diabetes was 0.67 (95% CI: 0.56, 0.80) in

men and 0.66 (95% CI: 0.60, 0.73) in women.

253Magnesium and Relationship with Diabetes



The associations of Mg intakes with incidence of diabetes were examined in young

American adults aged 18–30 years.34 Participants did not have diabetes at baseline and

were followed for 20 years. That study showed an inverse association betweenMg intake

and incidence of diabetes after adjustment for possible confounders. The multivariable-

adjusted hazard ratio of diabetes was 0.53 (95% CI: 0.32, 0.86) for participants in the

highest quintile ofMg intake compared to those in the lowest quintile. Also, in that study,

serum Mg concentrations were inversely associated with HOMA-IR.

5. MG SUPPLEMENTATION AND GLUCOSE METABOLISM: RESULTS
FROM RCT

The relationship between Mg status and type 2 diabetes may be bidirectional. That is,

type 2 diabetes increases the risk of Mg deficiency and Mg deficiency increases the risk

of type 2 diabetes. While the former is well established, the latter is less clear.

Many observational studies have reported inverse relationships betweenMg intake or

Mg status (usually assessed by total serum Mg concentration) and risk of type 2 diabetes,

blood glucose, and insulin resistance. However, with observational studies, it is impos-

sible to establish a cause and effect relationship. RCT have been conducted to examine

whether higher Mg intakes (usually from oral Mg supplements) improve glycemic con-

trol and insulin sensitivity. Studies have included nondiabetic, diabetic, or prediabetic

participants. Results from these studies have been mixed,35–52 which may be due in part

to the small number of participants enrolled in these studies. Song et al. calculated the

sample size to achieve 80% power for detecting a modest effect on HbA1c.
53 Using a

study drop-out rate of 16%, the final sample size was estimated to be greater than

2000 participants per treatment group. In comparison to these estimates, almost all

RCT conducted to date could be considered as underpowered. Other factors that

may have accounted for the inconsistency of results are differences in the duration of

Mg supplementation, Mg dose, primary outcome measures, and study population. Base-

line Mg status of the participants may also be a critical factor affecting the efficacy of Mg

supplementation.

Meta-analyses of RCT of oral Mg supplementation have tried to address some lim-

itations of individual studies. A meta-analysis by Song et al. examined the effects of oral

Mg supplementation on glycemic control in patients with type 2 diabetes.53 Glycemic

control was assessed by HbA1c or fasting blood glucose concentrations. Nine RCT of

4–16-week duration (median: 12 weeks) with a total of 370 participants were identified.

ThemedianMg dose was 360mg/day in the treatment groups. The weightedmean post-

intervention fasting glucose was lower (�0.56 mmol/L, 95% CI: �1.10, �0.01) in the

treatment groups compared to the placebo groups. Postintervention differences in HbA1c

were not detected between treatment and placebo groups.

A more recent meta-analysis of double-blind RCT examined the effects of Mg supple-

mentation on blood glucose and insulin sensitivity parameters in personswith or at high risk
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of diabetes.54 In persons with type 2 diabetes, theMg supplemented groups had lower fast-

ing plasma glucose compared to the placebo groups (standardized mean difference:�0.37,

95% CI: �0.74, �0.00). In persons at high risk of diabetes, the Mg supplemented groups

had lower plasma glucose after a 2-h oral glucose tolerance test compared to the placebo

groups (standardized mean difference: �0.35, 95% CI: �0.62, �0.07). It should also be

mentioned that the lower HOMA-IR in the treatment compared to the placebo groups

in persons at risk for diabetes approached statistical significance (standardized mean differ-

ence: �0.57, 95% CI: �1.17, 0.03, P¼0.06).

Another current meta-analysis of RCT examined the effects of oral Mg supplemen-

tation on glucose control and insulin sensitivity in diabetic and nondiabetic participants.55

The effects of Mg supplementation on plasma glucose, plasma insulin, HbA1c, and

HOMA-IR were assessed. The Mg-supplemented groups had lower HOMA-IR com-

pared to the control groups (weighted mean difference: �0.67, 95% CI: �1.20, �0.14,

P¼0.013). HbA1c and plasma glucose and insulin concentrations did not differ (P�0.05)

between supplemented and control groups. However, in subgroup analyses when com-

paring duration of Mg supplementation (i.e., <4 months vs �4 months), significant dif-

ferences for fasting glucose concentrations and HOMA-IR were only observed between

treatment and control groups when Mg supplementation was�4 months. The weighted

mean differences were �0.73mmol/L (95% CI: �0.85, �0.61, P<0.001) for plasma

glucose and �1.29 (95% CI: �1.63, �0.95, P<0.001) for HOMA-IR.

The totality of evidence from RCT and meta-analyses of RCT suggests a possible

beneficial effect of Mg supplementation (higher Mg intakes) in lowering fasting plasma

glucose and improving insulin sensitivity. However, more evidence from larger-scale

RCT that are adequately powered is warranted. It has been suggested that future studies

should be at least 4 months in duration andMg dose should be greater than 360mg/day.53

Also, baseline Mg status of the participants should be assessed. It has been shown that

serum Mg concentration after Mg supplementation correlated with improvement in

blood glucose and insulin sensitivity parameters.54 These results suggest that Mg supple-

mentation may be more efficacious in persons that experience a rise in serum Mg con-

centration. Mg supplementation has been shown to be more effective in persons with

hypomagnesemia than persons with higher serum Mg concentrations.41,56 It is possible

that Mg supplementation may only be effective in improving glycemic control and insu-

lin sensitivity in persons that are Mg deficient.

6. MG DEFICIENCY AND INSULIN SENSITIVITY: MOLECULAR
MECHANISMS

Insulin resistance is a complex metabolic condition where tissues, mainly skeletal muscle,

liver, and adipose tissue, become less responsive to the effects of insulin. Insulin resistance

is a main cause of type 2 diabetes. Since Mg is required for enzymatic reactions in the

insulin signaling cascade, Mg deficiency may adversely affect glucose metabolism and
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increase the risk of type 2 diabetes by impairing insulin signaling. The molecular mecha-

nisms are not completely understood, but could be explained by defects atmultiple steps in

the insulin signaling pathway. Insulin resistance often results from decreased sensitivity of

the insulin receptor. Upon binding of insulin to the insulin receptor, tyrosine residues in

the insulin receptor are autophosphorylated triggering a signaling cascade. Mg facilitates

tyrosine kinase activity by increasing the affinity of the insulin receptor for ATP. Studies

have shown decreased insulin receptor phosphorylation in hypomagnesemic rats.57,58Mg

is also an essential activator of protein tyrosine kinases and protein phosphatases in the insu-

lin signal transduction cascade downstream of the insulin receptor. Thus, a decrease in

intracellular Mg concentrations under conditions of Mg deficiency may impair critical

enzymatic reactions in the insulin signaling pathway leading to lower insulin sensitivity.

Decreased insulin secretion from pancreatic beta cells is another important factor in

the progression of type 2 diabetes. The secretion of insulin in response to an increase in

blood glucose concentration is critical for regulating blood glucose. When glucose enters

the pancreatic beta cells, a series of enzymatic reactions occur resulting in closure of the

KATP channel Kir6.2, depolarization of the plasma membrane, opening of voltage-

dependent Ca2+ channels, and influx of extracellular Ca2+. The increase in intracellular

Ca2+ concentration triggers insulin secretion. Mg deficiency may worsen type 2 diabetes

by affecting cellular responses required for insulin secretion and impairing insulin secre-

tion. Notably, in a double-blind, randomized trial Mg supplementation of nondiabetics

was shown to increase beta-cell function.59 However, it should be noted thatMg’s role in

insulin secretion is complex and at present poorly understood. In addition, some research

suggests that Mg deficiency may stimulate insulin secretion.10

Inflammation is closely linked with insulin resistance.60,61 The proinflammatory

cytokines tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), and interleukin 6

(IL-6) can cause insulin resistance by impairing insulin signaling in peripheral tissues.60,62

Changes in expression of other effectors (e.g., leptin, adiponectin, resistin, and monocyte

chemoattractant protein-1) have also been associated with changes in insulin sensitivity.60

The associations betweenMg intakes andmarkers of systemic inflammation and endo-

thelial dysfunction were examined in the Nurses’ Health Study cohort.63 This cross-

sectional study measured concentrations of C-reactive protein (CRP), IL-6, soluble

tumor necrosis factor α receptor 2 (sTNF-R2), E-selectin, soluble intercellular adhesion

molecule 1 (sICAM-1), and soluble vascular cell adhesion molecule 1 (sVCAM-1) in

plasma samples of 657women aged 43–69 years.Mg intakes (assessedwith two semiquan-

titative food-frequency questionnaires) were inversely associated with CRP and

E-selectin in age-adjusted linear regression analyses after adjustment for possible con-

founders. Multivariate-adjusted geometric means were 24% lower for CRP and 14%

lower for E-selectin in women in the highest quintile of Mg intakes compared to women

in the lowest quintile. Overall, the results suggestedmodest negative associations between

Mg intakes and some markers of systemic inflammation and endothelial dysfunction.
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A prospective study investigated the association between Mg intakes and inflamma-

tory markers in 4497 Americans aged 18–30 years.34 Participants did not have diabetes at
baseline and were followed for 20 years. The results showed that Mg intake was inversely

associated with high-sensitivity CRP (hs-CRP), IL-6, and fibrinogen. Serum Mg con-

centration was negatively correlated with hs-CRP. A cross-sectional study in nondiabetic

and nonhypertensive participants showed an inverse association between serumMg con-

centration and CRP.64 Mg repletion of Mg-deficient rats induced an antiinflammatory

response and lowered proinflammatory markers.65,66 Given that lower Mg intakes and

serum Mg concentrations have been associated with increased expression of proinflam-

matory markers, it is plausible that Mg deficiency could decrease insulin sensitivity by

inducing a state of chronic low-grade inflammation.

Mg deficiency may increase the risk of insulin resistance and type 2 diabetes by

increasing oxidative stress and reducing antioxidant capacity. Overproduction of reac-

tive oxygen species (ROS) can cause oxidative damage to cellular components which

can increase the risk of many diseases including diabetes.67,68 ROS have been shown

to have a causal role in the development of insulin resistance and it has been proposed

that antioxidant therapy may be useful in treating type 2 diabetes.69 There is evidence

suggesting that Mg deficiency increases oxidative stress and that Mg status is linked

with antioxidant capacity.70 Serum concentrations of oxidized low-density lipopro-

teins were higher in type 1 diabetics with lower serum Mg concentrations

(<0.7mmol/L) compared to patients with higher serum Mg (�0.7mmol/L).71

Another study investigated the relationship between Mg status and oxidative stress

markers in persons exposed to chronic and subchronic stress.72 An inverse correlation

was found between plasma Mg concentrations and plasma superoxide anions and mal-

ondialdehyde. A strong correlation between plasma reduced/oxidized glutathione and

red blood cell Mg concentration has been reported.73 Results from in vitro and

animal studies support a causal relationship between Mg deficiency and increased oxi-

dative stress and reduced antioxidant defence.74–80 It should be mentioned that a

study in Korean adults did not find significant correlations between Mg intake or

serum Mg and blood markers of antioxidant capacity including glutathione, glutathi-

one peroxidase, catalase, superoxide dismutase, and thiobarbituric acid reactive

substances (TBARS).81

7. MG INTAKE AND DIABETES

Diabetes can lead to Mg wasting and increase Mg requirements. Hypomagnesemia in

diabetics may also exacerbate diabetes complications. Strategies to manageMg deficiency

in diabetics involve controlling blood glucose concentrations and improving insulin

sensitivity.While it is prudent that all persons strive to achieve adequateMg intakes, con-

sumption of sufficient amounts of Mg is likely more critical for diabetics, especially
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diabetics with poorly controlled diabetes. Higher consumption of foods and drinking

water rich in Mg is a good way to increase Mg intakes.1,82 The use of Mg supplements

can also be a strategy to help meet dietary recommendations.

There are a number of inorganic and organic forms of Mg used in supplement for-

mulations and for fortification of foods, but information on the Mg bioavailability and

efficacy of these compounds in improving Mg status is scant. A few studies examining

the bioavailability of Mg compounds have suggested that certain organic compounds

including Mg citrate and Mg gluconate have superior bioavailability compared with

some inorganic compounds.83–88 However, most studies did not demonstrate differences

in physiological (body) Mg status, but rather assessed bioavailability by measuring Mg

absorption, retention, or urinary excretion. Therefore, whether the Mg compounds

differ in their efficacy to provide a positive effect on Mg status is unclear.

A study in rats compared the relative ability of three inorganic (Mg oxide, Mg sulfate,

and Mg chloride) and five organic (Mg citrate, Mg gluconate, Mg orotate, Mg malate,

and ethylenediaminetetraacetic acid disodium Mg salt) Mg compounds to preserve Mg

status in rats.89 Phytic acid was added to the basal diet since phytic acid is present in many

plant foods and can bind minerals such as copper, zinc, iron, and Mg in the gastrointes-

tinal tract and inhibit their absorption.90,91 Differences in the bioavailability of Mg from

different compounds may be magnified in the presence of phytic acid. Elemental Mg

from the different compounds was added to the diets at similar concentrations and at

a suboptimal amount which allowed more accurate quantification of differences in

Mg bioavailability since metabolic need for Mg is high. This experimental approach also

allowed for evaluation of biologically relevant differences in Mg bioavailability that lead

to quantifiable differences in Mg status. Mg status of the rats was assessed by measuring

Mg concentrations in serum, urine, and bone. None of these parameters differed among

rats fed the different Mg compounds indicating that if Mg bioavailability differed among

compounds the effect was small and physiological irrelevant. That study also found that

addition of phytic acid to the diet at high concentrations (5g/kg diet) did not affect the

bioavailability of Mg. Consistent with these results, a stratified subgroup analysis of Mg

supplementation studies comparing organic vs inorganic Mg compounds did not show

differences in glycemic parameters including plasma glucose, plasma insulin, HbA1c, and

HOMA-IR.55 Comparable bioavailability among different chemical forms of Mg means

that more emphasis can be placed on other factors when deciding which compound to be

used in supplements or for fortification of foods such as cost, size (molecular weight), and

organoleptic properties.

The IOM (North America) and the Scientific Committee on Food (SCF) (European

Union) selected similar end points for setting the tolerable upper intake level (UL)

for Mg. The IOM used diarrhea as the critical end point and the SCF selected a transient
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laxative effect.14,92 The UL for Mg is unique in that it does not apply to Mg normally

present in foods and beverages and is lower than recommended intakes for some sex-age

groups. The IOM established a UL of 350mg/day for supplementary Mg for persons

aged >8 years. The SCF established a UL of 250mg/day for persons aged above 4 years

that applies to readily dissociable Mg salts (e.g., chloride, sulfate, aspartate, etc.) and

chemical compounds (e.g., Mg oxide) in nutritional supplements, or added to food

and beverages. Beneficial effects on glycemic control have been shown with doses of ele-

mental Mg greater than 360mg/day.53 Although this amount exceeds the current UL for

Mg, for most persons this amount is well tolerated. Furthermore, the adverse effect is

acute, nonsevere, and reversible.

8. TYPE 2 DIABETES FOR SETTING DIETARY REFERENCE VALUES
FOR MG AND A REFERENCE INTERVAL FOR TOTAL SERUM MG
CONCENTRATION

The IOM in 1997 established estimated average requirements for Mg for children, ado-

lescents, and adults that range from 65 to 350mg/day.14 The estimated average require-

ments were derived from limited results from balance studies. More recently, the

European Food Safety Authority (EFSA) Panel on Dietetic Products, Nutrition, and

Allergies acknowledged the limitations of using balance studies to set dietary reference

values (DRV).16 The panel decided that the available data were insufficient to derive

Average Requirements and Population Reference Intakes for any life-stage group and

established adequate intakes for Mg for the European Union based on observed intakes

in European Union countries. Adequate intakes for infants, children, adolescents, and

adults range from 80 to 350mg/day.16

From 2014 to 2016, a multidisciplinary working group sponsored by the Canadian

and US government Dietary Reference Intakes steering committees convened to

identify options for addressing challenges in the use of chronic disease end points to

establish dietary references values for nutrients.93 DRV for Mg based on a reduction

in chronic disease risk seem attractive given the limitations of other methods (e.g.,

balance studies). As more data becomes available, type 2 diabetes and other relevant

chronic diseases and health conditions should be explored for their applicability for

setting DRV for Mg. Conventionally, DRV have been derived for the apparently

healthy population. Given the high prevalence of diabetes and that diabetics may have

increased requirements for Mg; DRV for a diabetic population could be considered.

Type 2 diabetes and other health conditions should also be examined for suitability

in establishing a normal reference interval for total serum Mg concentration based

on a health outcome.94
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9. CONCLUSIONS AND FUTURE DIRECTIONS

Diabetes is a global health problem and the prevalence of the disease is expected to

increase over the next decade. Based on current dietary recommendations, large seg-

ments of populations have inadequate Mg intakes. This is of particular concern for dia-

betics since elevated blood glucose, insulin resistance, and insulin deficiency promoteMg

wasting and may increase Mg requirements. Furthermore, Mg deficiency may worsen

diabetes-related health problems. It is therefore important that diabetics consume ade-

quate Mg. Consumption of less processed foods rich in Mg can help increase Mg intakes.

Type 2 diabetes risk is affected by genetics and a number of modifiable lifestyle factors.

Emerging evidence suggests that Mg deficiency may negatively affect insulin sensitivity

and glucose control and consequently may increase the risk of type 2 diabetes. Mg defi-

ciency may impair insulin signaling in peripheral tissues by directly affecting key enzy-

matic reactions in the insulin signaling pathway or indirectly by inducing inflammation or

oxidative stress. However, further evidence from adequately powered, well-designed

RCT examining the effects of Mg intakes on general indicators of glucose metabolism

is warranted. Particular attention should be placed on baseline Mg status of participants

since higher Mg intakes may only have a positive effect on blood glucose and insulin

sensitivity in persons with a preexisting Mg deficiency. RCT in hypomagnesemic dia-

betics examining the effects ofMg intakes on disease progression and pathophysiology are

also needed. As more research on the relationship between Mg intakes and serum Mg

concentrations and risk for type 2 diabetes and other chronic diseases becomes available,

these relationships should be explored for applicability for setting DRV for Mg and a

normal reference interval for total serum Mg concentration, respectively. Recom-

mended intakes for chronic disease risk reduction or a nutritional biomarker with a ref-

erence interval based on a health outcome will allow for more accurate assessment of the

prevalence of Mg deficiency in populations and associated health risk.
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CHAPTER 17

Plasma Levels of Tryptophan
Metabolites in Patients of Type 2
Diabetes Mellitus
A. Takada*, F. Shimizu†, J. Masuda‡, K. Matsuoka§
*International Projects on Food and Health (NPO), Tokyo, Japan
†Faculty of Human Life and Environmental Sciences, Showa Women’s University, Tokyo, Japan
‡Global Application Development Center, Shimadzu Corporation, Kyoto, Japan
§Medical Services, Saiseikai Shibuya Clinic, Tokyo, Japan

1. INTRODUCTION

Tryptophan (TRP) is an essential amino acid important for protein synthesis, but it also

serves as substrate for the generation of several bioactive compounds with important

physiological roles. TRP is converted to serotonin (5-hydroxytryptamine), an important

neurotransmitter involved in the control of many responses in the central nervous system

(CNS) and linked to alterations in mood, anxiety, or cognition.1 Serotonin can be further

converted toN-acetylserotonin (NAS) andmelatonin, influencing control over circadian

rhythmicity to the list of biological roles for TRP metabolites.2 It is known that in mam-

mals, the majority of free TRP is degraded through the kynurenine pathway (KP) and

generates many metabolites involved in inflammation, immune response, and excitatory

neurotransmission.3

We have shown that foot shock applied to rats resulted in increase of not only brain

serotonin levels but also kynurenine (KN) in plasma, kidney, liver, and every part of the

brain.4–6

Several TRP metabolites have been shown to exhibit neuroexcitatory, convulsant,

and toxic properties.7,8

In the periphery, only 1% of dietary TRP was converted to serotonin and more than

95% was metabolized to KNs.9,10

We thought that TRP metabolism may have been changed in diabetic patients

because of various stresses both physiological and psychological including self-care.

So, we measured plasma level of serotonin, 3-hydxyindole acetic acid, and KN metab-

olites, and showed that TRPmetabolites increased in plasma of patients of type 2 diabetes

mellitus (T2DM).11

265
Bioactive Food as Dietary Interventions for Diabetes Copyright © 2019 Elsevier Inc.
https://doi.org/10.1016/B978-0-12-813822-9.00017-5 All rights reserved.

https://doi.org/10.1016/B978-0-12-813822-9.00017-5


In this chapter, we report in detail the plasma levels of TRPmetabolites and also show

relationship between obesity measured by body mass index (BMI) and the plasma levels

of various TRP metabolites.

2. ETHICS

This work has been approved by the Ethical Committees of ShowaWomen’s University

and nonprofit organization (NPO) “International Projects on Food and Health” and has

been carried out in accordance with The Code of Ethics of the World Medical Associ-

ation (Declaration of Helsinki) for experiments.

3. STATISTICS

The results are presented as means � SEM. Statistical significance of the differences

between groups was calculated accordingly by one-way analysis of variance

(ANOVA). When ANOVA indicated a significant difference (P< .05), the mean values

were compared using the Turkey’s least significant difference test at P< .05. The Spear-

man’s correlation tests were used to examine statistical significance.

4. METHODS

We asked male acquaintances older than 50 years to participate in the experiments.

Acquaintances mean that these participants are personal friends of our group member.

The sample sizes and ages of participants are as follows. Male (n¼20, age; 61.5�8.8)

acquaintances older than 50 years.

We recruited patients of T2DM (n¼20, age; 65.7+10.4).

We obtained an informed consent prior to conducting the protocol which had been

approved by the Ethical Committee of Showa Women’s University and Saiseikai Main

Hospital.

Plasma specimens were collected for assays of blood parameters. We obtained an

informed consent prior to conducting the protocol which had been approved by the

Ethical Committee of ShowaWomen’s University and Saiseikai Shibuya Satellite Clinic.

Healthy participants were given self-administered diet history questionnaires and

described answers on each item by recollection of diets they took (7 days dietary recall).

We used a brief-type self-administered diet history questionnaire (BDHQ) by using

which the Japanese Ministry of Health, Labor, and Welfare reports National Nutrition

Surveys. From these questionnaires, we calculated the intakes of energy, carbohydrate,

fat, and protein.

Plasma factors were measured after plasma was separated from blood. Ethylenedia-

mine tetra acetic acid (EDTA) was used as an anticoagulant. Blood glucose levels were
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measured by a hexokinase UV method. Insulin was measured by the chemilumines-

cent immunoassay (CLEIA) method. We also measured glycemic indexes after giving

glucose and sucrose to participants, so that we did not use HbA1c as a marker of

glycemia.

Lipid and lipoprotein concentrations such as total cholesterol, high-density lipopro-

tein (HDL) cholesterol, low-density lipoprotein (LDL) cholesterol, and triglyceride (TG)

were determined using a Polychem Chemistry Analyzer (Polymedco Inc.). Free

fatty acid (FFA) and the concentrations of ω fatty acids such as arachidonic acid, doco-

sahexaenoic acid (DHA), and eicosapentaenoic acid (EPA) were measured by a gas

chromatography.

The thawed samples were deproteinized with acetonitrile followed by the amino

acid analysis. Precolumn derivatization in the UF-Amino Station was automatically

performed using an automated sample injector with the regent APDSTAG (Wako

Pure Chemical Industries, Ltd., Osaka, Japan). Target free amino acids as derivatized

compounds were separated under a reversed-phase ultrahigh-pressure liquid chromatog-

raphy (UHPLC) condition and determined by the liquid chromatograph mass

spectrometer.

Remnant lipoproteins (RLPs) were isolated from the serum to an immunoaffinity

mixed gel containing antiapolipoprotein A1 and antiapolipoprotein B100 monoclonal

antibodies (Japan Immunoresearch Laboratories, Takasaki, Japan), and the cholesterol

and TG concentrations of the unbound fraction were measured as RLP cholesterol

and RLP-TG, respectively.

Measurements of TRP metabolites were performed by using a reversed-phase

ultrahigh-pressure liquid chromatography (UHPLC). Metatabolites are shown in Fig.1.

4.1 Assays of TRP Metabolites
4.1.1 Reagents
The standard materials of 15 major TRPmetabolites such as TRP, 5-hydroxytryptophan

(5-HTRP), serotonin, KN, 3-hydroxykynurenine (3-HKN), 5-hydroxytryptophol

(5-HTOL), tryptophol (TOL), kynurenic acid (KNA), xanthurenic acid (XA),

5-hydroyindole-3-cetic acid (HIAA), indole-3-acetic acid (IAA),

3-hydroxyanthranilic acid (HAA), anthranilic acid (AA), quinolinic acid, and indole-

3-lactic acid (ILA) are special grade or biochemical grade regents purchased from the

Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Formic acid and acetonitrile are

liquid chromatography-mass spectrometry (LC/MS) grade regents and other major che-

micals such as methanol are special grade purchased from the Wako Chemical as well.

Water was obtained as occasion demands from the installed Milli-Q water purification

system (Merck-Millipore, MA, USA).

267Plasma Levels of Tryptophan Metabolites in Patients



Each standard mother solution was prepared as 1000mg/L from each regent above in

water and/or 0.1mol/L sodium hydroxide aqueous solution. Standard mixture solution

for each concentration level of a calibration curve was prepared by dilution of the mother

solution with water.

4.1.2 Instrumentation and Analytical Conditions
TRPmetabolites were analyzed. Shimadzu LCMS-8060 or 8050 system consists of Nex-

era UHPLC system such as solvent delivery units, an autosampler and column oven, and

liquid chromatograph mass spectrometer LCMS-8060 or 8050 with its electro spray
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Fig.1 Tryptophan degradation pathway.
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interface (Shimadzu Corporation, Kyoto, Japan). The high-performance liquid chroma-

tography (HPLC) column used was L-column 2 ODS [2.1mm�150mm, 3μm, Chem-

ical Evaluation and Research Institute (CERI), Tokyo, Japan] with a gradient elution of

0.1% formic acid/acetonitrile system. Before analyses, the condition of multi reaction

monitoring (MRM) was optimized using each standard solution, respectively.

Gradient elution was performed by the high-pressure binary gradient program, 5% of

0.1 formic acid aqueous solution fold in 3min with acetonitrile, 5%–95% of 0.1% formic

acid aqueous solution in the next 6min followed by 95% hold in another 3 min at flow

rate 0.4mL/min under 40°C. Ionization was executed by an electrospray (ESI) positive

mode at 150°C (the desolvation line) and 400°C (the interface) with 3L/min nebulizing

and 5L/min drying gas. Chromatographic data were obtained by MRM mode under

optimized transition.

4.1.3 Sample Pretreatment
The samples were stored at �80°C.

In all, 50μL aliquot of the blood plasma sample was took in 1.5mL test tube, and then

25μL 0.1% formic acid aqueous solution, 150μL of acetonitrile, and an additional 75μL
of 0.1% formic acid aqueous solution were added, respectively. The solution was vor-

texed in 30 s followed by standing in 5min under cooling temperature. After this, each

sample was centrifuged at 3000 rpm under 4°C in 10min. After the centrifugation,

120μL aliquot of supernatant for each sample solution in the 1.5-mL test tube was trans-

ferred into other 1.5-mL test tube and additional 80μL of 0.1% formic acid aqueous solu-

tion was added followed by being vortexed in 30 s, respectively. The final solution was

10-fold dilution from its original blood plasma sample. In all, 1μL of each final solution

was injected into the LC/MS system by an autosampler.

5. RESULTS

Table 1 shows the backgrounds of healthy old men and patients of T2DM. Plasma levels

of HDL cholesterol, TG, and arachidonic acid were higher in healthy old men than

patients of T2DM.

Table 2 shows amino acids profiles of healthy old men and patients of T2DM. Amino

acids which were different between healthy old men and T2DM patients were shown.

Also, plasma levels of total amino acids, nonessential amino acids, essential amino acids,

and branched chain amino acids were shown.

Plasma levels of some nonessential amino acids such as glutamic acid and aspartic acid

were higher in T2DM patients. On the other hand, glutamine levels were higher in

healthy old men.
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Of interest, TRP levels were lower in T2DM patients, and the levels of branched

chain amino acids such as leucine, isoleucine, and valine were higher in T2DM patients.

Table 3 shows that the plasma levels of 5-HTRP, 5-hydroxyindoleacetic acid

(5-HIAA), kynurenic acid (KNA), 3-HKN, and 3-HAA were higher in patients of

T2DM than healthy old men. Since 5-HTRP and 5-HIAA belong to the serotonin path-

way, and KNA, 3-HKN, and 3-HAA belong to the KN pathway of Try metabolism,

these pathways were activated more in the patients of T2DM. Since plasma levels of

IAA was not elevated in T2DM, that pathway was not activated more in T2DM.

Table 1 The background of healthy old men and patients of T2DM

Subject
Healthy old men
(n520) DM (n520) Significance

Age (years) 61.5�8.8 65.7�10.4

Height (m) 1.68�0.07 1.70�0.06

Weight (kg) 67.2�12.9 68.2�11.5

BMI (kg/m2) 23.7�3.9 23.7�3.7

Energy intake (kcal/day) 2155�416 –
Protein intake (g/day) 69.8�25.2 –
Lipid intake (g/day) 49.8�20.3 –
Carbohydrate intake (g/day) 209.6�86.8 –
blood glucose (mg/dL) 92.5�16.4 –
HbA1C (%) – 6.8�0.6

Insulin (μIU/mL) 6.23�4.08 –
HDL-Chol. (mg/dL) 64.1�16.9 50.7�11.4 **
LDL-Chol. (mg/dL) 121.3�26.5 113.6�25.9

TG (mg/dL) 127.1�70.0 157.8�88.8

T-Chol. (mg/dL) 210.4�34.1 189.5�28.4 *
Dihomo-gamma-linolenic acid (μg/mL) 37.6�12.7 35.0�8.6

Arachidonic acid (μg/mL) 215.0�60.1 180.4�36.3 **
EPA (μg/mL) 91.5�51.2 82.1�59.7

DHA (μg/mL) 163.3�53.4 139.4�48.9

EPA/AA 0.440�0.229 0.482�0.432

RLP-Chol. (mg/dL) 6.97�6.25 6.03�5.21

RLP-TG (mg/dL) 30.0�24.7 23.8�25.3

Chol, cholesterol; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; RLP, remnant-like particles; TG,
triglyceride.
One-way ANOVA was used for evaluating statistical significance.
P< .05 was considered significant.
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Table 2 Main amino acids profiles of healthy old men and T2DM patients
Amino acid Healthy old men (n520) T2DM (n520) Significance

Tryptophan 59.0�9.2 53.4�13.1 * Aspartic acid 3.59�0.65 6.01�2.99

Isoleucine 63.1�8.9 75.1�7.9 **
Leucine 126.5�14.1 141.1�14.2 **
Arginine 86.1�20.8 72.6�16.7 *
Asparagine 46.5�5.5 41.4�7.8 *
Aspartic acid 3.72�0.59 6.05�3.30 **
Cystine 21.0�5.3 8.7�5.4 **
Glutamic acid 52.2�17.1 154.5�113.4 **
Glutamine 550.7�66.1 449.0�138.6 **
Taurine 80.6�16.2 48.6�8.8 **
Total AA 2825�225 2843�187

EAA 961.4�64.3 995.8�93.0

NEAA 1864�188 1848�142

EAA/NEAA 0.520�0.050 0.542�0.057

BCAA 413.6�39.7 452.5�45.1 **
BCAA/AAA 3.24�0.30 3.76�0.65 **
BCAA/Total AA 0.146�0.013 0.160�0.016 **

*P<0.05, **P<0.01, adult vs DM; AAA, aromatic amino acid; BCAA, branched chain amino acid; EAA, essential amino acid.
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Although the serotonin pathway was activated more in the patients of T2DM, the

serotonin levels were not increased, which may mean that serotonin was quickly metab-

olized to 5-HIAA in the patients of T2DM.

Table 4 indicates that there was no relationship between BMI and plasma levels of any

TRP metabolite. This means that obesity may not influence TRP metabolism in T2DM

patients.

Table 3 Plasma levels of tryptophan metabolites

Subject
Healthy old men
(n520) DM (n520) Significance

Tryptophan μM 68.89�13.32 67.79�15.49

5-Hydroxytryptophan nM 0.62�0.00 2.19�1.72 **
Serotonin nM 30.87�0.07 101.22�213.67

Kynurenine nM 1696.82�1.07 1625.47�539.78

5-Hydroxy-tryptophol nM Tr Tr

Tryptophol nM Tr Tr

5-Hydroxyindole

acetic acid

nM 33.15�0.01 48.87�21.18 **

Indole-3-acetic acid nM 2433.30�854.69 3089.91�1642.17

Anthranilic acid nM 16.03�12.06 21.74�8.01

Kynurenic acid nM 64.03�21.65 94.80�34.86 **
Quinolinic acid nM 8.82�7.76 9.04�10.41

3-Indolebutyric acid nM 5.94�4.78 4.88�7.84

3-Hydroxykynurenine nM 2.60�2.25 4.68�2.35 **
3-Hydroxyanthranilic

acid

nM 8.67�9.74 20.24�13.99 **

Xanthurenic acid nM 12.37�5.29 14.87�5.22

*P<0.05; **P<0.01.

Table 4 Relationship between body mass index (BMI) and plasma levels of various tryptophan
metabolites

Correlation coefficients

BMI vs T2DM (n520) Healthy old men (n520)

Tryptophan �0.171 0.153

5-Hydroxytryptophan �0.154 0.291

Serotonin 0.164 �0.263

Kynurenine �0.266 �0.146

5-Hydroxyindoleacetic acid �0.005 �0.289

Indole-3-acetic acid �0.044 0.278

Anthranilic acid 0.041 �0.054

Kynurenic acid 0.076 �0.147

Quinolinic acid 0.263 �0.398

3-Indolebutyric acid 0.238 �0.111

3-Hydroxykynurenine �0.123 �0.044

3-Hydroxyanthranilic acid �0.020 �0.122

Xanthurenic acid 0.123 0.041

Not significant between BMI and any tryptophan metabolite.
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6. DISCUSSION

TRP has been paid attention by scientists due to its role in the production of serotonin in

the brain, which is an important transmitter regulating mood, anxiety, cognition, or

memory.12 Serotonin is further converted to 5-HIAA, or N-acetyserotonin or melato-

nin, which controls circadian rhythmicity. However, as stated in Introduction, the

majority of free TRP is degraded through KP. The final product is nicotinamide adenine

dinucleotide (NAD+), which is now under investigation for therapeutic target of several

diseases.13 KN and its metabolites are also known for their actions in the CNS. There

stimulate or suppress the functions of glia cells. Defects in KN signaling are shown in

mouse model of Alzheimer’s disease or Huntington’s disease.

TRP is an essential amino acid which must be taken from the food. Eggs, fish, dairy

products, meat, and legumes contain higher levels of TRP compared with other foods of

vegetable origin.

We first measured plasma levels of various amino acids in healthy old men and T2DM

patients (Table 2).

Plasma levels of some nonessential amino acids such as glutamic acid and aspartic acid

were higher in T2DM patients. On the other hand, glutamine levels were higher in

healthy old men.

Of interest, TRP levels were lower in T2DM patients, and the levels of branched

chain amino acids such as leucine, isoleucine, and valine were higher in T2DM patients.

There are some papers indicating that insulin regulates the metabolism of carbohy-

drate, lipid, protein, and amino acid.14 Proteolysis and associated release of amino acids

are inhibited by insulin and insulin stimulates amino acid uptake and protein synthesis in

skeletal muscle.15,16 High insulin levels were shown to stimulate skeletal muscle protein

synthesis.17 As to individual amino acids, the plasma levels of alanine, phenylalanine,

valine, leucine, isoleucine, and tyrosine were shown to increase and the plasma levels

of histidine and glutamine were shown to decrease in hyperglycemia.18

Our results shown in Table 2 partly support these results because the plasma levels of

branched chain amino acids were higher in T2DM patients.

The majority of TRP is metabolized along the serotonin, KN, or indole pathways.

After the absorption of amino acids from the intestine, TRP is transported by large neu-

tral amino acid transporters.

The majority of TRP is imported into the gut, where only a fraction is used. The

remaining TRP is imported to the liver and then transported to tissues such as the brain,

heart, and skeletal muscle.

Although TRP metabolites play important roles in the intestine, pancreas, skeletal

muscle, liver, or immune system, we here discuss their roles in pathogenesis of diabetes

mellitus.
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As stated above, TRP metabolism is linked through inflammation and immune sup-

pression. The increased production of serotonin is reported to be related to pathogenesis

of diabetes.19 Our results, however, show that plasma levels of serotonin were not sig-

nificantly increased in T2DM patients (Table 3). TRP hydroxylase which converts TRP

to 5-HTRP is known to be a rate-limiting factor20 The increased plasma levels of

5-HRPP and 5-HIAA may mean that serotonin was rapidly formed from TRP and also

rapidly metabolized to 5-HIAA in patients of T2DM.

Chronic stress and low-grade inflammation are major risk factors in prediabetes to

diabetes transition. They can change the balance of TRP metabolism toward KN,

3-HK, and KNA, both by activating tryptophan 2,3 dioxygenase (TDO)/indoleamine

2,3 dioxygenase (IDO) and by reducing the availability of pyridoxal-5-phosphate, a nec-

essary cofactor for many KP enzymes.

Diabetic patients show increased levels of XA and KNA in urine, which have been

consequently suggested as biomarkers for T2DM.21,22 Our results, however, show that

although plasma levels of KNAwere increased, those of XAwere not elevated in patients

of T2DM. Moreover, TRP metabolites inhibit both proinsulin synthesis and glucose-

and leucine-induced insulin release from rat pancreatic islets, and XA in particular binds

to circulating insulin and prevents its action on target cells.23 Recently, KN-aryl hydro-

carbon receptor (AhR) signaling in mice has been suggested to play a role in the etiology

of obesity.

In the present research, we report that the degradation of TRP into the serotonin and

KP was increased in T2DM patients, but that plasma levels of not all the metabolites

increased in patients of T2DM.

These results, however, support the idea that there are increased immune and stress

activities in diabetes. Quinolinic acid is an agonist of N-methyl-D-aspartate receptor and

kynurenic acid is an antagonist.7,8 Our results show that the plasma levels of KNA was

increased in patients of T2DM. So, it is possible that the balance of nerve agonist and

antagonist is impaired in diabetes.

In fact, TRP metabolites were shown to be increased in patients of acute coronary

diseases, of which the etiology acute or chronic stress is implicated. In patients with sus-

pected stable angina pectoris, elevated levels of plasma KNs predicted increased risk of

acute myocardial infarction, and risk estimates were generally stronger in subgroups of

impaired glucose homeostasis.24 IDO activation was shown to be associated with depres-

sive symptoms of coronary artery disease.25 These results may suggest that stress may acti-

vate TRP degradation and cause thrombosis in the artery.

As indicated before, we applied electric foot shock to rats and measured TRP metab-

olites in the plasma, the CNS, and peripheral tissues. Plasma levels of TRP increased

significantly immediately after the foot shock and returned to normal values within

24h. TRP levels also increased in all the brain areas immediately after stress application.
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Foot shock elevated the levels of KN in the plasma, liver, kidney, and every part of the

brain. 3-HKN and KNA levels increased in the brain. These results indicate that stress

activates not only serotonergic pathway but also KN pathway in the CNS and periphery.

Somemetabolites of KN pathway, such as 3-HKN are neurotoxic while other metabolite

such as KNA is neuroprotective. Increase in serotonin levels in the hypothalamus and

midbrain stabilizes emotion and prevents mood disorders. Therefore, some brain dys-

function resulting from stress may be prevented by the metabolites of TRP. The balance

of these functions may be important in the maintenance of nerve integrity and peripheral

homeostasis under stress.

We think that such stress may contribute to the etiology of T2DM.

We also examined relationship between BMI and various TRPmetabolites. We have

already shown that intake of various foods (carbohydrate, lipid, and protein) or BMI had

little to do with various plasma factors such as amino acids, lipids, glucose, or insulin),21

we wanted to know if BMI has anything to do with plasma levels of TRPmetabolites. As

shown in Table 4, changes in BMI had nothing to do with plasma levels of any TRP

metabolite, which suggest that increase in body weight do not cause change in TRP

metabolism.
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CHAPTER 18

Effect of Magnesium Supplementation
on Lipid Profile: A Systematic Review
of Randomized Clinical Trials
Fernando Guerrero-Romero, Claudia I. Gamboa-Gómez, Luis E. Simental-Mendía,
Martha Rodríguez-Morán
Biomedical Research Unit of the Mexican Social Security Institute at Durango, Mexican Social Security Institute,
Durango, Mexico

1. LIPIDS AND CARDIOVASCULAR RISK

Cardiovascular disease (CVD) is among most important causes of mortality in adult pop-

ulation of Western countries. The 2013 Global Burden of Disease study reported that

CVD is responsible for approximately 30% and 80% of all deaths in worldwide and devel-

oped countries,1,2 respectively. Furthermore, it is expected that by 2020 CVDwill be the

major cause of mortality in developing nations leading to an increase in disability-adjusted

life years of 150 million globally.2 In addition, CVD represents an important economic

expense for health care systems in direct and indirect costs, such as cost of hospitalization,

rehabilitation, medical service, pharmacological treatment, and those related to loss of

productivity and disability; with this regard, the global cost related to attend the CVD

it has been estimated in US$863 billion and the projection is that it will increase to

US$1044 billion in 2030.3 In the United States, the annual direct costs for attending

CVD were estimated at US$195.6 billion, approximately 61% of the total health care

costs.4 Also, it has been projected by 2030, the 44% of the population in the United States

will develop CVD that resulting in a significant economic burden in direct costs for

health care services.4

Given that hyperlipidemias play a central role in the development of atherosclerosis

and major cardiovascular events, lipid metabolism disturbances are a well-established risk

factor of developing CVD. Among dyslipidemias, the low levels of high-density lipopro-

tein cholesterol (HDL-C) and elevated triglyceride concentrations are independent

predictors of CVD.5,6 Moreover, elevated levels of total cholesterol and low-density

lipoprotein cholesterol (LDL-C) also are well-recognized cardiovascular risk factors.7,

8 Consistently with the abovementioned, epidemiological and clinical studies support

the statement that reduction in serum lipid levels results in decreased risk of cardiovas-

cular morbidity or mortality.9–11 With this regard, in addition to lifestyle changes,
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modification of circulating lipids has emerged as one of the main recommendation in the

clinical practice by several guidelines for the primary and secondary prevention of

CVD.12–14 It has been reported that 10% reduction of total cholesterol levels decreases

the incidence of coronary artery disease by 25% after 5 years, while reduction of LDL-C

concentrations results in a 21% decrease of mortality by CVD and nonfatal myocardial

infarction.15 In the same way, the increase in HDL-C levels has been associated with

a significant risk reduction of coronary artery disease by 2% and 3% for men and women,

respectively.5 In addition, the decrease of triglyceride levels reduces the risk of develop-

ing major cardiovascular events by 22%.16

Traditional nonpharmacological management of dyslipidemias includes decrease in

the intake of total calories, saturated and trans fats as well as by increasing of physical activ-

ity focused on the weight loss.17 In addition to diet and lifestyle recommendations, phar-

macotherapy is indicated in order to reach the recommended goals of improvement lipid

levels, for reducing risk of major cardiovascular events.18–20 A large body of evidence

suggests that LDL-C lowering prevents development of nonfatal cardiovascular events;

therefore, most of guidelines are focused mainly to reach this target. However, because

approximately 60%–70% of total cardiovascular risk remains attributable to additional

lipid disorders, other therapeutic targets including the improvement HDL-C, non

HDL-C, or triglycerides have been proposed to reduce atherogenic dyslipidemia.20,21

Taking into account nondesirable interaction and side effects of lipid-lowering drugs,

in addition to lifestyles changes and pharmacological treatment, a growing interest in

adjuvant interventions for the management of lipid metabolic abnormalities is emerging;

among these, oral magnesium supplementation, in those individuals with hypomagne-

semia, seems to be promising alternative to achieve the goals of reducing of lipid level.

2. METABOLIC PATHWAYS OF MAGNESIUM IN THE LIPID PROFILE

Magnesium is the secondmost abundant element in cellular systems.This essential ion exerts

a largevarietyofbiological functions that include structural changes throughcomplexgroups

negatively charged, catalytic functions through enzyme activation or inhibition, and regu-

latory activities bymodulating cell proliferation, cell cycle progression, anddifferentiation.22

Magnesium is an essential cofactor of approximately 300 enzymatic reactions

involved in the energetic metabolism, synthesis of protein, and modulation of glucose

transport across cell membranes.23 Furthermore, magnesium can participates in the

synthesis of chelates with important intracellular anionic ligands, and can compete with

calcium for binding sites on proteins and membranes.24

Magnesiumcan affect enzyme activity by ligand binding, by binding the active site of the

enzyme, by causing a conformational change during the catalytic process, by promoting the

aggregation ofmultienzyme complexes, and/or by amixture of the abovemechanisms.24,25
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The total body concentration of magnesium is approximately of 21–28g; about 53%
is in bone, 20% in skeletal muscle, 19% in other soft tissues, and less than 1% in

the extracellular fluid; with this regard, total serum magnesium concentration is

0.80–1.10mmol/L, 20% is bound to plasma proteins. A total of 30% is bound with various

ligands in the serum and about 50% exists as free-ionized magnesium.26,27 Magnesium

contained in liver and skeletal muscle (20%–30%) is readily exchangeable.26,27

Regarding intracellular magnesium, total fraction is approximately 14–20nM and the

free fraction 0.5–0.7nM.28,29 Intracellular magnesium is compartmentalized in the

nuclei, mitochondria, and endo/sarcoplasmic reticulum,30 binding to chromatin, nucleic

acid, matrix adenine phosphor-nucleotides, intermembrane proteins, ribo-nuclear pro-

teins, and phospholipids.30,31 Intracellular magnesium is in three functional states1: free or

ionized, which is the physiologically active form2; bound to proteins, and3 bound to

anions such as bicarbonate, citrate, phosphate, and lactate.32

About the transcellular transport of magnesium, several efflux and influx systems are

involved; both are hormonally controlled and regulated by modifications in intracellular

cyclic adenosine monophosphate (cAMP) levels and in protein kinase C activity.33 Efflux

of magnesium, involves Na+-dependent (Na+/Mg2+ exchanger) and Na+-independent

(Ca2+/Mg2+ exchanger, Mn2+/Mg2+ antiporter, and Cl�/Mg2+ exchanger) systems.34

Regarding magnesium influx, it has been reported that occurs via Mg2+/anion cotran-

sport, counter-transport pathways using the electrochemical gradient of Na+, and via cat-

ion channels.35,36

The homeostasis of magnesium mainly depends of its intestinal absorption, respon-

sible for magnesium external uptake and by renal excretion.37 The highest absorption

of magnesium occurs mainly in the small intestine through a paracellular transport,

whereas less absorption occurs in the cecum and colon via transcellular transport.37

Even though, the main absorption occurs in intestine, kidneys play the main role

in regulation of the magnesium balance.38 In this regard, on a daily basis, approximately

2400mg of magnesium is filtered by the glomeruli; of this, 95%–99% is recovered by

nephron37 (Fig. 1). So, the reduced magnesium intake reduced intestinal absorption, the

increased gastrointestinal loss, and/or the increased renal loss might conduce to

hypomagnesaemia.39

About the role of magnesium on lipid metabolism, several studies have shown that

magnesium deficiency can be a risk for developing hyperlipidemia; with this regard,

has been proposed that magnesium deficiency can modify membrane bilayer lipids com-

position altering membrane functions, which is considered the primary lesion underlying

on the lipid metabolism alteration.40

The hyperlipidemia can be related to excessive synthesis and release of lipids into the

circulation and/or by their impaired removal from the circulation.41 In this regard, find-

ing of in vivo studies shows that increasing the lipoprotein lipase activity, which is the
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rate-limiting enzyme in the removal process of triglycerides, magnesium might exert the

main antihyperlipidemia action.41

In addition, Gueux et al.42 report that magnesium deficiency is associated with alter-

ations on apolipoprotein composition of very low-density lipoprotein (VLDL); given

that metabolic fate of plasma lipids is profoundly influenced by apolipoprotein and lipid

content of carriers, alteration on apolipoproteins might play an important role in the gen-

esis of dyslipidemia related to hypomagnesemia. For instance, it has been noted that in

magnesium deficient rats apo E is significantly decreased; given that apo E is required for

hepatic recognition of peripherally metabolized lipoproteins,43 the reduced proportion

of apo E in VLDL andHDL apolipoproteins contributes to developing hyperlipidemia.42

In addition, magnesium is required for activity of lecithin cholesterol acyl transferase,

which decreases LDL-C and triglyceride levels and raises HDL-C levels, and is involved

in the cholesterol uptake from tissues into HDL-c; furthermore, magnesium is related

with deactivation of HMG-CoA reductase.44,45 Finally, it has been reported in magne-

sium deficient rats an increasing susceptibility of triglyceride-rich lipoproteins to perox-

idation.46 Hence, hypomagnesemia could promote the development of dyslipidemia by

altering the catalytic activity of several enzymes involved in lipid metabolism and pro-

moting oxidation of serum lipids.

3. MAGNESIUM SUPPLEMENTATION IN THE IMPROVEMENT
OF LIPID PROFILE

According to the role that magnesium plays in the metabolic pathways of lipids, it would

be rationale to expect a beneficial effect of using magnesium salts on the improvement of

lipid profile; nonetheless, the randomized clinical trials (RCTs) aimed to evaluate the

efficacy of oral magnesium supplementation on the improvement of plasma lipid concen-

trations are scarce47–52 and controversial, with some studies showing no significant

effect47–49 and others showing improvement on lipid profile50–52 (Table 1).

Furthermore, several RCTs using oral magnesium salts which primary outcomes are

focused on the improvement of insulin sensitivity,53–55 metabolic control in type 2 dia-

betes56,57 and prediabetes,58 as well as in lowering blood pressure59–61 also reports the

effect on serum lipid concentrations. Results of these RCTs also are controversial given

that some studies,53,56,58,59 but others not,54,55,57,58,60,61 show a beneficial effect of mag-

nesium salts on lipid profile, particularly in the improvement of triglycerides and HDL-C

levels (Table 2).

A total of 15 RCTs have reported the effect of magnesium salts on lipid profile; of

them, 7 (46.7%) showing a beneficial effect and 8 (53.3%) showing no effect

(Tables 1 and 2).

In addition to the primary end point of the RCTs, inconsistency between these stud-

ies should be discussed taking into account several issues such as1: target population2;

baseline magnesium status3; magnesium salts used; and4 treatment duration.
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Table 1 Randomized clinical trials aimed to evaluate the efficacy of oral magnesium supplementation
on the improvement of plasma lipid concentrations

N Outcome
Target
population

Basal
magnesium
(mmol/L) Magnesium salt

Doses
(mg/day)

De Valk47 50 No

improvement

Type 2

diabetes

0.72�0.08 Mg

(C4H6NO4)

2�2H2O

365

Marken48 70 No

improvement

Healthy 0.76�0.07 MgO 400

Karandish49 68 No

improvement

Fatty liver

disease

0.77�0.08 MgO 350

Solati50 47 Improvement Type 2

diabetes

0.86�0.05 MgSO4 300

Rodriguez-

Moran51
47 Improvement MONWa 0.58�0.12 MgCl2 382

Rasmussen52 43 Improvement Ischemic

heart

disease

0.89�0.08 Mg(OH)2 365

aMetabollicaly obese normal weight.

Table 2 Randomized clinical trials using magnesium salts that have secondarily reported the effect on
lipid profile

N
Outcome on
lipid profile

Target
population

Basal
magnesium
(mmol/L)

Magnesium
salt

Doses
(mg/
day)

Guerrero53 63 Improvement Healthy 0.61�0.08 MgCl2 365

Lima54 62 No

improvement

Metabolic

syndrome

0.83�0.06 Magnesium

chelated

400

Mooren55 47 No

improvement

Overweight 0.89�0.08 C4H6ClMgNO4 365

Navarrete-

Cortes57
112 No

improvement

Type 2 diabetes 0.90�0.10 C6H10MgO6 360

Rodrı́guez-

Morán56
43 Improvement Type 2 diabetes 0.70�0.09 MgCl2 382

Guerrero-

Romero58
116 Improvement Prediabetes 0.61�0.08 MgCl2 382

Guerrero-

Romero59
79 Improvement Diabetes

+hypertension

0.65�0.09 MgCl2 450

Witteman60 91 No

improvement

Hypertension Not

available

C4H6ClMgNO4 485

Zemel61 13 No

improvement

Hypertension Not

available

C4H6ClMgNO4 486
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Regarding target population, a total of five studies were conducted among individuals

with type 2 diabetes, three (60%) of them showing beneficial effect of magnesium on lipid

profile. In addition, six studies were focused on healthy individuals with or without car-

diovascular risk factors, three studies (60%) showing improvement on lipid profile;

among individuals with hypertension of a total of four studies, two (50%) showed reduc-

tion in at least one component of lipid profile. Finally, one study focused on individuals

with fatty liver disease showed not beneficial effects of magnesium on lipid profile.

So, seems to be that characteristics of target population do not exerts influence on results.

About baseline magnesium status, is important to highlight that homeostasis of

magnesium is regulated by renal function62 in a way that in the presence of normomagne-

semia, the intake of magnesium is followed by an increase in its urinary excretion; so, it is

rationale to expect that possible beneficial effect of magnesium supplementation will be

magnified in hypomagnesemic individuals and minimized in normomagnesemic subjects.

With this regard, a total of two (13.13%) RCTs do not provide data about baseline mag-

nesium, and eight (61.5%) were conducted among hypomagnesemic individuals. On one

hand, among RCTs conducted in hypomagnesemic individuals, five (62.5%) RCTs show

beneficial effect on lipid profile; on the other hand, among the five RCTs conducted in

normomagnesemic subjects, two (40.0%) reports reduction of the serum lipid levels. So,

it is probable thatmagnesium supplementation does not affect lipid profile probably because

magnesium has no effect on cellular cation metabolism in magnesium-replete individuals.

Regarding magnesium salts used, is important to highlight that among the seven

(46.7%) RCTs showing beneficial effects of magnesium on lipid profile, in all of them

inorganic magnesium salts were used, whereas among the eight (53.3%) RCTs showing

not beneficial effects of magnesium six (75.0%) used organic magnesium salts. Hence,

seems to be that efficacy of magnesium supplementation is related to type of magnesium

salts used.

Finally, also deserve to be mentioned that cited RCTs do not provide data regarding

additional drugs used and about renal function; this last of particular importance given the

strict renal regulation of magnesium. Hence, the abovementioned factors probably are

important confounders in the evaluation of magnesium supplementation.

In conclusion, current evidence regarding the efficacy of magnesium supplementa-

tion on the improvement of lipid profile is insufficient; further research is needed in

the field.
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1. INTRODUCTION

Diabetes mellitus is one of the most prevalent diseases of the world and is projected to

affect 552 million people by 2030.1 In developed countries, it is one of the prominent

cause of death. In addition, diabetes when poorly controlled is a major factor in numerous

serious disorders including associated macrovascular complications and amputations.2

Strategic management of blood glucose dysregulation through nutrition could be an

effective target, since there is mechanistic evidence of significant contribution of elevated

blood glucose levels toward the development of type 2 diabetes mellitus (T2DM).3 Thus,

nutritional approach implementation could have significant and clinically relevant effects

and delivers a cost-effective prevention and management strategy for the management of

T2DM, across the people. Nevertheless, to device a successful approach and provide clear

direction, it will be vital to comprehend the effect of food on the underlying metabolic

imbalances. Specific food pattern is suggested to have profound role in incidence of

T2DM. Recent studies have also suggested that micro-, macro-, and phytochemical

composition and their energy content are illustrated to be contributors of glucose

homeostasis.4 In addition, obesity specifically abdominal obesity associated with diet is

proven to be a risk factor for increased mortality, hypertension, type 2 DM, hyperlipid-

emia, and various endocrine dysfunctions.5 This comprehensive chapter will focus on the

contributions of food groups, individual nutrients, and eating patterns to the T2DM out-

come. Further, we will summarize the current epidemiological evidence between

T2DM and intake of minerals, coffee, tea, fatty acids, olive oil, fruits, vegetables, carbo-

hydrates, and proteins.

2. MINERALS

2.1 Magnesium
To date, numerous clinical trials have illustrated a strong linkage between plasma mag-

nesium levels and T2D incidence. Significant quantity of magnesium is present in whole
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grains, fruits and vegetables, and nuts. Magnesium is proposed to bind to the intracellular

domain of the insulin receptor, thereby augmenting transmission of the insulin signal

induced by the binding of insulin to the receptor on extracellular face. Hence, magne-

sium increases insulin sensitivity. Disruption of autophosphorylation of the insulin recep-

tor due to lack of magnesium ions is considered to be the main reason leading to insulin

resistance.6 Studies have shown that in subjects suffering from magnesium deficiency,

insulin resistance, or prediabetes, additional magnesium intake has improved their

glucose metabolism.7 In another study supplementation of magnesium at dose of

365mg/day in adults with insulin resistance, resulted in the significant improvement

in insulin resistance and reduction in serum glucose level.8 In recent review, sensitivity

resistance in both diabetic and nondiabetic subjects following magnesium supplementa-

tion. A significant reduction of the serum glucose concentration was observed in a subset

of studies including only those with supplementation for at least 4 months and only con-

sidering participants withmagnesium deficiency.9 Furthermeta-analysis of 25 prospective

studies encompassing 637,922 participants has shown reduction in diabetes risk to the

extent of 8%–13% with an increase of daily magnesium intake by 100mg.10 Another

meta-analysis comprising six cross-sectional studies in a total of 24,473 subjects revealed

that daily intake of 100 mg magnesium was associated with a diabetes risk reduction by

17%.11 From preclinical studies in mice, it was revealed that oral magnesium supplemen-

tation increases the number of glucose transporters in the cell membrane of muscle

cells; thus leading to faster and more effective glucose import.12

2.2 Zinc
In diabetic condition, metabolism of number of essential micronutrients is altered and

Zinc is one of them. Hexametric crystals of insulin, released into the portal venous system

during degranulation of β-cells contain zinc atoms 13. Antigenic properties of insulin are

evidenced to differ with varying zinc-to-insulin ratio. Type I and type II diabetic patients

have been found to exhibit zinc malabsorption and hyperzincuria.14 Further to support

these finding, Kinlaw et al. explored zinc metabolism in 20 type II diabetes mellitus

patients. The outcome showed reduced serum concentrations of zinc in 25% of the

patients.15 Plasma levels of zinc are proven to be negatively correlated with a marker

of oxidative stress, thiobarbituric acid reactive substances (TBARS) levels in type 2 dia-

betic patients. Zinc supplementation at a dose of 30mg/day for 3–6 months was found to

reduce TBARS levels.16 In another study involving diabetic mice, zinc was found to

reverse the cardiac damage including fibrosis, morphological impairment, and dysfunc-

tion.17 Administration of zinc in diabetic mice was found to prevent aortic pathogenic

changes and increase function and expression of nuclear factor (erythroid-derived 2)-like

2 (Nrf2), a key regulator of antioxidative mechanism.18 Study also proved that zinc stim-

ulates glycolysis by augmenting phosphofructokinase (PFK) and pyruvate kinase (PK)
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and inhibits gluconeogenesis.19 Zinc is shown to be a reversible α-glucosidase inhibitor in
the intestines.20,21 It is also proven to enhance glucose transport in adipocytes,22 Zinc acts

as an autocrine inhibitionmodulator by stimulating insulin secretion in β-cells of the pan-
creas. Zinc treatment also leads to increased levels of metallothionein an oxidative stress

marker, thus preventing type 1 diabetes-induced endoplasmic reticulum stress, hepatic

oxidative damage, and cell death, in mice.23

2.3 Chromium
Chromium, a presumed essential micronutrient, is an established insulin enhancer. It is

involved in the metabolism of carbohydrates, proteins, and lipids, majorly by enhancing

the insulin efficiency. In addition, it is proposed to maintain glucose homeostasis by

enhancing the binding of insulin to insulin receptor.24 It has been proposed that major

chromium deficiency could result in diabetes and reversible insulin resistance. Thus, it has

become popular as a nutritional supplement for insulin-resistant diabetic subjects. Clin-

ical studies have shown that chromium deficiency leads to insulin resistance and glucose

intolerance.25 Chromium supplementation led to reduction in the amount of hypogly-

cemicmedication and reduced glucose, cholesterol, and triglyceride levels in the blood.26

A study finding revealed that chromium consumption in type 2 diabetic patients led to

significant reduction in fasting plasma glucose, hemoglobin A1c, and triglycerides levels

associated with an increase in high-density lipoprotein (HDL) cholesterol levels.27Triva-

lent chromium, proven to be the biologically active and is present in numerous plants and

foods including eggs, nuts, cereals, and vegetables. Various dosage forms for chromium

supplementation consist of chloride, nicotinate, and picolinate complexes are commonly

used formulations of trivalent chromium.28 From clinical trials, it is revealed that

chromium supplementation in the form of chromium picolinate at a dose of 500mg/

day for duration of 4 months in type 2 diabetes patients showed a significant decrease

in both fasting and postprandial glucose levels29 and this valuable effect stayed for further

10-month duration after supplementation. Moreover, a supplementation of chromium

at dose of 400 and 800mg to a meal exhibited a substantial reduction in postpranadial

glucose in healthy individuals in comparison to placebo group of individuals.30 Accord-

ing to the survey conducted by the National Health and Nutrition, the risk of adults on

chromium supplementation is endowed with lower risk of T2DM.31

3. OLIVE OIL

Olive oil forms an indispensable component of the Mediterranean diet, contributing to

two-thirds of vegetable fats. Intake of olive oil is proven to be correlated with a reduced

T2DM risk and empowered metabolism of glucose. A survey from literature revealed 4

cohort studies and 29 randomized controlled trials investigating the correlation between

olive oil-enriched diets and T2DM risk in healthy individuals in addition to glycemic
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control parameters in T2DM patients. The outcome of survey revealed that intake of

olive oil is associated with reduced T2DM risk and improved glucose metabolism.32 Sev-

eral studies have revealed beneficial effects of olive oil on health.33 Extra virgin olive oil

has some components that are not found in oils from other plants.34 For instance, in com-

parison to rapeseed oil, olive oil contains lower levels of alpha-linoleic acid responsible

for greater oxidative stress and about 1% trans-isomers, associated with undesirable effects

on lipids.35,36 Another favorable constituent of olive oil is oleuropein, which contributes

for the high resistance to oxidation exhibited by extra virgin olive oil. When milder

conditions of extraction are adapted for the production of the extra virgin olive oil,

the resultant oil comprises of greater quantities of bioactive constituents including carot-

enoids, squalene, phytosterols, triterpenoids, and tocopherols and also diverse range of

phenolic constituents including secoiridoids (oleuropein) and their phenolic derivatives

(tyrosol and hydroxytyrosol), flavonoids, (luteolin), and lignans. These phenolic found in

olive oil were found to be responsible for increased HDL cholesterol levels and improved

endothelial function.37 These polyphenols are proposed to alter glucose metabolism

through suppression of digestion and absorption of carbohydrates, reduction of hepatic

gluconeogenesis, or a stimulation of peripheral tissue glucose uptake.38 They are also pro-

posed to reduce generation of advanced glycosylated end products such as HbA1c medi-

ated by their antioxidant properties.39 Further study revealed supplementation of

oleuropein and hydroxytyrosol culminating in augmented insulin secretion and sensitiv-

ity succeeding oral challenge with glucose.40 Moreover, olive leaf extracts prepared as

tablets yielded diminished levels of fasting glucose and HbA1c.41 Olive oil also contains

oleic acid a monounsaturated fatty acid (MUFA), as the major compound. In a meta-

analysis of random clinical trials, it was observed that fasting glucose levels were signif-

icantly reduced succeeding a high-MUFA diet in comparison to diet regime rich in

carbohydrates and polyunsaturated fatty acid (PUFA) diets.42 Major mechanisms attrib-

uting to favorable effects of MUFA on control of glycemic index (GI) include decline in

glycemic load and the successive decrease in secretion of insulin and elevated insulin

sensitivity.43,44 In comparison to refined olive oil, extra virgin olive oil was reported

to contain a fourfold quantity of beneficial phenolic constituents.45

4. COFFEE

Coffee is one of the most commonly consumed beverages in the world. It is scientifically

widely explored for its effects in different disease conditions.46 Various phytoconstituents

of coffee obtained from coffee beans include diterpenoid alcohols (cafestol and kahweol),

phenolic acids (caffeic acid and chlorogenic acid), natural alkaloids (caffeine and trigonel-

line), minerals (potassium andmagnesium), and vitamin E (tocopherols). Various preclin-

ical metabolic studies revealed their effect on glucose metabolism.47–49 Several

epidemiological studies have persistently proven that greater consumption of coffee leads
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to diminished risk of T2D. A survey of nine prospective cohorts’ results revealed that four

to six cups per day consumption of either caffeinated or decaffeinated coffee, led to 28%

reduction in T2DM risk in comparison to the lowest consumption group.46 Curtailed

diabetes risk associated with coffee consumption is attributed to the reduction in oxida-

tive stress responsible for the development of type 2 diabetes due to its antioxidant prop-

erty.8 Coffee is enriched with phenolic compound, chlorogenic acid which is evidenced

to decrease glucose levels in rats.50,51 Chlorogenic acid is also shown to decrease hepatic

glucose release through glucose-6-phosphatase inhibition and enhance tissue distribution

of minerals by acting as chelator and also exhibit antioxidant effects.52,53 Furthermore, it

is found to suppress intestinal glucose absorption. Mice administered with trigonalline

showed significant decrease in plasma glucose levels.54 Further, it was also shown that

high levels of magnesium present in coffee contribute to improved insulin sensitivity

and insulin secretion.55 Varied effects were elicited with coffee consumption in its decaf-

feinated or caffeinated form and also with the time of consumption. It is observed that

caffeinated coffee resulted in acute insulin resistance when consumed an hour prior to

carbohydrate meal in comparison to decaffeinated coffee.56 Decaffeinated coffee

appeared to retard glucose absorption in intestine and enhance glucagon-like

peptide-1 levels in clinical trials which in turn have favorable effects on glucose-induced

insulin secretion and insulin action.57

5. TEA

Tea, obtained from the plant Camellia sinensis, is among extensively ingested beverages

used in the world. Depending on the extent of fermentation, three types tea include

unfermented, partially fermented, and complete fermented form known as green tea,

knoolong tea, and black tea, respectively. Green tea is enriched with catechins, com-

prised of epigallocatechin gallate (EGCG), epigallocatechin, epicatechin-3-gallate, and

epicatechin. While theaflavins and thearubigins attributed with antioxidant property

are present in black tea and oolong tea. Various mechanisms proposed for the beneficial

effect of tea in T2DM include enhancement of insulin resistance and reduction of hepatic

gluconeogenesis.58

The first mechanism is the improved effect of tea on the amelioration of insulin resis-

tance. The second mechanism is through an impact of tea consumption on hepatic glu-

coneogenesis. The third mechanism is the safeguarding action on the pancreatic tissues.59

One of the major tea catechins, epigallocatechin-3-gallate, has been shown to augment

insulin sensitivity and possess insulinotropic activity by enhancing insulin-stimulated glu-

cose uptake in adipocytes.60–62 Moreover, EGCG is found to decrease insulin-resistance

mediated through inhibition of differentiation and proliferation of adipocyte 3T3L-1

cells,63 increase in fatty acids oxidation, and enhanced expression of glucose transporter

type 4 (GLUT-4) in adipose tissue.64
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Extract black tea was proposed to cause the pancreatic regeneration following damage

and guard pancreatic β cells in the diabetic mice model.59 A study involving

α-glucosidase inhibitory activity revealed that maximum inhibition potential is oolong

tea and black tea followed by green tea.65,66 Consumption of tea at a rate of 2 cups/

day was shown to reduce T2DM risk by 4.6%.67

6. BITTER MELON

Bitter melon (Momordica charantia) is a popular vegetable with its different parts pulp,

leaves, seed, or the whole plant demonstrating greater antidiabetic potential68. Polypep-

tides comprising “polypeptide-p,” and charantin, are proposed to be responsible for

antidiabetic activity of bitter melon.69 It also contains aglycones and glycosides named

as cucurbitane triterpenoids.70 Preclinical studies have shown bitter melon to improve

glucose and lipid profiles.71 In the following study, effects of bitter melon extract on

uptake of N-methyl-amino isobutyric acid and H-doxyglucose was demonstrated.

The study revealed proficient uptake in the treated L6 myotubes compared to control

and insulin-treated group.72 In the following mechanistic study, bitter melon extract

was tested in combination with wortmannin, a PI3K inhibitor to explore its effect on

glucose uptake wherein it was found to decrease the uptake.73Many constituents of bitter

melon including karaviloside XI, momordicoside S, and their corresponding algycones

were found to cause threefold to fourfold increase in GLUT4 translocation in L6 muscle

cells and 3T3-L1 adipocytes. In addition, they also exerted antidiabetic effect, enhanced

AMP-activated protein kinase (AMPK) phosphorylation, fat oxidation, and glucose

clearance and curtailed leptin concentration.74 Preclinical study in mice ingested with

bitter melon extract established significantly decrease insulin, glucose, and homeostasis

model assessment of insulin-resistance (HOMA-IR) levels and also modulated the

increase of fatty acyl carnitine levels. Further, animal study in obese and diabetic rats

revealed that bitter melon ameliorates insulin resistance. In addition, it significantly

enhanced glucose tolerance and insulin sensitivity and supressed proinflammatory cyto-

kines in liver, muscle, and epididymal fats. Further, it increased the levels of substrates of

phospho-insulin receptor substrates. Moreover, outcome of a clinical trial involving

95 participants has shown that BM extract enhanced the cardiac function, inhibited

degree and size of infarct to controlling serum cholesterol levels. Thus, bitter melon

extract was proposed to be effective as a supportive therapy for the management of

T2DM and related cardiovascular diseases.75

7. VITAMIN E (TOCOPHEROL)

Tocopherol is the key lipid-soluble antioxidant, found to be generally deficient in dia-

betic patients. The role of vitamin E in improving the retinal blood flow, the endothelial

function, and the renal dysfunction is indicated by several nutritional intervention
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studies. Vitamin E supplementation was evidenced to play an important role in delaying

the onset of the diabetic complications and slowing down the progression of the diabetic

complications.76

The oxidative damage occurring to biomolecules by the reactive oxygen species is

kept in check by a complex network of antioxidant defence and repair systems which

are synthesized within the human body.77 In addition, certain antioxidants are obtained

from the food which cannot be synthesized in body.77,78 One of the best antioxidants is

vitamin E, which is a fat-soluble vitamin, helps in preventing damage to the lipids by the

oxygen free radicals.79 Highly reactive species on attack to the lipids within the mem-

branes or the lipoproteins trigger the chain reaction of lipid per oxidation.77 Vitamin

E arrests this chain reaction by acting as a chain-breaking inhibitor of lipid per oxida-

tion.78 Vitamin E has shown a beneficial role in the prevention of the diabetic compli-

cations. Diabetes makes a good example of the chronic oxidative damage and it is a

particularly suitable disease for antioxidant supplementation.79

In a study, it was found that there was a direct significant correlation between the

increased sugar levels in blood and the depletion of the antioxidants from the body. This

depletion was a major risk factor for the development of the complications and antiox-

idant supplementation especially vitamins E and C could decrease this risk.80

Further study showed that the vitamin E supplemented diabetic patients had a lesser

incidence (a 25% lower risk) of the cardiovascular complications after 24 months.81 It

has been suggested that a long-term vitamin E supplementation was beneficial for the

cardiovascular complications. This finding was in opinion with the findings of the Cam-

bridge Heart Antioxidant Study82 and of Meir et al.81 In that study, it has been observed

that vitamin E supplementation for 1 year significantly reduced the risk of cardiovascular

death and nonfatal myocardial infarction after the treatment.82 Jialal et al.83 observed and

concluded that the type II diabetic patients who were on supplementation with vitamin

E had a decrease in the lipid peroxidation and the free radical production. It has also

decreased the markers of inflammation, which included the interleukin-1, C-reactive

protein,84 and interleukin 6.83 Moreover, vitamin E supplement which was given for

4 months was found to improve the retinal blood flow and the renal dysfunction in

patients with type 1 diabetes, without changing the glycated hemoglobin levels.85

Thus, it can be concluded from the numerous studies reported in the literature that

the vitamin E therapy in diabetes mellitus prevents the development of late complications

like retinopathy, foot ulcers, and cardiovascular complications. A long-term vitamin

E therapy would be beneficial, as it slows down the progression of the complications.

8. MUFA, PUFA, AND SATURATED FATTY ACIDS (SFAS)

Although not fat-restricted, Mediterranean style diets (fruits, vegetables, fish, and whole

grains), and limited unhealthy fats exert beneficial effects on insulin resistance, diabetes

risk, and cardiovascular complication,86,87 indicating that the type and composition of

295Nutritional Management of Diabetes



dietary fat are likely to be important. Under conditions of a moderate fat intake (less than

30%), different types of dietary fat seem to have a pertinent role in the modulation of diet-

induced insulin resistance.88 Dietary fats are heterogeneous mixtures of different fatty

acids like saturated fatty acid (SFA), MUFA, PUFA, and transunsaturated fatty acid

(TFA) as the main component.89 The untoward effects of TFA on cardiovascular com-

plications are well demonstrated but their role in the development of insulin resistance

and diabetes mellitus is less clear.86 A high amount intake of TFAmay contribute to insu-

lin resistance and shows adverse effects on cardiovascular complications.86,90,91

Studies on rats showed that TFA induces insulin resistance when compared with both

diets rich in SFA92 and low fat diets.93,94 Moreover, untoward of TFA intake on insulin

sensitivity might be greater in individuals more susceptible to insulin resistance.95 In the

Nurses’ Health Study, a dose-dependent correlation between TFA intake and risk of

T2DM was investigated.92 It was potentially related to a TFA-induced enhancement

in inflammatory cytokines.86 Weight loss with reduction of abdominal fat was proposed

to reverse insulin resistance as a result of chronic excessive energy intake in relation to

physical activity levels. Therefore, safe and balanced lifestyle that leads to weight loss

which is sustained in the long term, have the potential to improve insulin resistance

and glycemic control. However, long-term sustained weight loss seems to be difficult

to achieve especially, in patients with T2DM.

Isoenergetic changes of the macronutrients composition and ingested foods quality may

exert significant impact on insulin sensitivity under these circumstances. Mediterranean-

style dietary pattern could be useful in this context but avoiding excess intake of dietary

fat; substituting SFA and TFA byMUFA and n-6 PUFA; and increasing cereal fiber intake,

especially when choosing a high-protein dietary strategy is beneficial. Weight loss, aerobic

exercise, the macronutrient composition of the diet, and resistance training, all appear to

improve insulin resistance by distinctmechanisms. Therefore, a combination of these inter-

cessions made tomeasure the requirements of each subject should be one of the fundamen-

tals of management.96 For an optimal diet planning, further aspects are likely to be

important which might include the consideration of gender differences,97 varying effects

of selected diets depending on the cultural background, genetic differences including

potential differences in response to a diet in carriers of certain single-nucleotide polymor-

phisms, differences between individuals in themetabolite profiles, comorbidities, the expo-

sure to other environmental factors than the diet, and the intake and interactions of certain

drugs. Further, enlightening these aspects may ultimately lead to personalized dietary strat-

egies that are oriented to the specific needs of an individual.98

9. OMEGA-3 FATTY ACID

Over the past two decades, there has been a substantial increase in the scientific scrutiny

and public interest in omega-6 and omega-3 fatty acids and their impact on human
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health. Omega-3 fatty acids possess several pharmacological activities including antiin-

flammatory, antiarrhythmic, and antithrombotic properties whereas, omega-6 fatty acids

are proinflammatory and prothrombotic in nature. The nutritional entailments of

high grain consumption upon human health are tremendous. Cereals are high in carbo-

hydrates and omega-6 fatty acids contents and low in omega-3 fatty acids and in antiox-

idants, in comparison with green leafy vegetables. Recent studies showed that low-

fat/high-carbohydrate diets increase insulin resistance and hyperinsulinemia, conditions

that increase the risk for cardiovascular diseases, diabetes, and obesity. Omega-6 and

omega-3 fatty acids are not synthesized by the body and must be obtained through diet

or supplementation. Through an inefficient enzymatic process of desaturation where the

rate of conversion is less than 1%, alpha-linolenic acid (ALA) produces eicosapentenoic

acid (EPA) and docosahexaenoic acid (DHA), precursors to a group of eicosanoids

including prostaglandins, thromboxanes, and leukotrienes, that are antiinflammatory,

antithrombotic, antiarrhythmic, and vasodilatory in action. Arachidonic acid, which is

the long-chain fatty acid derivative of linoleic acid, is a precursor to a different group

of eicosanoids that are proinflammatory and prothrombic in activity. ALA and linoleic

acid compete for the same enzymes in the production of their longer-chain fatty acids,

EPA, and arachidonic acid. Fish and fish oil containing foods provide EPA and DHA

directly, therefore, avoiding the competition for enzymes to convert ALA to EPA.99

An increase in foods containing long-chain omega-3 fatty acids (EPA and DHA)

(from fatty fish, flax seeds, walnuts, soy, canola, and greens) and omega-3 linolenic acid

(ALA) is recommended for the general public with diabetes because of their beneficial

effects on lipoproteins, prevention of heart disease, and associations with positive health

outcomes in observational studies. To eat fatty fish at least two times (two servings)

per week is appropriate and recommended for the general public with diabetes. For

the treatment or prevention of cardiovascular complications of diabetes, omega-3 fatty

acids evidence does not support recommendation of omega-3 (EPA and DHA)

supplements.100

A systematic review of the American Diabetes Association (ADA) has identified seven

randomized controlled trials and one single-arm study (2002–2010) using omega-3 fatty

acid supplements and one cohort study on whole-food omega-3 intake. It has been

observed that supplementation with omega-3 fatty acids did not improve control in type

2 diabetes persons,101 but higher-dose supplementation has positive effect and decreased

triglycerides. In these trials, additional blood-derived markers of cardiovascular diseases

risk were not consistently altered. Six short-duration randomized controlled trials ranging

from 30 days to 12 weeks were published on diabetic patients after the macronutrient

review comparing omega-3 (EPA and DHA) supplements to placebo and reported min-

imal or no beneficial effects102,103 or mixed/inconsistent beneficial effects104,105 on car-

diovascular diseases risk factors and other health issues like depression, etc. A 12 weeks

study, supplemented with 32g/day flaxseed or 13g/day flaxseed oil did not affect
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glycemic control or adipokines.106 Even further, three longer-duration studies, that is,

4 months107; 40 months108; and 6.2 years109 have also reported mixed outcomes. Out

of few studies, two studies have reported no beneficial effects of supplementation.108,109

In one randomized study, patients with type 2 diabetes were randomized with atorva-

statin or placebo or 2g/day omega-3 supplements. There were no differences observed

on estimated 10-year risks of cardiovascular disease with the addition of omega-3 fatty

acid supplements compared with placebo.107 In the largest and longest trial, in patients

with type 2 diabetes, supplementation with 1g/day omega-3 fatty acids compared with

placebo did not reduce the rate of cardiovascular events, death from any cause, or death

from arrhythmia 109. However, in one study in postmyocardial patients with diabetes,

low-dose supplementation of omega-3 fatty acids (400mg/day) exerted a protective

effect on ventricular arrhythmia-related incidents, and a reduction in mortality was

reported.108 Thus, randomized controlled trials do not support the recommendation

of omega-3 supplements for primary or secondary prevention of cardiovascular diseases

in spite of the strength of evidence from preclinical as well as observational studies. There

are limited studies available on the effect of foods containing marine-derived omega-3

fatty acid or the plant-derived omega-3 fatty acid, a-linolenic acid on diabetes. Mixed

results have been reported on the effect of supplements on fasting blood glucose and

A1C levels. However, a comparative study of diets with a high proportion of

omega-3 (fatty fish) vs omega-6 (lean fish and fat containing linoleic acid) fatty acids

reported both diets had no detrimental effect on glucose measures, and improved insulin

sensitivity and lipoprotein profiles.110

Moreover, it was observed during investigation that omega-3 fatty acids on ingestion

through diet exhibit protective effect against the generation of type 1 diabetes-related

autoantibodies in children with genetic risk of the disease. Omega-3 fatty acids are shown

to reduce inflammation. The lack of omega-3s in Western diets was proposed to predis-

pose people to inflammation. Further findings by this research group revealed that the

omega-3 levels had no effect on later development of type 1 diabetes in these children.111

10. FINDINGS ON FRUITS AND VEGETABLES

A healthy, vegetarian diet is composed of a variety of unrefined foods, including grain

products such as bread, cereal, and pasta; fruits, including berries (e.g., blueberries and

raspberries) and avocados; vegetables, especially legumes and green leafy vegetables;

and nuts and seeds. These plant foods, with few exceptions (e.g., potatoes and dates), tend

to improve glycemic control and reduce the risk of diabetes complications. Soymeat sub-

stitute can substituted as analogous to the traditional nonvegetarian diet comprising pre-

dominantly of meat.112
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The effect of vegetarian diets on the risk of developing type 2 diabetes has been

assessed in a few large studies with individuals of different sexes, ethnic backgrounds,

and geographical locations.112

Fruits and vegetables although have a low energy density and a lowGI, they are rich in

vitamins, minerals, and micronutrients. Fruits and vegetables contribute to micronutrient

intake, provide satiating volume of food, and have a low impact on energy intake. More-

over, many components of fruits and vegetables may act (through variety of mechanisms)

to prevent chronic disease. For example, dietary fiber may delay the postprandial absorp-

tion of carbohydrates after a meal, decrease the insulinemic response and increase satiety.

Furthermore, fruits and vegetables contain numerous micronutrients with antioxidant

properties, including beta-carotene, vitamins A, C, and E, and selenium.113 Dark leafy

greens are abundant in vitamin K, red and orange vegetables in vitamin A, legumes in

fiber, and starchy vegetables in potassium 114. They are also rich source of varied phy-

tochemicals (polyphenols, phytosterols, and lectins) whose functional characteristics

may contribute to the aforementioned health benefits.113

In a recent prospective study, the association between whole grains, refined grains,

vegetables, fruits, nuts, legumes, eggs, dairy, fish, red meat, processed meat, and

sugar-sweetened beverages (SSB) on risk of T2D was investigated. Six out of the

12 food-groups showed a significant relation with risk of T2D, three of them a decrease

of risk with increasing consumption (whole grains, fruits, and dairy), and three an increase

of risk with increasing consumption (red meat, processed meat, and SSB) in the linear

dose-response meta-analysis. There was evidence of a nonlinear relationship between

fruits, vegetables, processed meat, whole grains, and SSB and T2D risk. Optimal

consumption of risk-decreasing foods resulted in a 42% reduction, and consumption

of risk-increasing foods was associated with a threefold T2D risk, compared to

nonconsumption.115

In an EPIC-InterAct prospective study and meta-analysis conducted by Cooper

et al., reported that only root vegetables were inversely associated with diabetes. Fruits

and vegetables separately were not associated with diabetes. Among fruit and vege-

table subtype, only green leafy vegetables intake showed inverse relation with

diabetes.116

In their extensive meta-analysis, Wang et al. concluded that a higher intake of fruit,

especially berries, as well as green leafy vegetables, yellow vegetables, cruciferous vege-

tables, or their fiber is associated with a lower risk of type 2 diabetes. These results support

recommendations on increasing consumption of fruit and vegetables for the primary pre-

vention of many chronic diseases, including type 2 diabetes. However, they purported

the need of large randomized controlled trials are required to confirm these findings, and

further studies are required to explore potential mechanisms underlying the observed

associations.117
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Studies indicate that, clinical trials provide little evidence of an effect of a single fruit or

vegetable component on the chronic disease risk. Identifying the mechanisms through

which fruits and vegetables exert a putative protective impact on multifactorial disease

processes is also complex. Given the complexity of biological hypotheses and the limited

feasibility of clinical trials, the main evidence for an effect of fruit and vegetable on health

outcomes from epidemiological and observational studies is inadequate.113

In a systematic review and meta-analysis reported by Hamer et al., highlighted the

findings and some limitations of independent epidemiological studies. The consumption

of three or more daily servings of fruit or vegetables was not associated with a substantial

reduction in the risk of type 2 diabetes. The intake of antioxidants was associated with a

13% reduction in risk, mainly attributed to vitamin E. However, their report demanded

separate randomized, controlled clinical trials of vitamin supplements to substantiate their

aforementioned findings.118

In another separate systematic review andmeta-analysis, found an increase of 1.15 serv-

ings a daywas associatedwith a 14%decrease in incidence.Their results support theevidence

that “foods” rather than isolated components such as antioxidants are beneficial for health.

Further investigations arewarranted tounderstand themechanisms involved in theproposed

relation between green leafy vegetables and risk of type 2 diabetes.119

11. VEGETARIAN DIETS AND NUTRIENT DEFICIENCIES

Aforementioned studies and reviews do suggest that vegetarian diets can be adopted uni-

versally in the management of T2D and in improvement glycemic control.112 While

doing so, additional nutrient supplementation should be prescribed to such patients

on vegetarian diet.

In a recent review, Pawlak highlighted the need to address such nutritional deficien-

cies in patients with T2D.112 One such nutrient deficiency found to be prevalent among

vegetarians is vitamin B12.112,120 Metformin therapy given to diabetic patients has been

found to increase the risk of vitamin B12 deficiency. Poor vitamin B12, associated with

hyperhomocysteinemia can increase risk of several diabetes complications, including

retinopathy, neuropathy, bone fractures, and cardiovascular disorder. Thus, routine

monitoring of vitamin B12 level and its supplementation is highly recommended for

patients with diabetes who adopt vegetarian diet.112

Other nutrient deficiencies faced by people on vegetarian diet are iron, long-chain

omega fatty acids and in some cases, lower vitamin D levels and lower intake of calcium.

Although potential impact of these nutritional deficiencies on diabetes risk, diabetes

management, and diabetes comorbidities is not clear, however, adequate intake of the

long-chain omega-3 fatty acids has been associated to offer some benefits for patients with

diabetes, including reduction of albuminuria, improvement in renal function, and risk

reduction of diabetic retinopathy.112

300 Bioactive Food as Dietary Interventions for Diabetes



12. DIETARY PATTERNS

The recent findings suggest that incorporation of overall dietary pattern in the study

could be more rational to predict the general health status compared to individual food

groups, subgroups, and nutrients. Recent efforts have been paid to investigate whether

alterations in the overall dietary pattern may achieve delay in the onset of T2D without

changes in caloric intake, weight, and physical activity.112,121–123

A recent meta-analysis reported that the low-carbohydrate diet was ranked as the best

dietary approach, followed by the Mediterranean diet as compared to a control diet, for

reducing HbA1c. For reducing fasting glucose, the Mediterranean diet was ranked as the

best approach, followed by Palaeolithic diet and vegetarian diet. The Mediterranean diet

is moderately rich in fat, rich in olive oil and nuts, and relatively low in diary product.

Also, the diet advocates moderated alcohol consumption in mostly wine, and frequent

use of sauces with tomato, onion, garlic, and spices.121 According to the network

meta-analysis, the Mediterranean diet is the most effective and efficacious dietary

approach to improve glycemic control in type 2 diabetes patients.122 Similar beneficial

effects of Mediterranean diet have been seen in other study too.121,122

12.1 Carbohydrate Diet
Carbohydrates have a direct influence on blood sugar levels and so diets followed by peo-

ple with diabetes tend to focus either on the quantity of carbohydrate intake or the speed

at which carbohydrates are absorbed by the body.124

The GI is a relative ranking of carbohydrate in foods according to how they affect

blood glucose levels. Carbohydrates with a low GI value (55 or less) are more slowly

digested, absorbed, and metabolized and cause a lower and slower rise in blood glucose

and, therefore insulin levels. All major diabetes organizations around the world now

advise people with diabetes to use GI or glycemic load (GL¼GI� the amount of car-

bohydrates per portion)125 as part of the nutritional management of their condition.126

It has been put forth that low GI diets improved diabetic control and reduced HbA1c to

an extent that was comparable to that seen following medication in newly diagnosed

T2DM subjects and also may improve whole body peripheral insulin sensitivity.126

A carbohydrate-controlled diet is a diet in which carbohydrate intake is either limited

or set at a particular value based on GI concept. Low-carbohydrate diets or low-carb

and high-fat diet are some examples of controlled carbohydrate diet.124

Whilst, GI concept is useful for segregating carbohydrates, the glycemic impact of

food may be markedly affected by certain meal components when taken along with car-

bohydrate diet. For example, addition of whey, certain amino acids, dietary fibers, certain

proteins, or lipids to mixed meals can alter or reduce the glycemic excursion in healthy

and T2D subjects.126 Similarly, the type of carbohydrate, the food form, and the presence
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of certain food components capable of interfering with digestive and/or absorptive

mechanisms can affect the blood glucose levels.126

12.2 Protein Diet
High-proteindiets havebeen found tobebeneficial onweight loss, body composition, and

certain blood lipids, at least in the short term.125 Satiating effects of dietary protein, a

reduced choice of foods, and an aversion against dietary fat in the absence of carbohydrates

have all been attributed to betterweight losswith high-protein diets.However, long-term

high-protein diets can lead to insulin resistance, high glucagon turnover, or may also

increase the risk of cardiovascular disease. More clinical evidences are required before

high-protein diet be introduced as a tool in the nutritional management of diabetes.125

To summarize the aforementioned facts, the most challenging part of the treatment

plan of individuals with diabetes is determining what to eat and following a meal plan.

There is not a one-size-fits-all eating plan pattern for individuals with diabetes, and meal

planning thus should be individualized.127 The ADA promotes a variety of eating plans to

help management of diabetes like, the Mediterranean diet, the dietary approaches to stop

hypertension (DASH) eating plan, the vegetarian diet, the Vegan diet, the low-

carbohydrate diet, or low-fat diet and suggests to use them considering personal prefer-

ences of individuals.128

Thus, based upon current clinical practice recommendation, the American Diabetes

Association Standards of Medical Care in Diabetes, sets the following goals for nutritional

therapy for individuals with diabetes127:

1. to promote and support healthful eating patterns, emphasizing a variety of nutrient-

dense foods in appropriate portion sizes, to improve overall health,

2. to address individual nutrition needs based on personal and cultural preferences,

health literacy and numeracy, access to healthful foods, willingness and ability to make

behavioral changes, and barriers to change,

3. to maintain the pleasure of eating by providing nonjudgmental messages about food

choices, and

4. to provide an individual with diabetes the practical tools for developing healthy eating

patterns rather than focusing on individual macronutrients, micronutrients, or

single foods.

13. CONCLUSION

Several evidences as discussed in this chapter emphasized that diet comprising of foods or

nutrients like minerals, coffee, tea, fatty acids, vitamin E, olive oil, fruits, vegetables,

carbohydrates, and proteins play a crucial role in the management of diabetes. Further

frequent intake of refined food constituents contributes to promotion of the disease.

In addition, lifestyle intervention with major emphasis on diet plays a major role in pre-

vention of T2DM. Although many dietary interventions as revealed in the chapter
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contribute positively for the management of diabetes, the adaption of suitable dietary

pattern based on lifestyle, personal choice, socioeconomic, and cultural needs has to

be carried out. Several studies have supported the use of dietary approach for delaying

the onset of the diabetic complications and slowing down the progression of the diabetic

complications. Moreover, there is a need to further explore and optimize the use of these

diet and dietary supplements to develop long-term, personalized, sustained, and effective

dietary protocols for entire diabetic community.

REFERENCES
1. Whiting DR, Guariguata L, Weil C, Shaw J. IDF diabetes atlas: global estimates of the prevalence of

diabetes for 2011 and 2030. Diabetes Res Clin Pract. 2011;94:311–321.
2. UK Prospective Diabetes Study: UKPDS Group. Intensive blood-glucose control with sulphonylureas

or insulin compared with conventional treatment and risk of complications in patients with type 2 dia-
betes: UKPDS 33. Lancet. 1998;352(9131):837–853.

3. Blaak EE, Antoine JM, Benton D, et al. Impact of postprandial glycaemia on health and prevention of
disease. Obes Rev. 2012;13(10):923–984.

4. Wei M, Gaskill SP, Haffner SM, Stern M. P. Effects of diabetes and level of glycemia on all-cause and
cardiovascular mortality: the San Antonio Heart Study. Diabetes Care. 1998;21(7):1167–1172.

5. Peter AM, Katleen MB. Lipid Transport and Storage. Harpers Illustrated Biochemistry. 26th ed. 25 Mc Graw
Hill Press; 2003:205.

6. Gommers LM, Hoenderop JG, Bindels RJ, de Baaij JH. Hypomagnesemia in type 2 diabetes: a vicious
circle? Diabetes. 2016;65(1):3–13.

7. Guerrero RF, Simental LE, Hernández RG, Rodriguez MM. Oral magnesium supplementation
improves glycaemic status in subjects with prediabetes and hypomagnesaemia: a double-blind
placebo-controlled randomized trial. Diabete Metab. 2015;41(3):202–207.

8. Mooren FC, Kr€uger K, V€olker K, Golf SW, Wadepuhl M, Kraus A. Oral magnesium supplementation
reduces insulin resistance in non-diabetic subjects—a double-blind, placebo-controlled, randomized
trial. Diabetes Obes Metab. 2011;13(3):281–284.

9. Simental ML, Sahebkar A, Rodrı́guez MM, Guerrero RF. A systematic review and meta-analysis of
randomized controlled trials on the effects of magnesium supplementation on insulin sensitivity and
glucose control. Pharmacol Res. 2016;111:272–282.

10. Fang X, Liang C, Li M, et al. Dose-response relationship between dietary magnesium intake and car-
diovascular mortality: a systematic review and dose-based meta-regression analysis of prospective studies.
J Trace Elem Med Biol. 2016;38:64–73.

11. Dibaba DT, Xun P, Fly AD, Yokota K, He K. Dietary magnesium intake and risk of metabolic
syndrome: a meta-analysis. Diabet Med. 2014;31:1301–1309.

12. Ha BG, Park JE, Shin EJ, Shon YH. Modulation of glucose metabolism by balanced deep-sea water
ameliorates hyperglycemia and pancreatic function in streptozotocin induced diabetic mice. PLoS
One. 2014;9:e102095.

13. Chabosseau P, Rutter GA. Zinc and diabetes. Arch Biochem Biophys. 2016;611:79–85.
14. Kazi TG, Afridi HI, Kazi N, et al. Copper, chromium, manganese, iron, nickel, and zinc levels in

biological samples of diabetes mellitus patients. Biol Trace Elem Res. 2008;122:1–18.
15. Kinlaw WB, Levine AS, Morley JE, Silvis SE, McClain CJ. Abnormal zinc metabolism in type II

diabetes mellitus. Am J Med. 1983;75:273–277.
16. Konukoglu D, Turhan MS, Ercan M, Serin O. Relationship between plasma leptin and zinc levels and

the effect of insulin and oxidative stress on leptin levels in obese diabetic patients. J Nutr Biochem.
2004;15:757–760.

17. Faure P, Benhamou PY, Perard A, Halimi S, Roussel AM. Lipid peroxidation in insulin-dependent
diabetic patients with early retina degenerative lesions: effects of an oral zinc supplementation. Eur
J Clin Nutr. 1995;49:282–288.

303Nutritional Management of Diabetes

http://refhub.elsevier.com/B978-0-12-813822-9.00019-9/rf0010
http://refhub.elsevier.com/B978-0-12-813822-9.00019-9/rf0010
http://refhub.elsevier.com/B978-0-12-813822-9.00019-9/rf0015
http://refhub.elsevier.com/B978-0-12-813822-9.00019-9/rf0015
http://refhub.elsevier.com/B978-0-12-813822-9.00019-9/rf0015
http://refhub.elsevier.com/B978-0-12-813822-9.00019-9/rf0020
http://refhub.elsevier.com/B978-0-12-813822-9.00019-9/rf0020
http://refhub.elsevier.com/B978-0-12-813822-9.00019-9/rf0025
http://refhub.elsevier.com/B978-0-12-813822-9.00019-9/rf0025
http://refhub.elsevier.com/B978-0-12-813822-9.00019-9/rf0030
http://refhub.elsevier.com/B978-0-12-813822-9.00019-9/rf0030
http://refhub.elsevier.com/B978-0-12-813822-9.00019-9/rf0035
http://refhub.elsevier.com/B978-0-12-813822-9.00019-9/rf0035
http://refhub.elsevier.com/B978-0-12-813822-9.00019-9/rf0040
http://refhub.elsevier.com/B978-0-12-813822-9.00019-9/rf0040
http://refhub.elsevier.com/B978-0-12-813822-9.00019-9/rf0040
http://refhub.elsevier.com/B978-0-12-813822-9.00019-9/rf0045
http://refhub.elsevier.com/B978-0-12-813822-9.00019-9/rf0045
http://refhub.elsevier.com/B978-0-12-813822-9.00019-9/rf0045
http://refhub.elsevier.com/B978-0-12-813822-9.00019-9/rf0045
http://refhub.elsevier.com/B978-0-12-813822-9.00019-9/rf0045
http://refhub.elsevier.com/B978-0-12-813822-9.00019-9/rf0050
http://refhub.elsevier.com/B978-0-12-813822-9.00019-9/rf0050
http://refhub.elsevier.com/B978-0-12-813822-9.00019-9/rf0050
http://refhub.elsevier.com/B978-0-12-813822-9.00019-9/rf0055
http://refhub.elsevier.com/B978-0-12-813822-9.00019-9/rf0055
http://refhub.elsevier.com/B978-0-12-813822-9.00019-9/rf0055
http://refhub.elsevier.com/B978-0-12-813822-9.00019-9/rf0060
http://refhub.elsevier.com/B978-0-12-813822-9.00019-9/rf0060
http://refhub.elsevier.com/B978-0-12-813822-9.00019-9/rf0065
http://refhub.elsevier.com/B978-0-12-813822-9.00019-9/rf0065
http://refhub.elsevier.com/B978-0-12-813822-9.00019-9/rf0065
http://refhub.elsevier.com/B978-0-12-813822-9.00019-9/rf0070
http://refhub.elsevier.com/B978-0-12-813822-9.00019-9/rf0075
http://refhub.elsevier.com/B978-0-12-813822-9.00019-9/rf0075
http://refhub.elsevier.com/B978-0-12-813822-9.00019-9/rf0080
http://refhub.elsevier.com/B978-0-12-813822-9.00019-9/rf0080
http://refhub.elsevier.com/B978-0-12-813822-9.00019-9/rf0085
http://refhub.elsevier.com/B978-0-12-813822-9.00019-9/rf0085
http://refhub.elsevier.com/B978-0-12-813822-9.00019-9/rf0085
http://refhub.elsevier.com/B978-0-12-813822-9.00019-9/rf0090
http://refhub.elsevier.com/B978-0-12-813822-9.00019-9/rf0090
http://refhub.elsevier.com/B978-0-12-813822-9.00019-9/rf0090


18. Miao X, Wang Y, Sun J, et al. Zinc protects against diabetes-induced pathogenic changes in the aorta:
roles of metallothionein and nuclear factor (erythroid-derived 2)-like 2.Cardiovasc Diabetol. 2013;12:54.

19. Canesi L, Betti M, Ciacci C, Gallo G. Insulin-like effect of zinc in mytilus digestive gland cells: mod-
ulation of tyrosine kinase-mediated cell signaling. Gen Comp Endocrinol. 2001;122:60–66.

20. Yoshikawa Y, Hirata R, Yasui H, Sakurai H. Alpha-glucosidase inhibitory effect of anti-diabetic metal
ions and their complexes. Biochimie. 2009;91:1339–1341.

21. Zeng YF, Lee J, Si YX, et al. Inhibitory effect of Zn2+ on α-glucosidase: inhibition kinetics and molec-
ular dynamics simulation. Process Biochem. 2012;47:2510–2517.

22. Coulston L, Dandona P. Insulin-like effect of zinc on adipocytes. Diabetes. 1980;29:665–667.
23. Wang J, Song Y, Elsherif L, et al. Cardiac metallothionein induction plays the major role in the

prevention of diabetic cardiomyopathy by zinc supplementation. Circulation. 2006;113:544–554.
24. Cefalu WT, Hu FB. Role of chromium in human health and in diabetes. Diabetes Care.

2004;27:2741–2751.
25. Freund H, Atamian S, Fischer JE. Chromium deficiency during total parenteral nutrition. JAMA.

1979;241:496–498.
26. Lewicki S, Zdanowski R, Krzyzowska M, et al. The role of Chromium III in the organism and its

possible use in diabetes and obesity treatment. Ann Agric Environ Med. 2014;21:331–335.
27. Jeejeebhoy KN, Chu RC, Marliss EB, Greenberg GR, Bruce-Robertson A. Chromium deficiency,

glucose intolerance, and neuropathy reversed by chromium supplementation, in a patient receiving
long-term total parenteral nutrition. Am J Clin Nutr. 1977;30:531–538.

28. Huang H, Chen G, Dong Y, Zhu Y, Chen H. Chromium supplementation for adjuvant treatment of
type 2 diabetes mellitus: results from a pooled analysis. Molecular nutrition food research 2017.Mol Nutr
Food Res. 2018;62.

29. Anderson RA, Cheng N, Bryden NA, et al. Elevated intakes of supplemental chromium improve glu-
cose and insulin variables in individuals with type 2 diabetes. Diabetes. 1997;46:1786–1791.

30. Frauchiger MT, Wenk C, Colombani PC. Effects of acute chromium supplementation on postprandial
metabolism in healthy young men. J Am Coll Nutr. 2004;23:351–357.

31. McIver DJ, Grizales AM, Brownstein JS, Goldfine AB. Risk of type 2 diabetes is lower in US adults
taking chromium-containing supplements. J Nutr. 2015;145:2675–2682.

32. Di Angelantonio E, Gao P, Khan H, et al. Glycated hemoglobin measurement and prediction of
cardiovascular disease. JAMA. 2014;311:1225–1233.
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CHAPTER 20

Phytotherapeutics in Diabetes
and Diabetic Complications
C�ecile Vennos, Herbert Schwabl, Donato Pinto
PADMA AG, Wetzikon, Switzerland

List of Abbreviations
AGE advanced glycation endproduct

CHD coronary heart disease

PAOD peripheral arterial occlusive disease

T2D type 2 diabetes

1. INTRODUCTION

Since the diabetes epidemic is growing worldwide, remedies for treating diabetes gain

evermore importance.1 Although increased blood glucose is the defining parameter of

the disease, glycemic control is only one aspect of an integrative diabetes management.

This includes preventive measures that target many pathogenic factors leading to diabetes

as well as prevention and treatment of sequelae of diabetes as shown in Fig. 1. The

diabetes-associated diseases are gaining more importance since the spectrum of drugs

to control blood glucose is continuously growing and life expectancy of diabetic patients

is increasing. Also, due to the chronic nature of the disease, an integrative therapeutic

approach and long-time treatment are necessary. Special importance lies therefore not

only in the effectiveness but also in the safety and tolerability of the medicines used.

Phytotherapeutics are plant-based medicinal preparations. Mono-substances isolated

from plant material are not considered phytotherapeutics and are not included in this

evaluation, since they do not show the characteristics of complex plant preparations.

Plants contain complex mixtures of many chemical substances and constitute multi-

compound drugs, a characteristic that is even more valid for poly-herbal preparations.

In herbal preparations, different kinds of constituents act synergistically on different

pathogenic mechanisms in a multitarget mode of action. This is utilized in a special cat-

egory of phytotherapeutics, where different herbal drugs are assembled in multicom-

pound formulas. These can be seen as new, man-made plants tailored to specific

disease states or the constitution and condition of individual patients. Such complex

phytotherapeutics are used in many Asian medicine systems such as Japanese Kampo
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Fig. 1 Pathogenic mechanisms in the development of diabetes and diabetes-associated diseases, in which oxidative stress and chronic low-level
inflammation play a pivotal role. Broad arrows indicate fields that can be targeted by phytotherapeutics. AGEs, advanced glycation end products;
PAOD, peripheral arterial occlusive disease; CHD, coronary heart disease. Adapted from Vennos C, Uehlinger S. Das Potenzial von Padma 28 bei
Folgeerkrankungen des Diabetes mellitus [The potential of Padma 28 in diabetes mellitus associated diseases]. Schweiz Zschr Ganzheitsmed
2010;22:344–348).

310
Bioactive

Food
as

D
ietary

Interventions
for

D
iabetes



Medicine, ChineseMedicine, TibetanMedicine, Perso-Arabic UnaniMedicine, and the

Indian Ayurveda, each featuring an extensive materia medica.

With their synergistic, antagonistic, and additive interactions between the chemical

ingredients, phytotherapeutics exhibit mostly a favorable safety profile. Thus, together

with their multitarget approach, they offer valuable options in complex diseases with

a multifaceted etiology such as diabetes and diabetic complications.

Here we give an overview of phytotherapeutics, for which scientific literature from

Medline-based literature searches and scientific libraries supports their application in an

integrative diabetes management. For some examples their possible modes of action in

different diabetic disease stages is discussed.

2. PHYTOTHERAPEUTICS IN PREDIABETES

Prediabetes is mostly defined by laboratory parameters such as impaired glucose tolerance

or increased fasting glucose levels that are not high enough to be classified as diabetes

mellitus. The main treatment goal in prediabetic patients is the same as in high-risk

patients, namely the reduction in risk factors and prevention of overt diabetes.

Although the pathogenic mechanisms of insulin resistance are not yet fully under-

stood, oxidative stress seems to play a pivotal role in the development of diabetes as well

as its complications.2 Obesity has been identified as a main risk factor for developing type

2 diabetes (T2D) as well as metabolic syndrome. In its endocrine function adipose tissue

induces an inflammatory status, which may play a pathogenic role in the development

and progression of the disease.3 To achieve weight loss and thus reduce the main risk

factors, changes in diet and lifestyle including reduced calorie intake and physical training

are still the only measures with proven effects of significant magnitude. Some herbal sub-

stances have shown a weight-loss effect in scientific studies4 and may increase the effect of

lifestyle changes. In most of these medicinal herbs a change in lipid metabolism was also

found, which could constitute the mechanism of action or be an additional effect.

There are other risk factors than a dysregulation of the lipid metabolism also known to

enhance obesity, such as insufficient physical exercise, disturbed or lack of sleep, or proin-

flammatory processes. These can also be targeted by phytotherapeutics to reduce diabetes

risk. Herbal medicines can, for example, support physical activity such as the so-called

adaptogens or by enhancing blood circulation,5 reduce sleep disorders,6 or reduce inflam-

matory mediators such as inflammatory cytokines.7 Examples of herbal substances that

can be used in prediabetes and diabetes risk management are illustrated in Table 1.

3. PHYTOTHERAPEUTICS FOR GLYCEMIC CONTROL

Blood glucose homeostasis is achieved by diverse biochemical mechanisms. Medicines

for glycemic control may therefore target one or more of these mechanisms, for example,
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by reducing glucose absorption from the small intestines, increasing or regenerating

pancreatic beta cells, suppressing hepatic gluconeogenesis, increasing insulin sensitivity

in tissues, or by enhancing peripheral glucose uptake.8,9

Examples of herbal substances and complex phytotherapeutics from traditional med-

icine systems with scientific evidence of a glucose lowering effect are listed in Table 2.

In a whole system approach the effects of different polyherbal formulations from

Tibetan medicine on blood glucose levels were analyzed. In all, 200 newly diagnosed

diabetes patients were treated with individualized combinations of at least two of four

herbal formulations (Kyura-6, Aru-18, Yungwa-4, and Sugmel-19).10

4. PHYTOTHERAPEUTICS IN DIABETES-ASSOCIATED DISEASES

As indicated in Fig. 1, secondary diabetic complications such as atherosclerosis, diabetic

retinopathy, or the diabetic foot syndrome have shared multifactorial etiology. The nat-

urally occurring immunosenescence, the aging of the immune system, as well as

proinflammatory and prooxidative insults accumulating over the years lead to the devel-

opment of an age-related, proinflammatory environment. This process is also called

inflammaging.

In diabetic patients, even if the blood glucose/HbA1c levels are well controlled and

lie within the target range, glucose levels and thus oxidative stress and proinflammatory

Table 1 Phytotherapeutics in the prevention and treatment of high-risk patients and prediabetes:
examples of herbal drugs, for which a benefit could be shown in factors of diabetes pathogenesis,
such as supporting lifestyle changes or reducing risk factors
Herbal drug Effects, mechanisms

Zingiber officinale Roscoe Weight loss

Cissus quadrangularis L. Weight loss

Momordica charantia L Weight loss, improved glycemic control

Valeriana officinalis L. Reduced sleep disorders

Humulus lupulus L. Reduced sleep disorders

Melissa officinalis L. Reduced sleep disorders

Srog ’zin 10 (Tibetan Medicine System:

10 herbal ingredients)

Reduced sleep disorders, stress resistance

Panax ginseng C.A. Mey. Physical activity

Padma 28 (Tibetan Medicine System:

21 herbal ingredients and calcium sulfate)

Physical activity

Allium sativum L. Physical activity

Rhodiola rosea L. Physical activity, stress resistance

Elaeis guineensis, Jacq. Improved glycemic control

Ficus deltoidea, Jack Improved glycemic control

Tang-Nai-Kang (Chinese Medicine

System: five herbal ingredients)

Improved glycemic control

312 Bioactive Food as Dietary Interventions for Diabetes



processes are increased compared to nondiabetics. On the one hand this is due to the fact

that systemic glucose activates neutrophil function and thus aggravates the basic inflam-

matory status. On the other hand glucose, via nonenzymatic protein glycation, increases

the level of advanced glycation end products (AGEs), which leads to increased oxidative

stress and accelerates and aggravates inflammaging and the proinflammatory environment

(Fig. 1). AGEs, acting via receptors for AGE (RAGE), have in the last decades become

known to play a pivotal role in the development of various diabetes-associated

diseases.11,12

These accelerate inflammaging and are the main factors leading to damage of blood

vessels and nerves, finally resulting in diabetes-associated conditions such as atheroscle-

rosis, paresthesias, diabetic foot syndrome, and retinopathy. The inhibition of AGE-

formation, an effect known for several phytotherapeutics, thus seems to be a promising

avenue in the prevention of diabetes-associated diseases.

Phytotherapeutics, which usually contain antioxidative secondary plant substances,

offer valuable options in the prevention and treatment of secondary diabetic diseases.

With their multitarget effects herbal multicompound medicines also act via other

mechanisms. Among these are the inhibition of AGE generation (e.g., Vitis vinifera,

Ginkgo biloba,Allium sativum,Tibetan polyherbal formula Padma 28) and antiatherogenic

effects (e.g., Panax ginseng, the Tibetan polyherbal formula Padma 28, Chinese/Japanese

Table 2 Phytotherapeutics in glycemic control: examples of herbal drugs, for which an effect
in glycemic control could be shown in scientific studies
Herbal drug Effects, mechanisms

Panax quinquefolium L. Antihyperglycemic

Gymnema sylvestre (Retz.) R.Br. ex Schult. Antihyperglycemic, different pathways

Cinnamomum aromaticum Nees Antihyperglycemic

Momordica charantia L. Hypoglycemic

Trigonella foenum-graecum L. Blood glucose lowering

Ocimum tenuiflorum L. Blood glucose lowering

Glucolevel (Greek-Arab medicine system:

four plants)

Blood glucose lowering

Individualized combinations of Tibetan

formulations Kyura-6, Aru-18, Yungwa-4,

Sugmel19

Improved glycemic control

Huang-Lian-Jie-Du-Tang/Oren-gedoku-to

(Chinese/Japanese Medicine system: four

plants)

Increase insulin secretion, improve glucose

tolerance

Coccinia grandis (L.) Voigt Blood glucose lowering

Tang-Kang-Fu-San (Tibetan Medicine

System: various unspecified ingredients)

Antidiabetic

Qurs Tabasheer (Perso-Arabian Medicine

System: five plants)

Improved glycemic control, pancreas

protection, hepatoprotective
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medicine Huang-Lian-Jie-Du-Tang/Oren-gedoku-to). Furthermore, some herbal

preparations have antibacterial properties relevant in the susceptibility to infections often

occurring in diabetes patients (e.g., Cinnamomum aromaticum, the Tibetan herbal formula

Padma 28) and lead to improvement in blood circulation (e.g., the Tibetan herbal

formula Padma 28, Ginkgo biloba) (Table 3).

5. SUMMARY: PHYTOTHERAPEUTICS IN AN INTEGRATIVE DIABETES
MANAGEMENT

From the point of view of integrative medicine, diabetes management goes far beyond

glycemic control. It encompasses preventive strategies, lowering hyperglycemia and pre-

vention and treatment of diabetes-associated diseases.

Although there are various phytotherapeutics with known glucose-lowering effects13

herbal preparations can be applied in all stages of diabetes as indicated by the arrows in

Fig. 1. Because of their multitarget mode of action herbal medicines can act on different

pathogenic mechanisms at the same time.While in prediabetes they may support lifestyle

changes and weight loss, some herbal preparations have scientifically been shown to

reduce blood glucose. Through their different and often multitarget effects and their

multitarget approach they are also indicated in the prevention and treatment of especially

prediabetes and diabetes-associated diseases, in which oxidative stress, formation of

AGEs, and low-level inflammation play a pivotal role in the pathogenesis.

Table 3 Phytotherapeutics in diabetes-associated diseases: examples of herbal drugs with effects
in the prevention and treatment of diabetes-associated diseases with, e.g., antioxidative,
antiinflammatory, age-formation inhibiting, cell and tissue protecting activities, or circulation-
enhancing properties
Herbal drug Effects, mechanisms

Panax ginseng C.A. Mey. Antiinflammatory

Padma 28 (Tibetan Medicine System:

21 herbal ingredients and calcium

sulfate);

Inhibits atherosclerosis, antiinflammatory,

inhibits AGE and AOPP formation

Allium sativum L. Inhibits AGE formation

Vitis vinifera L. Inhibits AGE formation, improve macrovascular

parameters

Ginkgo biloba L. Inhibits atherosclerosis

Huang-Lian-Jie-Du-Tang / Oren-

gedoku-to (Chinese / Japanese Medicine

system: four plants)

Inhibits atherosclerosis

Zea amylacea Sturtev. Inhibits diabetes-associated glomerular

angiogenesis

Momordica charantia L. Antiatherogenic

Panax quinquefolium L. Preventive against diabetic nephropathy
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The prevalence of T2D mellitus and therewith also of diabetes-associated diseases is

growing globally. Diagnosis and therapy of hyperglycemia are improving and the number

of patients with secondary diabetic complications will show an epidemical increase in the

future.

Because of their differentiated multitarget mode of action, their effectiveness, and

their generally high safety and tolerability, phytotherapeutics offer valuable preventive

and therapeutic options in a holistic diabetes management.
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CHAPTER 21

The Mediterranean Diet for an Effective
Management of Metabolic Syndrome in
Both Men and Women
Alexandra B�edard*, Caroline Richard†
*Institute of Nutrition and Functional Foods, Laval University, Qu�ebec, QC, Canada
†Department of Agricultural, Food and Nutritional Sciences, University of Alberta, Edmonton, AB, Canada

1. INTRODUCTION

Obesity and its metabolic complications have emerged as the epidemic of the new mil-

lennia. The metabolic syndrome (MetS) is defined as a cluster of metabolic and physio-

logical perturbations present simultaneously in an individual,1 which together raise the

risk of cardiovascular diseases (CVD) and type 2 diabetes.2 It is estimated that nearly 35%

of the adult US population is characterized as having the MetS3 as defined by the revised

definition of the National Cholesterol Education Program’s Adult Treatment Panel III

(NCEP ATP III),3 with higher prevalence in women than in men.4 Obesity has been

identified as the key etiological condition that predisposes to the development of MetS

and central obesity itself is an integral criterion for the diagnosis of MetS.3 Therefore, it is

not surprising that weight loss constitutes the first line of intervention for the manage-

ment of the MetS.1 In that regard, the beneficial effect of weight loss, achieved through

different regimens, on several features of the MetS has been well documented.5,6 The

challenge resides, however, in maintaining a significant body weight reduction over time

since evidence suggests that 95% of body weight loss strategies are followed by weight

regain and, in most cases, the weight regain is even greater than the weight initially lost.7

The quality of the diet is also a key factor to consider, regardless of its impact on body

weight. It has become clear after the first results of the PREDIMED in 2013 that the

Mediterranean diet (MedDiet) was a very promising dietary pattern to reduce the risk

of cardiovascular events.8 Results from this study, consisting of an energy-unrestricted

nutritional intervention among 7447 high-risk individuals, indicate that the adherence

to aMedDiet supplemented with extra-virgin olive oil or mixed nuts reduces by approx-

imately 30% the incidence of myocardial infarction, stroke, and cardiovascular death

compared with a low-fat diet. While several variants of the MedDiet exist, features most

consistently associated with this unique dietary pattern include a high consumption of

fruits, vegetables, legumes, grains and nuts, whole grain products, olive oil, and foods
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with a high monounsaturated fatty acid (MUFA) to saturated fatty acid (SFA) ratio, a

moderate consumption of dairy products and alcohol (mostly red wine), and a low intake

of red meat and meat products in general.9 As discussed earlier, consumption of a Med-

iterranean dietary pattern, irrespective of weight loss, is an effective dietary strategy for

treating both men and women with the MetS because it exerts beneficial effects on sev-

eral individual components of the MetS. Therefore, the MedDiet provides an alternative

to weight loss which is hardly achievable and sustainable for most individuals.7,10

This chapter will provide a brief overview of the impact of weight loss on individual

components of the MetS as the “reference” for intervention. Since adherence to the

MedDiet has generally been associated with significant reductions in body weight and

waist circumference,11 it is important to dissect out the impact of weight loss when asses-

sing the effect of the MedDiet on the MetS. Therefore, the second part of this chapter

will consist of a review of data from our studies and others that have assessed the impact

of the MedDiet in the absence of meaningful body weight reduction on features of

the MetS, with a particular attention to sex-related differences in the response to the

MedDiet.

2. METABOLIC SYNDROME AND WEIGHT LOSS

Several organizations have proposed clinical criteria for the diagnosis of the MetS includ-

ing the World Health Organization, the NCEP ATP III, and the International Diabetes

Federation.12 Although using slightly different cut-off values to define the MetS, they all

encompass the same metabolic criteria that include the presence of several traditional

CVD risk factors, such as low high-density lipoprotein-cholesterol (HDL-C), high tri-

glyceride (TG), impaired glucose tolerance or insulin resistance, hypertension, and

abdominal obesity, in a given individual.3 This cluster of traditional CVD risk factors

is also often associated with the presence of several other metabolic perturbations

including chronic low-grade systemic inflammation,1 endothelial dysfunction,13,14 and

atherogenic low-density lipoprotein (LDL) particles.13,15

Since weight loss is still considered the primary intervention for the management of

theMetS, an overview of its effect on traditional and nontraditional CVD risk factors will

be given as a reference (Tables 1 and 2). Several studies have shown that weight loss sig-

nificantly improves almost all aspects of theMetS.5,6 Weight loss in various studies has led

to significant reduction in plasma TG and apolipoprotein B (apoB) concentrations5,49

while lowering the preponderance of small dense atherogenic LDL particles.50 Although

less consistent, weight loss generally has a HDL raising effect.5,10,51,52 Improvements in

blood pressure, both systolic (SBP) and diastolic blood pressure (DBP), as well as fasting

plasma glucose and insulin levels have also consistently been reported in weight loss

studies.5,6,10 In addition, weight loss has an overall anti-inflammatory effect, particularly

following rigorous dietary intervention leading to >10% body weight reduction.53
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Table 1 Effects of the Mediterranean diet on traditional CVD risk factorsa

Traditional CVD risk
factors

Weight
lossb

Mediterranean diet

Sex differencescPositive effect Neutral effect
Negative
effect

Lipid profile

Total-C # Refs. 16,17,18,19,20 Refs. 21,22,23,24 Ø difference18

LDL-C # Refs. 16,17,18, 20 Refs. 19,21,22,23,24 Ø difference18

HDL-C 6¼, " Ref. 19 Refs.

16,17,18,21,22,23,

25

Refs. 20,24 Ø difference18

Total-C/HDL-C # Refs. 16,18,19 Refs. 21,23,24 # Observed only in

men18

TG # Refs. 16*,17,19,23 Refs.

18,21,20,22,24,25

Ø difference18

ApoB # Refs.

16,17,18,21,20, 26

Ø difference18

Insulin resistance

Fasting glucose # Refs. 19,24 Refs.

16,17,18,20,23,25

Ø difference18

Fasting insulin # Refs. 16*,19,20,25 Refs. 17,18,23 Ø difference18

HOMA # Refs. 16*,19,20,25 Ref. 18 Ø difference18

Hypertension

SBP # Refs. 18,19*,25,27 Refs. 16,20,24 # observed only in

men18

DBP # Refs. 16*,18,19* Refs. 20,22,24,25 Ø difference18

aAbbreviations: apo, apolipoprotein;C, cholesterol;CVD, cardiovascular disease;DBP, diastolic blood pressure;HDL, high-density lipoprotein;HOMA, homeostatic model
assessment; LDL, low-density lipoprotein; SBP, systolic blood pressure; TG, triglycerides.
b# Indicates a decrease, " indicates an increase, 6¼ indicates no effect and * indicates an improvement in participants with high levels at baseline
cSex differences refer to those observed between men and women in well-controlled feeding conditions.
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Table 2 Effects of the Mediterranean diet on nontraditional CVD risk factorsa

Weight
lossb

Mediterranean diet

Sex differencescPositive effect Neutral effect
Negative
effect

Inflammation

CRP # Refs. 19,24,28,29*,
30*,31,32,33*,34

Ref. 23 # Only in men with elevated baseline

values (�2mg/L), not in women30

IL-6 # Refs. 19,22,31,32,33,34 Ref. 29 Not evaluated

IL-18 # Refs. 32,33,34 Ref. 29 Not evaluated

TNF-α # Ref. 35 Ref. 29 Not evaluated

Markers of endothelial function

VCAM-1 # Refs. 19,35,31 Refs. 33,36,37,38 Not evaluated

ICAM-1 # Refs. 19,22,35,31,32,38 Refs. 33,36,37 Not evaluated

E-selectin # Refs. 35,33,36* Ref. 31 Not evaluated

P-selectin # Refs. 24,35,37 Refs. 31,33,38 Not evaluated

FMD " Refs. 22,23,37,38 Ref. 17 Not evaluated

Carotid

IMT

# Refs. 39*,40 Not evaluated

Atherogenic LDL particles

LDL

particle

size

" Refs. 41,42*,43*,44 Refs. 17,45 Favorable redistribution of LDL

subclasses from smaller to larger

LDL observed in men but not in

women42

oxLDL # Refs. 42,46*,47,48 Ø difference42

aAbbreviations: CVD, cardiovascular disease; CRP, C-reactive protein; E-selectin, endothelial-leukocyte adhesion molecule-1; FMD, flow-mediated dilatation; ICAM,
intercellular cell adhesion molecule-1; IL, interleukin; IMT, intima-media thickness; TNF-α, tumor necrosis factor-α; VCAM, vascular cell adhesion molecule-1.
b# Indicates a decrease, " indicates an increase and * indicates an improvement in participants with high levels at baseline.
cSex differences refer to those observed between men and women in well-controlled feeding conditions.
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Reductions in plasma C-reactive protein (CRP),53–56 interleukin (IL)-6,54,55,57 IL-18,55,58

and tumor necrosis factor (TNF)-α55,57,59 concentrations have been observed following

weight loss. Improvements in several markers associated with endothelial function and

oxidative stress has also been reported in weight loss studies including reductions in plasma

levels of adhesion molecules [i.e., P-selectin, E-selectin, vascular cell adhesion molecule-1

(VCAM-1), and intercellular adhesion molecule-1 (ICAM-1)]57,60 and oxidized LDL par-

ticles (oxLDL).56 Improvements in the flow-mediated dilatation (FMD) and the carotid

intima-media thickness (IMT) have also been observed with weight loss.61,62 However,

as discussed previously, the success rates of long-term bodyweight reduction through calo-

ric restriction alone are generally poor. As a result, there is now overwhelming evidence

that our effort should be directed at modifying the quality of the diet, rather than focussing

on energy restriction only, for an effective management of the MetS.

3. MedDiet AND TRADITIONAL CVD RISK FACTORS
ASSOCIATED WITH MetS

A summary of the effects of the MedDiet, independent of weight loss, on traditional

CVD risk factors is provided in Table 1. As discussed earlier, adherence to the MedDiet

is often associated with a concomitant weight loss11 which is an important confounding

factor when assessing its impact on CVD risk factors. A total of 10 nutritional interven-

tion studies on the MedDiet, where no clinically meaningful change in body weight was

observed throughout the intervention, were identified.16–25 The duration of the inter-

ventions varied from 4weeks (1month) to 12months. Two studies were in complete

controlled feeding conditions with all food provided to participants16,18 and two studies

were under partly controlled feeding conditions with some food provided.17,25 The

remaining studies provided nutritional recommendations to participants to adhere to a

Mediterranean dietary pattern.19–24

We have performed two studies on the MedDiet under complete controlled isoca-

loric feeding condition, that is, with all foods and beverages provided to participants, in

order to maintain their body weight stable throughout the intervention.16,18 In the first

study, we assessed the efficacy of the MedDiet at modulating major CVD risk factors in

menwithMetS30 whereas in the second study we compared the response to theMedDiet

between men and premenopausal women characterized by a deteriorated lipid profile at

baseline.18 We demonstrated that consumption of the MedDiet for 5weeks led to reduc-

tions in plasma concentrations of total-C (�7.1%), LDL-C (�9.3%), apoB (�8.8%), and

the total-C/HDL-C ratio (�6.5%) compared with a control Western-type diet in men

with MetS.16 We also showed that in men with elevated baseline values, consumption of

theMedDiet reduced DBP, plasma TG, and fasting insulin concentrations as well as insu-

lin resistance as assessed by the homeostasis model assessment (HOMA) index. No change

in plasma HDL-C concentrations was observed with the MedDiet in the absence of
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weight loss.16 We further demonstrated, in both men and women, that consumption of

the MedDiet for 4weeks has significantly lowered the plasma concentrations of total-C

(men: �9.9%, women: �6.2%), LDL-C (men: �10.4%, women: �7.3%), apoB (men:

�9.5%, women: �9.0%), and DBP levels (men: �4.5%, women: �4.3%) compared

with baseline values. In that study, the MedDiet had no impact on HDL-C, TG, fasting

glucose, and fasting insulin concentrations as well as on the HOMA index in either men

or women. In men, significant reductions in SBP (�3.3%) and total-C/HDL-C ratio

(�6.1%) were also observed.18

The effect of a MedDiet rich in omega-3 fatty acids and sterol ester compared to a

Swedish diet was investigated in a randomized crossover trial conducted under partly

controlled feeding conditions.17 Indeed, during both dietary interventions of 4weeks,

participants were provided with one meal/day (60% of the daily caloric requirement).

Compared with the Swedish diet, the consumption of theMedDiet reduced plasma con-

centrations of total-C by 17%, LDL-C by 22%, apoB by 16%, and TG by 17% while

no change was observed in HDL-C, fasting glucose, and fasting insulin concentrations.17

A small body weight reduction (<1kg) occurred in this study after adherence to the

MedDiet.31 In a crossover 6-week dietary intervention study, 12nondiabetic subjects

with biopsy-proven nonalcoholic fatty liver disease were allocated to a partly controlled

MedDiet or a low fat-high carbohydrate diet.25 The consumption of the MedDiet

resulted in a decrease in SBP (�9.3%), insulin concentrations (�36.4%), and HOMA

index (�36.2%) while no change was observed for DBP, glucose, TG, and HDL-C

levels. No change in body weight was observed. There were no gender differences in

response to the two diets.

In the PREDIMED study,19,26 adherence to a MedDiet supplemented with either

extra-virgin olive oil (MedDiet+VOO) or amixture of nuts (MedDiet+nuts)was com-

paredwith a low-fat diet in subjects at high risk of CVD. After 3months, bothMedDiets

led to significant improvements in plasma HDL-C concentrations, SBP, DBP, fasting

glucose, insulin levels, and the HOMA index compared with the low-fat control diet.

Greater reductions were also observed in SBP and DBP in both MedDiet groups versus

the low-fat diet in participants with hypertension at baseline. In addition, MedDiet

+VOO decreased significantly apoB levels40 while plasma concentrations of total-C

and TG decreased only in the MedDiet+nuts.33 No change was observed in plasma

LDL-C concentrations in either of the MedDiets. Both MedDiets lowered the total-

C/HDL-C ratio versus the low-fat diet.19 Most importantly, there was no change in

body weight and adiposity measures after the 3-month intervention in all the groups.

Subsequent subgroup analyses showed that the majority of these beneficial effects of

the MedDiets on lipid measurements were still observed at follow-ups.28,35,63

Using a 2�2 factorial design, Jula et al.20 investigated the effects of a modified

Mediterranean-type diet rich in omega-3 fatty acids and statin therapy on several

322 Bioactive Food as Dietary Interventions for Diabetes



CVD risk factors in hypercholesterolemic men. Men were randomized to follow

either a habitual diet or a MedDiet rich in omega-3 fatty acids and to receive either

Simvastatin (20mg/day) or a placebo for 12weeks. No change in body weight was

observed throughout the intervention in both diet groups. Independent of statin ther-

apy, adherence to the MedDiet led to reductions in plasma concentrations of total-C

(�7.6%), LDL-C (�10.8%), HDL-C (�4.9%), apoB (�5.7%), fasting insulin

(�14.0%), and the HOMA index (�15.1%) compared with the habitual diet.20 No

change in blood pressure, plasma TG, and fasting glucose levels was observed with

the MedDiet.20 Ceriello et al.22 found no impact of the MedDiet on lipid profile

and blood pressure in type 2 diabetes individuals compared to a low-fat diet in a non-

controlled feeding context.

Davis et al. asked 166 healthy participants to follow either a MedDiet or their habit-

ual diet for 6weeks.23,27 Results showed that, compared with their habitual diet, the

MedDiet resulted in lower TG concentrations and SBP after 3 and 6months (respec-

tively, �9.2% and �12.5% for TG and �4.1% and �5.0% for SBP). Other blood lipid

measurements, as well as glucose and insulin concentrations, were not different between

groups at any time point. In a 3-month parallel trial, 90 healthy volunteers were ran-

domized to MedDiet with virgin olive oil, to MedDiet with washed virgin olive oil,

and to a control group maintaining their habitual diet.24 Olive oil was provided to par-

ticipants of the two first groups and a dietitian gave them personalized advice during a

30-min session, with recommendations on the desired frequency of intake of specific

foods. In the two-group analyses (MedDiet global vs. control), plasma glucose levels

and HDL-C decreased after 3months (respectively, �2.5% and �3.3%). No change

in any other blood lipid measurements and blood pressure was observed in response

to the MedDiet. In free-living conditions, a 12-week intervention promoting adher-

ence to a MedDiet had little impact on most CVD risk factors in healthy women

(i.e., plasma total-C, LDL-C, HDL-C, TG concentrations and the total-C/HDL-C

ratio).21 Nevertheless, the authors reported a significant reduction in plasma apoB con-

centrations with the MedDiet.

Altogether, studies that have been performed on the MedDiet where no meaningful

change in body weight occurred point toward a positive effect of the MedDiet on most

traditional CVD risk factors especially in individual with a more deteriorated metabolic

profile at baseline. TheMedDiet seems particularly effective at reducing apoB and insulin

resistance while having a neutral effect on HDL-C and fasting glucose concentrations.

The MedDiet also generally improve TG, total-C, and LDL-C concentrations as well

as blood pressure in individuals with elevated values at baseline. Finally, results obtained

in a well-controlled feeding context suggest that men may benefit slightly more from a

Mediterranean dietary pattern than women for some CVD risk factors including SBP and

the total-C/HDL-C ratio.
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4. MedDiet AND NONTRADITIONAL CVD RISK FACTORS
ASSOCIATED WITH MetS

4.1 Inflammation
Inflammation is now recognized as being a key etiological factor in the pathogenesis of

CVD and type 2 diabetes.64–67 Obesity and its related metabolic complications, especially

insulin resistance and hyperglycemia, are associated with a state of chronic low-grade sys-

temic inflammation.68 Inflammation is characterized among others by elevated plasma

levels of circulating CRP, IL-6, IL-18, and TNF-α.53,69,70 Moreover, plasma CRP

levels, an acute phase protein, predict the risk of CVD independent of other CVD risk

factors.71,72 A summary of the effects of the MedDiet, independent of weight loss, on

inflammatory markers is provided in Table 2.

In our controlled isocaloric feeding studies, we first demonstrated that consumption

of a MedDiet for 5weeks significantly reduced plasma CRP concentrations by 26.1%

compared with a control Western-type diet in men with MetS.29 A greater reduction

in plasma CRP concentrations was also observed in men with elevated CRP levels at

baseline. In addition, there was a trend toward reduction in plasma IL-18 concentrations

with the MedDiet vs the control Western-type diet (P¼ .097). However, in the absence

of weight loss, the MedDiet had no impact on plasma IL-6 and TNF-α.29 Results

from our second controlled feeding study showed sex difference in CRP response to

the MedDiet, men with elevated baseline values (�2mg/L) experiencing a reduction

in CRP over time with the MedDiet (�26.5%) while such a change was not observed

in women with elevated baseline CRP values.30

Five reports from the PREDIMED study showed a positive effect of the MedDiet on

inflammation. Reductions in plasma CRP and IL-6 concentrations were observed after

3-month adherence to the MedDiet+VOO compared with the control low-fat diet

while the MedDiet+nuts only reduced plasma IL-6 concentrations.19,31 No sex differ-

ence was observed in this study. After 1-year adherence, bothMedDiets led to significant

reductions in plasma levels of CRP, IL-6, and two TNF receptors (TNF receptor 60 and

TNF receptor 80) comparedwith the control low-fat diet while IL-18 decrease only with

theMedDiet+nuts.57 At 3 and 5years, bothMedDiet groups showed a significant reduc-

tion in CRP and IL-6 compared with the low-fat control diet while IL-18 and TNF-α,
only decreased in the MedDiet+VOO.28,33

In another study, improvements in several inflammatory markers (CRP, IL-6, IL-7,

and IL-18) were observed after a 2-year adherence to aMedDiet in subjects withMetS.34

However, adherence to the MedDiet was also associated with important reductions in

body weight (�4.4kg) and waist circumference (�2cm) in this study. Although the

authors showed that adjustment for body weight loss did not change their results, we can-

not rule out the possibility of residual confounding effects of concurrent weight loss. In a

study by Ceriello et al.22 a MedDiet decreased plasma IL-6 levels while no change was
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observed in response to a control low-fat diet during 3months in individuals with type 2

diabetes.

Finally, Konstantinidou et al.24 found that, in 90 healthy volunteers, the MedDiet

decreased CRP concentrations after 3months. In contrast, results from Davis et al.23

showed no beneficial impact of the MedDiet on CRP concentrations in healthy individ-

uals compared to their habitual diet after 6months.

Overall, most studies so far on the MedDiet have reported a beneficial effect on many

inflammatory markers even in the absence of weight loss. Again, individuals with a pro-

inflammatory state at baseline may benefit more from the antiinflammatory effect of the

MedDiet, a result observed more particularly in men. Yet, the underlying mechanisms by

which the MedDiet lower systemic inflammation are still poorly understood. In that

regard, further studies are required to assess the impact of the MedDiet on tissue specific

inflammation (e.g., adipose tissue) and the immune system which is a key player in the

regulation of inflammation. In addition, since sex differences have been previously

observed in the inflammatory response to the MedDiet, we recommend that further

studies should take into account sex in these analyses.

4.2 Endothelial Function
Vascular endothelial dysfunction is a common feature observed in individuals withMetS.

Several surrogate markers of atherosclerosis exist to assess endothelial function including

plasma levels of cell adhesion molecules, the percentage of flow-mediated dilatation and

the carotid intima-media thickness (IMT). For instance, VCAM-1, ICAM-1, E-selectin,

and P-selectin are cell adhesion molecules involved in monocyte recruitment and infil-

tration into arteries and higher levels of these molecules inMetS increase the risk of CVD

events.11,12,16,17 The FMD is a noninvasive method that correlates well with coronary

atherosclerosis which assess the vasodilation function of an artery (normally the brachial

artery) in response to a stress.73 The carotid IMT is another well-established noninvasive

method assessing the thickness of the carotid artery that predicts the risk of CVD events.74

A summary of the effects of the MedDiet, independent of weight loss, on markers of

endothelial function is provided in Table 2.

In our study, we showed that consumption of a MedDiet in isocaloric feeding con-

ditions for 5weeks in men with MetS had little impact on plasma levels of cell adhesion

molecules (VCAM-1, ICAM-1, and E-selectin) compared with a control Western-type

diet.36 However, a significant interaction was observed with baseline value in that the

MedDiet significantly reduced plasma E-selectin concentrations in men with elevated

levels at baseline.

Five separate analyses from the PREDIMED study have reported inconsistent finding

regarding changes in plasma cell adhesion molecules in subjects at high risk of CVD.

Estruch et al.19 have first shown that adhering to a MedDiet+VOO or MedDiet+nuts
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over a 3-month period was associated with reductions in plasma VCAM-1 and ICAM-1

concentrations compared with a low-fat diet. Mena et al.31 also reported in a smaller sam-

ple of the PREDIMED participants that adherence to both MedDiets and the low-fat

diet induced reductions in plasma ICAM-1 concentrations while no change was

observed in plasma E-selectin and P-selectin concentrations. In that analysis, concentra-

tions of plasma VCAM-1 were reduced only in the MedDiet+VOO group compared

with the low-fat diet group.31 Urpi-Sarda et al.32 showed that 1-year adherence to both

the MedDiet+VOO and MedDiet+nuts was associated with lower concentrations of

plasma ICAM-1 compared with the low-fat diet. However, plasma ICAM-1 concentra-

tions after both MedDiets were not significantly reduced compared with baseline values

and differences with the low-fat diet were attributable to a significant increase in ICAM-1

concentrations in the low-fat diet group.32 In another subgroup of PREDIMED, Casas

et al.35 found a decrease in VCAM-1, ICAM-1, and P-selectin in response to MedDiet

+VOO and a decrease in VCAM-1, E-selectin, and P-selectin in response to MedDiet

+nuts after 12months. In contrast, ICAM-1 was significantly increased in the low-fat

diet group. At 3 and 5years, reductions only in E-selectin concentrations were found

in the MedDiet+nuts group.33

In the PREDIMED study, two subgroup analyses have also assessed changes in

carotid IMT in response to a MedDiet+VOO or MedDiet+nuts compared to a control

low-fat diet in high risk individuals. Murie-Fernandez et al.63 first reported no improve-

ment after 1-year intervention on carotid IMT with both MedDiets. However, a signif-

icant interaction with baseline values was observed in both diet groups in which subjects

with elevated baseline IMT significantly lowered their IMT after 1year of consuming a

MedDiet compared with the control low-fat diet. After a mean intervention of 2.4years,

Sala-Vila et al. reported that consuming the MedDiet+nuts prevented the progression of

atherosclerosis as measured by the internal carotid artery IMT and the plaque height

when compared with a control low-fat diet.40

Consumption of aMedDiet rich in omega-3 and supplemented with 2g of sterol ester

per day for 4weeks had no effect on FMD in 22 healthy subjects versus a control Swedish

diet.17 Fuentes et al.37 have assessed the effect of a diet rich inMUFA (referred to as Med-

Diet) on FMD compared to a diet rich in SFA (SFA 20% of daily kcal) in 22 hypercho-

lesterolemic men. Both diets were consumed over consecutive periods of 28 days. The

MedDiet significantly increased the FMD and reduced plasma P-selectin concentrations

compared with the high SFA diet.37 The LIPGENE study assessed the impact of four

different isocaloric diets consumed for 12weeks on postprandial FMD in subjects with

MetS66; the high SFA diet, the high MUFA diet, the low-fat high complex carbohydrate

diet supplemented omega-3 (LFHC+w3), and the regular low-fat high complex carbo-

hydrate diet (LFHC). The high MUFA diet significantly increased the FMD compared

with the three other diets and reduced plasma ICAM-1 concentrations compared with

the high SFA and the LFHC+w3 diets.38
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In a study by Ceriello et al.22 with 12 subjects with type 2 diabetes, an increase in

FMD and a decrease in ICAM-1 have been observed in response to the MedDiet while

no change was found in response to the low-fat control diet. In another study by Davis

et al.27 with 82 elderly Australian adults, mean FMDwas higher after the MedDiet com-

pared with habitual diet after 6months. Finally, Konstantinidou et al.24 found a decrease

in P-selectin concentrations in response to a MedDiet+VOO after 3months in healthy

individuals.

In sum, intervention studies so far on the MedDiet point toward a positive effect of

the MedDiet on markers of endothelial function in particular on ICAM-1 and E-selectin

concentrations as well as on the FMD and the carotid IMT. Again, individuals with

elevated concentrations of cell adhesion molecules or higher carotid IMT at baseline

seem to benefit more from the MedDiet. No studies have up to now assessed whether

sex differences exist in the endothelial response to the MedDiet. Therefore, we do not

know if men and women have different beneficial effects of this dietary pattern.

4.3 Atherogenic LDL Particles
Although elevated plasma LDL-C concentrations is not considered a typical feature of

MetS, they are an important CVD risk factor in this population.1 TheMetS is often char-

acterized by the preponderance of atherogenic small dense LDL particles even in the

presence of normal LDL-C concentrations.15 This dyslipidemia is thought to be mainly

attributable to an increase production rate of very-low-density lipoprotein (VLDL) com-

bined with reduced catabolic rate of LDL particles.75 These small dense LDL particles in

the presence of a pro-inflammatory and pro-oxidative metabolic state in MetS are also

more susceptible to oxidative modifications,76 thereby increasing the number of oxidized

LDL (oxLDL) in circulation.13 Both small dense LDL particles and oxLDL have been

associated with an increased risk of CVD.76–78 A summary of the effects of the MedDiet,

independent of weight loss, on LDL particle size and oxLDL is provided in Table 2.

We performed a kinetic study to assess the apoB100metabolism in response to aMed-

Diet in controlled isocaloric feeding conditions in menwithMetS.We first demonstrated

that consumption of aMedDiet for 5weeks significantly increased LDL particle size com-

pared with the control Western-type diet.41 The MedDiet significantly reduced the pro-

portion of small LDL<25.5nm particles and reciprocally increased the proportion of

medium LDL25.5–26.0nm particles. We further demonstrated that the LDL-C lowering

effect of theMedDiet (�10% reduction in LDL-C) was mainly attributable to an increase

in the fractional catabolic rate of LDL particles.41 Therefore, the MedDiet even in the

absence of weight loss lowers plasma cholesterol by eliminating LDL particles more rap-

idly from the circulation. We also showed that this increased clearance rate with the

MedDiet could be partly explained by its overall positive effect on cholesterol homeo-

stasis.79 Indeed, we had previously demonstrated that consumption of a MedDiet for
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5weeks significantly reduced plasma proprotein convertase subtilisin/kexin-9 (PCSK9;

�11.7%) concentrations compared with a control Western-type diet.79 PCSK9 is a pro-

tein involved in the degradation of the LDL receptor and therefore higher levels of

PCSK9 have been associated with a reduced clearance of LDL particles.80 In our study,

the magnitude of the reduction in plasma LDL-C and LDL-apoB100 concentrations after

theMedDiet was positively correlated with the change in plasma PCSK9 concentrations.

In our second well-controlled feeding study aimed at comparing men and premeno-

pausal women response to the MedDiet, we found sex differences in LDL size distribu-

tion response to the MedDiet.42 Men experienced an increase in the proportion of

medium LDL25.5–26.0nm with a concomitant nonsignificant reduction in the proportion

of small dense LDL<25.5nm, while an opposite trend was observed in women. A sex dif-

ference was also noted for estimated cholesterol concentrations in small dense LDL, with

only men experiencing a reduction in response to the MedDiet. These beneficial effects

in men were particularly observed in those with smaller LDL particles at baseline. Taken

together, these results suggest that short-term consumption of the MedDiet leads to a

favorable redistribution of LDL subclasses from smaller to larger LDL, but only in

men. These sex differences seem to be partly explained by the fact that men have a more

atherogenic LDL profile than age-matched premenopausal women. Results from this

well-controlled feeding study also suggest that the MedDiet marginally reduces oxLDL

concentrations, with no sex difference.

In healthy women, adherence to a MedDiet for 12 weeks had no impact on LDL

particle size except in women with small dense LDL at baseline for which the MedDiet

increased the LDL peak particle diameter and the proportion of larger LDL (LDL>260Å)

particles.43 Archer et al.45 showed in healthy men that consumption of a diet rich in

MUFAs composed of olive oil, whole grains, and vegetable for 6weeks had no impact

on LDL particle size. Similarly, in healthy subjects, Ambring et al.31 also showed no effect

of a MedDiet rich in omega-3 and supplemented with sterol esters on LDL particle size

compared with a Swedish control diet. A 12-week intervention on promoting adherence

to a MedDiet in healthy women significantly reduced plasma oxLDL concentrations

while also leading to a small reduction in body weight (<1kg).46 A greater reduction

in oxLDL was also observed in women who had elevated plasma concentrations of

oxLDL at baseline.46

In the PREDIMED study, 3-month adherence to both MedDiet+VOO and Med-

Diet+nuts in high CVD risk individuals led to significant reductions in plasma oxLDL

concentrations compared with baseline values.47 However, only the MedDiet+VOO

significantly reduced plasma oxLDL concentrations compared with the low-fat control

diet. In that study, similar results were observed after 1year.48 Additional findings showed

an increase in LDL resistance against oxidation and a decrease in the degree of LDL oxi-

dative modifications with the MedDiet enriched with olive oil after 1year.81 In another

sub-cohort of the PREDIMED study,44 authors have found that the MedDiet+nuts
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reduced concentrations of medium-small and very small LDL, decreased LDL particle

number and increased concentrations of large LDL, with a net increase of LDL particle

size. Compared to the other two intervention groups, the MedDiet+nuts significantly

increased LDL particle size.44

Thus, to date, studies that have investigated the impact of the MedDiet have led to

mixed results, some suggesting a beneficial effect on the LDL particle size phenotype

while others found no impact of the MedDiet on these metabolic alterations. However,

studies that have found no impact of the MedDiet on the LDL particle size phenotype

were carried out in healthy subjects with a relatively favorable LDL particle size pheno-

type at baseline. Data suggest that consumption of a MedDiet may induce favorable

changes in LDL particle size only in individuals with the small dense LDL phenotype

at baseline. In addition, sex differences have been observed in response to the MedDiet,

with only men experiencing a favorable redistribution of LDL subclasses from smaller to

larger LDL, which can also partly contribute to discrepancy between studies. On the

other hand, the MedDiet even in the absence of weight loss appears to be effective in

reducing the levels of ox-LDL associated with MetS in both men and women.

5. CONCLUSIONS

Available data to date indicate that the MedDiet, even when not accompanied by signif-

icant and clinically meaningful weight loss, is effective in managing the atherogenic dys-

lipidemia associated with theMetS, particularly in subjects presenting the most perturbed

profile at baseline, with the exception perhaps of HDL-C. Accumulating evidences also

suggest that the MedDiet reduces the pro-inflammatory and pro-oxidative states, two

abnormalities that frequently accompaniedMetS. Inconsistent results have been obtained

regarding the impact of theMedDiet without weight loss on the endothelial function and

further studies are needed to clarify this issue. Even if both men and women benefit from

theMedDiet with regard to metabolic perturbations related to theMetS, data suggest that

men may metabolically benefit more than premenopausal women from this dietary pat-

tern. However, these differences seem only partly explained by the more deteriorated

metabolic profile usually found in men compared with premenopausal women, suggest-

ing that other factors may contribute to these sex differences. It is however important

to note that only one well-controlled study has investigated sex differences in response

to the MedDiet and that study included only premenopausal women. Thus, these sex

differences cannot be extrapolated to postmenopausal women.

These results emphasize how efficient the MedDiet may be as a nutrition modality to

manage the risk of CVD in both men and women at high risk, such as those with MetS.

Data also suggest that there is no need to focus on weight loss when using the MedDiet,

since many clinical and biochemical benefits are likely to occur even in the absence of

weight loss.
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6. SUMMARY POINTS

• The MedDiet, even in absence of weight loss, is an effective dietary strategy to

improve many of the metabolic perturbations related to the MetS.

• Individuals with a more deteriorated metabolic risk profile will benefit more from the

MedDiet in terms of their cardiometabolic health than healthy individuals.

• Some differences between men and women have been observed in response to the

MedDiet, men having more beneficial cardiometabolic effects than premenopausal

women.
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ABBREVIATIONS
ACAT acyl CoA:cholesterol acyltransferase

AGEs advanced glycation end products

AMPK AMP-activated protein kinase

Apo E apolipoprotein E

FDA Food and Drug Administration

GRAS generally recognized as safe

GLUT4 glucose transporter 4

HF high fat

HMG-CoA 3-hydroxy-3-methylglutaryl-coenzyme-A

HOMA-IR homeostatic model assessment-insulin resistance

IRS-1 insulin receptor substrate-1

LDL low-density lipoprotein

MAPK mitogen activated protein kinase

NA nicotinamide

PPARγ peroxisome proliferator activated receptor gamma

STZ streptozotocin

1. INTRODUCTION

Diabetes mellitus is a chronic metabolic and hormonal disorder that constitutes one of the

baffling enigmas for clinical research. It prevalence is rapidly emerging at a horrifying

ratio and is deem to be one of the most valid troubles in the world leading to significant

veracity and economic burden on sick person and society. Evidence suggests that the

mounting global epidemic of diabetes is contributed by growing incidence, changing

epidemiology of risk factors for diabetes, and increasing surveillance.1 Rapid urbanization

and economic growth in many countries have led to exposure to new risk factors, such as

adverse dietary pattern, sedentary lifestyles, obesity, environmental exposure among

others in addition to traditional risk factors of increasing age and genetic predisposition.
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Recent estimates from the International Diabetes Federation (IDF) suggest that 415 mil-

lion adults worldwide were living with diabetes in 2015 (1 in 11 adults), and that as many

as 642million people (1 in 10 adults) may be affected by 2040.2 Ogurtsova et al.3 revealed

that 80% of people live in low- and middle-income countries and more than 20.9 million

live births were affected by diabetes during pregnancy in 2015—1 in 7 births. In 2015, an

estimated 5 million deaths were directly caused by diabetes, every 6 s one person dies

from diabetes. India has been declared as a diabetic capital of the world with an estimated

load of about 87 million people with diabetes.4

Diabetes mellitus is associated with impairment in pancreatic β-cells and it has mainly

been classified into two major types depending on the function of pancreatic β-cells.
Type 1 diabetes mellitus is characterized by high blood sugar level occurring due to dev-

astation of pancreatic β-cells which results in lack of the insulin production in the body.

However, type 2 diabetes mellitus is caused by a comparative insulin deficiency (due to

dysfunction in the pancreatic β-cells) superimposed on a milieu of insulin resistance. In

the lack of proper medical care, diabetes can lead to severe complications such as kidney

failure, liver dysfunction, blindness, heart attack, stroke, and nerve damage. Diabetes and

glucose homeostasis are related to assure normal body function, the maintenance and

control of blood glucose levels is mandatory. The maintenance of relatively constant

blood glucose levels is controlled by pancreas a major exocrine and endocrine organ,

which plays a key role in glucose homeostasis by secreting glucose lowering hormone

insulin. Glucose homeostasis is coordinated by the interaction between insulin-sensitive

tissues and their specific glucose metabolism regulatory functions. Diabetes and its com-

plications impose great social and economic burdens; therefore, attention of medical pro-

fessionals should increasingly be directed toward raising awareness of diabetes and

promoting healthy lifestyle to prevent the development of this disease. Despite the grow-

ing knowledge of the pathophysiology of diabetes, currently available therapeutics only

provide the transient antihyperglycemic effect and failed to completely prevent the

development of these abnormalities. Intensive scientific research worldwide has brought

new insight into this disease with modern management methods. Yet, much remains to

be done and the cure has remained elusive. Ultimately, with effective strategies for pre-

vention and cure of diabetes, this disease will be eliminated. Noteworthy, search for new

antidiabetic agents that can protect the patients against diabetic complications is of great

interest.

2. CITRUS FRUITS

In the present era of emerging drug resistance and the contribution of several noncom-

municable diseases to general health problems in humans, fruits and vegetables are gain-

ing increased attention among researchers globally for their multiple beneficial health
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applications and use as promising alternative and complementary options for disease pre-

vention and treatment in humans. Citrus is a genus of flowering plants that belongs to the

botanical family Rutaceae are of various forms and sizes (from round to oblong), culti-

vated worldwide and their fruits and juices (in particular oranges, mandarins, tangors,

grapefruits, chinotto, limes, lemons, citrons, and tangelos) are common foodstuffs for

almost all human populations. It is widely grown in the tropical and subtropical areas

of the world, with global production of different types of citrus fruits in 2016/17 for

orange, tangerine/mandarin, lemons/limes are 50, 186, 28.5, 934, and 7209millionmet-

ric tons, respectively.5 Citrus fruits are one of the most important horticultural crops

grown in India, mainly in Assam, Karnataka, Maharashtra, Rajasthan, and Tamil Nadu

states and India ranks sixth in the production of citrus fruits in the world.6 Citrus fruits are

rich in nutrients, including vitamin C, minerals, citric acid, and bioactive flavonoids,

which can provide health benefits beyond among chronic diseases. Epidemiological evi-

dence has shown that citrus fruits consumption is associated with a lower risk of chronic

diseases such as diabetes mellitus and cancer.

3. CITRUS FRUITS AND DIABETES MELLITUS

Diabetes mellitus is originated from both absolute and relative deficiency of a peptide

hormone known as insulin, which governs the glucose uptake in cells, which in turn con-

trols the glucose levels in blood and its absence creates a condition of increased blood

glucose level known as hyperglycemic state. Insulin is exclusively synthesized in and

secreted from pancreatic β-cells. It exerts a broad spectrum of anabolic effects in multiple

tissues. The amelioration of complete body fuel homeostasis principally involves insulin

action in skeletal muscle, adipose tissue, and liver where it promotes uptake and storage of

carbohydrates, fat, and amino acids, while at the same time antagonizing the catabolism of

these fuel reserves.7

Epidemiological, animal, and laboratory investigations have demonstrated that citrus

fruits have an impact on insulin sensitivity and glucose homeostasis. Peng et al.8 evaluated

the insulin secretagogue efficiency of citrus fruits in vivo in Sprague-Dawley and Wistar

rats. Their results revealed that supplementation of green colored preripened and yellow

colored ripened fruits ofCitrus medica reduced the intraperitoneal glucose tolerance of the

animals and augmented insulin secretion. Noteworthy, the antihyperglycemic potential

of citrus fruits was primarily explored in streptozotocin (STZ)-induced experimental rats

and it has been proved that oral administration of citrus fruits significantly decreased

plasma glucose and glycosylated hemoglobin in STZ-induced diabetic rats.9 Moreover,

Alka et al.10 revealed that extracts of citrus fruits ameliorate oxidative stress in plasma and

tissues of STZ-induced diabetic rats by diminished lipid peroxidation levels and

improved antioxidant status. Another work affirmed that 10weeks administration of
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citrus fruit improves oxidative stress in STZ-induced diabetic rat liver andmay inhibit the

progression of diabetic complications.11 Hwang et al.12 stated that citrus fruits interven-

tion with 8weeks showed significantly lower fasting plasma glucose levels, fasting plasma

insulin in homeostatic model assessment-insulin resistance (HOMA-IR) double blind,

crossover, and placebo-controlled human study.

Glucose can be readily absorbed from the gastrointestinal tract into the blood stream

after the hydrolysis of glycosidic bonds in digestible carbohydrate foods containing starch

by α-amylase and α-glucosidase. The utilization of α-amylase and α-glucosidase inhibitor
is one of the remedies for diabetes as it suppresses carbohydrate digestion, thus deceler-

ating the process of glucose assimilation and resulting in significant reduction of postpran-

dial plasma glucose level. Another investigation displayed that the extracts from citrus

fruits could be used to control the blood glucose level of diabetic patients by inhibiting

α-amylase and α-glucosidase in the intestinal tract.13 Meanwhile, Menichini et al.14

hypothesized that the peel extract of citrus fruits showed a significant influence on glu-

cose homoeostasis by inhibiting both α-amylase and α-glucosidase with IC50 values of

258.7 and 263.2μg/mL and stimulated exocytotic insulin release in a concentration-

dependent manner in MIN6 cells. Kim et al.15 reported an antidiabetic effect of citrus

fruits enhanced glucose uptake in C2C12 myotubes via modulation of the AMP-activated

protein kinase (AMPK) and peroxisome proliferator-activated receptor gamma

(PPAR-γ) signaling pathways and also improved insulin resistance in mice fed with high

fat (HF) diet. Apolipoprotein E (Apo E) is known to regulate both cellular and systemic

cholesterol, triglyceride metabolism16 and has been extensively studied for its potential

role in the etiology of diabetes and obesity. Significant reductions in apo E secretions

were observed in citrus albedo and pulp extract treated SW872 human liposarcoma cells

and the decrease in apo E secretion in cells incubated with citrus fruits extract seems to be

an adaptive response in lipid metabolism.17 Giglio et al.18 exhibited citrus peel extract and

powder exhibited a decline in total cholesterol, triglycerides, low-density lipoprotein,

and glucose levels by the virtue of nutraceutical and functional diets. These reports con-

vincingly reveal that citrus fruits have an ability to improve hyperglycemia and insulin

resistance.

4. CITRUS FLAVONE GLYCOSIDES

Chemical compounds from natural source have also served as lead molecules for devel-

opment of new chemical entities which are developed into medicine. Flavonoid is one of

the most important classes of phytochemicals reported to have several biological activ-

ities. Flavonoids are ubiquitously found in most edible vegetables and fruits and conse-

quently constitute an important component of human diet. Structurally, flavonoids

consist of two aromatic rings (A and B rings) linked by a 3-carbon chain that forms
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an oxygenated heterocyclic ring (C ring). Flavonoids are classified as flavan-3-ols, flava-

nones, flavonols, anthocyanidins, flavones, and isoflavones based on differences in

generic structure of the C ring, functional groups on the rings and the position at which

the B ring is attached to the C ring.

Citrus flavonoids are polyphenolic compounds specifically derived from citrus fruits

or plants, such as oranges, mandarins, grapefruit, lemons, bergamots, and limes, which

play an unignorable role in treatment of diabetes. Consequently far, more than 60 types

of citrus flavonoids have been detected, and new flavonoids are gradually being discov-

ered via existing advanced techniques.19 Hence, citrus flavonoids are substances generally

recognized as safe (GRAS) by the Food and Drug Administration (FDA). Citrus flavo-

noids are composed of three major subgroups including flavanones, flavone glycosides,

and polymethoxyflavones. Unlike flavanone, the C-2 and C-3 positions of flavones are

linked by a double bond and for flavone glycosides, the flavones are linked to the most

common sugar moieties comprise glucose, rutinose, and neohesperidose.20 Extensively,

abundant in vitro and in vivo studies advocated that citrus flavonoids possess biological

effects against chronic-degenerative disorders such as diabetes, cancer, and cardiovascular

diseases. Moreover, the flavonoids found in citrus species act as antioxidants andmay pro-

tect against oxidative stress related to inflammation process, thus reducing the risk of mac-

romolecules damage caused by the action of reactive species, conferring protection

against several diseases specifically diabetes. In addition, results from mechanistic studies

suggest that citrus flavonoids may decrease glycemia and improve insulin secretion and

sensitivity. Kappel et al.21 established that flavone glycosides results in enhancing intra-

cellular Ca2+ concentration and inhibiting ion of ATP-sensitive K+ channels in pancre-

atic islets, a preliminary step in insulin synthesis. In this chapter, we converse the potential

role and mechanisms of three related citrus flavone glycosides, namely naringin, hesper-

idin, and diosmin on diabetes mellitus and related complications (Fig. 1).

4.1 Naringin
Naringin (40,5,7-trihydroxyflavanone-7-rhamnoglucoside) is an abundant flavone glyco-

side present in citrus fruits with interesting biological and pharmacological actions. The

name naringin is probably derived from the Sanskrit term “narangi” meaning “orange”.

The chemical structure of naringin was first elucidated in 1928 by Asahina and Inubuse.22

Naringin is composed of naringenin, an aglycone and neohesperidose attached to the

hydroxyl group at C-7 and tastes bitter due to its glucose moiety. Naringin is currently

listed in the register of flavoring substances, allowing its use in food without restriction.23

Recently, increasing attention has been focused on the efficacy of naringin on ameliorating

diabetes and its complications. Sharma et al.24 concluded that protective effect of naringin

(25, 50, and 100mg/kg body weight) on β-cell function in HF diet and low-dose STZ-
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induced type 2 diabetic rats and they proved that naringin dose dependently ameliorated

hyperglycemia, hyperinsulinemia, and insulin resistance and improved β-cell function.
Mahmoud et al.25 found that naringin had antidiabetic effects inHF fed/STZ-induced type

2 diabetes mellitus rats by attenuating hyperglycemia-mediated oxidative stress and pro-

inflammatory cytokine production.Moreover, naringinwas also reported to show the anti-

hyperglycemic and antioxidant effects in STZ-induced diabetic rats by increasing plasma

insulin levels.26 Jung et al.27 revealed that naringin supplementation elevated hepatic glu-

cokinase activity and glycogen concentration and lowered the activity of hepatic glucose-

6-phosphatase and phosphoenolpyruvate carboxykinase in C57BL/KsJ-db/db mice.

Recently, naringin (200mg/kg) fed a HF diet, owing to the AMPK stimulation, blocking

of the mitogen-activated protein kinase (MAPK) pathways, and by activation of insulin

receptor substrate-1 (IRS-1).28 Naringin also enhanced the phosphorylation of IRS-1

(Tyr162) without alteration in the total IRS-1 protein expression in liver which may be

mediated via the increased expression of PPARγ.29 Interestingly, naringin also retards
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Fig. 1 Structure of citrus flavone glycosides (A) naringin; (B) hesperidin; and (C) diosmin.
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and improve diabetic complications. Chen et al.30 exhibited that naringin might pro-

tect against high glucose-induced injuries by inhibiting oxidative stress in H9c2 cardiac

cells. Pretreatment with naringin (40 and 80mg/kg) also dose-dependently ameliorated

STZ-induced diabetic neuropathy and partially reversed the pain response.31 Naringin

(10mg/kg) also effectively reduced lens aldose reductase activity in diabetic rats and

consequently could delay the progression of cataracts.32 Chen et al.33 reported that nar-

ingin alleviated diabetic nephropathy by inhibiting oxidative stress and inflammatory

reaction.

4.2 Hesperidin
Hesperidin (3,5,7-trihydroxyflavanone-7-rhamnoglucoside) is abundant and inexpen-

sive major dietary flavone glycoside derived from citrus species including sweet orange

and lemon and is called “Vitamin P.” It was first isolated in 1828 by French chemist Leb-

reton from the albedo (the spongy inner portion of the peel) of oranges.34 Hesperidin is

one of the safest and important bioflavonoids which possess the wide range of pharma-

cological properties and it has been well known that pharmacological activities of citrus

are due to the presence of hesperidin.35 Chemical structure of hesperidin contains an

aglycone, hesperetin (methyl eriodictyol) which is bonded to rutinose. Glycoside moiety

of hesperidin is a disaccharide which contains rhamnose and glucose and presented in

two isomeric forms including rutinose or neohesperidose.36 Jung et al.26 reported the

effect of hesperidin on glucose homeostasis through ameliorate glucose metabolism in

C57BL/KsJ-db/db mice. Noteworthy, they prove that glucokinase mRNA levels were

significantly increased in the hesperidin treated group. Meanwhile, Akiyama et al.37

demonstrated that hesperidin normalized glucose metabolism by altering the activities

of key glucose regulating enzymes and reducing the levels of lipids in the serum and

liver of the GK rats. Another exploration by Akiyama et al.38 suggested that hesperidin

effectively lowered the plasma and hepatic free fatty acids, triglycerides levels.

A reduction in the plasma and hepatic cholesterol levels by decreased hepatic

3-hydroxy-3-methylglutaryl-coenzyme-A (HMG-CoA) reductase and acyl CoA:cho-

lesterol acyltransferase (ACAT) activities and increased fecal cholesterol; indicating

a beneficial role of hesperidin for alleviating hyperlipidemia.39 Hesperidin not only

mitigated the diabetes mellitus but also reversed neuropathic pain through control over

hyperglycemia and hyperlipidemia to downregulate the generation of free radical and

release of pro-inflammatory cytokines.38 Kakadiya et al.40 showed cardioprotective

effect hesperidin via assuage severe myocardial necrosis in isoproterenol-induced myo-

cardial infarction diabetic animals. Hesperidin supplementation (100 and 200mg/kg)

for 12weeks diminished retina and plasma abnormalities via antiangiogenic, anti-

inflammatory, and antioxidative effects, as well as inhibitory effects on the polyol
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pathway and advanced glycation end-products (AGEs) accumulation in STZ-induced

diabetic rats.41 Khowal et al.42 established the ability of hesperidin in diminishing

oxidative stress and associated proteomic alterations in the hippocampus and serum of

STZ-induced diabetes rat model. In a recent study, Iskender et al.43 determined in

STZ-induced diabetic rats that increased glucose levels and liver and kidney damage

markers declined significantly by administration of hesperidin and alleviated oxidative

stress and the nuclear transcription factor kappa B (NF-kB) and SIRT1 levels.

4.3 Diosmin
Diosmin is a flavone glycoside which is found in a natural structure in the pericarps

of different citrus fruits and is called 30,5,7-trihydroxy-40-methoxyflavone-7-rhamno-

glucoside.44 In fact, this flavone glycoside is obtained by dehydrogenation of hesperidin.

Diosmin was first isolated in 1925 from Scrophularia nodosa and first introduced as a

therapeutic agent in 1969. Clinical evidence suggests that diosmin is a safe, nontoxic

drug, and well-tolerated drug.45 This flavone glycoside has a sugar molecule attached

to its three-ringed flavonoid structure and it contains imperative pharmacological appli-

cations (plasma half-life is 26–43h), being the micronized nutraceutical formulation of

diosmin, under the trade name Daflon, has been successfully used to treat chronic venous

disease, hemorrhoids and diabetes for over a decade in Europe. Srinivasan and Pari46

divulged antihyperglycemic efficiency of diosmin by stimulating insulin production from

the existing β-cells of the pancreas. Noteworthy, diosmin has also been demonstrated to

activate the rate-limiting enzymes of carbohydrate metabolism and found to reverse the

abnormalities in glycoprotein components in STZ-nicotinamide (NA)-induced diabetic

rats.46,47 Studies from the same author claimed that diosmin alleviated the oxidative stress

by enhanced the antioxidant status in the plasma, liver, and kidneys of STZ-NA-induced

experimental rats.48 Moreover, administrations of diosmin to STZ-NA-induced type 2

diabetic rats alleviate dyslipidemia through enhanced the plasma and tissue levels of lipid

profiles and lipid metabolizing enzymes.49 Recently, Hsu et al.50 suggest that interven-

tion with diosmin at doses of 50 and 100mg/kg significantly restored the elevated blood

glucose and lipid profiles through enhance the secretion of endogenous β-endorphin
from the adrenal glands, which can activate opioid receptors to increase glucose trans-

porter 4 (GLUT4) expression in muscle and decrease hepatic gluconeogenesis, resulting

in the reduction of hyperglycemia in STZ-diabetic rats. Hence, diosmin has been shown

to improve factors associated with diabetic complications. Diosmin inhibits alloxan-

induced diabetic neuropathy by modulating NF-kB-dependent signaling pathways

resulting in reduced oxidative stress makers.51 Recently, Wojnar et al.52 authenticated

the protective efficacy of diosmin on the oxidative stress markers in the lenses of

STZ-induced type 1 diabetic rats (Fig. 2).
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5. CONCLUSION

Citrus fruits have been used as traditional medicines for more than 1500years in India.

This chapter has shown that the efficacy of citrus fruits is supported by conclusive evi-

dence from animal models which have provided the concepts for underlying mechanisms

of action suggesting that citrus fruits and its flavone glycosides namely naringin, hesper-

idin, and diosmin represent an excellent candidate for nutraceuticals and functional foods

geared toward the management of diabetes. Most of the bioactivities mentioned in this

chapter are only conducted on animal models; well-designed prospective human studies

are required, to determine the safety and efficacy of these potential flavone glycosides.

Therefore, it is crucial for academia and industry to realize the therapeutic potential

of citrus flavone glycosides and to fully explore the “drug ability” of this type of flavo-

noids. We expect to see more research and development of therapeutic molecules and

dietary interventions based on flavone glycosides in future decades.
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Nutritional and Therapeutic
Applications of Prickly Pear Cacti
Armando E. González-Stuart, Jos�e O. Rivera
School of Pharmacy, University of Texas at El Paso, El Paso, TX, United States

1. INTRODUCTION

Type 2 Diabetes. The Standards of Medical Care in Diabetes for 2017 define diabetes

as “a complex, chronic illness requiring continuous medical care with multi-factorial

risk-reduction strategies beyond glycemic control.”1

Diabetes is a chronic metabolic disease that can affect many systems of the body. It is

associated with serious health complications (comorbidities) that affect the circulatory

system (heart disease and stroke), the eyes (blindness), the urinary system (kidney failure),

as well as lower-limb amputations.2 In the United States, 29.1 million people or 9.3% of

the population have diabetes. Of these, 21.0 million have been diagnosed with the disease

and 8.1 million people (27.8%) have the disease but have not been diagnosed. Among

adult Hispanics, the age-adjusted rate of diagnosed diabetes was 13.9% for Mexican

Americans, 14.8% for Puerto Ricans, 8.5% for Central and South Americans, and

9.3% for Cubans. This disease is not yet common in children and adolescents, but is

being diagnosed more frequently among Hispanics/Latinos, American Indians, African

Americans, Asians, and Pacific Islanders.3

Diabetes is rapidly spreading, affecting a disproportionate number of people of

Hispanic-American ancestry. This is due in part to a hereditary component that makes

Hispanics, primarily those of Amerindian origin, especially susceptible to this metabolic

disease. In addition, obesity and type 2 diabetes are substantially higher among Mexican-

Americans relative to non-Hispanic European Americans, and one out of every four type

2 diabetes cases along the US-Mexico border was undiagnosed.4,5

Many people of Hispanic descent living on both sides of the extensive US-Mexico

border have traditionally employed various medicinal plants as an important option

for treating type 2 diabetes, as well as various other diseases. For this reason, herbal prod-

uct use is very prevalent in this international border setting.6,7 Type 2 diabetes has

become a rapidly spreading and deadly disease in various parts of Latin America, especially

Mexico.8

The purpose of this chapter is to review various publications regarding the effects of

selected species of prickly pear cacti (Opuntia spp.-Cactaceae) on blood glucose levels in

349
Bioactive Food as Dietary Interventions for Diabetes Copyright © 2019 Elsevier Inc.
https://doi.org/10.1016/B978-0-12-813822-9.00023-0 All rights reserved.

https://doi.org/10.1016/j.jep.2010.05.047


both human and animal studies, as well as their potential application, as natural hypogly-

cemic agents and nutritional /nutraceutical supplements for the treatment of type 2 dia-

betes and other health issues. For centuries, people of Mexican descent on both sides of

the US/Mexico border have relied on prickly pear cactus or “nopal” as a source of both

nourishment andmedicine. Although other medicinal uses of the plant have been known

to the indigenous peoples of Mexico for hundreds of years, the use of prickly pear cactus

to lower blood glucose levels seems to be of relatively recent origin, mainly in the latter

part of the 20th century.9,10

A study of the herbal products used to treat diabetes undertaken among Mexican

immigrants living in poor and underserved sections of West Texas, found that prickly

pear cactus was the herbal remedy most frequently employed.11

The therapeutic use of various species of prickly pear cactus in the United States is

certainly not limited to the international border setting. A cross-sectional descriptive

study by means of bilingual face-to-face interviews was undertaken to assess the charac-

teristics of herbal remedy use among 75 Latino (Hispanic) adults diagnosed with type 2

diabetes living in North Carolina. More than half (69%) of the participants mentioned

using one or more of 49 herbal products for the treatment of their disease. Of these,

prickly pear cactus was of the most commonly employed.12

Almost four decades ago, university researchers, as well as physicians from the

Mexican Social Security Institute (a government-sponsored health coverage program),

began evaluating various species of prickly pear cacti, first in animals and later in humans,

as a potential option in the management and treatment of non-severe type 2 diabetes.

Their preliminary findings suggested that the cacti possessed significant hypoglycemic

activity.13,14

2. BOTANICAL CHARACTERISTICS

Prickly pear cacti include various xerophytic species contained within the genusOpuntia,

of which approximately 200–300 are found from Canada to Argentina.15–17 In Mexico,

however, other species and genera of the Cactaceae are also used to treat diabetes and

other ailments (e.g., Cylindropuntia imbricata). In Mexico City, the species most com-

monly used are Opuntia ficus-indica (commonly known is Spanish as “nopal de Castilla”

(“nopal from Castille”), Opuntia streptacantha, Opuntia amylacea, and Opuntia robusta.16

Aside fromMexico, variousOpuntia species are grown inmore than 30 countries, includ-

ing Chile, Italy, South Africa, and the United States.18,19

3. NUTRITIONAL AND MEDICINAL USES OF PRICKLY PEAR CACTI

The stem and fruit of the various species have been employed both as a medicine and a

source of nourishment since prehistoric times andwere traded by various ethnic groups in
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Mexico and other regions of Latin America and the Caribbean, long before the arrival

of the Europeans.9,10 Prickly pear cactus is currently employed as a medicinal plant in

various parts of the world, including Asia.19,20

The sliced or diced tender young pads of some species of the genusOpuntia are com-

monly known as “nopalitos” (“little cacti”), which have been a traditional vegetable in

the Mexican diet for centuries, and more recently, a specialty vegetable in the United

States and other countries. Usually, prickly pear cactus is consumed as a fresh (raw) or

cooked green vegetable. The cactus stems are sliced, diced, and cooked (boiled or

broiled) much like string beans, and consumed as a salad or as part of a meal.21

Various studies have shown that certain foods consumed in the Mediterranean region

can be beneficial for the treatment of metabolic syndrome and type 2 diabetes mellitus.

Prickly pear cactus (mainlyO. ficus-indica) also known as “Indian fig” was introduced into

the Mediterranean many years ago and is now widespread in this region. The cactus pos-

sesses antioxidant and anti-inflammatory properties and products containing extracts

from the plant’s fruits or stems have employed for the treatment of obesity, as well as

hyperlipidemia and hyperglycemia. The addition of prickly pear cactus to a commonly

consumed commodity such as pasta, for example, could improve the nutritional quality

of the diet. The cactus’s antioxidant and free-radical scavenging properties could theo-

retically help to slow down the aging process if the stems were consumed with

regularity.22

Diverse natural compounds and derivatives present inO. ficus-indica have a wide vari-

ety of potential beneficial bioactive actions, such as anticarcinogenic, anti-inflammatory,

antimicrobial, antioxidant, diuretic, anti-hypercholesterolemic, hypoglycemic, and

neuroprotective properties.23,24

Currently, the principal use of prickly pear cactus stems consumed raw, cooked, or as

an infusion, is for the treatment of type 2 diabetes.21 The stems are blended with water

and taken as a “smoothie” or in combination with various other plants that also possess

hypoglycemic properties, such as aloe vera, for example. In the state of Morelos, Mexico,

traditional herbalists recommend the ingestion of a smoothie, blending cactus stems,

xoconostle stems, aloe vera, parsley, and half a slice of fresh pineapple every morning

before breakfast.25

The young stems can also be combined with an aloe vera leaf, the stem of another

species of cactus commonly known as “xoconostle” (C. imbricata), and key-lime juice.

This combination is liquefied in a blender and taken orally every morning preprandial

for 90days. Upon finishing the initial treatment period, the patient waits another 30days

before continuing the treatment for another 3months. Other recipes include combining

the cactus with other plants such as grapefruit, christophine, or “chayote” (Sechium edule),

green beans, and green tomato or “miltomate” (Physalis aeguata—Solanaceae). The dried

root is also used against diabetes, boiling three pieces of the root in a liter of water. The

resulting decoction is taken cold, 1L being consumed, interspersed throughout the day.
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This remedy can be combined with the leaves of a grass plant (Coix lacryma-jobi—

Poaceae), commonly known as “Job’s tears,” which is also reputed to possess hypogly-

cemic properties.16

Prickly pear cactus stems or “pads” (technically referred to as cladodes) have a chemical compo-
sition that is similar to some vegetables, including water (85%–92%), as well as carbohydrates,
protein, fat, minerals, vitamin C, and β-carotene, among other carotenoids.23,26 However, the
stems also contain at least nine nonessential amino acids, as well as eight important essential
amino acids, such as histidine, isoleucine, leucine, methionine, phenylalanine, threonine, and
valine, for example. Additionally, prickly pear cactus possess important and diverse phytochem-
icals that have important medicinal properties such as antioxidants including their high content
in antioxidants (flavonoids, ascorbate), pigments (carotenoids, betalains), phenolic acids, and
phytosterols.21,27 Aside from the plant’s rich content of polyphenolic compounds, vitamins, poly-
unsaturated fatty acids (PUFAs), and amino acids, it also contains phytochemicals that possess
biologically important activities including anti-inflammatory, antioxidant, hypoglycemic, antimi-
crobial, and neuroprotective effects.19,23

4. MEDICINAL PARTS AND BIOACTIVE INGREDIENTS

Although the stems are principally used for both therapeutic as well as nutritional prop-

erties, practically all parts of various cacti are useful. For example, the roots are a source of

dietary fiber, and the sweet and delicious fruit, commonly known in Mexico and other

countries as “tuna,” contains tannins that possess an astringent action, and is used as a

traditional remedy blended with water against diarrhea. The fruit juice is also used to

make a cough syrup.28 Flavonoids and flavonoid glycosides contained in O. ficus-indica

fruit showed a significant protective effect on rat primary hepatocytes against ethanol-

induced toxicity.29

The seeds of various species of prickly pear cacti (e.g., Opuntia macrorhiza and

Opuntia stricta) also possess potential medicinal value. The oil obtained from the

seeds is rich in diverse phytochemicals and studies have demonstrated important

antioxidant activity, especially against lipid peroxidation. The oil also showed

various beneficial effects including α-glucosidase inhibitory activity, cytotoxicity

against human certain cancer cell lines, antimicrobial action (especially against

Gram-positive bacteria), antifungal activity, as well as analgesic and anti-inflam-

matory effects. In addition, this and other studies using the seed oil not show any

acute toxicity effects when tested on mice.30–32 Lignan compounds (six in total) iso-

lated from the seeds of O. ficus-indica significantly protected rat hepatocytes against

oxidative stress induced by ethanol.33

Among various bioactive phtyochemicals contained inO. ficus-indica, the isorhamne-

tin flavonoid glycosides seem to be the most abundant. For this reason, a study assessed

the effect of extracts obtained from the stems containing diverse isorhamnetin glycosides,

against two different human colon cancer cells (HT-29 and Caco2, respectively).
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The results of the study showed that isorhamnetin glycosides induced a higher percentage

of apoptosis in HT-29 cells compared to Caco2, while isorhamnetin showed greater

apoptotic activity in Caco2 cells.34

The raw stems of various species of the genusOpuntia contain abundant neutral muci-

lage (glucomannan), which is a complex carbohydrate that may delay absorption of glu-

cose and interfere with lipid metabolism. The cactus stem also contains fiber, as well as

polysaccharide compounds that delay glucose absorption (Wolfram et al., 2002).19,23,35,36

As mentioned above, one of the most commonly used species in Mexico for therapeutic

and nutritional purposes, O. ficus-indica, contains important amounts of carotenoids, as

well as various other diverse phytochemicals with potential medicinal applications. These

include antioxidant and free-radical scavenging tocopherols and various polyphenolic

compounds that could have anti-inflammatory and antispasmodic effects, such as flavo-

noids and their glycosides, for example, isorhamnetin.18,19,34,37,38

Stems fromO. ficus-indica prickly pear cactus that which been traditionally employed

as a valuable food as well as in folk medicine for the treatment of several chronic diseases

were investigated for their use in bread production to improve its functionality. Substi-

tution of wheat flour by the cladodes powder at 5% level was optimal for improving the

total phenolics content and the antioxidant potential of bread without having any neg-

ative effect on its sensory acceptability. The researchers concluded that the cactus stems

could be considered as a potential health-promoting functional ingredient in certain

bakery products.39

5. USES IN MEXICAN TRADITIONAL MEDICINE

Various species of prickly pear cactus are some of the most versatile medicinal plants used

in Mexico as well as other countries in Spanish America. Practically all parts of the plants,

including the roots, flowers, stems, fruits, and seeds, have some medicinal application to

treat a wide variety of health problems. Various parts of prickly pear cacti are employed

for the treatment of a plethora of diverse ailments. These include arthritis, bronchitis,

burns, cancer, constipation (due to its high fiber content), convulsive coughs (due to

the demulcent action of the stem sap or fruit juice), diarrhea (due to the high tannin

content of the fruits), diabetes, gastritis, gastric ulcers, hypercholesterolemia (high levels

of cholesterol in the blood) intestinal colic, kidney problems, obesity, and pulmonary

ailments. The plant’s active ingredients also possess antibacterial and antiviral

properties16,19,27

Aside from consuming the stems either raw, slightly cooked as a vegetable, or lique-

fied in a blender, someMexican herbalists recommend decocting (boiling) 10–15g of the
root in 3L of water for a period of 7–10min. The resulting liquid is strained, and taken

orally 4 times per day for 15–20days as a health tonic.27
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6. SCIENTIFIC STUDIES WITH PRICKLY PEAR CACTI

Limited clinical studies in both humans and animals have been undertaken inMexico and

the United States using various species of prickly pear cactus, the majority of them

belonging to the genus Opuntia. However, the methodology employed in some of

the studies is not always uniform nor meets the adequate standards for a clinical trial

due to various factors, such as nonrandomization, small sample size, lack of uniformity

in the plant material used, and minimal double-blind/placebo-controlled trials.40

7. ANIMAL STUDIES USING DIFFERENT SPECIES OF OPUNTIA

One of the first known studies performed in Mexico with O. streptacantha sap employed

different animal species (dogs, rats, and rabbits). The ingestion of the cactus stems induced

hypoglycemic effects in intact animals under induced states of moderate hyperglycemia.

However, in normoglycemic animals, as well as in pancreatectomized animals, the effect

of the plant was not detected. The results of the study showed that further research in

humans would be of value in confirming the traditional use of this plant for treating

the symptoms of type 2 diabetes.41

A study was conducted to determine if polysaccharides isolated from O. ficus-indica

and O. streptacantha caused a hypoglycemic effect in healthy mice. The study results

showed a decrease in the animals’ blood glucose levels, which may have been due to

the plants’ content of complex polysaccharides.36

Frati-Munari et al. (1987) described the effects produced by feeding liquefied prickly

pear cactus (O. streptacantha) and extracts from this plant to healthy and pancreatecto-

mized rabbits. Preliminary results showed that this species of prickly pear cactus has hypo-

glycemic properties when administered orally to animals with experimentally induced

diabetes as well as in healthy ones with physiologic hyperglycemia.42

In an experiment using a purified extract of Opuntia fuliginosa, Trejo-Gonzalez et al.

(1996), administered an extract of the cactus to experimentally induced diabetic rats.

Blood glucose levels were reduced to normal values initially employing the cactus extract

plus insulin. The hypoglycemic effects of the extract became more apparent after insulin

was discontinued in the treated group, and normoglycemic values were maintained solely

by the administration of the cactus extract.43

Research conducted in swine suggests that a certain species of prickly pear cactus,

O. lindheimeri, may be useful in the prospective treatment of type 2 diabetes mellitus.

In this experiment, the hypoglycemic activity of the cactus was investigated in

streptozotocin-induced diabetic pigs, employing an enteral route of administration.

The results showed that the hypoglycemic effect of the cactus was evident 1h after inges-

tion, reaching its maximum effect 4h after ingestion.44
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The results of a study undertaken by Andrade-Cetto andWiedenfeld in 2011 showed

that a filtered liquefied extract ofO. streptacantha produced an antihyperglycemic effect in

streptozotocin (STZ)-diabetic rats when administered before a glucose challenge. The

researchers concluded that administration of the prickly pear extract improved glycemic

control by blocking hepatic glucose output, especially in the fasting state.45

A two-phase study (in vitro and in vivo) assessed the effects of polyphenol-rich infu-

sions from carob (Ceratonia siliqua) leaves as well as O. ficus-indica stems on inflammation

related to obesity and dextran sulfate sodium (DSS)-induced ulcerative colitis in mice.

The first phase consisted of studies in vitro that demonstrated the aqueous extracts of

the cactus stems and the carob leaves showed anti-inflammatory properties. The second

phase involved studies in vivo, in which male mice were fed a control or high-fat diet

(HFD). The results showed that the cactus stems and carob leaf infusions prevented intes-

tinal permeability by means of restoration of tight junction proteins as well as immune

homeostasis. For this reason, the anti-inflammatory effect of the cactus stems and carob

leaves might be associated with their content of polyphenol compounds. These phyto-

chemicals could attenuate the inflammation related with colitis and obesity.46

Bakour and associates evaluated the diuretic, hypotensive, and renal activity of

O. ficus-indica in laboratory animals (rats and rabbits) employing oral and intravenous

administration. The diuretic effects of a cactus cladode gel and aqueous extract admin-

istrated orally in rats, while the same substance was administered intravenously to rabbits.

The results of the study showed that the cactus’s gel and aqueous extract possessed salient

diuretic effect on rats, whereas the lyophilized extract demonstrated a diuretic and hypo-

tensive effect on normotensive rabbits, without negatively affecting kidney function.47

8. HUMAN STUDIES WITH USING VARIOUS SPECIES OF OPUNTIA

Capsules containing the dehydrated and pulverized stems of prickly pear cactus are a pop-

ular herbal supplement product and are freely available in commerce.48 These capsules

are touted as being efficient in lowering blood glucose levels. However, a single-blinded

crossover study with 20 participants undertaken in Mexico showed the daily intake of

30 dried and pulverized cactus capsules by patients with diabetes mellitus (10 patients

ingested the capsules, while the other 10 served as a control group) had only a discrete

beneficial effect on glucose and cholesterol. Furthermore, this dose was considered

impractical and therefore was not recommended in the management of diabetes

mellitus.49

A study assessed the extent of the hypoglycemic effect of crude extracts of

O. streptacantha cactus in eight patients with type 2 diabetes mellitus. Five tests were per-

formed on each patient with the intake of (A) supernatant, (B) precipitate, (C) complete

homogenate of 500g of crudeO. streptacantha stem (D) 400mL of water, and (E) 500g of
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broiled cactus stems. Serum glucose levels were measured at 0, 30, 60, 120, and 180min.

Crude extracts did not cause a significant decrease of glycemia, and the results were sim-

ilar to the water control test. The intake of broiled cactus stems caused a significant

decrease of serum glucose level (48.3�16.2mg/dL); lower than basal values at

180min. The researchers concluded that heating of O. streptacantha may be necessary

to obtain its hypoglycemic effect.50

To assess the hypoglycemic effect of the prickly pear cactus (O. streptacantha), Frati-

Munari et al., studied three groups of patients with type 2 diabetes. The oral hypogly-

cemic agents were discontinued 72h before the onset of the study, and patients had

been fasting for 12h. Group 1 consisted of 16 patients who ingested 500g of broiled

prickly pear cactus stems. Group 2 consisted of 10 patients who received only

400mL of water as a control test. Group 3 underwent three tests: one with prickly pear

cactus, a second with water, and a third with ingestion of 500-g broiled squash. Serum

glucose and insulin levels were measured at 0, 60, 120, and 180min after ingestion of

the test material. After the intake of O. streptacantha, serum glucose and serum insulin

levels decreased significantly in groups 1 and 3, whereas no similar changes were

noticed in group 2. This study demonstrated that the stems of O. streptacantha possess

a hypoglycemic effect in patients with type 2 diabetes. Although the mechanism of this

effect is unknown, the researchers suggested that prickly pear cactus might promote an

increased sensitivity to insulin.51

In order to evaluate the relationship between the doses ofO. streptacantha and its acute

hypoglycemic action in diabetics, eight patients with type 2 diabetes mellitus were eval-

uated. Four tests were performed to each patient with the intake of: (a) 400mL of water,

(b) 100g, (c) 300g, and (d) 500g of broiled stems of O. streptacantha. Serum glucose was

measured at 0, 60, 120, and 180min. Maximal decrease of serum glucose was noticed at

180min, with a mean of 2.3, 10, 30.1, and 46.7mg/dL less than basal value with 0, 100,

300, and 500g, respectively. A significant direct correlation was noticed between the

doses and the hypoglycemic effect.52

A clinical study evaluated if the acute hypoglycemic effect of prickly pear cactus

which occurs in diabetic patients also appears in healthy individuals. Frati-Munari

et al. gave 500g of prickly pear cactus stems (O. streptacantha), orally to 14 patients with

type 2 diabetes, as well as to 14 healthy voluntary participants. Serum glucose and insulin

levels were measured at 0, 60, 120, and 180min after prickly pear cactus ingestion.

A control test was performed with the intake of 400mL of water. The intake of prickly

pear cactus by the diabetic group was followed by a significant reduction of serum glucose

and insulin concentration at 180min. No significant changes were noticed in the healthy

group as compared with the control test. An acute hypoglycemic effect of prickly pear

cactus was observed in diabetic patients, but not in healthy persons, the researchers

concluded that the mechanisms of this effect differ from those exhibited by currently

available oral hypoglycemic agents.53
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In order to evaluate the possible hypoglycemic effect of O. streptacantha, a total of

32 diabetic patients were placed in three groups; group one (n¼16) ingested 500g of

broiled nopal stems, group 2 (n¼10) acted as the control, ingesting 400mL of water.

In group 3 (n¼6), three tests were undertaken: one with the cactus, a second with water,

and a third with the ingestion of 500-g broiled squash (Cucurbita spp.). Serum measure-

ments of glucose and insulin levels were undertaken at 0, 60, 120, and 180min after

ingestion. After ingesting the cactus stems, there was a significant decrease in serum glu-

cose and serum insulin levels in groups 1 and 3. However, no similar changes were

noticed in group 2. The results of the study showed that the cactus possessed a hypogly-

cemic effect in the diabetic patients, although the exact mechanism for this effect is

unknown. The researchers suggested that an increased insulin sensitivity was a possible

explanation.54

A double blind placebo-controlled study was undertaken in order to evaluate the

hypoglycemic effects of a commercial product known as OpunDia™. This proprietary

health product consists of an extract made from the fruit skin and stem of O. ficus-indica.

This clinical study included 29 obese, prediabetic men (n¼15) and women (n¼14), who

were given capsules containing 400mg ofOpunDia™ or a cellulose placebo, 30min prior

to ingestion of a 75-g glucose solution, after which serial blood glucose measurements

were obtained. The results of the study showed a significant decrease in acute blood glu-

cose concentrations at 60, 90, and 120min following the OpunDia™ capsule ingestion,

compared to preintervention blood glucose levels and long-term (16weeks) safety. Inter-

estingly, the placebo group receiving cellulose also demonstrated significantly lower

blood glucose values at the same time points. No reference to following good

manufacturing practices (GMP) standards was given in this chapter.55

In a randomized controlled clinical trial involving 45 human participants and 3 species

of prickly pear cactus, Opuntia lasiacantha, Opuntia velutina, and Opuntia macrocentra, the

results showed no acute hypoglycemic effects on Hispanic type 2 diabetic patients. This

study compared possible hypoglycemic activity of these cacti compared to boiled zuc-

chini and water. The results of this study showed that the species of prickly pear cacti

evaluated therein, did possess mild hypoglycemic effect, but not in a statistically signif-

icant manner. The researchers stated that ingestion of prickly pear cactus might help

lower serum cholesterol levels and perhaps augment the patients’ sensitivity to insulin,

as well as improve glucose tolerance curves. It is important to mention that the two main

species of cacti shown to have hypoglycemic properties in the Mexican clinical research,

O. streptacantha, andO. fuliginosa, were not evaluated by this study. In addition, it was not

clear how many patients were assigned to each group.56

A report described the effect produced by the complementary daily administration of

O. streptacantha sap to a single diabetic volunteer being under treatment with chlorprop-

amide. The plant product improved remarkably the general symptomatology of the

patient as well as his insulin and glucose blood levels.57

357Nutritional and Therapeutic Applications



With regard to possible seasonal variations in the therapeutic potential of

O. streptacantha prickly pear cactus, experiments undertaken in Mexico using fresh sap

from the stems collected at different times throughout the span of 1 year, suggest that

this species possesses hypoglycemic activity regardless of season in which it is harvested.58

9. CONCLUSIONS

The results of experiments undertaken in animals, as well as in limited studies with human

participants, have demonstrated that various species of prickly pear cacti appear to possess

therapeutic value as natural hypoglycemic agents for the treatment of type 2 diabetes, a

rapidly spreading metabolic disease with serious comorbidities. However, more and

better-designed controlled studies are necessary in order to explore these plants’ potential

benefits for the treatment of various chronic diseases, as well as their efficacy as functional

foods in order to improve human nutrition.
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11. Poss J, Jezewski MA, González-Stuart A. Home remedies for type 2 diabetes used by Mexican

Americans in El Paso. Texas Clinical Nursing Research. 2003;12(4):304–323.
12. Amirehsani KA,Wallace DC. Tes, Licuados, and Capsulas: herbal self-care remedies of Latino/Hispanic

immigrants for type 2 diabetes. Diabetes Educ. 2013;39(6):828–840. https://doi.org/
10.1177/0145721713504004.
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CHAPTER 24

Cardioprotective Potential of
Flaxseeds in Diabetes
Karen L. Sweazea, Carol S. Johnston
College of Health Solutions, Arizona State University, Phoenix, AZ, United States

1. TYPE 2 DIABETES

Type 2 diabetes is a complex disease associated with a host of comorbidities including

obesity and cardiovascular disease. Cardiovascular disease, specifically, is currently the

leading cause of death worldwide1 and the leading cause of death for people with type

2 diabetes.1,2 In fact, the Framingham Study conducted in the 1970s showed that people

with diabetes are at three times greater risk for developing atherosclerosis.3 In addition,

hypertension occurs twice as often in patients with type 2 diabetes as compared to

individuals without diabetes.2 Risk factors for cardiovascular disease include obesity, dys-

lipidemia, hypertension, diabetes mellitus, smoking, and chronic kidney disease.4

Current theories speculate that chronic hyperglycemia, the predominant diagnostic

characteristic of diabetes, results in the development of atherosclerosis as well as oxidative

stress and inflammation, which promotes hypertension.5 However, research shows that

risk for cardiovascular disease is present even before type 2 diabetes is clinically diagnosed.6

Some researchers have proposed a so-called “common soil hypothesis” stating that oxida-

tive stress and inflammation may lead to the development of both diabetes and cardiovas-

cular disease as opposed to diabetes being the direct cause of cardiovascular disease.7,8

Interestingly, researchers have repeatedly reported U-shaped curves describing the

association between glucose regulation and mortality.9 While the famous ACCORD

Trial showed that intensive glucose lowering increases incidences of mortality,10 a recent

meta-analysis showed no effect of intensive glucose lowering on total mortality risk.11

Rather, Fang et al.11 reported that intensive glucose lowering reduces the risk of a major

cardiovascular event as well as myocardial infarction when compared to conventional

therapies used to regulate glucose levels. Moreover, an additional meta-analysis showed

that intensive glucose lowering may have protective effects in the microvasculature by

reducing the relative risk for developing kidney or eye events.12

According to a recent joint scientific statement published by the American Heart

Association and the American Diabetes Association, less than 50% of adults with diabetes

mellitus living in the United States are meeting the recommended diabetes care
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guidelines.13 Managing lifestyle factors, including nutrition, exercise, and education to

promote behavior change, were identified as key components of clinical care for these

patients that should be implemented prior to pharmacological therapies.13 Of relevance

to this chapter was the focus on nutrition as an important treatment for type 2 diabetes

as well as preventive measure for cardiovascular disease.13 According to the American

Diabetes Association, nutrition goals for adults with type 2 diabetes should be designed

to improve weight management, glycemic, lipid, and blood pressure regulation to help

prevent or delay the onset of complications association with diabetes.14

Nutritional strategies include eating a plant-based diet rich in fruits, legumes, vege-

tables, whole grains, nuts, and seeds.13,15,16 In addition, a recent systematic review and

meta-analysis of 13 randomized controlled trials examined the effectiveness of replacing

animal proteins with plant proteins at improving glucose regulation in subjects with dia-

betes. They found that replacing more than 35% of daily animal protein consumption

with plant proteins resulted in significant reductions in glycated hemoglobin

(HbA1c), fasting glucose, and fasting insulin compared to control diets in individuals with

diabetes.17 Thus, plant-based diets and proteins are the favored, evidence-based dietary

strategies to help improve glucose regulation and health of individuals living with

diabetes.

2. FLAXSEED

Wherever flaxseed becomes a regular food item among the people, there will be better health…
Indian activist Mahatma Gandhi (1869–1948)

Although evidence is mounting for demonstrable health benefits associated with flaxseed

ingestion, as indicated by over 260 research trials published since 1990, current expert

consensus does not yet support a dietary flaxseed recommendation.18,19 This lack of con-

sensus, however, should not diminish the excitement focused on the potential therapeu-

tic properties of flaxseed. This chapter presents an overview of the unique constituents of

flaxseed that are linked with its purported health benefits and addresses in detail the clin-

ical research linking flaxseed ingestion to improvements in cardiovascular function.

Flaxseed, or linseed, is the seed of flax (L. usitatissimum), a single stem, herbaceous

annual plant native to central Asia and the Mediterranean Region. Flax is recognized

as the oldest cultivated crop. It is termed flaxseed when used for human consumption

and linseed when used for industrial products such as linoleum flooring, oil paints and

varnishes, and many textiles. Today, Canada, Russia, China, Kazakhstan, the United

States, India, Ethiopia, Ukraine, the United Kingdom, France, and Argentina are the

largest producers of flaxseed, and the global flaxseed market reached USD 561.97 million

in 2015.20 Selected nutrient information for flaxseed is presented in Table 1 along with

comparative data for 10 common nuts and seeds. Two tablespoons of flaxseed (1ounce or

28g) is an excellent source of fiber and magnesium (�30% daily value) and a good source

of protein (10% daily value).
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Table 1 Nutrient content for one serving (28g) of common seeds and nutsa

Energy
(kcal)

Fat
(g)

Protein
(g)

Carbohydrate
(g)

Fiber
(g)

Calcium
(mg)

Iron
(mg)

Potassium
(g)

Magnesium
(g)

Chia seed 138 8.7 4.7 12.0 9.8 179.2 2.2 115.6 95.1

Pumpkin

seed

146 11.8 9.2 3.8 1.1 12.0 4.2 226.0 150.0

Flaxseed 152 12.0 5.2 8.2 7.8 72.4 1.6 230.9 111.3

Sunflower

seed

155 14.1 5.5 4.3 2.6 19.9 1.1 241.4 36.6

Hemp seed 157 13.8 9.0 2.5 1.1 19.9 2.3 340.8 198.8

Sesame seed 160 13.6 4.8 7.3 4.0 280.9 4.2 134.9 101.1

Pistachio 162 13.0 6.0 8.0 2.9 30.4 1.1 286.0 31.0

Cashew 163 13.2 4.3 9.3 0.9 12.8 1.7 160.5 73.8

Almond 164 14.2 6.0 6.1 3.6 76.4 1.1 208.2 76.7

Peanut 167 14.1 6.9 6.0 2.4 16.5 0.4 180.1 50.6

Walnut 186 18.5 4.3 3.9 1.9 27.8 0.8 125.2 44.9

aItems are aligned by energy content.
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Trials have demonstrated significant increases in protein and fiber intake when flax-

seed is incorporated into habitual diets. In a small sample of adults diagnosed with irritable

bowel syndrome (IBS) flaxseed consumption (24g of either ground or whole flaxseed

with 200mL water) raised protein intakes 5%–16% after 4weeks of treatment.21 How-

ever, the change in dietary protein intake was significant only for the adults ingesting

whole flaxseed, a difference likely related to the higher compliance rates for the whole

flaxseed treatment regimen. Fiber intakes increased significantly after the 4-week treat-

ment period, +40% and +70% for the ground flaxseed andwhole flaxseed groups, respec-

tively.21 In a randomized cross-over trial conducted in healthy overweight and obese

adults with prediabetes to examine the impact of flaxseed ingestion on biomarkers asso-

ciated with the diabetic condition, 25 participants consumed 0, 13, and 26g ground flax-

seed daily over consecutive 12-week intervals separated by 2-week washout periods.22

Although not statistically significant, dietary protein increased 9% and 13% for the

low and high flaxseed supplementation regimens, respectively. Soluble fiber intake

increased significantly during the 26-g flaxseed supplementation period only (+26%).

Althoughprotein intakes arehigh amongAmericans onaverage, 82g/dayor164%of the

daily value,23 certain populations consume inadequate amounts of protein, including elderly

women (�71yr) and young vegetarians, andwould benefit from supplemental protein.24,25

Moreover, many Americans may benefit from substituting plant-based protein for animal-

based protein in terms of chronic disease reduction.17,26 As a plant protein, flaxseed produc-

tion is sustainable at low environmental cost27 and can be easily incorporated into habitual

diets asoutlined in the intervention trials citedabove. In addition toprotein, thecontribution

of a daily serving of flaxseed to fiber intake (+8g) is important since only 10% of Americans

meet fiber intake recommendations. The average fiber intake for Americans is 16g/day,

which is 9g short of the daily value of 25g.28 Two-thirds of the fiber in flaxseed is insoluble

and one-third is soluble. Lignan, classified as an insoluble fiber aswell as a phytoestrogen, is a

distinctive constituent of flaxseed fiber with unique health benefits. The lignan content of

flaxseed (13mg/g, a level that is 800-fold higher than most plant foods) is comparable to

the level in wheat germ (15 mg/g) but below the level in wheat bran (56 mg/g).29,30

Although flaxseed is also an excellent source of magnesium (111mg/serving), the

impact of a daily serving of flaxseed on magnesium status or function is not known. Mag-

nesium intake among Americans is 330mg/day (daily value, 400mg), and over 42% of

Americans have below adequate intakes of magnesium.31 In addition, as indicated in

Table 1, flaxseed is high fat, with about 70% kcal derived from fat, a characteristic shared

by most seeds and nuts. Yet, the component fats vary widely among nuts and seeds

(Table 2). This variance is most notable for the omega-3 fat content ranging from not

detectible in almonds to nearly 6400mg/serving for flaxseed. In fact, based on a 28g

serving, only several of the nuts and seeds provide the adequate intake for omega-3

fat (1100–1600mg/day): flaxseed, chia seed, walnuts, and hemp seed. Furthermore, only

flaxseed, chia seed, and hemp seed possess an omega-6/omega-3 ratio in the healthful

range near 1.0.32
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As an essential nutrient, omega-3 fat plays important roles in cell membrane structure,

vision, the nervous system, and immune function. However, omega-3 fats are also con-

sidered bioactive agents, for example, food components responsible for changes in health

status beyond their nutritional value.33 The omega-3 fat in nuts and seeds is alpha lino-

lenic acid (ALA). Aside from these foods, only a few marine items provide the recom-

mended level (1600mg/day), most notable, Atlantic salmon (3oz) and algae oil which

provide eicosapentaenoic (EPA) and docosahexaenoic acids (DHA), derivatives of

ALA. Hence, a serving of flaxseed daily is a simple strategy for obtaining this essential fat.

Flaxseed is the richest dietary source of lignans, which represent about 1% of the

dry weight of flaxseed.34 Plant-derived lignans are phytoestrogens with antioxidant

properties.35 The predominant lignan in flaxseed is secoisolariciresinol diglucoside

(SDG), with lessor amounts as matairesinol, pinoresinol, and lariciresinol.36 SDG is resis-

tant to digestion in the small intestine and passes into the colon where it is fermented to

two enterolignans: enterodiol (ED) and enterolactone (EL).37 These bioactive phytoes-

trogens are believed to influence chronic disease outcomes and improve human health.

Note that several bacterial groups are necessary for this biotransformation in the large

intestine; hence, the bioactivation of dietary lignans is dependent on the bacterial diver-

sity and community structure of the microbiome, and a great degree of variability

between individuals would be expected.37,38 Moreover, shorter intestinal transit times

and antibiotic use also appear to reduce the biotransformation of dietary lignans.39,40

Table 2 Fat profile for one serving (28g) of common seeds and nutsa

Total
fat (g)

Saturated
fat (g)

Mono-
unsaturated
fat (g)

Poly-
unsaturated
fat (g)

Omega-3
fatty acids
(mg)

Omega-6
fatty acid
(mg)

Omega
6/omega 3
ratio

Chia seed 8.7 0.9 0.7 6.7 5055 1654 0.33

Pumpkin

seed

11.8 1.0 3.7 5.4 47 5326 115

Flaxseed 12.0 1.9 2.1 8.0 6388 1655 0.26

Pistachio 13.0 2.7 6.5 3.8 71 3696 52

Cashew 13.2 4.3 6.7 2.2 17 2179 125

Sesame

seed

13.6 2.2 5.3 6.1 105 5984 57

Hemp seed 13.8 1.2 1.8 10.8 2777 6896 2

Sunflower

seed

14.1 2.4 5.2 6.5 21 6454 312

Peanut 14.1 2.9 6.8 4.4 1 4355 5444

Almond 14.2 1.8 9.0 3.4 nd 3375

Walnut 18.5 2.8 2.5 13.2 2542 10,666 4

aItems are aligned by total fat content. USDA Food Composition Databases.
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Ingesting ground flaxseed may improve the biotransformation process by increasing lig-

nin accessibility by intestinal microflora.41 The enterolignans appear in plasma 8–10h
after ingestion with EL predominating; however, the correlation between serum EL

and dietary lignans is low (r¼0.11) demonstrating the high variability in biotransforma-

tion process.42,43

The nutrient value of flaxseed is evident, and the many purported health benefits

of flaxseed are likely attributed to its unique combination of bioactive agents. No other

natural food source provides an active dosage of lignans and omega-3 fat along with high

concentrations of protein, fiber, and magnesium in one serving. There is strong mech-

anistic evidence linking these agents to diabetes and cardiovascular disease risk reduction

as discussed further.

3. FLAXSEEDS AS A NUTRITIONAL THERAPY FOR DIABETES

The bioactive ingredients in flaxseed align well with the key nutritional goals recom-

mended for adults with type 2 diabetes and/or cardiovascular disease to promote weight

management and improve blood glucose and lipid profiles as well as blood pressure.14,44,45

Furthermore, the clinical evidence supporting a therapeutic role of dietary flaxseed in dia-

betes is mounting.

3.1 Weight Management
Some evidence suggests that flaxseeds may be useful for weight management. Adminis-

tration of 30-g/day roasted flaxseed powder for 3months significantly reduced body

mass and BMI in subjects with dyslipidemia.46 Similarly, Ricklefs-Johnson et al.47 found

that ground flaxseed (28g/day) supplementation for 8weeks significantly decreased waist

circumference in adults with type 2 diabetes. Moreover, a study of adults aged 55 year

with type 2 diabetes showed that flaxseed lignan complex (600mg/day for 3months)

significantly reduced gains in waist circumference.48

3.2 Glucose Regulation
Studies have shown that ground flaxseeds have beneficial effects on glucose regulation

even prior to overt type 2 diabetes. A study of prediabetic overweight or obese men

and postmenopausal women found that daily supplementation with 13g of ground flax-

seed for 12weeks resulted in a �2.10�1.66mg/L (P¼ .036) decrease in fasting glucose

and �2.12�1.00mU/L drop in fasting insulin, resulting in a significant decrease in the

homeostatic model assessment of insulin resistance (HOMA-IR). Although a higher dose

of ground flaxseed (26g/day) had no effect on these outcomes in adults with

prediabetes,22 a separate study of obese subjects with insulin resistance showed a higher

dose (40g/day) of ground flaxseed significantly decreased HOMA-IR after 12weeks.49
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Some studies have reported potential antidiabetic effects of flaxseeds in subjects with

hyperlipidemia or clinically diagnosed diabetes. One study showed a significant 23.7%

reduction (P¼ .03) in HOMA-IR in men and postmenopausal women with hyperlip-

idemia who consumed 40-g/day of ground flaxseeds added to baked goods for

10weeks.50 Similarly, a study of patients with type 2 diabetes showed a significant reduc-

tion in fasting blood glucose by 18mg/dL (P¼ .03) after 3months of consuming 5g of

flaxseed gum per day that was incorporated into wheat flour flatbreads.51 In addition,

supplementation with 10-g/day flaxseed powder for only 1month resulted in a 19.7%

decrease in fasting blood glucose and a 15.6% decrease in HbA1c.52 However, in subjects

with well-controlled type 2 diabetes, daily ingestion of 32-g/day milled flaxseed or

13-g/day flaxseed oil for 12weeks had no effect on fasting plasma glucose, insulin,

HbA1c, or HOMA-IR.53

Results from available studies suggest that the beneficial effects of flaxseeds on glucose

regulation are present in the whole food but not isolated components. While flaxseed

lignans (360mg/day) were shown to significantly reduce HbA1c in subjects with mild

hypercholesterolemia and type 2 diabetes, supplementation did not improve fasting glu-

cose or insulin concentrations.54 Also, a recent meta-analysis of eight clinical trials con-

cluded that diets enriched with ALA for a median of 3months were not effective for

reducing HbA1c, fasting blood glucose or insulin in subjects with type 2 diabetes.55

In fact, administration of 4-g/day purified EPA or DHA, the essential fatty acids derived

from ALA and found in marine foods, for 6weeks significantly increased fasting glucose

concentrations (+1.4and 0.98mmol/L, respectively) in adults (61.2�1.2yr) with type 2

diabetes who were receiving treatment for hypertension.56 However, HbA1c and fasting

insulin were unaffected by EPA or DHA supplementation in these subjects.56

3.3 Lipid Regulation
A variety of studies have reported the beneficial effects of flaxseeds on lipid regulation. In

a study of 62 men and postmenopausal women, 40-g/day of ground flaxseeds incorpo-

rated into baked goods significantly reduced LDL cholesterol (P < .005) after 5weeks,

although the effects were no longer evident after 10weeks of consumption.50 Flaxseeds

may be a beneficial adjunct therapy for subjects with peripheral artery disease who have

been prescribed cholesterol-lowering medications (statins). In fact, one study showed

that supplementation with 30-g/day of milled flaxseed for 12months significantly

reduced LDL cholesterol more than medications alone in these patients.57 In addition,

supplementation with 10-g/day flaxseed powder for only 1month resulted in a 14.3%

decrease in total cholesterol, 17.5% decrease in triglycerides, 21.8% reduction in LDL

cholesterol as well as an increase in HDL cholesterol by 11.9%.52 Subjects with dyslipi-

demia treated for 3months with 30-g/day roasted flaxseed powder also had significantly

attenuated total cholesterol, triglyceride, LDL cholesterol, and vLDL cholesterol with
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concomitant increases in HDL cholesterol.46 Likewise, the addition of 5-g flaxseed gum

per day to whole wheat flatbreads resulted in significantly reduced fasting LDL choles-

terol from 110.8mg/dL prior to the study to 92.9mg/dL (P¼ .02) after 3months in sub-

jects with type 2 diabetes.51 Similarly, Cassani et al.58 showed that adding 60-g/day

flaxseed powder to a weight-loss program significantly attenuated plasma triglycerides

in men (33�10yr) who were overweight and had hypertension, hyperlipidemia, and

hyperglycemia. These beneficial effects are not limited to patients diagnosed with a

pathology. In fact, a recent study demonstrated that 10-g/day flaxseed oil lowered

LDL cholesterol in healthy men after 12weeks.59

A recent study attempted to measure the effects of lignans on cardiovascular outcomes

in healthy adults (18–65yr). Subjects were given nutrition bars containing similar

amounts of fiber, 3g ALA (or placebo) and either 0.15- or 0.41-g flaxseed-derived lignans

daily for 6weeks.Whereas low-dose lignans resulted in increased plasma triglycerides and

oxidized lipoproteins, the high dose actually decreased total cholesterol and oxidized

lipoproteins.60 Administration of flaxseed lignans (100mg/day SDG in capsules for

12weeks) also significantly reduced the ratio of LDL-to-HDL cholesterol in men with

moderate hypercholesterolemia (180–240mg/mL) in comparison to a placebo.61 These

findings show that lignans alone have vasoprotective effects in healthy adults.60 In con-

trast, a study targeting older adults (60–80yr) found no significant effect of 600mg/day

SDG on lipids after 6months.62 Similarly, supplementation with capsules containing

360-mg/day-flaxseed lignans for 12weeks had no significant effect on circulating lipids

in patients with mild hypercholesterolemia and type 2 diabetes.54

Unlike flaxseed-derived lignans, neither 4-g/day-purified EPA nor DHA for 6weeks

is significantly altered serum total, HDL, or LDL cholesterol in hypertensive adults aged

61.2�1.2yr with type 2 diabetes. Although serum triglycerides were decreased 19% in

subjects treated with EPA and 15% in those treated with DHA.56 Likewise, administra-

tion of flaxseed oil-derived ALA (3g/day) for 26weeks had no effect on plasma HDL,

LDL, or triglyceride concentrations.63 These findings suggest that flaxseeds should be

consumed either ground or as a gum to exert beneficial effects on lipid regulation.

3.4 Blood Pressure Regulation
The etiology of hypertension in the diabetic condition is attributed to a number of fac-

tors, most notably hyperglycemia-mediated endothelial dysfunction resulting in impaired

vasodilation. Hyperglycemia results in the overproduction of free radicals such as super-

oxide, which can directly contribute to hypertension through attenuated activity

of endothelial nitric oxide synthase (eNOS) and scavenging nitric oxide (NO).64–66

Nitric oxide is an important endothelium-derived vasodilator and helps prevent athero-

sclerosis.67 For these reasons, interventions that improve the bioavailability of NO may

improve cardiovascular health.68–70 In a recent study, Ricklefs-Johnson et al.47 showed
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that 8-week supplementation with ground flaxseed (28g/day) significantly increased cir-

culating nitrates and nitrites in otherwise healthy adults (18–75yr) with type 2 diabetes.

Although this increase was not associated with changes in blood pressure,47 many studies

have reported beneficial effects of flaxseeds in attenuating blood pressure.

As mentioned, increases in circulating inflammatory factors are thought to contribute

to the development of cardiovascular disease. Research from Cassani et al.58 showed that

the addition of 60-g/day-flaxseed powder to a weight-loss program significantly atten-

uates plasma inflammatory factors C-reactive protein (CRP) and tumor necrosis factor

alpha (TNFa) in overweight men (33�10yr) with hypertension, hyperlipidemia, and

hyperglycemia. In addition, administration of 40-g/day-ground flaxseed for 12weeks

significantly decreases TBARS in adults (55yr of age) who were obese and insulin resis-

tant.49 Likewise, Ricklefs-Johnson et al.47 showed a significant reduction in TBARS

in subjects with type 2 diabetes who consumed 28g/day for 8weeks. Not all studies

show beneficial outcomes with respect to regulation of inflammation, however. Admin-

istration of 13- or 26-g/day ground flaxseed for 12weeks to prediabetic overweight or

obese men and postmenopausal women had no significant effect on CRP or high sen-

sitivity interleukin-6 (hsIL-6).22 Similarly, administration of flaxseed lignans alone

(600mg/day SDG) for 6months in older adults (60–80yr) had no effect on circulating

CRP, TNFa, or the inflammatory cytokine interleukin-6 (IL-6).62

While research on the anti-inflammatory effects of flaxseeds is debated, the efficacy of

flaxseeds at regulating blood pressure has been well documented. In 1997, Nestel et al.71

showed that flaxseed oil improved arterial compliance in obese subjects. In addition, flax-

seed oil (8g/day) for 12weeks has been shown to significantly lower systolic and diastolic

blood pressures in middle-aged patients with dyslipidemia.72 Similarly, consumption of

30g of milled flaxseeds per day significantly reduced systolic (�10mmHg) and diastolic

(�7mmHg) blood pressure in subjects with peripheral artery disease after 6months. This

decrease in blood pressure was correlated with an increase in plasma α-linolenic acid and
enterolignans, major components of flaxseeds.73

The mechanism by which flaxseed-derived ALA lowers blood pressure is thought to

involve inhibition of an enzyme responsible for breaking down oxylipins, which include

endogenous PUFA-derived octadecanoids, eicosanoids, as well as docosanoids.74 Oxy-

lipins such as epoxyeicosatrienoic acid (EETs) have vasodilatory properties although

these effects may be mitigated by the metabolism of EETs to dihydroxyeicosatrienoic

acid (DHETs) via the enzyme soluble epoxide hydrolase (sEH).74 Interestingly, studies

have shown levels of sEH were decreased following 6months of flaxseed consumption,

which is thought to protect the bioavailability of vasodilatory EETs and thus contribute

to the reduced blood pressure previously measured in these subjects.73,74

Flaxseed-derived lignans have likewise been shown to lower blood pressure. In a

study of adults aged 60–80yr, administration of 600mg/day SDG reduced systolic blood

pressure by 15mmHg after 24weeks.62 Flaxseed lignan complex may also reduce the
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risk for stroke and heart attacks as shown in a study of adults aged 55yr with type 2

diabetes. After consuming 600mg/day SDG for 3months, increases in bleeding time

were observed, which is a measure of thrombosis. These findings indicate that SDG

may lower the risk for forming blood clots and thus reduce the risk for heart attacks

and stroke.48

4. FLAXSEEDS: DIETARY RECOMMENDATION

Flaxseed can be incorporated into diets as whole seeds, ground seeds sprinkled on foods,

or milled whole flour used in baking.29 These whole seed products would conserve the

unique combination of the bioactive ingredients of flaxseed. Although flaxseed oil is a

concentrated source of ALA, it lacks other key nutrients such as protein, fiber, and mag-

nesium; hence, robust effects may not be realized. The clinical trials cited above noted

improvements in biomarkers with flaxseed ingestion ranging from 1 to 1.5 servings daily

(28–40g/day). Due to the uniquely high lignin content of flaxseed, and the potential for

weak estrogenic or antiestrogenic effects, animal trials have been conducted to assess

safety and monitor signs of toxicity for both flaxseed ingestion and high-dose lignin

ingestion. Since several of these trials did note changes in the reproductive development

of offspring,75,76 pregnant and lactating women are advised to minimize flaxseed

ingestion.

5. SUMMARY

Flaxseed, the oldest cultivated crop, has long provided key nutrients and bioactive agents

to cuisines worldwide and has been recognized for centuries as a medicinal agent. Today,

scientific investigations support the efficacy of flaxseed for improving biomarkers asso-

ciated with type 2 diabetes. Research evidence has linked the bioactive ingredients in

flaxseed to weight management and improvements in blood glucose and lipid profiles

as well as blood pressure; and the clinical evidence supporting a therapeutic role of dietary

flaxseed in cardiovascular disease is mounting. This research has important ramifications

since the incidence of type 2 diabetes is growing at epidemic proportions globally. More

long-term trials are needed to determine if disease risk and disease progression are influ-

enced by regular flaxseed ingestion. There is an urgency to identify dietary strategies that

can be easily adopted by many people, across cultures and irrespective of socioeconomic

status, to ease the burden of chronic disease.
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CHAPTER 25

May Achillea Species Be a Source
of Treatment for Diabetes Mellitus?
Didem Deliorman Orhan
Department of Pharmacognosy, Faculty of Pharmacy, Gazi University, Ankara, Turkey

Abbreviations
ALP alkaline phosphatase

ALT alanineaminotransferase

AST aspartateaminotransferase

BAGF bioassay-guided fractionation

Body weight b.w.

CAT catalase (CAT)

FBG fasting blood glucose

GC-MS gas chromatography-mass spectrometry

GLUT4 glucose transporter4

GSH reduced glutathione

HFD-STZ high-fat diet-streptozocin

HPLC high-performance liquid chromatography

IL-1β interleukin-1beta

ip intraperitoneal

IPGGT intraperitoneal glucose tolerance test

iNOS inducible nitric oxide synthase

MDA malondialdehyde

MS mass spectrometry

NMR nuclear magnetic resonance

NO nitric oxide

OGTT oral glucose tolerance test

PCR polymerase chain reaction

PPARγ peroxisome proliferator-activated receptor

SOD superoxide dismutase

STZ streptozotocin

TGL triglycerides

VLDL very low-density lipoprotein

1. INTRODUCTION

The Achillea species is a genus belonging to Asteraceae (Compositae), the most common

family, and represented by more than 115 taxa in the world. This genus is widely
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distributed in Europe and Northern Africa. On the other hand, 48 taxa has been listed

under genus Achillea in Anatolia.1,2

Since ancient times, the Achillea species have been used for medicinal purposes that

include antimicrobial, antiseptic, diuretic, anthelmintic, stomachic, cardiotonic, hypo-

glycemic, emmenagogue, antispazmodic, antianemic, etc. and teas prepared from some

species are utilized for abdominal pain and flatulence in Anatolia.3 TheAchillea species are

known as bristly yarrow, yellow milfoil, yarrow in America and Europe. Turkish names

of the plant are civanperçemi, ayvadane, kandil çiçeği, akbaşlı, and arı çiçeği.4

Until today, antimicrobial, antioxidant, antiprotozoal, antiulcer, insecticidal, wound

healing, antiinflammatory, antinociceptive, antidiabetic, anxiolitic, anticancer, antispas-

modic, hepatoprotective, estrogenic, cytotoxic, and choleretic activities were reported

by several researchers.5–10

Dried flowering tops of Achillea millefolium L. are recorded in European Pharmaco-

poeia as officinal species. In addition the usage of Achillea millefolium as “biological

additive” in cosmetic products has been approved by the German Commission E.11

According to literature reports, in this chapter, the botanical properties, phytochem-

ical contents of genus Achillea, and the studies performed on hypoglycemic and antidia-

betic activities of the plant will be mentioned.

2. THE TAXONOMY OF THE GENUS ACHILLEA L (TABLE 1)12–15

3. BOTANICAL CHARACTERISTICS OF THE ACHILLEA SPECIES11

Plant life form: perennial, herbaceous

Stem: erect, ascending

Leaves: 5–20cm long, bipinnate or tripinnate, alternate

Table 1 Classification of species Achillea

Kingdom: Plantae

Subkingdom: Tracheobionta

Division: Magnoliophyta

Class: Magnoliopsida

Subclass: Asteridae

Super order: Asteranae

Order: Asterales

Family: Asteraceae

Subfamily: Asteroideae

Tribe: Anthemideae

Subtribe: Achilleinae

Genus: Achillea
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Flowers: Usually white, occasionally pink or pale purple, dense clusters at the top of the

stem, flowering time: between June and September

Inflorescence: Four to nine phyllaries, contains ray and disk flowers

Fruit: Achene

The plant frequently grows in the grasslands, along roadsides, open forests, and on

sunny slopes.

4. CHEMICAL PROFILE OF ACHILLEA Species

So far, many phytochemical researches on the Achillea species have been carried out.

According to the results obtained from these studies, the Achillea species mainly contain

the following groups of secondary metabolites:

a. sesquiterpene lactones,

b. flavonoids,

c. essential oils,

d. other phenolic compounds, and

e. other compounds.

4.1 Sesquiterpene Lactones
A large number of sesquiterpene lactone-type substances have been isolated from chloro-

form extracts prepared from the aerial parts of manyAchillea species by different researchers.

The structures of bisabolene [(9E)-4-oxo-7-hydroxy-11-hydroperoxy-bisabola-2,9-diene,

chrysetunone, indicumenone], chrysanthemol (4-hydroxy-4,5-dihydro-trans-chrysanthe-

m-5-en-1-acetate, 4-hydroxy-4,5-dihydro-cis-chrysanthem-5-en-lacetate), germacranolide

[8α-acetoxy-3β-hydroxy-11(αH),13-dihydrocostunolide, artemorin, psilostachyin,

micranthin, sintenin], guaiane (1-deoxy-1α-peroxy-rupicolin A, 1-deoxy-1α-
peroxy-rupicolin B, peroxyrupicolin), guaianolide [11,13-dehydrodesacetylmatricarin,

8α-hydroxyachillin, 2α-hydroxyguaia-3,10,14 11(13)-trien-12,6αolide, 1α,2α,4α,5α-
diepoxy-8α-tigloyloxy-10β-hydroxy 6βH,7αH,11βH-12,6α-guaianolide, 1β,2β,3β,4β-
diepoxy-8α-tigloyloxy-10β-hydroxy 6βH,7αH,11β-12,6α-guaianolide, 1α,2α,3α,4α-
diepoxy-8α-tigloyloxy-10β-hydroxy 6βH,7αH,11βH-12,6α-guaianolide, 1α,2α,3α,4α-
diepoxy-8α-angeloyloxy-10β-hydroxy 6βH,7αH,11βH-12,6α-guaianolide, 8α-acetoxy-
11-epi-tannunolide C, 5α-hydroxymatricarin, 8α-isobutyryloxy-11(βH),13-dihydro-

10-epitanaparthin-α-peroxide, 8α-tigloyloxy-11(βH),13-dihydro-10-epitanaparthin-α-
peroxide,8α-angeloxy-2α,4α,10β-trihydroxy-6βH,7αH, 11βH-1(5)-guaien-12,6α-olide,
8α-angeloxy-1β,2β:4β,5β-diepoxy-10β-hydroxy-6βH,7αH, 11βH-12,6α-guaianolide,
8α-angeloxy-4α,10β-dihydroxy-2-oxo-6βH,7αH,11βH-1(5)-guaien-12,6αolide, anada-
lucin, apressin, ridentin-B, artecalin], and secotanaparthenolide (iso-seco-tanapartholide,

seco-tanapartholide-A, seco-tanapartholide-B, 3-β-methoxy-iso-seco-tanapartholide,

tanaphillin, iso-seco-tanapartholide, 8-hydroxy-3-methoxy-iso-seco-tanaparatholide)
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type sesquiterpens were elucidated by nuclear magnetic resonance (NMR) and mass

spectrometry (MS) techniques.16–23

4.2 Flavonoids
Usually, flavone and flavonol types of flavonoids from this genus are isolated. Apigenin,

apigenin-7-O-β-D-glucopyranoside (cosmetin), artemetin, casticin, centaureidin,

chondrillasterol, isoorientin, isoschaftoside, isovitexin, isovitexin-40-methyl ether,

kaempferol, luteolin, luteolin-6-C-apiofuranosyl-(1000!200)-glucoside, luteolin-40-
O-β-glucoside, luteolin-7-O-β-D-glucopyranoside (cynaroside), luteolin-7-O-β-glucu-
ronide, jaceidin, orientin, patulitrin, penduletin, quercetin, quercetin-3-O-methyl

ether, quercetin-3-O-methylether-7-O-β-glucoside quercetin-3,6,7-trimethyl ether

(chrysosplenol-D), quercetin-3-O-α-arabinosyl-(1000!600)-glucoside, quercetagetin-

3,6-dimethyl ether, quercetagetin-3,6,30-trimethyl ether, quercetagitrin, quercimeritrin,

santin, vitexin, 5,7 dihydroxy 3,30,40-trimethoxy flavone, 5-hydroxy-3,4-dimethoxyfla-

vone-7-O-(rhamnoside), and 5-hydroxy-3-methoxyflavone-4-O-(penthenyl-4-one)-

7-O-(2-(rhamnosyl) rhamnoside).9,16,20,24–30

4.3 Essential Oils
Gas chromatography-mass spectrometry (GC-MS) analysis of the essential oils obtained

by hydro and steam distillation techniques from aerial parts and flowers of Achillea species

revealed the presence of the following compounds: artemisia ketone, benzeneacetalde-

hyde, α-bisabolol, α-bisabolon oxide A, borneol, bornyl acetate, camphene, camphor,

carvacrol, cis-carveol, trans-carveol, β-caryophyllene, caryophyllene oxide, β-cedren
epoxide, chamazulene, cis-chrysanthenyl acetate, trans-chrysanthenylacetate, trans-chry-

santhenon, 1,8-cineole, p-cymen, elemol, endobornyl acetate, eucalyptol, β-eudesmol,

eugenol, geraniol, geranial, geranyl acetate, germacrene D,15-hexadecanolide, α-humu-

lene, isoascaridol, isogeraniol, limonene, linalool, cis-p-menth-2-en-1-ol, methyl

eugenol, 4aα-7β-7aα-nepetalactone, 4aα-7α-7aα-nepetalactone, nonacosane, 1,3-pen-
tadiene, α-pinene, piperitone, sabinene, cis-sabinene hydrate, santolinatriene, siloxypen-
tane, γ-terpinene, α-terpineol, α-thujone, and viridiflorol.7,31–39

4.4 Other Phenolic Compounds
A limited number of phenolic acid (chlorogenic acid, neochlorogenic acid, caffeic acid,

3,5-dicaffeoylquinic acid, 1,3-dicaffeoylquinic acid, 1,4-dicaffeoylquinic acid, 3,4-

dicaffeoylquinic acid), coumarin (isofraxidin), and lignane-type (sesamin, dihydrodehy-

drodiconiferylalcohol 9-O-β-D-glucopyranoside, 2,6-diaryl-3,7-dioxabicyclo[3.3.0]

octane skeleton, epieudesmin, kobusin, pinoresinol, fargesin, and sesartemin) com-

pounds were isolated from Achillea species.9,20,29,40,41
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4.5 Other Compounds
The presence of stigmast-6-en-3β-ol, veridiflorol, β-amyrin, n-hexacosane, n-tricosane,

n-heneicosane, linoleic, oleic, gadoleic acid, linolenic, palmitic, and stearic acids in

Achillea species were determined by using different chromatographic techniques

[high-performance liquid chromatography (HPLC), GC-MS].42–44

5. ANTIDIABETIC AND HYPOGLYCEMIC ACTIVITY STUDIES
ON ACHILLEA SPECIES

5.1 Achillea biebersteinii Afan
The ethyl acetate extract obtained from Achillea biebersteinii aerial parts was tested on

α-amylase enzyme inhibition, which is one of the therapeutic targets of postprandial

hyperglycaemia. The effects of acarbose and ethyl acetate extract at 10–1.000μg/mL

concentrations were assessed. The α-amylase inhibitor activity of the extract and acarbose

increased as dose-dependent manner. α-amylase enzyme was inhibited almost equally by

both ethyl acetate extract (58.10�1.60%) and acarbose (61.29�2.62%) at especially

1mg/mL concentration. In the light of the data obtained from the experiments,

Achillea Biebersteinii was thought to have a blood glucose-lowering effect on

postprandial hyperglycemia.26

Hypoglycemic properties of the collectedAchillea biebersteinii samples from Syria were

assessed in high-fat diet-streptozocin (HFD-STZ)-induced diabetic and streptozotocin

(STZ)-induced diabetic rats.The ethanolic extract obtained fromAchillea biebersteinii aerial

parts at 400mg/kg dose was orally administered to the diabetic animals for 16days. Glib-

enclamide (3mg/kg) and metformin (300mg/kg) were used as reference drugs. On the

16th day, the serum insulin levels of the extract group (0.378�0.039ng/mL) in type 1

diabetic rats were significantly higher when compared to the diabetic control

(0.201�0.02ng/mL) and glibenclamide (0.2890�0.03ng/mL) groups. On day 5 and

7, fasting blood glucose (FBG) levels decreased significantly in both the reference and

extract groups. The histopathological examination showed that β cells in the pancreatic

islets ofAchillea biebersteinii treated group regeneratedwhen compared to the diabetic con-

trol group. These results have shown that Achillea biebersteinii ethanolic extract may have

both hypoglycemic and therapeutic effects on pancreatic damage in diabetes mellitus.45

5.2 Achillea millefolium L
Mustafa et al. investigated to evaluate the antidiabetic activity of methanolic and aqueous

extracts ofAchillea millefolium aerial parts in alloxan-induced diabetic rats for 14 days. Both

methanolic (50.75%) and aqueous extracts (44.25%) at 500mg/kg body weight (b.w.)

doses displayed more significant hypoglycemic effect than reference antidiabetic drug

glibenclamide (30mg/kg, 40.65%). Additionally, these extracts reduced triglycerides
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(TGL), very low-density lipoprotein (VLDL), cholesterol, aspartateaminotransferase

(AST), alanineaminotransferase (ALT), and alkaline phosphatase (ALP) levels of diabetic

rats. In this report, it is observed that especially Achillea millefolium methanolic extract

possesses remarkable antidiabetic and antihyperlipidemic activities in alloxan-induced

diabetic rats.46

Zolghadri et al. investigated the effects of the ethanolic extract of Achillea millefolium

aerial parts on ınterleukin-1beta (IL-1β) and ınducible nitric oxide synthase (iNOS) gene

expression of pancreatic tissue in the STZ-induced diabetic rats. The ethanolic extract

(100mg/kg) was administered intraperitoneally to animals for 14days. Serum glucose

and insulin levels of the animals were measured using appropriate biochemical tech-

niques. On the other hand, real-time polymerase chain reaction (PCR) technique was

used for IL-1β and iNOS gene expression analyses. IL-1β can act as a β-cell destructive
cytokine inautoimmune diabetes and is also the main promoter of iNOS expression in

β-cells.47 The ethanolic extract significantly (P <0.01) reduced the expression of both

IL-1β and iNOS genes. Furthermore, the serum insulin levels (P <0.01) of the ethanolic

extract group animals increased while the blood glucose levels (P <0.01) decreased

significantly. The findings of this research suggest that Achillea millefolium may be useful

in diabetes mellitus.48

Antidiabetic activity of 70% ethanolic extract of Achillea millefolium aerial parts was

assessed by using the oral glucose tolerance tests (OGTTs), normoglycaemic, and

STZ-induced diabetic mice models. The ethanolic extract at 100mg/kg b.w. dose

reduced blood glucose levels in oral glucose test. In STZ-induced diabetic animals,

Achillea millefolium ethanolic extract (33, 100, and 300mg/kg b.w.) also reduced the

blood glucose levels in a dose-dependent manner. Some in vitro experiments

[α-glucosidases inhibition, the ins€ulin secretion and calcium mobilization in RINm5F

cells, and peroxisome proliferator-activated receptor (PPARγ), and glucose transporter4
(GLUT4) expression in 3T3-L1 cells] have been carried out to explain the mechanism of

antidiabetic action of the extract. According to the results of these assays, it is suggested

that the mechanism of antidiabetic action ofAchillea millefolium ethanolic extract is related

to the three mechanisms (α-glucosidase inhibition, insulin secretion, and PPARγ/
GLUT4 overexpression).49

5.3 Achillea santolina L
The effect of the ethanolic extract of Achillea santolina aerial parts on blood glucose level,

serum nitric oxide (NO) concentration, and the oxidative stress parameters [malondial-

dehyde (MDA), reduced glutathione (GSH), catalase (CAT), and superoxide dismutase

(SOD)] in pancreatic tissue of STZ-induced diabetic rats was examined by Yazdanparast

et al. The ethanolic extract at 100mg/kg dose was administered by gastric gavage to STZ-

diabetic rats for 30 consecutive days. The blood glucose levels of the animals were
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measured on day 10, 20, and 30 of the experiment. It was seen that the blood glucose levels

of the ethanolic extract-treated animals (6.70�0.44mmol/L)were remarkably lower than

those of the diabetic control animals (16.30�0.55mmol/L). Pancreatic MDA

(0.46�0.04nmoL/mgprotein) and serumNO(5.82�0.18mol/L) levels of the ethanolic

extract group decreased significantly (P < .05) compared to those of diabetic control ani-

mals (0.67�0.08nmol/mg protein and 9.15�0.40mol/L, respectively). Moreover,

decreased CAT [25.50�2.10�10�3k (s mg protein)�1], SOD (2.21�0.05U/mg

protein), and GSH (6.60�0.59mg/100g tissue) contents in the pancreatic tissue in

STZ-diabetic rats were increased with ethanolic extract [37.10�1.60�10�3k (s mg

protein)�1, 3.28�0.10U/mg protein, and 12.40�0.56mg/100g tissue, respectively].

The evidences propose thatAchillea santolina ethanolic extract could be useful in lowering

blood glucose level and improving diabetic complications.50

Hypoglycemic effect of the aqueous extract of Achillea santolina leaves in STZ-

induced diabetic rats was assessed by using ıntraperitoneal glucose tolerance test

(IPGGT) and OGGT test. Acute administration of the aqueous extract at 150 and

250mg/kg doses decreased FBG levels of diabetic rats in a dose-dependent manner.

Aqueous extract at 250mg/kg dose significantly reduced plasma glucose levels of ıntra-
peritoneal (i.p.) glucose loaded (especially at the 60th and 180thmin) in STZ-diabetic rats

after 28days of oral administration. The extract at 250mg/kg dose also started to lower

plasma glucose levels of diabetic rats at the 60thmin after oral glucose administration. The

results of this study exhibited that the aqueous extract ofAchillea santolina leaves has blood

glucose-lowering effect in a dose-dependent manner in STZ-diabetic rats.51

5.4 Other Achillea Species
The effect of the methanolic extract obtained from flowered parts of Achillea ligustica All.

on α-amylase, one of the carbohydrate digestive enzymes, was evaluated by Conforti

et al. Acarbose was used as a reference drug. The methanolic extract (28.18�0.071%,

1mg/mL) exerted a weak α-amylase inhibitory activity when compared to acarbose

(50.00�0.90%, 0.05mg/mL). Interestingly, the n-hexane fraction (89.30�0.89%,

1mg/mL) obtained after fractionation of the methanolic extract showed a strong

α-amylase inhibitory effect. As a result, it was considered that this effect could be due

to the triterpene moretenol which was the major compound of the n-hexane fraction.43

The ethanolic extract prepared from the aerial parts of Achillea fragrantissima (Forssk.)

Sch.Bip. growing in Egypt was assessed for α-glucosidase inhibitory activity.

Acacetin-6-C-(600-acetyl-β-D-glucopyranoside)-8-C-α-L-arabinopyranoside, chondril-

lasterol, quercetin-3,6,7-trimethyl ether (chrysosplenol-D), isovitexin-40-methylether,

and isovitexin from the aerial parts of the plant were isolated by using a bioassay-guided

isolation techniques. The new compound (IC50 1.5�0.09μg/mL), acacetin-6-C-

(600-acetyl-β-D-glucopyranoside)-8-C-α-L-arabinopyranoside, was found to display the
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strongest inhibitor activity. When compared to the reference drug acarbose, all com-

pounds (IC50 14.5�0.89–83.57�0.59μg/mL) were found to be more effective than

acarbose (IC50 224�2.31μg/mL).30

Venditti et al. investigated α-glucosidase inhibitory activity of the ethanolic extract

(IC50 32.07�2.2mg/mL) of Achillea tenorii Grande aerial parts. Because of the strong

enzyme inhibitory activity of the extract, luteolin and chlorogenic acids were isolated

from the ethanolic extract by chromatographic techniques. In addition these pure com-

pounds were tested. Consequently, luteolin (IC50 47�1.5mM; 13.23mg/mL) was

found to display more effective α-glucosidase inhibitory activity than chlorogenic acid

(IC50 1.3�0.2mM; 461mg/mL). In this report, it has been suggested that phytochem-

ical compounds of Achillea tenorii may be effective in lowering blood glucose levels by

inhibiting α-glucosidase enzyme in diabetes.29

The hydroalcoholic and aqueous extracts obtained from Achillea wilhelmsii C. Koch.

air-dried aerial parts growing in Syria were fractionated by using solvents with different

polarities (chloroform and ethyl acetate). These extracts and fractions (hydroalcoholic

and aqueous extracts, ethyl acetate, and chloroform fractions) at 200mg/kg b.w. dose

were tested in alloxan-induced diabetic rats for 20 days. When the results of the blood

glucose measurement on the last day of the experiment were evaluated, the ethyl acetate

fraction (12.40�2.11mmol/L), aqueous (4.39�1.54mmol/L) and hydroalcoholic

extracts (14.08�1.34mmol/L) significantly reduced FBG levels of animals compared

to the diabetic group (31.09�2.06mmol/L). Histopathological findings in liver and kid-

ney tissues have shown that severe tissue damage occurs in the control diabetic animal

group. Alloxan-induced morphological changes in liver and kidney tissues were

improved in the aqueous extract-treated group.52

The effects of ethyl acetate, methanol, and water extracts of Achillea biebersteinii,

Achillea millefolium, and Achillea teretifolia on carbohydrate digesting enzymes activity

(α-amylase and α-glucosidase) were evaluated by Zengin et al. The results were expressed
as an equivalent of acarbose per gram of the plant extract (ACAE per g extract). α-amylase

enzyme inhibitory activity of the extracts ranged from 0.68�0.02 to 0.53�0.01mmol

ACAE per g extract and in the order Achillea millefolium ethyl acetate >Achillea teretifolia

ethyl acetate >Achillea biebersteinii ethyl acetate >Achillea millefolium methanol. The

Achillea millefolium methanol extract displayed the highest α-glucosidase enzyme inhib-

itory activity (10.84mg ACAE per g extract). Based on the results of both the activities,

Achillea millefolium can be considered as themost effectiveAchillea species on carbohydrate

digesting enzymes inhibitory activity. The antioxidants are used both prophylactically and

therapeutically in response to organ damage due to free radicals formed during diabetes. In

this study, the antioxidant activities of theAchillea extracts were evaluated by using ABTS

assay. Among the tested extracts, Achillea millefolium water and methanol extracts also

exhibited the highest antioxidant capacity (426.21�7.42 and 518.11�6.30mg trolox

equivalent per g extract, respectively).53
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Aqueous and ethanolic extracts (250, 500, and 1000mg/kg) prepared from the aerial

parts of Achillea setaceaWaldst & Kit. growing in Turkey were tested on normal, glucose-

hyperglycemic, and STZ-diabetic rats with both acute and subacute administration.

The ethanolic extract at 500mg/kg dose showed a reduction in blood glucose of

30.2% after 240min in diabetic animals. In subacute experimental studies, the ethanolic

extract is orally administered to STZ-diabetic rats for 8days. Both the ethanolic extract

(23.0%) and tolbutamide (22.3%) remarkably (P < .01) reduced the blood glucose levels

of STZ-diabetic rats on day 8 of the experiment. Then the ethanolic extract was fraction-

ated by using a bioassay-guided fractionation (BAGF) technique and four fractions

(diethyl ether, ethyl acetate, n-butanol, and remaining water) were obtained. Acute

administration of ethyl acetate fraction (48mg/kg, 14%–25%) reduced the blood

glucose levels as strongly as tolbutamide (6%–24%). 69.4�1.2% inhibitory activity at

1000μg/mL concentration of the ethyl acetate fraction was also observed against

α-glucosidase enzyme. In this study, it was thought that the antidiabetic effect of Achillea

setacea ethyl acetate fraction could originate from the inhibition of the α-glucosidase
enzyme.54

Sadeghi et al. (2007) assessed the hypoglycemic effect of aqueous-alcoholic extract

(100, 200, and 300mg/kg b.w.) of Achillea wilhelmsii on blood glucose levels in

STZ-diabetic rats for 1month. The aqueous-alcoholic extract reduced blood glucose

at doses of 100 and 200mg/kg (P < .001), but did not show any effect at 300mg/kg dose

(P < .001). These data have shown that Achillea wilhelmsii aqueous ethanolic extract can

produce bloodsugar-lowering effects in STZ-diabetic animals.55

6. CONCLUSION

According toWorld Health Statistic 2016, there are around 422 million people with dia-

betes across the world. Diabetes mellitus is a chronic disease that causes serious organ

(liver, heart, kidney, etc.) and nerves damage due to elevated blood glucose levels. Today,

the researchers are looking for ways to support diabetes mellitus treatment with naturally

originated products besides conventional drugs known worldwide. Therefore, the

discovery of effective and safe drug candidates from plants selected on the basis of

folk-medicine reports has become a popular method of drug development.

In this chapter, the results of in vitro and in vivo antidiabetic activity studies of some

Achillea species used in treatment of diabetes mellitus as folk medicine were given in

detail. Only eight species (A. biebersteinii, A. santolina, A. wilhelmsii, A. setacea,

A. tenorii, A. teretifolia, A. fragrantissima, A. ligustica) were tested for antidiabetic activity,

although the Achillea genus is represented by 115 species in the world. The crude extracts

(ethanolic, methanolic, ethyl acetate, or aqueous) prepared from the aerial parts or

flowers of Achillea biebersteinii, Achillea millefolium, Achillea santolina, Achillea setacea, and

Achillea wilhelmsii were tested on STZ- or alloxan-induced diabetic rats. Acacetin-6-
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C-(600-acetyl-β-D-glucopyranoside)-8-C-α-L-arabinopyranoside from Achillea fragrantis-

sima and luteolin from Achillea tenorii were isolated as natural compounds exhibiting

α-glucosidase inhibitory activity. The results showed that the ethyl acetate extract of

Achillea biebersteinii and moretenol isolated from Achillea ligustica have α-amylase inhibi-

tory activity.

Henceforth, according to the results of preliminary screening studies, more detailed

antidiabetic activity and isolation studies should be carried out on active Achillea species.

7. SUMMARY POINTS

• Achillea species have been used for different medicinal purposes in many countries.

• Aerial parts and flowers of the plant are traditionally used as folk medicine in diabetes

mellitus.

• Even a small number of in vitro vs in vivo studies have supported its usage in diabetes

mellitus by public.

• Flavonoids and triterpenoids could be secondary metabolites responsible for antidia-

betic activity of the genus Achillea

• α-Glucosidase and α-amylase enzyme inhibition could be possible mechanisms of

antidiabetic activity of the genus Achillea.
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Zingiberaceae Family Effects on
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1. INTRODUCTION

The existence of the plant as a medicine has been known since thousands of years. The

recipes were passed down from generation to generation, then spread to the wider com-

munity. The tradition of herbal medicine has been growing rapidly in the eastern world.

The modern era has connected with the pharmacy of medicinal plants. In Indonesia it is

known as “jamu”whichmeans healing using herbs. Jamu is a traditional Indonesianmed-

icine that has been used for generations to maintain health and treat various diseases.

Although it has evolved, the traditional use remains only in the community. Until

now, the components of herbal medicine used in “jamu” have been scientifically proven

to be phytochemical compounds and their pharmacological effect1 has also been proved.

There are differing opinions about the western and eastern countries on the use of

herbal remedies. So, traditional medicine is growing rapidly in eastern countries (such

as China, India, and Korea) compared to western countries. But with the increasing

use of traditional remedies a lot of empirical evidence has been obtained. The evidence

thus becomes the basis for scientific proof.

Species of the Zingiberaceae family have been used since thousands of years by our

ancestors to maintain health and to treat various diseases. Nowadays, the continued

development of science supports the development of herbal medicine research more rap-

idly to the genetic level. Scientific proof of Zingiberaceae rhizome parts have been

widely published in both preclinical and clinical studies. One of the benefits that could

potentially be developed is as an antidiabetic drug.

This chapter begins with a discussion of diabetes mellitus and its relation to obesity

(over intake of nutrition), an alpha-glucosidase enzyme as a therapeutic target for diabetes

mellitus, and species of Zingiberaceae family as a potential inhibitor of alpha-glucosidase.

Further, aspects of the active ingredient Zingiberaceae rhizome parts as alpha-glucosidase

inhibitors, and safety as an antidiabetic, are discussed and published in scientific journals.

So the tribe Zingiberaceae rhizome has the potential to be developed into an antidiabetic
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drug. This chapter concludes with clinical implications of Zingiberaceae family in the

management of diabetes mellitus.

2. DIABETES AND OBESITY

Diabetes mellitus is a group of metabolic disorders due to impaired metabolism of pro-

teins, carbohydrates, lipids, and are characterized by increasing levels of glucose in the

blood due to insulin resistance, or decreased production of insulin by the beta cells of

the pancreas. Uncontrolled diabetes can lead to complications such as disturbances in car-

diac function, eyes, kidneys, or other complications. Complications of diabetes decrease

the quality of life and increase morbidity. Therefore, it is necessary to attempt a compre-

hensive diabetes management.2

One risk factor for type 2 diabetes is obesity. The prevalence of obesity, which is char-

acterized by a body mass index >30kg/m2, and type 2 diabetes continues to increase

rapidly in many countries. The results showed that one of the factors that trigger type

2 diabetes in obesity is excessive snacking and lack of physical activity.3 Intake of exces-

sive glucose and macronutrient (obesity) causes oxidative stress and inflammation. This

increases the inflammatory mediators [tumor necrosis factor (TNF-α) and interleukin-6

(IL-6)]. The inflammatory mediators further inhibit the action of insulin through the bar-

riers of signal transduction of insulin, causing insulin resistance.4 One of the efforts to

manage diabetes mellitus type 2 is by inhibiting enzymes involved in the metabolism

of carbohydrates, the enzyme alpha-glucosidase. This enzyme plays a role in preventing

the absorption of glucose by inhibiting the decomposition of carbohydrates, thus pre-

venting hyperglycemia postprandial.

3. ALPHA-GLUCOSIDASE ENZYMES AS A THERAPEUTIC TARGET
FOR DIABETES

Diabetes mellitus is a progressive carbohydrate metabolism disorder, triggering micro-

andmacrovascular complications, whichmakes it difficult to manage.5 Although diabetes

therapy plays an important role in preventing complications, prevention of diabetes mel-

litus is very beneficial to individuals and communities. Recent studies show that inhibi-

tion of glucose absorption can prevent diabetes mellitus, especially in populations with

high risk factors.6

The effects of antidiabetic drugs occur through various mechanisms of action and site

of action. Antidiabetic drugs can lower blood glucose levels by affecting insulin secretion,

insulin sensitivity, carbohydrate metabolism, and/or lipid metabolism. Alpha-glucosidase

is an enzyme that plays an important role in the absorption of glucose in the gastrointes-

tinal tract. Inhibition of this enzyme activity can reduce blood glucose levels, preventing

postprandial hyperglycemia in patients with type 2 diabetes mellitus.7
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Acarbose, voglibose, and miglitol are the alpha-glucosidase enzyme inhibitors that are

used clinically. However, its use faces the problem of efficacy and unexpected side effects.

On the other hand, there are many potent herbal remedies such as alpha-glucosidase

inhibitors. So, it is necessary to increase research on candidate drug alpha-glucosidase

inhibitors that must be proven through preclinical studies and clinical studies both on

efficacy and safety.

4. BENEFITS OF ZINGIBERACEAE AS AN ANTIDIABETIC DRUG

Patient compliance with his treatment affects the success of diabetes control. Among the

factors that influence treatment failure are the side effects of the drug experienced by the

patient. Owing to the presence of side effects of synthetic drugs, and the belief that herbal

remedies are safer, the popularity of herbal medicine is increasing in the world market.

However, to ensure the benefits and safety of herbal medicines attention should be paid

to standardization in terms of plant parts used, harvest time, material processing, and qual-

itative and quantitative aspects of its phytochemical constituents.8

Polyphenol compound is a component that is found in all kinds of plants so polyphe-

nols become an important part of the human diet. The results of the research, through

epidemiological studies, in vivo studies in animals, as well as in vitro studies, show

that polyphenolic compounds have various pharmacological activities that can treat

various diseases.9

Plants used as herbal remedies known to have a major antioxidant activity, which is

the ability to ward off free radicals. Antioxidants can prevent damage to the biological

system of the body by free radicals. Antioxidant capacity is a measure of the ability of

herbal medicines in the range of diseases.10 Species of Zingiberaceae family having the

most powerful antioxidant capacity with the largest total flavonoid content are Curcuma

longa L., Zingiber officinale, Curcuma xanthorrhiza, manga Curcuma, and Zingiber zerumbet.11

Zingiber officinale Roscoe or ginger have been known and used traditionally to treat

abdominal pain, dyspepsia, bloating, fever, and malaria. Ginger is also used to treat

asthma, arthritis, and diabetes.12 The survey results revealed that the polyphenol compo-

nents in ginger may lower glucose levels (antihyperglycemia), antiglycation (lowering

HbA1c), and lower blood cholesterol (antihyperlipidemia).13 Zingiber officinale can lower

blood glucose levels by increasing insulin release and insulin sensitivity.14 It prevents

complications of diabetes on the kidneys, improves endothelial cells of vascular,15 and

prevents prostatic diabetes complications.16

Among the species of Zingiberaceae which has been widely studied and published

long ago and is still studied today is turmeric (Curcuma longa L.). Turmeric has been used

for the past century as a spice for seasoning, in health care, and in the treatment of various

diseases. One of the secondary metabolites of turmeric as the main component which has

a variety of pharmacological activities is curcuminoids. Research and publications on

389Zingiberaceae Family Effects on Alpha-Glucosidase Activity



curcuminoid in aspects of pharmaceutical, pharmacology, and toxicology, botany, are

found every year.

5. ZINGIBERACEAE FAMILY AS AN INHIBITOR OF ALPHA-GLUCOSIDASE

Enzymes that play an important role in controlling the metabolism of carbohydrates,

resulting in hyperglycemia and type 2 diabetes mellitus are α-amylase and alpha-

glucosidase. Both of these enzymes are potential drug targets in the research and devel-

opment of antidiabetic drugs. Acarbose is a drug that has been used in the management of

blood glucose levels through inhibition of alpha-glucosidase enzyme activities.

5.1 Curcuma longa L
Flavonoids in turmeric has an antidiabetic potential of being able to inhibit the enzyme

strong alpha-glucosidase activity.17 Curcumin as a major component of turmeric rhi-

zome extract exhibited stronger alpha-glucosidase inhibitor activity in combination with

piperine and quercetin compared with curcumin alone. This is because curcumin is an

unstable compound biodegradable in the gastrointestinal tract at alkaline pH into inactive

compounds. Piperine and quercetin act to prevent the reaction of glucuronidation and

increase bioavailability curcumin. So the combination of the three increases the activity

of curcumin as an alpha-glucosidase inhibitor.18 Results of in vitro study showed that the

IC50 value (29.31nM) of curcumin is more robust compared to acarbose (22.80 μM).

This strengthens the evidence that curcumin is the most potent compound as an

alpha-glucosidase inhibitor.19

5.2 Zingiber officinale
The components of gingerol and shogaol in Zingiber officinale are the main compounds

that play a role in the inhibition of the alpha-glucosidase enzyme. Zingiber officinale

extracted with ethyl acetate solvent showed the most potent inhibitory activity against

the alpha-glucosidase enzymes compared with hexane solvent and water.20

5.3 Zingiber zerumbet
Studies on animals with diabetes induced by streptozotocin showed that the rhizome of

Zingiber zerumbet can lower blood glucose levels.Zingiber zerumbet has eight kinds of phy-

tochemical components namely four sesquiterpene and four flavonoids. The kaempferol-

3-O-methyl ether component is a potent alpha-glucosidase inhibitor compared to the

other components. The flavonoid component exhibited the strongest inhibition of aldose

reductase compared to sesquiterpene component. The kaempferol and kaempferol-3-

O-methyl ether compound exhibits antiglycation activity. The kaempferol-3-O-methyl

ether component is a potent alpha-glucosidase inhibitor compared to the other
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components. The flavonoid component showed the strongest inhibition of aldose reduc-

tase, compared with sesquiterpene component. The kaempferol compound, kaempferol-

3-O-methyl ether, exhibits antiglycation activity. So it can be concluded that kaempferol

and kaempferol-3-O-methyl ether are the most potent Zingiber zerumber components as

inhibitors of alpha-glucosidase and aldose reductase enzymes, and lower HbA1c values,

where these three are the main targets of the treatment of diabetes and its complications.21

6. SAFETY STUDY OF ZINGIBERACEAE

The use of herbal medicines in many countries, both developing countries and the devel-

oped countries, is increasing. The survey results of 2012 in the United States showed that

18% of the population use herbal medicine as a dietary supplement. Herbal medicine is

believed to be relatively safe. However, the use of certain herbal medicines is accompa-

nied by severe allergic reactions. This reaction occurs due to the improper use or lack of

quality control of herbal medicine. In addition, patients do not communicate with

doctors in the use of herbal remedies. The limited public information about the potential

adverse reactions and drug interactions with medicinal herbs that are being used can

increase the risk of adverse events. Allergic reactions that arise more often are rash,

urticarial and erythematous rash. Other reactions are anaphylaxis, bronchospasm, and

edema larink.

Herbal remedies are usually used orally or topically. Although herbal remedies are

considered safe, one should be cautious as allergic reactions can occur. Herbal remedies

that are most likely to cause allergic reactions are Echinacea purpurea,Ginkgo biloba, Andro-

graphis paniculata, and Hedera helix.22

Studies on rats, guineapigs, monkeys, showed that administration of turmeric

2.5g/kg, and alcohol extract of turmeric 300mg/kg for 3weeks did not affect liver, kid-

ney, and heart function in animal test. In humans the turmeric intake of 2–2.5g which is
comparable to the 60–100mg curcumin is safe.23 Clinical studies of nine healthy volun-

teers aged between 22 and 33years, giving turmeric oil at a dose of 0.6mL/day in the first

month and 1mL in the second and third months, showed no change in hematology, renal

function, liver function, and serum lipid levels.24 Curcumin intake of 8000mg/day for

3months did not show toxicity in six healthy volunteers.25

In acute toxicity study, single-dose Zingiber zerumbet (L.) administration of 15g/kg in

Wistar rats showed no signs of toxicity or death in the observation for 14days. Studies of

subchronic toxicity, intake of Zingiber zerumbet (L.) doses of 1000, 2000, and 3000g/kg

orally for 4weeks inWistar rats did not show changes in parameters of hematological and

biochemical analysis.26

The ethanol extract ofZingiber zerumbet (L.) doses of 200 and 300mg/kg administered

orally to diabetic nephropathy rodent models for 8weeks showed improvement in renal

function. Zingiber zerumbet (L.) can reduce hyperglycemia and improve kidney function
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in diabetic rats.27 In in vitro studies, the traditional use ofZingiber zerumbet (L.) showed no

genotoxic or mutagenic effects.28

Based on the description above, the use of the rhizome of Zingiberaceae is relatively

safe. So the species of the Zingiberaceae family has the potential as a herbal medicine,

especially as an antidiabetic.

7. IMPLICATION OF ZINGIBERACEAE AS AN ANTIDIABETIC DRUG

The use of the Zingiberaceae rhizome, as an antidiabetic drug needs to consider factors

such as place to grow, harvest age, plant part used, and others, so that the pharmacological

effects on repetition of the study will produce the same effect.29

8. CONCLUSIONS

The species of the Zingiberaceae family are abundant throughout the world, and have

been used both as a spice and a cure to various diseases. Studies have reported and con-

firmedmany of the pharmacological effects, effective doses, active compounds, and safety

studies on animals. However, the publication of the clinical efficacy of Zingiberaceae in

healthy volunteers and patients with diabetes is limited. So, the research needs to be con-

tinued at the clinical trial stage to ensure the efficacy and safety of Zingiberaceae as an

antidiabetic drug.
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CHAPTER 27
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(Anacardiaceae): Profiles and
Applications to Diabetes
Wawan Sujarwo*, Ary Prihardhyanto Keim†

*Bali Botanic Garden, Indonesian Institute of Sciences (LIPI), Tabanan, Indonesia
†Herbarium Bogoriense, Research Center for Biology, Indonesian Institute of Sciences (LIPI), Cibinong, Indonesia

1. INTRODUCTION

Diabetes mellitus refers to a metabolic disorder of multiple etiology characterized by

chronic high blood sugar with disturbances of carbohydrate, fat, and protein metabolism

resulting from defects in insulin secretion, insulin action, or both. The effects of diabetes

mellitus include long-term damage, dysfunction, and failure of various organs. It may

present with characteristic symptoms such as thirst, polyuria, blurring of vision, and

weight loss. In its most severe forms, ketoacidosis or a nonketotic hyperosmolar state

may develop and lead to stupor, coma, and in the absence of effective treatment, death.

The long-term effects of diabetes mellitus include progressive development of the spe-

cific complications of retinopathy with potential blindness, nephropathy that may lead to

renal failure, and/or neuropathy with risk of foot ulcers, amputation, charcot joints, and

features of autonomic dysfunction, including sexual dysfunction. People with diabetes

are at increased risk of cardiovascular, peripheral vascular, and cerebrovascular diseases.1

On the other hand, there are many drugs or chemical-induced diabetes which can

impair insulin action, such as nicotinic acid, glucocorticoids, thyroid hormone, alpha-

adrenergic agonists, beta-adrenergic agonists, thiazides, Dilantin, Pentamidine, Vacor,

interferon-alpha therapy, and others. They are not all-inclusive, but reflect the more

commonly recognized drug of diabetes and hyperglycemia. Recent researches provide

evidence that diabetes can be prevented by changes in the lifestyles of both women

and men at high risk for the disease. It is likely that any type of lifestyle activities—

whether sports, household work, gardening, or dietary habit in particular consuming

herbal drinks—are beneficial in preventing and treating diabetes.

2. BOTANICAL DESCRIPTION AND HISTORICAL BACKGROUND
OF SPONDIAS PINNATA IN THE MALESIAN REGION

S. pinnata (L.f.) Kurz is a tree species native to Malesia (a floristic region comprising

political entities of Malaysia, Singapore, Indonesia, Brunei Darussalam, the Philippines,
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Timor Leste, and PapuaNewGuinea) with an extension of natural distribution as far west

as Indochina. S. pinnata can grow in primary and secondary forests from lowland up to

500m altitude, sporadically up to 900m altitude.2 The species has been widely cultivated

and naturalized in Bhutan, China (southern), India, Myanmar, and Nepal (Fig. 1).

S. pinnata is a deciduous tree, 10–25m tall, sometimes up to 40m tall2–4; branches

yellowish brown to grayish brown and glabrous. The leaves are glabrous, large, with pairs

of 100–150mm leaflets on petioles; leaf blades 300–600mm, imparipinnate (not fairly

paripinnate) compound with 5–11 opposite leaflets; leaflet petiolule 3–5mm; leaflet

blade ovate-oblong to elliptic-oblong, 70–120�40–50mm, papery, glabrous on both

sides, with margins that are serrate or entire; the apex is acuminate, lateral veins

12–25 pairs. The inflorescence is paniculate, terminal, 250–350mm and glabrous, with

basal first-order branches 100–150mm. Flowers are mostly small and sessile, white or

greenish white and glabrous; calyx lobes are triangular, approximately 0.5mm. Petals

are ovate-oblong, approximately 2.5�1.5mm; stamens are approximately 1.5mm.

The fruit is an ellipsoid to elliptic-ovoid drupe, olive green to yellowish orange at matu-

rity, 35–70�25–35mm; inner part of endocarp woody and grooved, outer part fibrous;

mature fruit usually have two or three seeds. In most places flowering time is from April

to June and fruiting around August to September.

The only reliable characters which distinguish S. pinnata from the rest members of the

genus are the very short pedicellate flowers and the hard, dense, fibrous outer layer of the

endocarp. The dense clusters of subsessile flowers give the inflorescences of S. pinnata a

very distinctive appearance.5

In most part of Indonesia S. pinnata is known as “kedondong hutan” means the wild

“kedondong.” “Kedondong” is the vernacular names of the species more famously well-

known cousin, Spondias dulcis. In international fruit trade markets, S. pinnata is commonly

known as wild mango or hog plum. Within the Flora Malesiana region, this species is

widely known as “kedondong” (from original Malay name) or its string of varieties in

pronunciations. It is one of the approximately 18 currently known species of the genus

Spondias, of which 10 are native to Indo-Pacific and 8 to Neotropis.6–8

The earliest scientific record of S. pinnata was a short description with a figure in

Rheede tot Drakenstein’s Hortus Malabaricus,9,10 where it was described as the plant with

the vernacular name “ambalam.” Although this matter is still debatable as the taxon may

refers to S. dulcis; nevertheless, the picture shows fairly sessile or subsessile flowers andmuch

smaller fruits (for comparison in size with S. dulcis see Shaw, 1967; Hou, 1978), which are

regarded as distinctive morphological characters of S. pinnata. Rumphius noted the first

scientific descriptions of the genus in Malesia (i.e., Flora Malesiana).11 In his

“Herbarium Amboinense” (first volume) Rumphius reported the existence of two taxa

in Ambon, the Moluccas described as “Condondum” and “Condondum malaccense.”

Rumphius referred to Rheede tot Drakenstein’s “ambalam” when describing his

“Condondum.” It can be interpreted that he suggested both as the same taxon; thus, they
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Fig. 1 Distribution of Spondias pinnata in the world.
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both belong to the same species, S. pinnata. Furthermore, Rumphius gave a figure, which

exactly matches the figure of Rheede tot Drakenstein’s “ambalam.” On the contrary, this

finding supports Shaw and Hou in placing “Condondum” as equal to S. pinnata.2,5

In contrast with “Condondum,” Rumphius described “C. malaccense” as a taxon closely

related to his “Condondum,” but found only in the Moluccas and Sulawesi, particularly

theMoluccas (hence the “epithet”malaccense).11 Rumphius described this “C. malaccense”

without any references to Rheede tot Drakenstein; thus, it can be interpreted that Rum-

phius regarded this taxon as completely unknown to India. This taxon can be regarded as

a species that possesses prominent distribution areas in Eastern Malesia and beyond. This

can only be referred to as Spondias novoguineensis, a species proposed by Kostermans.3

However, S. novoguineensis is sometimes confused with S. dulcis,12 and Kostermans

mentioned that S. novoguineensis formed a species complex with Spondias acida and Spon-

dias malayana3; a complex that was formerly wrongly identified as S. pinnata in Malesia. In

other words, S. novoguineensis is morphologically very much like S. pinnata.

Indeed, apart from the slight differences in the sizes of the fruits and shapes of the

seeds, there has been no convincing and distinctive morphological character that can

be used to distinguish the three species each as a species of its own right and any of them

to S. pinnata. In fact, they all possess conspicuous sessile or subsessile flowers, which is the

most distinctive character of S. pinnata. In other word, until the result of molecular anal-

ysis has become available, in this current study S. acida, S. malayana, and S. novoguineensis

are regarded simply as morphological varieties of S. pinnata, a species that has already

known to possess great morphological varieties.

Thus, as far as S. pinnata is concerned, Rumphius basically shows an Eastern Malesian

morphological variety of S. pinnata, a variety that does not extend to India, did not even

cross theWallace line to theWesternMalesia. This statement is interesting as it may solve

the enigmatic origin of S. dulcis.

Despite the fact that “Condondum malaccense” was rarely seen in Ambon Island,

Rumphius described it as frequent in Sulawesi and the Moluccas (notably Seram Island).

The complete absence of this taxon in India (at least in the time of Rumphius), but abun-

dant in Sulawesi and the Moluccas raises a possibility that this Eastern Malesian variety of

S. pinnata might have been the wild form of S. dulcis. In other words, the origin of the

widely cultivated S. dulcis is either Sulawesi or the Moluccas (or any other places within

the Eastern Malesia) and was brought to the Pacific by the ancient Austronesian through

their epical sailing to the east. This is straight forwardly in disagreement with Morton

who postulated the opposite.13 However, the possibility of origin of S. dulcis “further

west” from Pacific (i.e., small islands of Sunda in Eastern Indonesia) is also widely

opened.14,15 Further study is needed.

The placement of “C. malaccense” as S. pinnata is in accordance with Merrill,16 in

which this identification is followed by Beekman in his translation of “Herbarium

Amboinense”.11 Interestingly Merrill suggested “C. malaccense” is probably just a
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morphological variety of S. pinnata.16 This sounds like supporting the possibility that

S. dulcis is a cultivated form of S. pinnata. On the contrary, the identification is not in

agreement with Shaw and Hou that places “C. malaccense” as equal to S. dulcis.2,5

Actually, in the field the two species are very much alike; thus cannot be straightfor-

wardly distinguished. Shaw described S. pinnata as a closely related to S. dulcis and differs

only in the dense clusters of subsessile flowers in the inflorescences5 (Figs. 2 and 3). It is so

far the only constantly distinctive morphological character that separates S. pinnata from

its widely cultivated relative. In other words, S. pinnata might have been simply just a

wild form of S. dulcis. This raises a possibility that they might one day be lumped into

Fig. 2 The flowers, fruits, and leaves of S. dulcis.

Fig. 3 The leaves of Spondias pinnata.
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a single species, in which S. dulcis has the priority. Until the result of DNA analysis has

become available, in this current study the two taxa are regarded as two distinct species.

S. dulcis has never been found in the wild; thus, unlike S. pinnata, its origin is still

uncertain.2,5 However, Hou reported that in many islands within Malesia, particularly

New Guinea S. dulcis can be commonly found in the primary forests and with amazing

growth (30–40m tall).2 This New Guinean S. dulcis might have been S. pinnata, partic-

ularly the EasternMalesian variety that had been previously reported as “C. malaccense” by

Rumphius.11 This raises a possibility that New Guinea, or at least somewhere in Eastern

Malesia, might have been the center of origin of this species, which is in accordance with

Walter and Sam.14,15 In other words, S. pinnata might have been originated in New

Guinea or somewhere in the Eastern Malesia (including the Moluccas). However, as

the genus is clearly Gondwanic, S. pinnata can also be regarded as having Indian origin.

Nevertheless, this possibility is dwarfed by the fact that the Eastern Malesian variety of

S. pinnata (i.e., “C. malaccense”) is completely absent in the subcontinent.

3. ETHNOBOTANICAL INFORMATION RELATED TO SPONDIAS PINNATA

Prior to our study, the latest research on the usage of S. pinnata in Bali (known locally as

“cemcem” or “kecemcem”) was byWrasiati et al.17 That research concentrated more on

the bioscience side of “cemcem.” Therefore, this study is aimed to reevaluate the pre-

vious work with more analyses and expanded it with more ethnobotanical and ethno-

bioprospecting point of views incorporated following the model of previous work by

Sujarwo et al.18

Leaves are selected to be the main source of materials for analysis as they are more

commonly used in traditional medicine.18 The leaf of S. pinnata is considered as an inte-

gral part of the Balinese ethnobotanical knowledge and used in the making of herbal-

medicinal beverage to treat heartburn, urolithiasis, diabetes, and to improve body

health.18 Leaves can be consumed fresh as vegetables or boiled first to make a kind of

traditional medicinal drink or “loloh” (Fig. 4).

The bioprospecting side of this study (as the foundation of the ethno-bioprospecting

value of this research) is to evaluate the antioxidant activities and phenolic content of leaf

of S. pinnata found in Bali.

According to Sujarwo et al.18 among 50 informants interviewed only seven infor-

mants, all male, mentioned the medicinal uses of “cemcem”. Indeed, among the 13 sur-

veyed villages, the uses came only from two villages, that is, Penglipuran and Tenganan,

where the plant grows, and often appears as a home garden plant. In fact, the plant can be

found in lowland areas up to 500m above sea level. However, the ethnobotanical values

have only been obtained from the two villages.

The informants also declared that local people consume herbal drinks made from

“cemcem” leaves at least once a week. According to our previous study, came from

400 Bioactive Food as Dietary Interventions for Diabetes



the same informants” set, “cemcem” availability index (the availability of the plant) is rare

to medium, and its use value (the number of uses) and relative importance (the local

importance of species) are 0.14 and 0.67, respectively.19 In addition to some ethnobo-

tanical indices, the taste score appreciation obtained from the local inhabitants is fair.

The modality of preparation is to produce juice by extracting leaves using traditional

simple techniques which involve grinding the leaf with a flat stone or pestle; the juice is

then filtered by twisting the leaves in a clean cloth. Leaves are used fresh, after collecting

from the surrounding area. In the Usada Bali (the book of Balinese Traditional Medi-

cine), S. pinnata leaves have been described as the remedy to cure various ailments

and diseases.18,20 In spite of lack of direct evidence, in the present study, S. pinnata leaves

can prevent or cure heartburn, urolithiasis, and diabetes. The antidiabetic effect might be

enhanced by using the traditional method of serving the “cemcem” leaves as a herbal

drink intended to treat high blood sugar levels. This herbal drink is a kind of juice, which

has been traditionally used by the Balinese for thousands of years. It is believed that

S. pinnata leaves have been used since the 11th century in the Indonesian island of Bali.21

The first scientific report on the medicinal use of S. pinnata was in “Hortus

Malabaricus”,9,10 where it was described as having medicinal purposes in curing uncon-

trolled menstruation, dysentery, and gonorrhea. Rumphius described that the Ambonese

Fig. 4 The graphical abstract of Spondias pinnata uses.
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used to have baths with water that had been boiled with the leaves of “condondum”

(i.e., S. pinnata) to clean their bodies, both when they were ill and healthy. The tartness

of the fruit ofC. malaccense (i.e., Moluccan variety of S. pinnata) is believed to be good for

stomach.11

Being predominantly Hindu adherents it is long believed that the Balinese might have

known the medicinal properties of S. pinnata through Ayurveda (known there as

“Aamraataka” or “Aamraata”), the classical Indian medicinal texts composed in eight

parts found in the Sanskrit epic of the Mahabharata around 4th century BC.22–24

Hinduism itself is believed to be introduced to Indonesia as early as 1st century AD.

However, that claim is doubted here as the Balinese, as a member of the great Austro-

nesian people, might have known the medicinal purposes of S. pinnata long before the

coming of Hinduism to Indonesia or even the Nusantara (i.e., Malay Archipelago). This

is supported by the fact that the other member of the genus, S. dulcis has long been used by

the Austronesian people in the Pacific for treating ciguatera.15,25 The same treatment was

recorded by Rumphius in the Moluccas.11 Furthermore, the complete absence of

S. pinnata in the Indian subcontinent even raises a possibility that it was the Indians

who might have obtained the information on S. pinnata from the Austronesians, who

might have brought or introduced the species to the subcontinent in their legendary mar-

itime journeys.26

The good comparison is with the case of camphor mentioned in Ayurveda as

“Bhimseni” (“Bhimseni Camphora”) or “Baras Camphora,” which have a unique posi-

tion in the Hindu tradition of “pooja” (worship), medicinal, other festive functions, and

traditional law. This “Bhimseni” camphor is harvested from Dryobalanops aromatica (syn.

Dryobalanops camphora; Dipterocarpaceae),24 a Diptrocarp tree found in Sumatra, Malay

Peninsula, and Borneo with the prominent population and harvesting area in a specific

area in the Northwestern Sumatra known as Barus, hence the Ayurvedic name “Baras

Camphora” which exactly means Baras camphor or camphor from Baras (Barus). The

Indonesian name for the camphor is indeed “Kapur Barus” which actually means the

Dipterocarp tree from the genus Dryobalanops from the area or vicinity of Barus, North

Sumatra. The members of the genusDryobalanops are generally known in Indonesia with

the vernacular name “Kapur” or “Kayu Kapur”.27 Thus, the trade and interchange

knowledge between the Indian subcontinent and Indonesian archipelago is actually

ancient, apparently earlier than currently thought, which is around 1st century AD.

Thus the possibility that the Indonesian sailors and traders introduced the Malesian

endemic S. pinnata to India including its medicinal properties is reasonable and ethno-

botanically supported.

4. ANTIOXIDANT PROPERTIES OF SPONDIAS PINNATA

The ABTS•+ and DPPH assays are widely used methods for the assessment of the anti-

oxidant capacities of natural products, they both are spectrophotometric techniques based
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on quenching of stable colored radicals (ABTS•+ or DPPH) and show the radical scav-

enging ability of antioxidants even when present in complex biological mixtures such as

plant or food extracts.

According to our previous paper,28 S. pinnata extracts were capable of scavenging

ABTS•+ and DPPH in a concentration-dependent manner. The DPPH radical have

a low value of IC50 (Table 1). To show values directly dependent on antioxidant activity,

antiradical activity (ARA) was calculated as 1/IC50. These results of scavenging activities

indicate that S. pinnata leaves of both sites have good antioxidant capacity even if

lower than pure ascorbic acid (IC50¼2.5�0.2; ARA¼0.40�0.02). The results of

ABTS•+ radical assays were presented as Trolox equivalent antioxidant capacity

(TEAC) using Trolox as reference standard. The TEAC values were 0.61�0.01 and

0.310�0.004μmol Trolox/g for the two extracts of SPP and SPT, respectively

(Table 1). The TEAC data confirm that both S. pinnata leaves are active even on ABTS

radical cation and show good antioxidant capacity. The total phenolic content (TPC)

determined for S. pinnata extracts show high levels of polyphenols in both S. pinnata

leaves under examination. It was 168�2mg GAE/g dw for SPP, and 101�1mg GAE/g

for SPT (Table 1). Previous data reported by Maisuthisakul et al.29 referred to phenolic

contents of S. pinnata at 47.2 and 42.6mg GAE/g dry weight, in fruit flesh and seed

extracts, respectively. Maisuthisakul et al.30 also found phenolic content of 42.6mg

GAE/g dry weight in S. pinnata leaf extracts of plants purchased from marked places

in Thailand, which is lower with respect to the data obtained by Sujarwo et al.28 The

high TPC observed might be due to various causes such as the different site of plants

or storage, drying procedure, processing, polarities of solvent (MeOH instead of EtOH),

and the contribution of carbohydrates in the extracts.30–32

There are significant differences in antioxidant capacities and TPC among S. pinnata

extracts from the two different sites/villages. S. pinnata extracts derived from Penglipuran

Table 1 Total phenolic content, ABTS•+assay as Trolox equivalent antioxidant capacity (TEAC)
and DPPH assay as IC50 and antiradical activity (ARA, 1/IC50) of two different extracts of SPP and SPT

Extract

Total phenolic
content
(mg GAE/g dw)

ABTS•+ assay
TEAC (μmol
Trolox/g)

DPPH assay

IC50 (μg/mL) ARA (mL/μg)

Spondias pinnata

collected in

Penglipuran village

(SPP)

168�2 0.61�0.01 7.72�0.03 0.108�0.005

Spondias pinnata

collected in

Tenganan village

(SPT)

101�1 0.310�0.004 9.30�0.4 0.1295�0.0004

Source: Sujarwo W, Saraswaty V, Keim AP, Caneva G, Tofani D. Ethnobotanical uses of “Cemcem” (Spondias pinnata
(L. f.) Kurz; Anacardiaceae) leaves in Bali (Indonesia) and its antioxidant activity. Pharmacologyonline 2017;1:113–23.
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village were two times higher in antioxidant capacity (ABTS•+), 1.2 times in ARA

(DPPH), and 1.7 times in polyphenolic content (TPC), respectively. This may be attrib-

uted to the different elevations between the two villages, which reflect on the ecological

conditions for the species. Tenganan is located close to the coast, whereas Penglipuran is

situated at 700m altitude, and this condition might be more suitable for the growth of

S. pinnata.

5. CONCLUSION

S. pinnata possesses strong antioxidant activities based on ABTS•+ and DPPH assays, and

contain large amounts of phenolic compounds mainly responsible for free radical

scavenging activities. Our respondents in the traditional villages in Bali have been using

antioxidants and polyphenols as a part of their traditional medicine for centuries, and

some of them mentioned that S. pinnata leaves is used for the prevention and treatment

of diabetes.
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CHAPTER 28

Synergy Among Dietary Spices
in Exerting Antidiabetic Influences
Seetur R. Pradeep, Krishnapura Srinivasan
Department of Biochemistry, CSIR—Central Food Technological Research Institute, Mysuru, India

1. INTRODUCTION

Diabetes mellitus (DM) is a complex metabolic disorder of endocrine system that con-

tinues to be major health care problem worldwide. Diabetes is clinically characterized by

hyperglycemia that results from defects in insulin secretion, or defective response of insu-

lin, or both which result in abnormalities in carbohydrate, protein, and fat metabolism.1 It

is believed that hyperglycemia is one of the major factors in the development of its com-

plications. Untreated diabetes can cause many complications and affect almost every part

of the body such as eyes, nerves, kidneys, heart, and blood vessels, and even lead to pre-

mature death.2 The adverse effects of hyperglycemia may be derived from four metabolic

pathways, including: activation of protein kinase C (PKC) isoforms,3 increased hexosa-

mine pathway flux,4 increased advanced glycation end product (AGE) formation,5 and

increased polyol pathway flux.6 Drugs with antidiabetic properties, coupled with insulin

treatment, appropriate diet, and exercise, remain the main approach in the treatment of

diabetes. However, existing pharmaceutical treatments have toxic side effects and, some-

times, prolonged use leads to diminished response.7

The major chronic complications—cataract, neuropathy, nephropathy, and cardio-

vascular diseases precipitating due to uncontrolled elevated blood glucose levels account

for the major increase in morbidity and mortality in diabetic patients. Diabetic nephrop-

athy is a devastating chronic microvascular complication of DM, which represents a

major cause of end-stage renal diseases today. About 30%–40% of the diabetic patients

suffer from kidney problems after the onset of diabetes for 20–25years. Cataract is con-
sidered as one of the most common secondary complication of diabetes which causes

visual impairment. Cataract termed cloudiness or opacification of eye’s natural lens is

the leading cause of blindness worldwide, affecting approximately 18 million people.

Cataract occurs at an early age and 2–5 times more frequently in diabetic patients.

Multiple mechanisms have been proposed with respect to the development of cataractous

lens in diabetic condition through oxidative stress namely, polyol pathway, and nonenzy-

matic glycation reactions. Neuropathy is a common complication of diabetes and is asso-

ciated with wide range of clinical manifestations. It is widely accepted that the toxic
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effects of hyperglycemia play an important role in the development of this complication.

Diabetes is a prime risk factor for cardiovascular diseases. Patient with diabetes has a two-

fourfold higher risk than do nondiabetic individual of developing atherosclerosis and its

complications, which includes stroke, myocardial infarction, and peripheral vascular dis-

ease. Hyperglycaemia is an important risk factor for the development and progression of

the macrovascular and microvascular complications that occur in diabetes (Figs. 1 and 2).

2. DIETARY MANAGEMENT OF DIABETES

In recent years, there has been a growing interest in exploring natural medicine because

of their fewer side effects. In the management of several disease conditions, dietary factors

play a very important role. The role of food constituents in the etiology of chronic dis-

eases such as diabetes and in their prevention/management has been increasingly under-

stood in recent years. Before the introduction of therapeutic use of insulin, diet was the

main form of treatment of diabetes, and dietary measures included the use of traditional

medicines mainly derived from plant sources. Several common constituents of the diet

are also traditionally recommended for regular consumption, and some are additionally

taken as infusions and decoctions. Among these are herbs, spices, and vegetables.

Fig. 1 Interaction between hemodynamic and metabolic mechanisms in the pathophysiology of
diabetic nephropathy.
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3. SPICES AS USEFUL ANTIDIABETIC ADJUNCTS

Spices are consumed as food adjuncts to impart flavor, aroma, piquancy, and color to our

foods.8 Several health beneficial physiological effects of commonly consumed spices have

been experimentally or clinically documented in recent decades. A few commonly con-

sumed spices are now understood to possess significant hypoglycemic in both animals

and humans. Spices such as fenugreek (Trigonella foenum-graecum) seeds, onion (Allium cepa),

garlic (Allium sativum), and black cumin (Nigella sativa) are recognized to possess hypogly-

cemic, hypolipidemic, and antioxidant influence in diabetic situation. Limited animal stud-

ies have also documented beneficial antidiabetic influences of curcumin of turmeric

(Curcuma longa), cumin seeds (Cuminum cyminum), and curry leaves (Murraya koenigii)

(Fig. 3). The high content of mucilage galactomannan in fenugreek is responsible for a

lower dietary glucose uptake and hence believed to facilitate glycemic control in diabetics.

The two Allium spices—onion and garlic largely owe their antidiabetic property to sulfur

compounds allyl propyl disulfide and diallylsulfide, which have insulinotropic activity. In

addition, these sulfur compounds have insulin sparing action by protecting from sulfhydryl

inactivation.8 The hypoglycemic effect of black cumin might be due to its volatile oil and

thymoquinone (TQ). Mechanism of hypoglycemic effect of black cumin is multifactorial

including, elevation of insulin, attenuation of insulin resistance, hepatic gluconeogenesis,

and oxidative stress in diabetic animals.9 Curry leaves shows protective effects in experi-

mental diabetes, possibly by decreasing oxidative stress and preserving pancreatic β-cell
integrity. Curcumin, the yellow principle of turmeric—has been found to be effective

in improving the glycemic status and glucose tolerance in diabetic animals/type-2 diabetic

patients (Fig. 4). Dietary fenugreek, garlic, onion, curcumin, and red pepper are found to

be effective as hypocholesterolemic under conditions of diabetes-induced hyperlipidemia.

Fig. 2 Upregulated polyol pathway plays a major role in diabetic complications.
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Fig. 4 Multiple mechanisms of antidiabetic action of spices.

Fig. 3 Spices possessing antidiabetic influence.
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4. FENUGREEK (T. FOENUM-GRAECUM)

Fenugreek is a leguminous herb cultivated in India andNorth African countries andwidely

used in cooking and as a traditional medicine against diabetes. The antidiabetic influence of

fenugreek (Fig. 5) has been experimentally evidenced in a large number of animal studies

and several human trials have unequivocally demonstrated the beneficial hypoglycemic

potential and improvement in glucose tolerance in both type 1 and type 2 diabetes.8 Active

compounds of fenugreek seeds include dietary fiber (50%) comprising soluble fiber (30%)

(Predominantly galactomannan) and insoluble fiber (20%), saponins (4%–8%; mainly dios-

genin), alkaloids (1%, mainly trigonelline), and 4-hydroxyisoleucine.10 The probable

hypoglycaemic action of fenugreek seeds might be due to delaying gastric emptying by

direct interference with glucose absorption. In addition, gel-forming dietary fiber reduces

the release of insulinotropic hormones and gastric inhibitory polypeptides. In addition,

4-hydroxy isoleucine present in fenugreek seeds increases the glucose-induced insulin

secretion in pancreatic β-cells, and also inhibits the activities of α-amylase and sucrase.11

Trigonelline of fenugreek seeds acts by affecting β-cell regeneration, insulin secretion,

and activities of enzymes related to glucose metabolism.12

Daily administration of fenugreek seed extract (1.5g kg body weight�1) for 21days to

streptozotocin (STZ)-induced diabetic rats resulted in a significant reduction in blood glu-

cose level, restored liver glycogen content and significantly decreased kidney glycogen as

well as liver glucose-6-phosphatase activity. These findings suggest that the hypoglycemic

Fig. 5 Fenugreek seeds.
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effect of fenugreek extracts is mediated through1: insulin-mimetic effect as evidenced by

the enhancement of hepatic glycogen storage, suppression of hepatic gluconeogenesis, and

acceleration of glucose metabolism through the hexose monophosphate pathway2; inhibi-

tion of the intestinal glucosidase activity as demonstrated by in vitro inhibition of α-amylase

activity and in vivo suppression of starch digestion and absorption.13

Oral administration (50mg/kg) of 4-hydroxyisoleucine isolated from T. foenum-

graecum seeds in db/db mice, significantly countered their elevated blood glucose, triglyc-

erides, total cholesterol, low-density lipoprotein-cholesterol levels, and raised their

declined plasma high-density lipoprotein-cholesterol level.14 The soluble dietary fiber

(SDF) fraction of T. foenum-graecum (Tf-sdf ) has been investigated for its effect on serum

fructosamine, insulin, and lipid levels, and on platelet aggregation in STZ-type 2 diabetic

rats. Tf-sdf was administered orally twice daily at a dose of 0.5gkg�1 for 28days. It low-

ered the serum fructosamine level with no significant change in the insulin level. Ath-

erogenic lipids, that is, triglycerides, cholesterol, and LDL cholesterol were found to

decrease significantly in Tf-sdf fed rats while HDL cholesterol showed an opposite

trend.15 Feeding of fenugreek galactomannan (at 2.5% and 5%; w/w) to Sprague-Dawley

rats for 28days significantly reduced plasma triglycerides, cholesterol, and hepatic cho-

lesterol concentrations. This clearly demonstrated that galactomannan, a novel source

of dietary fiber has a potential benefit in modifying both glycemic and lipidemic status

as well as body weight.16

Administration of fenugreek seeds to alloxan-induced diabetic rats (2g/day for

3weeks) markedly decreased plasma glucose, partially altered expression of PK and

PEPCK, also corrected the alteration in the distribution of GLUT4 in skeletal muscle.17

Diabetic rats were orally administrated (0.44g/0.87g/1.74gkg�1 day�1) of fenugreek

extract for 6weeks. Diabetic rats treated with fenugreek extract showed lower blood glu-

cose, glycated hemoglobin, triglycerides, total cholesterol, and higher HDL cholesterol

in a dose-dependent manner.18

Fenugreek administration did not affect platelet aggregation, fibrinolytic activity, and

fibrinogen. However, administered in the same daily dose for the same duration to CAD

patients also with type 2 diabetes, fenugreek decreased significantly the blood lipids (total

cholesterol and triglycerides) without affecting the HDL-C.19 Fenugreek administration

(2.5g twice a day for 3months) to type 2 diabetic (non-CAD) patients (mild cases),

reduced significantly the blood sugar (fasting and postprandial). In another clinical study,

24 type 2 diabetic patients given 10 g/day powdered fenugreek seeds for 8weeks showed

significant decrease in fasting blood sugar, triglycerides, and cholesterol.20

5. GARLIC (A. SATIVUM) AND ONION (A. CEPA)

The Allium spices—garlic and onion bulbs (Fig. 6) have been widely examined for the

antidiabetic potential. Both garlic and onion are used in traditional medicine and folk
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remedies for centuries that includes treating diabetes. Both garlic and onion are docu-

mented to be hypoglycemic in different diabetic animal models and in limited human

trials. Extract of onion with petroleum ether and diethyl ether produced hypoglycemic

activities (equivalent to 60%–70% of a standard dose of tolbutamide) in both fasting and

glucose fed rabbits and in alloxan diabetic rabbits.21 Similarly, ethanol, petroleum ether,

and diethyl ether extracts of garlic possesses >60% of the effectiveness of a standard dose

of tolbutamide in alloxan diabetic rabbits.22

Treatment with thiosulfinate increased the serum insulin and liver glycogen.23 While

it was possible that the effect of this compound might be due to the direct or indirect

stimulation of the secretion of insulin by the pancreas it is suggested that it most probably

has the effect of sparing insulin from sulfhydryl inactivation by reacting with endogenous

thiol-containing molecules, such as cysteine, glutathione, and serum albumin fractions.

The hypoglycemic influence of garlic ether extract is associated with an increase in insu-

lin, which facilitates conversion of blood glucose to glycogen.24 Significant blood glucose

lowering activity of S-allyl cysteine sulfide isolated from garlic (200mgkg�1) observed in

alloxan diabetic rats was accompanied by lowering of serum lipids and lowering of

hepatic gluconeogenic enzymes.25 Blood sugar lowering effect of allicins is found to

be dose related. S-allyl cysteine sulfoxide isolated from garlic when orally administered

for 1month to alloxan diabetic rats, there was a reversal of glucose intolerance, weight

loss, depletion of liver glycogen, etc.26 It also stimulated insulin secretion in isolated pan-

creatic β-cells. Thus, beneficial effects of S-allyl cysteine sulfoxide are attributable to its

antioxidant and its insulin secretagogue action. Treatment of diabetic rats with garlic oil

(10mgkg�1) for 15days significantly increased plasma levels of total thiols and ceruloplas-

min. Garlic oil treatment effectively normalized the impaired antioxidants status in STZ-

induced diabetes.27

Fig. 6 Garlic and onion.
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The beneficial action of onion is plausible due to direct scavenging of the free radicals

generated during oxidative stress, as it is a rich source of the flavonoids particularly fla-

vonols (quercetin and kaempferol) and anthocyanins. The blood glucose lowering effect

is probably due to the presence of bioactive compounds that may enhance glucose uptake

in peripheral tissues by improving insulin sensitivity and/or secretion and by increasing

the level of NADP+/NADPH ratio. It is also suggested that these disulfide compounds

have the effect of sparing insulin from -SH inactivation by reacting with endogenous

thiol-containing molecules such as cysteine, glutathione, and serum albumins. As quer-

cetin, a major flavonoid found in onion, has a strong antioxidant activity, it promotes

normoglycemia and decreases oxidative stress.

Antidiabetic effects of onion has been investigated by feeding 3% freeze-dried onion

powder to STZ-induced diabetic rats.28 Dietary onion significantly improved the overall

metabolic status of diabetic animals and exerted its antihyperglycemic and antihyperlipi-

demic effects. It has been inferred that other than quercetin, there are few more essential

constituents in onion that also contribute to the hypoglycemic effects of onion.29 Admin-

istration of onion essential oil in STZ-induced diabetic rats (100mgkg body weight�1 for

21days) significantly improved serum insulin as well as lowered blood glucose level.30

Feeding 1% onion peel extract in STZ-induced diabetic rats for 45days showed signif-

icant hypoglycemic and antioxidant influences.31 Oral administration of 1mL onion

juice (0.4g/rat) for 30days to STZ-induced diabetic rats significantly alleviated hyper-

glycemia, improved HDL cholesterol which is associated with antioxidant potential

by decreasing lipid peroxides, hydroperoxides, and superoxide dismutase activity in

diabetic-treated group.32

Administration of onion and garlic juice (1mL.100g body weight�1) for 4weeks to

alloxan-induced diabetic rats showed significant antioxidant and antihyperglycemic

effects with alleviation of liver and renal damage.33 Aqueous extract of onion (200,

250, and 300mgkg�1) exhibited dose-dependent hypoglycemic effects in alloxan-

induced diabetic rats.34 Similarly, alloxan-induced diabetic rabbits supplemented with

aqueous extract of onion (100 and 300mgkg�1) for 30days showed dose-dependent

reduction in blood glucose level, lipid peroxidation, improvement in antioxidant status

and liver abnormalities.35 Animal studies showed that the aqueous extract of onion

reduced fasting blood glucose level in a dose-response manner and lowered glycemic

response in rats.36 The hypoglycemic and antioxidant effect of SMCS and SACS isolated

from onion and garlic were similar to that of two standard drugs (glibenclamide and insu-

lin) in alloxan-induced diabetes.26,37

In Zucker diabetic fatty (ZDF) rat model, administration of onion extracts (3% and

5%) for a 28-day period, 5% onion extract significantly improve insulin sensitivity and

decrease fasting blood glucose compared with the control group.38 Feeding 1% onion

peel extract for 8weeks to high-fat diet/STZ-induced diabetic animal model significantly

modulated the glucose uptake and metabolism in peripheral tissues via increased INsR
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and GLUT4 gene expression in skeletal muscles. Furthermore, the insulin sensitivity was

also improved in peripheral tissues significantly by reducing plasma lipid profile and

reducing hepatic oxidative stress and/or inflammatory stress (by suppressing TNF-α
and IL-6).

The antidiabetic activity of onion has also been demonstrated in several clinical studies.

The effect of A. cepa on glucose tolerance has been investigated in healthy volunteers using

25, 50, 100, and 200g of aqueous onion extract, raw and/or boiled onions along with glu-

cose.39 A dose-dependent decrease was observed in blood glucose levels. Onion acts as an

antihyperglycemic agent as ingestion of crude onion caused a significant reduction in fast-

ing blood glucose levels in both type 1 and type 2 diabetic patients.40 Similarly, remarkable

control of hyperglycemia in patients with diabetes was reported when these patients were

fed onion juice along with their normal diet.23 The hypoglycemic principle in onion has

been claimed to be 2-propenyl propyldisulfide administration of which (2.5 mg/kg)

reduced the blood glucose of healthy subjects and increased serum insulin levels.41

In summary, garlic and onion have been widely tested for their antidiabetic potential

in different diabetic animal models and in limited human trials. The hypoglycemic

potency of garlic and onion has been attributed to the sulfur compounds present in them

[di-(2-propenyl) disulfide and 2-propenyl propyldisulfide, respectively]. Animal studies

indicate that these compounds possess as much as 60%–90% hypoglycemic potency of the

standard drug tolbutamide. The mechanism of hypoglycemic action of these Allium

spices probably involves direct or indirect stimulation of secretion of insulin by the pan-

creas. In addition, it is also suggested that these disulfide compounds have the effect of

sparing insulin from sulfhydryl inactivation by reacting with endogenous thiol-

containing molecules such as cysteine, glutathione, and serum albumins. Mechanism

of onion as an antidiabetic agent probably also involves a reduction in glycemic response

through increased glucose uptake from the systemic circulation into peripheral tissue by

improving insulin sensitivity/or secretion or stimulating GLUT4 expression or by

increasing activity of NADP+ andNADPH ratio or inhibited external glucose absorption

from the intestinal tract.

6. TURMERIC (CURCUMA LONGA)

Turmeric is another spice claimed to possess beneficial hypoglycemic effect and to

improve glucose tolerance.42 Rhizome of turmeric (C. longa) an important spice is widely

cultivated and consumed in India (Fig. 7). The yellow compound curcumin from the

rhizome of turmeric has been understood to be the bioactive component of this spice.

Dietary curcumin is shown to have an ameliorating influence on the severity of renal

lesions in diabetic rats.43 Hypocholesterolemic effect and its ability to lower lipid perox-

idation under diabetic condition are implicated in the amelioration of renal lesions by

curcumin. Administration of turmeric/curcumin reduced the oxidative stress
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encountered in diabetic rats.44 Curcumin prevents accumulation of AGE and cross-

linking of collagen in diabetic animals by reducing the oxidative stress.45 Curcumin

enhances wound repair in diabetes impaired healing.46

7. GINGER (ZINGIBER OFFICINALE)

Ginger (Z. officinale) rhizomes are commonly used in foods and beverages for their char-

acteristic pungency and piquant flavor (Fig. 8). Daily administration of an aqueous extract

of ginger (500mgkg�1; i.p.) for 7weeks to STZ-induced diabetic rats was significantly

effective in lowering blood glucose, cholesterol, and triacylglycerol.47 Ginger treatment

also significantly reduced proteinuria, and sustained body weight. Diabetic rats that

Fig. 7 Turmeric.

Fig. 8 Ginger.
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received ginger ethanolic extract (200mgkg�1 i.p. for 30days) showed decreased oxida-

tive stress markers in diabetic rats, and antioxidant effect through scavenging of free

radicals.48,49

The beneficial effects of ginger on type 2 DM and its complications have been studied

with respect to understanding the molecular basis of its effects. Ginger showed its anti-

diabetic effects by protecting the pancreatic β-cells, increasing insulin synthesis and sen-

sitivity, increasing glucose uptake by peripheral tissues, and alleviating oxidative stress.50

The effect of oral administration of ginger (200mgkg�1 for 30days) on hyperglycemia

and tissue injuries has been investigated in STZ-induced diabetic rats and the results sug-

gest that ginger extract could be used as a nephroprotective supplement to reverse

diabetic-induced complications.51 The active constituent 6-gingerol of ginger rhizome

tested for its effect on glucose uptake in cultured rat skeletal muscle L6myotubes revealed

a stimulation of glucose uptake by the pungent bioactive of the ginger extract suggesting

the potential of ginger for the prevention and management of hyperglycemia in

diabetes.52

8. CUMIN SEEDS (C. CYMINUM) AND BLACK SEEDS (N. SATIVA) (FIG. 9)

Seeds of cumin (C. cyminum) with their distinctive aroma are widely used as a spice and

are also used in traditional medicine to treat a variety of diseases. Black seeds (N. sativa)

also known as “Black cumin” have been in use in traditional systems of medicine for

many disorders, besides their use as spice in Asian and African countries. The antidiabetic

effect of cumin seeds has been reported in human type 2 diabetics.53 Dietary cumin seed

(1.25% in the diet for 8weeks) is reported to alleviate diabetes-related metabolic

abnormalities—hyperglycaemia and glucosuria in STZ-diabetic rats.54 Methanolic

extract of C. cyminum has been observed to counter oxidative stress and formation

of AGE in streptozotocin-diabetic rats.55 The inhibitory activity of C. cyminum

Fig. 9 Cumin and black seeds.

417Synergy Among Dietary Spices



seed-isolated component cuminaldehyde has been documented against lens aldose

reductase and α-glucosidase isolated from Sprague-Dawley rats suggesting that cuminal-

dehyde may be useful for antidiabetic therapeutics.56

N. sativa seeds are traditionally used in the management of DM. Extract of N. sativa

seed is known to increase glucose-induced insulin release from pancreatic islets in vitro,

suggesting that the antidiabetic properties of N. sativa could be mediated through stim-

ulation of insulin release.57 N. sativa oil treatment for 4–6weeks decreased blood glucose
and increased serum insulin.58 The hypoglycemic effect of N. sativa oil is also partly due

to decreased hepatic gluconeogenesis.59 Daily oral administration of ethanol extract of

N. sativa seeds (300mgkg�1) to STZ-diabetic rats reduced hyperglycemia and the ele-

vated levels of blood lipids, and improved the antioxidant status in liver and kidney60

and restored lowered serum insulin with partial regeneration/proliferation of pancreatic

β-cells in STZ-diabetic rats.61 N. sativa oil and TQ have therapeutic potential in STZ

diabetes by decreasing oxidative stress, thus preserving pancreatic β-cell integrity,

which results in increased insulin levels.62 The beneficial effect ofN. sativa oil on clinical

and biochemical parameters of the insulin resistance syndrome has been evidenced in

diabetic and dyslipidemic patients.63 https://www.ncbi.nlm.nih.gov/pmc/articles/

PMC3642442/ - b51 A dose of 2g/day of N. sativa could serve as a useful adjuvant

to oral hypoglycemic drugs in type 2 diabetic patients.64

Thus, spices—fenugreek, garlic, onion, turmeric, cumin, and black seed are under-

stood to have beneficial antidiabetic properties based on animal studies and clinical trials.

These antidiabetic spices may be used in conjunction with conventional drugs to have

better therapeutic potential and to minimize their dosage. Based on the effective dosages

evidenced from experimental data, 25–50g fenugreek seeds, 5–6cloves garlic/50g

(1bulb) onion, and 1g turmeric powder incorporated in the daily diet of diabetics could

serve as an effective supportive therapy in the management of long-term complications of

diabetes. Such levels of these spices can be comfortably consumed or could still be prac-

ticable in order to exploit their health beneficial effect.

9. SYNERGY AMONG SPICES IN EXERTING ANTIDIABETIC INFLUENCE

Polyherbalism is of current interest because polyherbal formulations enhance therapeutic

efficacy and achieve a reduction in adverse events through reduced concentrations of indi-

vidual herbs. The effects of a polyherbal mixture containing A. sativum, Cinnamomum zey-

lanicum, Citrullus colocynthis, Juglans regia, N. sativa, Olea europaea, Punica granatum, Salvia

officinalis, Teucrium polium, T. foenum, Urtica dioica, and Vaccinium arctostaphylos were fed

at 15% (w/w) for 4weeks to diabetic rats. The polyherbal mixture significantly lowered

the level of fasting blood glucose, water intake, and urine output in treated group than that

in diabetic control rats. Also, the levels of triglyceride and total cholesterol in polyherbal

mixture treated rats were significantly lower than those in diabetic control group.65 In a
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recent study, administration of aqueous extract of garlic, ginger, and cayenne pepper

(GGCP) to alloxan-induced diabetic rats at 200 and 500mg/kg body weight/day for 7days

significantly lowered the elevated fasting blood glucose, lipid, and haematological indices.

The mixture markedly attenuated cellular toxicity, and reduced tubular degeneration and

necrosis in the kidney, fatty degeneration and necrosis in the liver and pancreatic hyper-

plasia in diabetic rats. These effects were more pronounced at 500mg/kg and equipotent

with glibenclamide, suggesting that in addition to its hypoglycaemic activity, GGCP pro-

tects the blood, kidney, liver, and pancreas against diabetic injury.66

Dietary fenugreek (T. foenum-graecum) seeds and the Allium spices—onion (A. cepa) are

independently known to be effective in the management of diabetes. The fiber-rich fenu-

greek seeds and onion are now understood to possess significant hypoglycemic as well as

hypolipidemic action, and may also possess antioxidant potential in diabetic situation. Both

hypolipidemic and antioxidant potential are likely to have far-reaching implication in alle-

viating secondary complications associatedwith diabetes. Themechanism of action of these

two spices is dissimilar with respect to modulation of glucose homeostasis. Hence the com-

bined use of these two ingredients is likely to have an additive antidiabetic influence; this

has been recently examined in STZ-induced diabetic model.

Beneficial influence of a combination of dietary fenugreek seeds (10%) and onion (3%)

on hyperglycemia and its associated metabolic abnormalities has been observed in STZ-

induced diabetic rats.67 These dietary interventions for 6weeks significantly countered

hyperglycemia, partially improved peripheral insulin resistance and impaired insulin secre-

tion, reduced β-cell mass, andmarkedly reversed the abnormalities in plasma albumin, urea,

creatinine, glycated haemoglobin, and AGE in diabetic rats. This was accompanied with

lesser excretion of glucose, albumin, urea, and creatinine and ameliorative effects on pan-

creatic pathology. The altered antioxidant status and lipid abnormalities in blood and liver

of diabetic rats were significantly countered by these dietary interventions, the effect being

higher by the combination, amounting to an additive effect.68 This study documented the

hypoglycaemic and insulinotropic effects of dietary fenugreek and onion, which were asso-

ciated with countering of metabolic abnormalities and pancreatic pathology.

Oxidative stress has a crucial role in the progression of diabetes and its complications.

An animal study evaluated the additive beneficial effect of dietary fenugreek seeds (10%)

and onion (3%) on oxidative stress in diabetic rats.68 It was evidenced that while the indi-

vidual dietary interventions restored plasma antioxidant enzymes and molecules, this

effect was more with the combination. This observation was consistent with decreased

levels of circulating oxidative stress markers. The combination of fenugreek and onion

showed a positive additive effect with regard to restoring the circulating glutathione

reductase and ascorbic acid along with lowering of the circulating oxidative stress

markers. It is inferred that an alleviation of oxidative stress contributes further to the anti-

diabetic influence and this nutraceutical potential of fenugreek seeds and onion was

higher when these two were consumed together.
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Oxidative stress plays a major role in the progression of diabetes and pathogenesis of

diabetic nephropathy. The beneficial influence of dietary fenugreek seeds and onion

on oxidative stress-mediated renal injury was evaluated in STZ-induced diabetic rats.69

Animals maintained on these dietary interventions countered nephromegaly, increase in

glomerular filtration rate, and oxidative stress in the renal tissue. The upregulation of the

receptor for AGE, inflammatory cytokines and oxidative stress markers in the renal tissue

of diabetic rats was effectively countered. The mechanistic aspects of the nephroprotec-

tive influence of dietary fenugreek seeds and onion on hyperglycemia-mediated renal

lesions have been further investigated in diabetic rats.70 This involved assessment of renal

damage by the extent of proteinuria and enzymuria. Diabetic condition resulted in the

upregulation of renal glucose transporters, which was significantly countered by the die-

tary interventions. These interventions significantly reduced metabolites of polyol path-

way, nitric oxide, inducible nitric oxide synthase, and N-acetyl-β-D-glucosaminidase

activity. Markers of podocyte damage including nephrin, podocin, podocalyxin, and

their subsequent loss in urine were notably normalized with downregulated KIM-1

expression by these dietary interventions. These dietary interventions effectively

countered the diabetes-induced structural and functional abnormalities of renal tissue.

Generally, the beneficial influence of dietary fenugreek and onion on oxidative stress-

mediated renal injury was higher when consumed together.

Hyperglycemia is one of the metabolic and homeostatic abnormalities that increase

the cardiovascular mortality in diabetic patients by increased oxidative stress. Dietary

interventions with fenugreek seeds and onion significantly countered hypercholesterol-

emia, elevated heart cholesterol and triglycerides under diabetic condition, the effect

being higher with the combination, amounting to an additive effect. In addition to

the observed amelioration of oxidative stress in cardiac tissue by dietary fenugreek seeds

and onion in STZ-induced diabetic rats, cardio protective influence of these dietary

spices was also evidenced by their blocking potential on renin-angiotensin system

(RAS). This might be the consequence of reduced activation of angiotensin-converting

enzyme (ACE) and angiotensin type 1 receptor (AT1) in cardiac tissue. Increased expres-

sion of type IV collagen, fibronectin, Bax, 4-HNE, iNOS, and metabolites of NO

(nitrate/nitrite) along with disturbed PUFA-to-SFA ratio and activities of cardiac marker

enzymes in blood confirmed the myocardial damage in diabetic condition. These find-

ings were also corroborated by restoration of histopathological abnormalities of the heart

tissue along with lowered heart weights. Dietary fenugreek seed, onion, and fenugreek

+onion found to ameliorate these pathological changes, where the beneficial effect on

CVD being higher with the combination sometimes amounting to an additive or even

synergistic effect in nature.71

These two dietary spices individually partially reversed the deformity, fragility, and

reduced fluidity of erythrocytes of diabetic rats.72 These two dietary spices countered

the altered lipid profile in erythrocyte membrane resulting from diabetic hyperlipidemia

and the increased lipid peroxidation, osmotic fragility, reduced membrane fluidity and
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deformability, nitric oxide production, and echinocyte formation. Dietary fenugreek

seeds and onion appeared to counter the deformity and fragility of erythrocytes partially

in diabetic rats by their antioxidant potential and hypocholesterolemic property. The

antisickling potency of these spices was accomplished by a substantial decrease in echi-

nocyte population, nitric oxide metabolites, and AGEs in diabetic rats. The beneficial

protective effect to the red blood cells by these spices was higher with fenugreek+onion.

Further insight into the factors that might have reduced the fluidity of erythrocytes in

diabetic rats revealed changes in the cholesterol: phospholipid ratio, fatty acid profile,

and activities of membrane-bound enzymes in the erythrocyte membrane.

Hyperglycemia-induced osmotic and oxidative stress in the eye lens is thought to be

involved in the pathogenesis of diabetes-related secondary complication—diabetic cat-

aract. Beneficial influence of dietary fenugreek seeds, onion, or their combination has

been investigated on diabetes-induced alteration in the eye lens in experimental diabetic

rats.73 Animals maintained on these spices showed significantly countered oxidative stress

markers (ROS, MDA, and PCO), AGEs and expression of their receptor (RAGE) in the

eye lens. Increased activity of polyol pathway enzymes (aldose reductase and sorbitol

dehydrogenase), protein, and mRNA expression was significantly countered in the cat-

aractogenic lens as a result of these dietary interventions. Altered crystallin (α-A and α-B)
distributional profile, their expression, activity of carbohydrate metabolizing enzymes,

and antioxidant status was significantly annulled by these dietary treatments. Ophthalmo-

logical examination of treated rat’s eye lens indicated that these dietary interventions

resulted in a significantly delayed cataractogenesis in diabetic rats. This investigation evi-

denced a beneficial modulation of the progression of cataractogenesis, implicating their

potential in ameliorating cataract resulting from diabetics.

Thus, generally the antidiabetic influence of dietary fenugreek seeds and onion was

higher when these two interventions were combined. Diabetes and its complications can

be beneficially ameliorated by using these two functional food ingredients in right com-

bination to derive an additive or even a synergistic effect. This basic information could

lead to an effective dietary strategy in the management of metabolic abnormalities and the

secondary complications of diabetes.
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Abbreviations
AAP American Academy of Pediatrics

BF breastfeeding

BM breast milk

BP blood pressure

ESPGHAN European Society of Pediatric Gastroenterology, Hepatology and Nutrition

HM human milk

HMO human milk oligosaccharides

MFGM milk fat globule membrane

IGF-1 insulin-like growth factor-1

OR odds ratio

sIgA secretory immunoglobuline A

WHO World Health Organization

1. INTRODUCTION

Breastfeeding (BF) provides an optimal nutrition for the infant and also has nonnutri-

tional benefits for both the infant and the mother, in low- and middle-income as well

as in high-income countries. Therefore, exclusive BF is the preferred method of infant

feeding. The World Health Organization (WHO) recommends exclusive BF for about

6months and continued BF up to the age of 12months or beyond.1 In the same way,

the American Academy of Pediatrics (AAP)2 and the European Society of Pediatric

Gastroenterology, Hepatology, and Nutrition (ESPGHAN)3 have also published recent

guidelines supporting BF.

Humanmilk (HM) is a complex food that provides both nutrition and bioactive com-

ponents that confer benefits for growth, development, and health of infants. A systematic

review of the evidence published in 2009, which included two controlled trials and

18 others studies conducted in both low- and high-income countries, supports current

WHO recommendations.4 Breast milk (BM) is uniquely suited to the human infant’s

nutritional needs and is a live substance with immunological and antiinflammatory
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proprieties that protects against a range of illness and diseases for both the mother and

the child.

In this sense, HM represents a unique resource for translational medicine: it contains a

rich pool of biologically active molecules with demonstrated clinical benefits that could

be applied in the clinical setting.

2. PREVALENCE OF BF

Healthy People 2020 objectives include increasing the proportion of infants who are

ever breastfed to 81.9%, increasing the proportion of infants who are breastfed exclu-

sively through 6months to 25.5%, and increasing the proportion of infants who are

breastfed at 1year to 34.1%.5 Nevertheless current figures are far away this goal.

Data from theWHOGlobal Data Bank on Breastfeeding for estimated rates of exclu-

sive BF indicate the highest data for the Southeast Asia Region. According to a recent

national United States survey, 53.3% of mothers breastfed their infants at 6months, and

33% at 1year, while for exclusive BF data were 46.6 at 3months and 24.9 at 6months6

(Fig. 1). Estimates on prevalence in Europe are presented in Table 1. Exclusive BF rates

declines considerably after 4months, and were low in infants under 6months and at

6months of age.7

Despite geographical differences, findings demonstrate that worldwide fewer than

half of infants under 4months are exclusively breastfed. There is a continuous dropout

of BF since birth and a clear cut off when many mothers return to work or school.

The implementation of healthy policy supporting BF is important to increase the rate

of initiation as well as the duration of exclusive and partial BF. Multiples strategies have

been developed to promote BF, including prenatal promotion, improvement of hospital

policies, public health awareness campaigns, peer support, and work-site improvements.8

Themost established one is the “10 steps for a successful breastfeeding” promoted by theBaby-

FriendlyHospital Initiative (Table 2).Nevertheless although attitudes amongprofessionals

about BF have improved, a great majority does not feel confident in the ability to counsel

BF moms.9 To solve this problem, formative initiatives have been implemented. For

instance, the AAP partnered with the American College of Obstetricians and Gynaecol-

ogists, the American Academy of Family Physicians, and the Association of Pediatric Pro-

gram Directors, have developed a model of residency BF curriculum, and the Centers

for Disease Control and Prevention (CDC) has also published a detailed guideline.10

The results confirm that such a targeted curriculum can improve BF knowledge (OR:

2.8, CI 95% 1.5–5.01), practice pattern related to BF (OR: 2.2, CI 95% 1.3–3.7), and res-
idence confidence (OR: 2.4, CI 95% 1.4–4.1) in managing BF.11
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Recently, WHO has published a guideline for promoting BF worldwide, reviewing

all different aspects concerning BF.12 Besides, some international BF support groups pro-

vide advice on how to get BF help, learn about BF and the law, and find resources for

health care providers.13
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Fig. 1 Breastfeeding among US children born 2002–14.
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3. MILK SECRETION

In lactogenesis, the mammary gland develops the capacity to secrete milk. Lactogenesis

includes all changes that transform the mammary gland from its undifferentiated state in

early pregnancy to its fully differentiated stage just after delivery. Initial stage on lacto-

genesis (Stage I) occurs during pregnancy. It is defined by the differentiation of mammary

alveolar epithelial cells into lactocytes, the specialized secretory cells, in response to pro-

gesterone, prolactin, and placental lactogen. The mammary gland is able to produce

small amounts of immunoglobulin-rich secretion, called colostrum, although milk

secretion is inhibited by the high progesterone levels. After delivery of the placenta,

the withdrawal of progesterone as well as the high levels of prolactin triggers the secretory

activation (Stage II lactogenesis). There is a sudden increase in intracellular lactose

that draws water into the lactocyte and the mother notice an increase in milk volume

(“milk coming in”).14 The phenomenon happens within the first 72h postpartum.

A delayed onset of lactogenesis is related with short BF duration. Initiation of lacto-

genesis II does not require infant suckling, but suckling must begin by 3–4days
postpartum to maintain milk secretion (galactopoiesis).

Table 2 The baby-friendly hospital initiative: ten steps to successful breastfeeding

- Have a written breastfeeding policy that is routinely communicated to all health-care staff

- Train all health-care staff in skills necessary to implement this policy

- Inform all pregnant women about the benefits and management of breastfeeding

- Help mothers initiate breastfeeding within 1.5h of birth

- Showmothers how to breastfeed andmaintain lactation, even if they should be separated from

their infants

- Give newborn infants no food or drink other than breast milk, unless medically indicated

- Practice rooming in—that is, allow mothers and infants to remain together 24h/day

- Encourage breastfeeding on demand

- Give no artificial teats or pacifiers (also called dummies or soothers) to breastfeeding infants.

- Foster the establishment of breastfeeding support groups and refer mothers to them on

discharge from the hospital or clinic.

Table 1 Prevalence of breastfeeding in European countries and Australia
Country Year Ever breastfeed Exclusive BF < 4m Exclusive BF < 6m

Spain 2006–2007 68.4% (at 6w) 52.5 (3m) 24.7

Sweden 2007 96.0 56.2 12.3

UK 2005 76.0 UKN < 1

Norway 2006 99.0 UKN 9

Australia 2001 57.3 (13w) UKN 18.4
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Although milk secretion is a continuous process, the amount of milk is regulated by

infant demand. Suckling causes neural impulses that are sent to the hypothalamus, and

then oxytocin is released from the posterior pituitary. Oxytocin causes contraction of

the myoepithelial cells present in the alveolar complex and then allows milk to be poured

out to the ducts in the nipple making it available for the infant (Fig. 2).

Most women are capable of secreting considerably more milk than needed by a single

infant. The regulation of milk synthesis is quite efficient (around 800mL/day). The rate

of milk synthesis is related to the degree of breast emptiness or fullness. Nevertheless it is

difficult to assess BM intake.With stable isotopes methods it was calculated that the mean

HM intake in the first year of life was 0.78kg/d. There is a steady increase over the first

3–4months and remains above 0.80kg/d until 6–7months.15

Milk production is related tomaternal states of well-being. If stress or fatigue is present

they affect milk supply. This downregulation is mediated by increased levels of

dopamine, norepinephrine or both, which inhibit prolactin synthesis. Relaxation is a

key factor for successful lactation.

If milk is not removed by infant suckling, milk secretion stops within 1–2days, and
involution of the mammary epithelium occurs by an average of 40days after last BF.

4. COMPOSITION OF HM: BIOACTIVE FACTORS IN HM

HM is a quite complex, unique, species-specific, and biologic fluid with immunologic

and growth-promoting components. This dynamic fluid evolves to meet the changing

needs of the developing infant during critical periods of brain, immune, and gut devel-

opment. The composition of HM changes over time; for instance, colostrum, that is the

Hypothalamus

Anterior pituitary Posterior pituitary PRH

PHR: prolactin-releasinghormone

Prolactin (milk production)Oxytocin

(milk ejection)

Positive feedback 

Fig. 2 Breast milk production and secretion.
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first fluid produced by mothers after delivery, has lower concentrations of fat than mature

milk but higher concentrations of protein and minerals. Over time there are changes in

this composition: lactose increases; sodium, potassium, and chloride decrease; lactoferrin

and secretory immunoglobulin A (IgAs) decrease as well as human milk oligosaccharides

(HMOs). Colostrum is produced in low quantities in the first few days postpartum and it

is rich in immunologic components.

Transitional milk has some of the characteristics of colostrum but moving toward the

mature milk, adapting to support the nutritional and development needs of the rapidly

growing infant. Transitional milk lasts between 5 and 7days of life to 2weeks postpartum,

when BM is considered mature milk.

There are differences in some nutrients between women, and according to the dura-

tion of lactation or the time of the day, while the concentration of other nutrients remains

relatively constant.16 Milk composition varies even in a given BF section: the milk first

ingested (fore milk) has a lower fat content; as BF continues, the amount of fat increases

leading to facilitate satiety (hind milk). We have known that BM lipid content fluctuates

throughout the day in response to infant feeding such that prior to a feed, when the breast

is fuller, the milk has lower lipid content than immediately after a feed when the breast is

emptier. Besides, through mother’s milk the baby receives sensorial stimulus on the char-

acteristics of her own mother’s diet.17

HM is composed of a thousand of constituents dispersed throughout various phases:

aqueous phases with true solutions (87%), emulsions of fat globules (4%), colloidal dis-

persions of casein molecules (0.3%), fat globule membranes, and live cells. Although a

fluid, HM has a substantial structure in the form of compartmentation that allows nutri-

ents and bioactive substances to be “sequestered” within its various compartments.

In order to study HM composition, the ideal is to collect all milk expressed over 24h,

over different days, but it is difficult to achieve. Then, most studies on HM composition

have been done in storaged HM form banks.

The nutritional components of HM derive from three different sources: some com-

ponents are originated in the lactocyte, some are of dietary origin, and some originate

from maternal stores.

4.1 Macronutrients
The mean macronutrient composition of mature, term milk is estimated to be approx-

imately 0.9–1.2g/dL for protein, 3.2–3.6g/dL for fat, and 6.7–7.8g/dL for lactose

(Fig. 3).

4.1.1 Nitrogen
The nitrogen content of HM is divided into protein and nonprotein nitrogen-containing

compounds.
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Protein
Protein provides essential amino acids for growth, protective factors (immunoglobulins,

lysozymes, lactoferrin) and carriers for vitamins and for hormones, enzymatic activity,

and other biologic activities. The protein content of HM is the lowest among species,

but its utilization for deposition of lean body mass is quite high.

There are two main fractions: whey and casein. Approximately whey protein

constitutes 50%–60% of protein content (bovine milk protein, in contrast, contains

18% whey and 82% casein). Whey is more easily digested and enhances gastric

emptying. Whey protein fraction has lower levels of phenylalanine, tyrosine, and

methionine that might interfere with brain development, and higher levels of

cystine (needed to synthesize glutation) and taurine (needed for bile acid conjuga-

tion and brain development). HM protein concentration is not affected by

maternal diet.

Bioactivities of HM proteins—both casein and whey—include enhancement of

nutrient absorption, stimulation of cell proliferation, enzymatic activity, modulation

of the immune system and the intestinal microbiome, and defense against pathogens.

These actions are most likely due to peptides included within the proteins, which are

released during digestion.

β-casein enhances the solubility and bioavailability of calcium and zinc, and one

of its fractions, β-casomorphins, acts as an opioid receptor. K-casein may act as a

decoy for pathogens. Peptides produced during digestion of α-lactalbumin contrib-

ute to the absorption of different ion; some of those peptides show bactericidal

activity.

Water
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Fat

Protein

HMOs

Others

Water

88.1%

Lactose 7.0%

Fat 3.8%
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HMOs 1.0 %

Others 0.2%%

Fig. 3 Distribution of macronutrients in mature human milk.
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Nonprotein Nitrogen
The nonprotein nitrogen fraction represents around 25% of the total nitrogen content. It

comprises more than 200 compounds including nucleotides, free amino acids, nucleic

acids, polyamides, and urea.

Nucleotides, nucleosides, and nucleobases represent 2%–5% of nonprotein nitrogen.

Concentrations of most of them tend to decrease gradually with advancing lactation

period. They have an important role in the normal development, maturation, and repair

of the gastrointestinal tract. Dietary nucleotides affect immune modulation: stimulate the

humoral immune response to T-dependent antigens and raise total antibody levels.18

4.1.2 Fat
Fat represents approximately 50% of the energy content in HM. Lipids are organized

into milk fat globule triglycerides to enhance digestion and absorption. HM fat is char-

acterized by high contents of palmitic and oleic acids; palmitic mainly in the 2-position

in the triglyceride. The globules are digested by bile salt-stimulated gastric lipase. HM

contents linoleic acid (LA), and α-linolenic acid (LNA) as well as their long-chain

polyunsaturated fatty acids (PUFAs) derivatives, arachidonic acid (ARA), and docosa-

hexaenoic acid (DHA). The fatty acid profile varies in relation to maternal diet, partic-

ularly long-chain PUFAs. In a study from Brenna pooling the result from 106 studies of

human BM was found that the mean (�SD) concentration of DHA in BM (by wt) is

0.32�0.22% (range: 0.06–1.4%) and that of AA is 0.47�0.13% (range: 0.24–1.0%),
which indicates that the DHA concentration in BM is lower than and more variable

than that of AA.19

Several enzymes are involves in the digestion of milk lipids in infant: lingual lipase,

which initiates hydrolysis in the stomach, gastric lipase, pancreatic triglyceride lipase, and

bile salt-dependent lipase “present in HM.”20

Of all macronutrients, lipid is the most variable in concentration, influenced by

mother’s diet. Nevertheless the total lipid content of HM is not affected by maternal diet.

4.1.3 Carbohydrates
Lactose is a major constituent of HM and the principal carbohydrate. Part of this lactose is

not absorbed in the small bowel and then fermented in the colon. A softer stool consis-

tency, nonpathogenic bacterial fecal flora, and improved absorption of mineral have been

attributed to lactose content in HM. Oligosaccharides and glucose are also present in

HM. HMOs are important in the host defense of infants.

4.2 Micronutrients
4.2.1 Vitamins
Vitamin content of HM is related to maternal intake and her vitamin nutritional status. If

low, it increases in response to maternal supplementation. On the contrary, mineral
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concentrations in HM generally do not correlate with maternal intake except for sele-

nium and iodine.

HMcontains fat-soluble vitamins A,D, E, andK aswell as carotenoids (provitaminA).

The vitamin A content is influenced more by maternal intake than by vitamin A status.

HM has a low content of vitamin D, so the AAP recommends daily supplementation

(400IU) in all breastfed infants during their first year of life. The vitamin K content does

not correlate well with maternal dietary intake. Because newborns have low tissue stores

of vitamin K, prophylactic administration of vitamin K1 oxide is given (phytonadione,

1m IM) to newborns shortly after birth in order to prevent vitamin K hemorrhage disease

in the newborn.

The concentration of water-soluble vitamins depends on maternal diet. Mothers who

are on a vegan diet may be deficient in vitamin B12, resulting in low BM levels.

4.2.2 Mineral and Trace Elements
The concentrations of calcium and phosphorus in HM are in relatively constant through

lactation and are independent of maternal dietary intake. Minerals are bound to digestible

proteins and presented in complex and ionized forms that make them highly bioavailable.

Only the concentrations of selenium and iodine in HM are dependent on

maternal diet.

4.3 Bioactive Component of HM
HM contains all essential nutrients for the infant to grow and develop, but it also contains

ingredients that provide health benefits beyond traditional nutrients. Bioactive compo-

nents are defined as elements that “affect biological processes or substrates and hence have

an impact on body function or condition and ultimately health.” BM confers passive

immunity to the newborn, but in addition, such elements contribute to the active mat-

uration and shaping of the infant’s immune system and mucosal barrier.21 BM contains

0.4–1.0g/L secretory IgA, antimicrobial proteins (lactoferrin, lysozyme), leukocytes,

cytokines and chemokines, hormones, fatty acids, oligosaccharides, as well as minerals,

vitamins, and other components that may contribute to the defense against infections

(Table 3).22

There are a common, but relatively small, number of immunological soluble

compounds presents in mature HM, independent of the geographical location. They

are reviewed in this section.

4.3.1 Human Milk Oligosaccharides (HMOs)
Shortly after birth the previously sterile infant gut begins to be colonized by bacteria,

facultative anaerobes, and strict anaerobes from the birth canal and its surroundings.

Microbial flora of the female genital tract, sanitary conditions, and the type of delivery

has an effect on the level and frequency of various species colonizing the infant gut. But
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the main factor contributing to the establishment of a particular microflora is the type of

feeding. In the gastrointestinal system of breastfed babies bifidobacteria are soon selected

and become predominant. Formula-fed babies harbor a varied flora consisting of

Bifidobacteria, Escherichia coli, and Bacteroides. The fecal bacterial population shifts from

non-HMO-consuming microbes to HMO-consuming bacteria during the first few

weeks of life. When complementary feeding is introduced, a further diversification of

the flora occurs.

The bifidogenic effect of HM has been ascribed to oligosaccharides, lactoferrin, and

nucleotides. But the two last components seem to have more an inhibitory effect of the

pathogenic flora rather than a direct stimulus to the development of Bifidobacteria. Then,

we can say that HM stimulates the growth of Bifidobacteria because of its high oligosac-

charide content (approximately 8% of total carbohydrate content). They are also part of

Table 3 Compound with immunological properties in human milk

1. Antimicrobial compounds

- Immunoglobulins: sIgA, sIgG, sIgM

- Lactoferin, lactoferricin B and H

- Lysozyme

- Lactoperoxidase

- Mucins

- Lactadherin

- Oligosaccharides

- Fatty acids

- sCD14

- Complement fractions

2. Tolerance-priming compound

- Cytokines: IL-10, TGF-β
- Antiidiotypic antibodies

3. Immune development compounds

- Macrophages

- Neutrophils

- Lymphocytes

- Growth factors

- Hormones

- Milk peptides

- LCPUFAS

- Nucleotides

4. Antiinflammatory compounds

- Cytokines

- LCPUFAS

- Hormones and growth factors

- sCD14

434 Bioactive Food as Dietary Interventions for Diabetes



glycolipids as well as glycoproteins (milk glycans). After ingestion, HMO pass unab-

sorbed through the gut and reach the colon where they are fermented and short-chain

fatty acids (SCFAs) are produced. An acidic environment is then created and favors the

establishment of a bifidogenic flora.

BM contains approximately 200 different oligosaccharides besides glycoproteins,

glycopeptides, and glycolipids. Many of them act as receptor analogous that inhibit

the binding of bacterial and viral pathogens or toxins to gut epithelial cells (antiadhesive

effect). Oligosaccharides also promote the proliferation of commensal Bifidobacterium spp.

and lactobacilli in the intestinal tract (prebiotic effect). Colostrum secretes larger

amount of oligosaccharides when compared with mature HM. At least 13 core oligosac-

charides are found in HM,23 mainly composed by the monosaccharides D-glucose,

D-galactose, N-acetylglucosamine, L-fucose, and sialic acid. HMOs are formed by the

attachment of a single glucose molecule at the reducing end of a galactose, to form a

lactose core. Then a linear chain is formed, and afterwards a branched chain and this

structure repeated multiple times. There are at last 12 different types of glycosidic bonds

in HMO. The prebiotic bifidogenic effects of HMOs are structure specific and may vary

depending on the composition of HM among different individuals and over the course of

lactation.

HMOsmay also have glycome-modifying effects, modulating the expression of intes-

tinal cell surface glycans (modification of glycocalyx). Besides, HMO can be absorbed and

have a systemic effect. Some authors postulate that because of its presence in the systemic

circulation they may alter protein-carbohydrate interactions for instance on the ligand to

selectins, involved in cell-cell interactions in the immune.24

HMOs are synthesized in the mammalian gland by specific enzymes, the glycosyl-

transferases, in sequences of different number of monosaccharides. HM contains at least

200 different kinds of oligosaccharides composed of many different molecules. These oli-

gosaccharides are predominantly neutral, low-molecular-weight molecules, and depend-

ing on the Lewis blood group of the mother. HMOs represent the third largest

component (after lactose and lipids) in BM, occurring at a concentration of 12–14g/L
in mature milk and 20–23g/L in colostrum. On the contrary, cows’ milk, commonly

used to manufacture infant formulas, contains less than 1g/L of oligosaccharides. HMOs

are very resistant to enzymatic hydrolysis. Recently it has been found the presence of

ingested HMOs in urine as well as in infant’s circulation and their concentration corre-

lates with levels of the corresponding oligosaccharide in mother’s milk. This may be a

rational explanation of the postulated systemic benefits of the presence of HMOs in HM.

There are substantial differences in quality and quantity of HMO among different

nursing mothers, but it has not been determined whether there is a relation between

quantity and quality of HMO and the presence of different bacterial species in the com-

position of intestinal microflora. It is generally accepted that the mother’s diet, physiol-

ogy, and feeding behavior may have an impact on the daily HMO production.
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4.3.2 Immunoglobulins
HM contains all different immunoglobulins. Passively acquired maternal antibodies

are important for protection against some pathogens in the neonatal period and pro-

mote long-term intestinal homeostasis by regulating microbiota and host gene expres-

sion. Secretory immunoglobulin A (sIgA) is the most abundant, contributing to the

prevention of infant respiratory and gastrointestinal infectious diseases. The antigenic

specificity of mother’s sIgA in her milk is directed against the same antigens in the

newborn.

4.3.3 Other Immunologic Components
Some others factors presented in HM affect the intestinal microflora in the infant. These

components include lactoferrin (binds iron making it unavailable for pathogens),

lysozyme (enhances sIgA against gram-negative pathogens); mucins that adhere to bac-

teria and viruses. Many of these small peptides and small proteins (antimicrobial peptides)

play a crucial role in human immunity and are present in HM.25 Haptocorrin and bile

salt-stimulated lipase support the absorption of vitamin B12 and fatty acids, respectively,

and contribute to the protection against pathogens. Osteopontin, a linking protein,

crucial in extracellular bone mineralization, has its role in the development of immuno-

logical functions and nervous system.26

Cytokines are peptides that act in an autocrine/paracrine fashion. The TGF-β2 con-
stitutes the most abundant cytokine of HM and has tolerance-enhancing activity in the

intestinal tract. TGF-β seems critical for oral tolerance induction and global regulation of

intestinal immune responses after food ingestion. Granulocyte-colony stimulating factor,

IL-10 and IL-7 are also present in HM.

4.3.4 Milk Fat Globule Membrane
Milk fat globule membrane (MFGM) is one of the components that have attracted more

attention in recent years. Milk fat globules are surrounded by a triple membrane system

with the inner monolayer derived from the endoplasmic reticulum of the mammary cells

and the outer bilayer derived from the apical membrane of epithelial cells of the lactating

mammary gland (Fig. 4).

The MFGM is a complex structure containing many cellular components including

cholesterol, glycerophospholipids, sphingolipids, and proteins. Among those proteins

Mucin 1, xanthine oxidoreductase, butyrophilin, lactadherin, adipophilin, and

acid-binding protein are the most common. They are involved in protection against

infection and linked to infant development, including development of cognitive

functions. A complete description of possible functions of these proteins can be found

in Demmelmeir et al.
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4.3.5 Cells
Macrophages are present in BM, mainly in the colostrum. Lymphocytes and polymor-

phonucleocytes are also present, but in small amounts. Besides these cells investigation

has shown that lactic acid bacteria are also present in HM.27 Initially it was thought that

they represented a contamination by germs present in the skin as usual flora. Nevertheless,

we nowknow that by an entero-mammary circulation the same bacteria present inmother’s

gut are present in her own milk, colonizing them the infant’s gut. Certain bacteria from

the maternal gastrointestinal tract could translocate through a mechanism involving

mononuclear immune cells, migrate to the mammary glands via an endogenous cellular

route, and subsequently colonize the gastrointestinal tract of the breastfed neonate.28

4.3.6 Growth Factors
HM contains numerous growth factors that have wide-ranging effects on the intestinal

tract as well as on the whole body system.

Epidermal growth factor (EGF) is critical to the maturation and healing of the intes-

tinal mucosa; nerve growth factors (NGFs) acting in growth and development of the

enteric nervous system; insulin-like growth factors (IGFs) whose exact function is not

well-understood; and interleukins.

Hormones are also present in variable amounts. Erythropoietin, calcitonin, and

somatostatin are also present in different amounts.29 Adiponectin is found in large quan-

tities in HM, and levels correlate inversely with infant weight and BMI.

Phospholipids (esphingomielin)

Gangliosides

Cholesterol

Glicerosphingolipids
Adipophilin

Butirophilin

Xantin
deshydrogenase

Glycosilated proteins

Fig. 4 Compounds of the milk fat globule membrane.
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We do not deeply know their exact role of many of these compounds but we

wonder if those bioactive factors acquire a more relevant role in special circumstances

(prematurity, surgical intervention, infection, and so on) than in the healthy neonate.

5. BENEFITS OF BF FOR THE BABY

There is an intense interest in the effects of BF on the offspring, both in the short and

long terms (Table 4). Whereas the benefits in reducing gastrointestinal and respiratory

infections, sudden infant death syndrome in term, and necrotizing enterocolitis in

preterms are well-established, long-term effects are more controversial.30

5.1 Short-Term Effects of BF
5.1.1 Linear Growth
Breastfed infants have a slower lineal growth compared with formula-fed infants,

although final height seems to be higher. Insulin-like growth factor-1 (IGF-1) is lower

in breastfed infants when compared with formula fed at 4–8months of age. It has been

hypothesized that higher protein content in formula has a stimulating effect on IGF-1

production. In this way, programming of the IGF-1 axis could underlie some of the asso-

ciations between BF and final height.31 In a population-based prospective cohort (5407

children) in the Netherlands, shorter BF duration and exclusively during the first

Table 4 Excess health risks associated with not breastfeeding
Outcome Excess risk (%)

Full-term infants

Acute otitis media 100

Atopic dermatitis 47

Gastrointestinal infection 178

Hospitalization for lower respiratory tract disease in the

first year

257

Asthma 35–67
Childhood obesity 32

Type 2 diabetes mellitus 64

Acute lymphocytic leukemia 23

Acute myelogenous leukemia 18

Sudden infant death syndrome 56

Preterm infants

Necrotizing enterocolitis 138

Mothers

Breast cancer 4

Ovarian cancer 27

Modified from Horta BL, Bahl R, Martines JC, Victora CG. Evidence on the Long-Term Effects
of Breastfeeding: Systematic Review and Meta-Analyses. Geneva: WHO Library; 2007.
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6months tended to be associated with increased growth rates for length, weight, and BMI

between the age of 3 and 6months but not with the risks of overweight and obesity at the

age of 3years.32

5.1.2 Infectious Morbidity
As it has been said, HM contains numerous immune-related compounds that enhance

immune response. Several of these components offer passive protection in the upper

respiratory system and in the gastrointestinal tract. In low-income countries odds ratio

(OR) of mortality between breastfed infants compared to nonbreastfed at 2months

was 6 times higher for acute respiratory infection and diarrhea, and remained higher

up to 2years.33 In high-income countries exclusive BF until the age of 4months and par-

tially afterward was associated with a significant reduction of respiratory and gastrointes-

tinal morbidity for infants.34 BF is protective against acute otitis media.35

5.1.3 Effects on Atopic Disease
BF may accelerate the maturation of the immune system by stimulating development of

TH1 subtype-1 cells, modifying the Th1/Th2 dominant during pregnancy and at birth.

Initial studies observed that BF seemed to protect against the development of atopic

disease.36 This protection appeared to be stronger in families with a history of atopic dis-

ease. New studies showed that BF has no effect even was associated with high incidence

of atopic dermatitis or other atopy manifestations. Thus, further studies focusing on BM

characteristics with well-designed RCT are needed to clarify these issues.37

5.2 Long-Term Effects
Most recent investigations suggest a positive long-term effect of BF on health, although

there is still some controversy.38 Current interest in the long-term consequences of early

life exposures has been arisen after the original findings of Barker et al. that size at birth

and in infancy was related to the development of adult diseases including type 2 diabetes,

hypertension, and cardiovascular disease (“fetal origin of adult disease hypothesis”).39

5.2.1 BF and Blood Pressure in Later Life
High blood pressure (BP) in adulthood is associated with increased risk of ischemic heart

disease and stroke. A recent updated meta-analysis show that there is a small but signif-

icant protective effect of BF on systolic and diastolic BP. Possible mechanisms involved in

this protective effect appear to be low sodium content on HM, the load on long-chain

PUFAs, and the role of BF as a protective factor for adult obesity.40 A more recent

meta-analysis could not find any difference on the risk of hypertension later in life

according to be breastfed or not.41
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5.3 BF and Blood Cholesterol in Later Life
Concentrations of total cholesterol and LDL cholesterol are important risk factors for

coronary heart disease. BM contents significant amounts of cholesterol. It has been

hypothesized that early exposure to cholesterol through feeding may have a long-term

programming effect on synthesis of cholesterol by downregulation of hepatic hydroxy-

methylglutaryl coenzyme A reductase. The review from Owen et al. showed that mean

plasma total cholesterol in infancy was higher among those breastfed (mean difference

0.64; 95% CI 0.50–0.79mmol/L) whereas among adults the total cholesterol was

lower among those who had been breastfed (mean difference �0.19; 95% CI �0.30

to �0.06mmol/L).42 Nevertheless, in the meta-analysis referred above, no difference

in cholesterol levels could be found according to BF status.41

5.4 BF and the Risk of Overweight and Obesity in Later Life
Epidemiological studies suggest that breastfed children are less likely to become obese

adults, whereas they become obese adults if OR 0.78, 95% CI 0.72–0.89. The mecha-

nisms involved in this effect are several: breastfed infants control the amount of milk

consumed so they learn to self-regulate their intake later in life; lower protein and energy

content in HM,43 and a better acceptance to novel foods (mainly vegetables). HM

contains adipokines, which may a role in regulating energy intake.

There is little information on the difference in body composition in breastfed infants

and the influence on later health. The WHO meta-analysis also reported a reduction in

the risk of type 2 diabetes when compared with formula-fed babies (OR 0.63, 95% CI

0.45–0.89). Formula-fed infants have higher basal and postprandial concentration of

insulin and neurotensin, which regulates insulin and glucagon release.

In the meta-analysis from Horta, BF decreased the odds of type 2 diabetes and based

on high-quality studies, decreased by 13% the odds of overweight/obesity.

5.5 Neurodevelopment
Overall, it is found a positive association between BF and higher performance IQ scores

later in life, although not all the studies are consistent. The effect seems to be dose respon-

sive and improves with the duration of BF. Although this is a modest effect it might have

importance at a populational level. It is difficult to rule out confounding factors such as

maternal attention and caring.

In the Western Australia Pregnancy Cohort Study including 2900 pregnant women

and followed till 14years, BF for less than 6months and longer was an independent

predictor of mental health problems through childhood and into adolescence.44

The majority of research studies examining BF and long-term neurodevelopmental

outcomes suggest that children who breastfeed for longer than 6months have better cog-

nitive outcomes, lower risk of developing attention-deficit/hyperactivity disorder, and

lower risk of being diagnosed with autism spectrum disorder.45
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5.6 Immune-Related Diseases
BF might offer protection against inflammatory bowel disease.46 Epidemiological studies

have reported an association between exposure to cow’s milk antigens and development

of type 1 diabetes. The EURODIAB study showed that breastfed infants had a 25%

reduced risk for diabetes (OR 0.75, 95% CI: 0.58, 0–96).47

Some studies have examined associations between formula feeding and childhood

leukemia, with mixed results. Some found BF to be a protective factor (OR 0.89),

but not in others. The hypothesis is that immunoactive factors in HM may prevent viral

infections implicated in leukemia pathogenesis.48

In summary, more recent meta-analyses indicate protection against child infections

and malocclusion, increases in intelligence, and probable reductions in overweight

and diabetes. Nevertheless they could not find associations with allergic disorders such

as asthma or with BP or cholesterol, and noted an increase in tooth decay with longer

periods of BF.49

6. BF AND WOMEN’S HEALTH

Breast feeding is associated with improved maternal outcomes. In the short term, it stim-

ulates uterine contractions after childbirth and so decreases the risk of postpartum blood

loss, and it helps to mobilize the weight gained during pregnancy. Long-term benefits

include a reduced risk of breast and ovarian cancer, type 2 diabetes, hypertension, birth

spacing, and postpartum depression.

6.1 BF and Cancer
Lactation suppresses ovulation, leading to a decreased exposure to sexual hormones;

lactogenesis leads to differentiation of the breast tissue (TGF-β, a growth factor, acts

as a negative stimulus for human breast cancer cells), and contributes to removal of estro-

gens through breast fluid. These effects may mediate associations between BF and breast

and ovarian cancer. Ameta-analysis found that each year of BFwas associated with a 4.3%

reduction in risk of invasive breast cancer.50 The results appear to be clearer for preme-

nopausal breast cancer than for postmenopausal women (OR: 0.84 for all women; 0.76

for nonmenopausal). The reduction in breast cancer risk is estimated at 2% for an increase

of 5months of lifetime BF. The longer women breastfeed, the more they are protected

against breast cancer.51

Case-control studies have found a higher risk of ovarian cancer among parous women

who have never breastfed. In a meta-analysis, women who had never breastfed had a

1.3-fold higher risk of ovarian cancer than those who never breastfed.52

6.2 Lactation and the Risk of Maternal Cardiovascular Disease
BF is associated with more favorable glucose levels, lipid metabolism, and BP. Several

studies have shown a higher risk of diabetes and metabolic syndrome among women
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who have never breastfed. In the Nurses’ Health Studies this risk was 1.7-fold higher.

The OR for developing diabetes was 0.75 (0.66–0.85) if they have a lifetime history

of BF for 13–23months.

Similar data were obtained for hypertension and hyperlipidemia, leading to an overall

decrease of risk for myocardial infarction and cardiovascular disease (1.3-fold risk higher

in those who never breastfed).53

6.3 Osteoporosis
Although initially there is a decrease in bone calcium during lactation it is rapidly regained

after weaning. It has been shown that neither the number of pregnancies nor BF duration

was associated with an increased fracture risk or osteoporosis later in life.

It has been said that “scaling up BF to a near universal level could prevent 823,000

annual deaths in children younger than 5years and 20,000 annual deaths from breast

cancer.”45

7. CLINICAL APPLICATION OF BIOACTIVE MILK COMPONENTS:
FUTURE RESEARCH

There is a need to investigate the causes of disparity between BF rates and costs associated

to low rates of BF. New strategies to support BF initiation need to be implemented, as

universal antenatal peer support does not appear to improve those rates.54 Little is known

about the synthesis and regulation of the already identified bioactive components in milk

or their relation to maternal diet. New bioactive component are identified each year but

their specific role in contributing to health are not well understood. Researchers need to

develop innovative study designs that will improve our understanding of the relationships

between BF and various clinical outcomes, especially cognitive development, risk of

overweight and obesity, and risk of metabolic chronic conditions. The same consider-

ation can be questioned in relation to maternal health.

BF prides an ingenious immunologic integration between the mother’s and the

infant’s immune system.55 Thus, a rich matrix of milk proteins and carbohydrates pro-

vides, besides optimal nutrition, a robust immune protection for the infant. Many of the -

milk-derived compounds that are responsible of these effects could be used as novel

clinical therapies. Knowledge has been limited by the lack of techniques for producing

such components. Nevertheless in the last few years different approaches have been set:

technological advances to produce HMOs or isolation of milk compounds from dairy

products. Several milk-derived therapeutic preparations are already available for clini-

cians, although there is a need to design appropriate clinical trials guided by preclinical

data to obtain robust and scientific data.56

As a summary, HM is a complex and dynamic fluid that provides nutrients, antigens,

passive immunity, growth factors, and bioactive compound that can actively shape and

442 Bioactive Food as Dietary Interventions for Diabetes



educate the infant immune system. A better knowledge of the function of most of its

components would help to use as therapeutic tools. Some recent technological advances

have allowed obtaining some of them and are being used in the clinical scenario.

LIST OF RELEVANT WEB PAGES

US Department of Health & Human Services

• https://www.womenshealth.gov/Breastfeeding/

Centre for Disease Control and Prevention (CDC)

• https://www.cdc.gov/breastfeeding/

Agency for Healthcare Research and Quality

• https://archive.ahrq.gov/clinic/tp/brfouttp.htm

American Academy of Pediatrics Guidelines

• http://pediatrics.aappublications.org/content/pediatrics/129/3/e827.full.pdf

Breastfeeding Network (UK)

• http://www.breastfeedingnetwork.org.uk/

La Leche Ligue International

• http://www.llli.org/resources.html
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CHAPTER 30

Juniperus Species: Features, Profile
and Applications to Diabetes
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Abbreviations
BGIT bioactivity guided isolation technique

GC-FID gas chromatography-flame ionization detector

GC-MS gas chromatography-mass spectrometry

HFD high-fat diet

JCHD Juniperus chinensis heartwood decoction

Jcvs Juniperus communis variety saxatilis

Jf Juniperus foetidissima

Joso Juniperus oxycedrus subspecies oxycedrus

Js Juniperus sabina

NOD nonobese diabetic

STZ streptozotocin

1. INTRODUCTION

Juniperus is the second largest genus of the conifers which is composed of approximately

75–80 taxa of useful aromatic and medicinal plants. It is widely distributed throughout

the Northern Hemisphere from the Arctic Circle to the mountains of the African tropics

and divided into three sections as Caryocedrus, Juniperus, and Sabina.1,2

For several centuries, essential oils and extracts obtained from different parts of Juni-

perus species are used for medicinal and cosmetic purposes. Additionally, juniper wood is

esteemed for its durability in timber industry. Dried berries of junipers are used as spice in

Northern European cuisine to prepare meats with a specific flavor and the ripened fruits

are also the main constituent of some liqueurs such as the gin, grappa, and gineprino.3

Although some Juniperus species have toxic effects, they have many uses in folk medicine

in many countries all over the world. On the other hand, cedar wood oil is used to scent

soaps, preparations, room sprays, disinfectants, and similar products today.

In this chapter, taxonomic classification, botanical properties, and phytochemical

constituents of junipers are summarized with their traditional medicinal uses. The chapter

is mainly focused on the hypoglycemic and antidiabetic activities of Juniperus species and

existing literature is discussed in the light of our previous studies.
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2. SCIENTIFIC CLASSIFICATION

Kingdom: Plantae

Division: Spermatophyta

Class: Pinopsida

Order: Pinales

Family: Cupressaceae

Genus: Juniperus L.

Common Names in Other Languages:

English: Juniper

French: Gen�evrier
German: Wacholder

Italian: Ginepro

Spanish: Enebro

Turkish: Ardıç

3. BOTANICAL DESCRIPTION

Junipers are dioecious or monoecious evergreen shrubs or trees having thin bark and

varying in size and shape. Leaves on young branches are acicular and rigid but mature

leaves are either acicular, rigid, jointed at the base, in whorls of three, or scale-like

and decussate, rarely short, acicular and not jointed.Male flowers have numerous stamens

and female flowers are surrounded at the base by small persistent bracts, composed of

three to eight scales. These scales form a hard, globular fleshy berry-like fruit ripening

in 1–3years. These ripened berries are red to brown or orange in some species but in

most they are blue to black and have a distinct odor. Number of unwinged seeds varies

one to nine between species.4

4. PHYTOCHEMICALS PRESENT IN JUNIPERUS SPECIES

The chemical studies of Juniperus species were started at the second half of the 20th cen-

tury by Hartwell and friends.5 In 1995, Ho published a review on the juniper chemistry

and described the possible biosynthetic pathways of their secondary metabolites.6

Seca and Silva prepared the most detailed report on the nonvolatile compounds iso-

lated from Juniperus species and their biological activities.7 They have mentioned that

27 species and 13 varieties of Juniperus have been the subject of phytochemical studies

and nearly 580 compounds have been isolated from 1970 to 2004. Diterpenes were found

to be the most frequent family of compounds, being described in more than 220 different

structures. Coumarins (aesculetin, coumarsabin, siderin, skimmin, and umbelliferone), fatty

acids (arachidic acid, capric, docosanoic, heneicosanoic, lauric, linoleic, linolenik, myristic,
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oleic, palmitic, palmitoleic, and stearic acid), flavonoids (agathisflavone, amentoflavone,

apigenin, aromadendrin, bilobetin, cupressuflavone,hinokiflavone, irigenin, iridin, isocryp-

tomerin, isoquercitrin, isorhamnetin, junipegenins, kaempferol, luteolin, naringenin, nepe-

tin, nepitrin, nicotiflorin, podocarpusflavones, quercetin, quercitrin, robustaflavone, rutin,

sciadopitysin, scutellarein, taxifolin, vitexin, and zeravschanoside), lignans (acuminatin,

anhydropodorhizol, balactone, dehydropodophyllotoxin, deoxypodophyllotoxin, deoxy-

picropodophyllotoxin, detetrahydroconidendrin, dihydrodehydrodiconiferyl alcohol,

dihydrosesamin, epipicropodophyllotoxin, epipinoresinol, epipodophyllotoxin, epipo-

dorhizol, formosalactone, formosanol, hibalactone, hinokinin, icarisides, isobalactone,

junaphthoic acid, junipercomnosides,matairesinol, nemerosin, picropodophyllin, picropo-

dophyllotoxin, picropodophyllotoxone, pluviatolide, podophyllotoxin, podophyllotoxinic

acid, podorhizol, savenin, sesamin, shonanin, sventenin, thuriferic acid, xanthoxylol, and

yatein), phenolic acids (caffeic acid, chlorogenic acid, cinnamic acid, isovalerate, eicosyl

ferulate, ferulic acid,gallic acid,heneicosyl ferulate, nonadecyl ferulate,p-coumaric acid, shi-

kimic acid, syringic acid, and vanillic acid), sterols (campesterol, cholesterol, sitosterols, sitos-

tenone, and stigmasterol), tannins (afzelechin, catechin, epiafzelechin, epicatechin,

epigallocatechin, and gallocatechin), terpenoids (monoterpenes, sesquiterpenes, diterpenes,

and triterpenes), other aliphatic and aromatic compoundswere mentioned as the main constit-

uents of the Juniperus species.7–10

Moreover, many studies have been conducted on the berry, leaf, wood essential oils,

and chemosystematic taxonomy of Juniperus species according to triterpenoids.1,11–17

Moreover, Otto and Wilde have mentioned that sesqui-, di-, and triterpenoids can be

used as chemotaxonomic markers in conifers.18

5. TRADITIONAL USES AND BIOLOGICAL ACTIVITIES OF JUNIPERS

Juniperus species are widely consumed for various purposes in the traditional medicine

around the world. They are used as antifertility agents, antiseptic, antitussive, carmina-

tive, diuretic, hemostatic, insect repellent, hypoglycemic, and stomachic. On the other

hand, they are also preferred as remedies for cold, dysentery, fever, hemorrhage, jaundice,

leukorrhea, rheumatic arthritis, tuberculosis, urinary infections, and urticaria.7 Addition-

ally, the use of Juniperus communis is approved by German Commission E in loss of

appetite and dyspeptic complaints and its unproven uses are mentioned as “to regulate

menstruation, to relieve menstrual pain, flushing out therapy for inflammatory diseases

of the lower urinary tract, gout, arteriosclerosis, for severe irritation resulting from bron-

chitis, diabetes, halitosis, and rheumatic symptoms.”19,20

Many of these applications have been confirmed by the results of several biological

activity studies on the essential oils, extracts, and active constituents of different parts

of junipers. Abortifacient and antifertility,21–24 analgesic and antiinflammatory,9,25–30
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antibacterial and antifungal,31–35 antidiarrhoeic and antiprurigen,36 anthelmintic,37

antimicrobial,9,10,38–47 antimycobacterial,48,49 antiobesity,50

antioxidant,9,10,26,44,45,47,51–57 antiulcer,58 antitumoral and cytotoxic,45,46,59–65 cholines-

terase inhibitory,47,66,67 diuretic,68,69 effect on gynaecological disorders,22,70

hepatoprotective,71–76 hypolipidemic,77 immunomodulator,78 and vasorelaxing79 activ-

ity are some of the biological activities tested.

6. JUNIPERUS SPECIES IN THE TREATMENT OF DIABETES

Diabetes is a complex and chronic metabolic disease that occurs either when the pancreas

does not produce enough insulin or when the body cannot effectively use the insulin it

produces. A remarkable number of diabetic patients use traditional medicinal plants,

herbal preparations, and herbal medicines andmore than 400 plants worldwide have been

documented as beneficial in the treatment of diabetes.80

In European folklore medicine, dried berries of juniper (J. communis) are recom-

mended as beneficial in the treatment of diabetes.81 Decoction of berries and leaves,

and powder of berries of Juniperus phoenicea are used as hypoglycemic agent in Algeria,

Jordan, and Morocco.82–84 In Korea, a folk alcoholic beverage containing the berries

of J. chinensis is used as a traditional medicine by local population and traditional healers

for the treatment of hyperglycemia.77

In Turkey; juniper tar, decoction, and infusion of leaves and berries are used to heal

wounds, abdominal pain, stomachic disorders, gynecological diseases, hemorrhoids,

common cold, cough, bronchitis, asthma, calcinosis in joints, against fungal infections,

kidney inflammation and to pass kidney stone.85–88 Additionally, infusion and decoctions

of J. communis var. saxatilis, Juniperus foetidissima, Juniperus oxycedrus subsp. oxycedrus,

Juniperus sabina berries and leaves, or their pounded berries are consumed for the

treatment of diabetes.85,86,89 Therefore, many research groups have carried out many

in vitro and in vivo studies to enlighten the antidiabetic and hypoglycemic activities

of Juniperus species.56,81,90–103

The first published work on the antidiabetic and hypoglycemic activity of junipers

dates back to 1990.81 The dried berries of J. communis have been supplied in the diet

(6.25% by weight) of normal and streptozotocin (STZ) diabetic mice. Although food

and fluid intake, body weight, plasma glucose, and insulin concentrations of normal ani-

mals have not been changed after 12-day administration, the level of hyperglycemia,

polydipsia, and body weight loss rate have been reduced by treatment with juniper in

diabetic mice.

In 1994, Sanchez de Medina et al. have investigated the hypoglycemic effect of

decoction of J. communis berries collected from Spain.103 They have observed that juniper

decoction has a significant dose-dependent hypoglycemic effect in normoglycemic rats.

Additionally, the decoction has reduced blood glucose concentration and mortality
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index, prevented the loss of body weight after a 24-day treatment on STZ-induced dia-

betic rats (125mg total berries/kg). On the other hand, Gray and Flatt have mentioned

that extract of juniper berry increased in vitro insulin secretion in cultured BRIN-BD11

pancreatic B-cells and decreased cell viability.93

Berries of J. communis are used in a patented herbal preparation called Antidiabetis

with nine other medicinal herbs in Croatian market as antihyperglycemic herb. Petlevski

et al. have studied the acute and subacute effects of this product on alloxan-induced non-

obese diabetic (NOD) mice. In both experimental models, blood glucose levels have

decreased significantly.102 In another study, J. communis and nine other plant extracts have

been examined to assess their possible effect on glucose diffusion across the gastrointes-

tinal tract by an in vitro method. Infusion of juniper has decreased glucose movement by

6% compared to control. Although the plant part used in the study have not been men-

tioned, the results have suggested that decrease in glucose absorption may have a minor

impact on the hypoglycemic effect of juniper.92

The hypoglycemic activity of Juniperus oxycedrus ssp. oxycedrus (Joso) berry and wood

essential oils have been investigated by the inhibition of α-amylase. The wood essential

oil obtained by hydrodistillation was found to be active with an IC50 value of

3.49μg/mL.56

In another study, hypoglycemic and hypolipidemic activities of ethanol and water

extracts of J. chinensis berries have been investigated in alloxan-induced diabetic rats. After

a single oral administration of the ethanol extract, the blood glucose levels have signif-

icantly reduced (81%–40%) in a time-dependent manner, which was much faster and

more than that of glibenclamide. Repeated administration of the extracts has reduced

the glutamate-pyruvate transferase enzyme significantly. On the other hand, the aqueous

extract has brought down the total cholesterol value to 57% and the triglyceride value to

37% of the diabetic control rats.77

Obesity is known as the most important risk factor of type 2 diabetes mellitus. Thus,

antiobesity pharmacotherapy is one of the key objectives in the management of type 2

diabetes. Kim et al.50 have published an interesting study on the protective effect of

J. chinensis heartwood decoction (JCHD) against high-fat diet (HFD)-induced obesity

and its molecular mechanisms. The JCHD administration has decreased body weight

gain, visceral fat-pad weights, blood lipid levels, and blood insulin and leptin levels of

obese animals significantly. Additionally, JCHD has reversed the HFD-induced down-

regulation of the epididymal adipose tissue genes implicated in adipogenesis, such as the

peroxisome proliferator-activated receptors γ2, adipocyte protein 2, sterol regulatory ele-
ment binding protein 1c, fatty acid synthase, and hydroxymethyl glutaryl CoA reductase.

This study has reported that the JCHD could have an antiobesity effect on HFD-induced

obese rats through many different mechanisms.

A study from Iran has aimed to evaluate the antioxidant activity of essential oils

obtained from berries, and branchlets of male and female J. foetidissima (Jf ) trees. Essential
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oils of Jf have been tested in low-density lipoprotein oxidation, linoleic acid peroxida-

tion, red blood cell hemolysis, hemoglobin glycation, and insulin glycation assays. In all

the methods, antioxidant effects of essential oils have been observed. The most promising

activities of the oils have been observed against hemoglobin and insulin glycation.53

As mentioned before, leaves and berries of Juniperus species are commonly used for

diabetes in Turkey. Thus, our research group has started a comprehensive study on the

antidiabetic effect of Turkish Juniperus species used as traditional medicine. The aim of

our first study was to determine the antidiabetic effect of Juniperus oxycedrus ssp. oxycedrus

(Joso) leaf and fruit extracts and to evaluate the renal lipid peroxidation in STZ-induced

diabetic rats treated with Joso extracts. The extracts have been administered to diabetic rats

at 500 and 1000mg/kg doses for 10days. Joso interrelationships between the levels of trace

elements (copper, iron, and zinc) and hepatic extracts have decreased the blood glucose

levels and the levels of lipid peroxidation in both liver and kidney tissues. Additionally,

Zn concentrations in liver of diabetic rats have been augmented by Joso. As known, Zn

plays an important role in the synthesis and action on insulin both physiologically and

in the pathologic state of diabetes. Thus, results have pointed that Joso fruit and leaf extracts

might be beneficial for diabetes and its complications.99

We also have determined antihyperglycemic activity of Joso leaves and identified the

active compounds through bioactivity guided isolation technique (BGIT). Firstly,

ethanol and water extracts of Joso leaves have been studied using normal, glucose-

hyperglycemic and STZ-induced diabetic rats. Through in vivo BGIT, a nonpolar

fraction was separated from the n-hexane subextract by silica gel column chromatography

as the main active fraction. Subfractions of this fraction have been found to possess sig-

nificant antidiabetic activity and their chemical compositions have been investigated by

gas chromatography-flame ionization detector (GC-FID) and gas chromatography-mass

spectrometry (GC-MS) analysis, simultaneously. Fatty acids such as palmitic, linoleic, and

linolenic acid were found as the major compounds in subfractions.97

Moreover, hypoglycemic effect of Joso berry extracts have been studied in normo-

glycemic and glucose-hyperglycemic rats and STZ-induced diabetic rats have been used

to examine antidiabetic activity of Joso extracts, subextracts, fractions, subfractions, and

the active compound. Through in vivo BGIT, shikimic acid, 4-O-β-D-glucopyranosyl
ferulic acid, and oleuropeic acid-8-O-β-D-glucopyranoside have been isolated from the

n-butanol subextract by silica gel and reverse phase column chromatography as the main

active ingredients of the active subfraction. After 8days administration of the major com-

pound shikimic acid, blood glucose levels (24%), malondialdehyde levels in kidney tissues

(63%–64%), and liver enzymes of diabetic rats have decreased significantly.98

Asgary et al.91 have investigated the antioxidant and antiglycation properties of

essential oils obtained from berries and branchlets of J. sabina using steam distillation.

Antioxidant activities have been determined by using low-density lipoprotein oxidation,

linoleic acid peroxidation, and red blood cell hemolysis methods. All tested oils have
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possessed antioxidant properties and promising effects have been observed from

the tested essential oils against hemoglobin (39.7%–79.6%) and insulin (56.9%–89.2%)
glycation. No correlation was observed between the determined activities and the essen-

tial oil concentration.

According to the positive results of our previous in vivo antidiabetic activity studies,

another study was designed to evaluate the in vitro antidiabetic effects of two Juniperus

species. α-glucosidase and α-amylase enzyme inhibitory effects of the Joso and

J. communis var. saxatilis (Jcvs) leaf and berry extracts have been investigated. Additionally,

radical scavenging capacities of the extracts have been determined. Besides excellent rad-

ical scavenging activity of the leaf extracts (99.5% and 97.8% at 3mg/mL), Jcvs hydro-

alcoholic leaf extract (53.6% at 3mg/mL), and Joso hydroalcoholic leaf and berry extracts

(51.7% and 52.6% at 3mg/mL, respectively) have shown potent α-amylase inhibitory

effect. The hydroalcoholic extract of Jcvs berry has had the highest α-glucosidase inhib-
itory activity (IC50: 4.4μg/mL) while the IC50 value of reference drug (acarbose) was

0.0009mg/mL. Results have indicated that antidiabetic effect of hydroalcoholic extracts

of Juniperus species might arise from inhibition of digestive enzymes.101

In a recent study, in vitro α-amylase and pancreatic lipase inhibitory activities, antiox-

idant activity, chemical composition of the essential oil, and extracts of J. phoenicea leaves

have been examined.96 The IC50 values of essential oil obtained by steam distillation, hex-

ane, andmethanol extracts againstα-amylasewere 35.44, 30.15, and53.76μg/mL, respec-

tively, and those against pancreatic lipase enzyme were 66.15, 68.47, and 60.22μg/mL,

respectively. Antioxidant activity (IC50 ¼2μg/mL) and total phenolic content (265mg

as gallic acid equivalent/g extract) of themethanol extract havebeen thehighest.The study

demonstrated that J. phoenicea leaves have powerful antioxidant, antidiabetic, and antiobe-

sity effects. Additionally, Keskes et al.97 haveworked on the chemical constituents, DPPH

radical scavenging, andα-amylase inhibitory activities of extracts of J. phoenicea leaves. The

chemical compositions of fractions frommethanol extract have been determined by high-

performance liquid chromatography-mass spectroscopy analysis. Quercetin 3-O-gluco-

side, isoscutellarein 7-O-pentoside, and quercetin 3-O-pentoside have been identified

in fractions 1–3. Fraction 2 has exhibited a strong antioxidant activity as well as the highest
α-amylase inhibitory activity (IC50 28.4μg/mL). Amentoflavone has been themajor con-

stituent of this fraction and has exhibited powerful radical-scavenging and α-amylase

inhibitory (IC50 20.4μg/mL) effects.

The essential oil from J. chinensis cv. Kaizuca leaves has exhibited α-amylase inhibitory

activity with IC50 value of 187.08�0.56μg/mL. The major constituents of this essential

oil identified by GC-MS analysis were bornyl acetate (42.6%), elemol (20.5%),

β-myrcene (13.7%), and β-linalool (4.0%) among 15 other compounds. According to

the promising α-amylase inhibitory activity of this essential oil, the identified compounds

have been docked with α-amylase by molecular docking. γ-eudesmol exhibited the low-

est binding energy (�6.73kcal/mol), followed by α-copaen-11-ol (�6.66kcal/mol),
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cubedol (�6.39kcal/mol), and α-acorenol (�6.12kcal/mol). The results have indicated

that these compounds were the active ingredients responsible for the α-amylase inhib-

itory activity of essential oil from J. chinensis cv. Kaizuca.94

Part of our ongoing studies on antidiabetic activities and active constituents of Turk-

ish Juniperus species was recently published.100 In vitro antidiabetic activities of

J. foetidissima (Jf ) and J. sabina (Js) berry and leaf ethanol extracts have been determined.

Leaf extracts have been more active than the berry extracts and Jf leaf extract has had the

highest α-glucosidase inhibitory activity (>100%–88.6%). All extracts have hadmoderate

inhibitory α-amylase activity and again Jf leaf extract was the most active (65.1% at 1mg/

mL) while inhibitory activity of reference drug Acarbose was 76.0% at the same concen-

tration. Additionally, extracts have lowered blood glucose concentrations of STZ-

induced diabetic animals significantly after oral administration. Although Js leaf extract

has had strong enzyme inhibitory activity it has shown toxic effects on the rats and caused

death at both tested doses (500 and 1000mg/kg). On the other hand, in vitro antioxidant

activities of the extracts have been found to be potent on phosphomolybdenum, ferric

reducing power, and ABTS radical scavenging assays. Amentoflavone has been deter-

mined as the major constituent of the leaf and berry extracts and umbelliferone has been

identified in the leaf extracts. The antidiabetic activity of the extracts has been attributed

to amentoflavone which has significant inhibitory activity on carbohydrate digestive

enzymes as well as positive effects on insulin resistance.

7. CONCLUSION

Today, approaches to the control of blood glucose and prevention of hyperglycemia are

central to the treatment of diabetes mellitus. Appetite suppressants, inhibitors of diges-

tion, insulin secretagogues, insulin potentiators, insulin mimetics, stimulants of glucose

utilization, inhibitors of gluconeogenesis, and glucogenolysis are used to balance blood

glucose. Nevertheless, none of these therapies either alone or in combination can recon-

stitute normal blood glucose homeostasis, and many limitations exist in the use of anti-

diabetic drugs. Researches are going on to discover new therapies and active compounds

which reconstitute a normal metabolic environment and prevent long-term complica-

tions of diabetes.93

The results of in vivo and in vitro studies have proven that berries, leaves, and essential

oils of different Juniperus species have promising antidiabetic activity compatible with

their folkloric usage. Besides reducing blood glucose levels directly, junipers have defined

to have impact on blood glucose homeostasis by different mechanisms such as increasing

in vitro insulin secretion,93 elevating zinc levels,99 decreasing hemoglobin and insulin

glycation,53,91 inhibiting α-amylase,100,101 α-glucosidase,56,94,96,97,100 and pancreatic

lipase96 as mentioned before. Additionally, their antioxidant,50,53,56,91,96,97,100,101 lipid

peroxidation inhibitory,98,99 cholesterol and triglyceride lowering77,98 and antiobesity50
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activities contribute to their positive effects on diabetic complications. Phenolics, flavo-

noids, fatty acids, and many chemical constituents were determined and isolated as

the active principles of the juniper extracts. Further studies are necessary to determine

the effects of juniper extracts on diabetic patients, to obtain toxicological data and to

observe their long-term effects clinically.

8. SUMMARY POINTS

• Juniperus species are found throughout the world and have been used for different

purposes.

• Leaves and berries are traditionally used for the treatment of diabetes mellitus in many

countries.

• Results of in vivo and in vitro studies support the traditional use of Juniperus species as a

folk remedy in the treatment of diabetes.

• Chemicals in different secondary metabolite groups were determined as the active

principles from junipers like phenolic acids, flavonoids, and fatty acids.
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Abbreviations
AGEs advanced glycated end products

BG blood glucose

BP blood pressure

CAD coronary artery disease

CAM complementary and alternative medicine

CBVD cerebrovascular disease

CRP C-reactive proteins

CVD cardiovascular disease

DM diabetes mellitus

DN diabetic nephropathy

ESRD end-stage renal disease

GI glycemic index

GLP-1 glucagon-like peptide 1

GLUT glucose transporter

GSH glutathione

HbA1c glycated hemoglobin

Hcys homocysteine

HDL high-density lipoprotein

IHD ischemic heart disease

IL interleukin

IRS-1 insulin receptor substrate 1

LDL low-density lipoprotein

MAPK mitogen-activated protein kinases

NF-κB nuclear factor-κB
NO nitric oxide

NOS nitric oxide synthase

O2
•2 superoxide radical

ONOO2 peroxynitrite

OxLDL oxidized LDL

PAD peripheral arterial disease

PII peak incremental index

ROS reactive oxygen species

STZ streptozotocin

TG triglycerides

VLDL very low-density lipoprotein
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1. INTRODUCTION

Diabetes mellitus (DM) is a metabolic disorder characterized by chronic hyperglycemia

and impaired metabolism of protein and lipid. It is predicted that the global estimate of

451 million people with DM in 2017 will increase to 693 million people by 2045.1 The

increasing trends in DM prevalence will also result in increased diabetes-related compli-

cations and deaths. Generally, there are four types of DM but type 1 and type 2 DM

are the commonest. Type 1 DM is characterized by absolute insulin deficiency resulting

from an autoimmune destruction of pancreatic β-cells. It constitutes 5%–10% of all newly

diagnosed DM. Type 2 DM is characterized by insulin resistance and relative insulin defi-

ciency due to progressive loss of β-cells. It accounts for 90%–95% of all cases of DM.2 The

DM is a disorder associated with both macro- and microvascular complications. Irrespec-

tive of the type of DM, whether type 1 or type 2, the complications are similar. The

microvascular complications include nephropathy, neuropathy, and retinopathy while

macrovascular complications include coronary artery disease (CAD), cerebrovascular dis-

ease (CBVD), and peripheral arterial disease (PAD).

Diabetic nephropathy (DN), also known as diabetic kidney disease or chronic kidney

disease, is caused by DM. The prevalence of DN is 20%–40% of diabetic patients. In type

1 DM, DN occurs after 10years of diabetes whereas in type 2 DM, DNmay be present at

diagnosis.3 If not treated, DN can progress to end-stage renal disease (ESRD) which may

require dialysis or kidney transplantation. In the United States and globally, DN is the

major cause of ESRD.4 Diabetic neuropathy predisposes diabetic patients to chronic dia-

betic wound ulcers.5 It is estimated that one in every four diabetic subjects will develop

diabetic wound ulcer during their lifetime.6 Diabetic wound ulcer worsens morbidity

and mortality in diabetic patients and also increases the risks of premature deaths. Thus,

it requires optimal management so as to prevent its deterioration which may result in

lower limb amputation. It is estimated that a lower limb is amputated every 20 s as a result

of DM.7

The role of chronic hyperglycemia is implicated in the increased risks of microvas-

cular complications and the benefits of intensive therapy of hyperglycemia have been

demonstrated.8 However, intensive treatment of hyperglycemia does not prevent cardio-

vascular disease (CVD) and macrovascular complications in general. It is also associated

with hypoglycemia, weight gain, and increased mortality.9 These indicate limitations of

the intensive therapy of hyperglycemia. Interestingly, the main aim of most of the

currently available antidiabetic drugs and insulin is to lower or restore hyperglycemia.10

It is, therefore, not surprising that the treatment outcome of DM has not been satisfactory

especially in low- and middle-income countries. In many countries, effective diabetes

management is hampered by several challenges such as limited health-care facilities, inad-

equate trained health-care personnel, paucity of funds, and lack of insurance.11 Other

factors relating to medications such as exorbitant prices, inaccessibility, counterfeit,

and substandard drugs also play an important role.12 The use of these drugs is also
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associated with untoward side/adverse effects. There is, therefore, a need for an alterna-

tive or a more holistic approach to diabetes management.

There has been an increased patronage of complementary and alternative medicine

(CAM) among many diabetic patients in both developing and developed countries.13

Some of the common CAM practices include use of medicinal plant components or

herbs, nutritional supplements, bioactive substances, and other natural products. Besides

the abovementioned reasons, increased interest in CAM is facilitated by patients’ desires

to improve and also have control over their health.13 Other factors that contribute to

increased usage of CAM among diabetics include its accessibility, affordability, and avail-

ability though safety and efficacy issues seem to be overlooked.14 The utilization of honey

among diabetic patients, which is becoming popular, is one of the CAM practices. The

anecdotal use of honey dates back to 2100–2000 BC. Since time immemorial, honey has

been recognized for its nourishing, flavoring, nutritive, and medicinal properties. In the

past decade, there has been a vast increase in the number of research articles published on

the various health benefits of honey. Honey, a product of honeybees, is a sweet natural

substance produced from nectar. It contains sugars (about 80%—primarily fructose, glu-

cose, sucrose, maltose, and oligosaccharides), vitamins, phenolic acids, flavonoids, amino

acids, proteins, organic acids, enzymes (such as glucose oxidase, invertase, and catalase),

and volatile compounds. Several factors including geographical origin, botanical sources

of nectar, climate, and environment influence honey composition.

Before now, most of the in vivo (particularly physiologic) effects ascribed to honey

were not evidence-based but mere generalizations of observations emanating from sci-

entifically unproven or obsolete methods.15 Unlike in the past when the bulk of the

research on honey were centered on its antibacterial and wound healing properties, there

is now a body of evidence-based data that indicate honey has potential therapeutic effects

in the treatment of several diverse diseases including metabolic disorders such as DM,

hyperlipidemia, and obesity. This chapter aims to underscore the profile and features

of honey and its application in the management of DM. The chapter presents the most

recent scientific findings, emanating from both preclinical and clinical studies, which

demonstrate the prospects of honey in the management of DM.

2. ANTIDIABETIC PROFILE AND FEATURES OF HONEY

In consideration of the available evidence in the literature, two key constituents of honey

play an important role in the antidiabetic profile of honey. These are fructose and oligo-

saccharides. Though less important, inorganic elements may also contribute to antidia-

betic profile of honey.

2.1 Fructose
Inmost raw and natural honeys, fructose is themajor sugar constituent while glucose con-

stitutes the second main sugar. These two sugars share some similarities and differences.
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They are monosaccharides and have the same chemical formula (C6H12O6). However,

they have different structural formulae. Hence, they are known as isomers. The structural

formulae of glucose and fructose are provided in a previous review.16 Fructose and glucose

also havedifferent glycemic indices of 19 and100, respectively.17As a result of disparities in

geographical origin, botanical sources, and climate, the percentage of fructose and ratio of

fructose to glucose in honey vary between 21.0%–43.5% and 0.46%–1.62%.18 However,

most of the honey samples already investigated have fructose:glucose greater than 1.0. The

sweetness of honeyderives from thepresenceof fructose inhoney.After oral ingestion, just

like glucose and being a monosaccharide, fructose in honey is in its absorbable state and

hence does not need to be acted upon by digestive enzymes before absorption. Absorption

of fructose occurs by facilitated transport via glucose transporter 5 (GLUT5).19 Fructose

retards gastric emptying which may result in delayed intestinal absorption and suppressed

appetite.20,21 In the presence of glucose, there is enhanced absorption of fructose.22 Fruc-

tose modulates the serum levels of ghrelin and leptin which play important roles in food

consumption, appetite, and energy expenditure.23Honey supplementation lowers ghrelin

and leptin levels and increases peptideYY response.24,25 Fructose ingestion causes reduced

food intakewhichmaybe a consequence of delayed gastric emptying.26Moderate fructose

consumption is associated with weight loss or no change in body weight while high doses

may result inweight gain.27,28 Similarly, honey consumption causesweight loss and lowers

food consumption.24,29 Fructose also enhances increased carbohydrate oxidation aswell as

energy expenditure.30

After absorption, fructose is transported to the liver. Unlike glucose, hepatic fructose

uptake does not require insulin. Fructose activates hepatic glucokinase which enhances

hepatic glucose uptake and its storage as glycogen.31,32 The activation of this enzyme

plays a predominant role in the glucose-lowering or hypoglycemic effect of fructose.

Fructose and glucose have also been reported to exert a synergistic effect in the liver.33

This is relevant in view of the high content of these sugars in honey and hence a similar

synergistic effect may be elicited. Evidence indicates fructose also modulates the activities

of many enzymes (such as glycogen synthase and glucose 6-phosphate dehydrogenase)

involved in glycolysis.32,33 Such effects will contribute to blood glucose (BG) reduction.

The ability of fructose to stimulate insulin release from pancreas is unclear due to incon-

sistent data.34,35 With its activation of hepatic glucokinase, modulation of glycolytic

enzymes, and associated BG-lowering effect of fructose, there will be little or no require-

ment for insulin secretion by the pancreatic β-cells. Therefore, whether fructose is capa-
ble of enhancing insulin release or not is of not much significance in the BG-lowering

effect of fructose and honey.

With the abovementioned profiles of fructose, coupled with its low glycemic index

(GI),36 oral ingestion of fructose may reduce BG or elicit lower rise in BG and insulin

levels in a healthy state. These antihyperglycemic and antihyperinsulinemic effects of

fructose have been corroborated in healthy and nondiabetic rodents and human
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subjects.23,37,38 Regarding honey, honey consumption increases serum levels of fruc-

tose.39 The quantity of fructose in honey inversely correlates with the GI of honey.40

This is an indication that fructose in honey constitutes an important antihyperglycemic

feature of honey. Just like fructose, honey supplementation exerts antihyperglycemic and

antihyperinsulinemic effects in healthy human subjects.41 In diseased conditions espe-

cially those characterized by metabolic derangements such as DM and obesity, fructose

administration is accompanied by some beneficial effects in rats and human subjects with

DM and obesity.23,37,42 Beneficial effects of honey on insulin and BG have also been

reported in rats and human subjects with DM and hyperlipidemia.43,44 A systematic

review and meta-analysis of fructose trials shows that fructose improves long-term gly-

cemic control with no effect on insulin in diabetic subjects.45 A previous review by the

author and other researchers has discussed in detail the potential of fructose in honey in

modulating the hypoglycemic effect of honey.18 Interested readers are advised to read the

article.

2.2 Oligosaccharides
Besides fructose and glucose, honey consists of oligosaccharides.46 Oligosaccharides in

honey is made up of about 5%–10% of total sugars in honey. Some of the oligosaccharides

in honey include isomaltulose (palatinose), raffinose, turanose, gentiobiose, cellobiose,

melezitose, trehalose, isomaltose, maltulose, maltotriose, panose, and erlose. The molec-

ular structures of these oligosaccharides have already been presented in a previous

review.16 Oligosaccharides are resistant to digestive enzymes and thus are not easily

hydrolyzed by gastrointestinal tract enzymes. As a result, they are passed into the large

intestine which contains a vast number of microbes collectively referred to as microbiota.

The microbiota hydrolyze oligosaccharides to generate short-chain fatty acids such as

acetate, propionate, butyrate and lactate, and other compounds including carbon (IV)

oxide, methane, and hydrogen. By hydrolyzing oligosaccharides, the growth and activity

of nonpathogenic bacteria (such as Bifidobacterium and Lactobacillus) are enhanced

while those of pathogenic bacteria (such as Clostridium and Proteus) are suppressed.47

As a result, oligosaccharides are known as prebiotics. Increased level of intestinal Bifido-

bacteria following oligofructose supplementation in mice has been reported.48 Likewise,

honey enhances the growth and activity of human intestinal Bifidobacteria and Lactoba-

cilli species.46,49,50 Other studies that have demonstrated the stimulating effect of honey

on the growth or activity of commensal microbes are discussed in a previous article.16

Even though fructose is not an oligosaccharide, it can also enhance the activity or growth

of some beneficial bacteria. This view is based on findings from the study of Popa and

Ustunol which found that sucrose, high fructose corn syrup, or honey enhanced the via-

bility, growth, and activity of lactic acid bacteria and bifidobacteria.51 It is the short-chain

fatty acids that are responsible for the health benefits of oligosaccharides.47 In patients
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with DM or obesity, oligofructose increases insulin and C-peptide levels and lowers gly-

cated hemoglobin, postprandial BG, and fasting BG.52 Honey administration also pro-

duces similar effects in diabetic rats and human subjects with DM.44,53

The BG-lowering effect of oligosaccharide is mediated through increased secretion of

glucagon-like peptide (GLP)-1.54 Oligofructose or prebiotic enhances weight loss,

lowers leptin and ghrelin while it increases peptide YY in overweight, obese, or diabetic

patients.55 Honey retards postprandial ghrelin response and increases peptide YY level in

healthy individuals.25 Oligofructose has also been shown to ameliorate abnormalities of

lipid metabolism in diabetic individuals.52 Honey administration elevates high-density

lipoprotein (HDL) cholesterol and lowers triglycerides (TG), total cholesterol, and

low-density lipoprotein (LDL) cholesterol in healthy and patients with DM.29,56 Oligo-

fructose consumption is associated with increased satiety and reduced hunger and food

intake.57 Honey also promotes weight loss or reduces body weight and energy intake in

subjects with DM.29 The similarities between the effects of oligosaccharides and honey

on diabetes-induced metabolic abnormalities suggest that oligosaccharides in honey may

contribute to the antihyperglycemic and antihyperlipidemic effects of honey. Interested

readers may read a previous review by Erejuwa et al. which discussed in more details the

potential role of oligosaccharides in honey in modulating the antidiabetic effect of

honey.58

2.3 Inorganic Honey Constituents with Antidiabetic Profile
Honey contains numerous constituents. Hence, there is a high possibility that fructose

and oligosaccharides may not be the only components with antidiabetic profile. The

presence of vast number of micronutrient elements including calcium, copper, zinc,

manganese, chromium, selenium, potassium, etc., in honey has been demonstrated.59

It may be argued that these elements are found in minute quantities in honey and thus

no physiologic or pharmacologic effect can be ascribed to them. This may not be entirely

true for some reasons. The blood levels of some of these minerals have been found to be

elevated following honey ingestion.60 The deficiency of some of the elements is impli-

cated in the development of DM. There is also a likelihood that honey intake on a daily

basis over a period of time may attain ample concentrations of some of these minerals and

elicit physiologic or pharmacologic effects.16 There are reports indicating that increased

intakes of some of these inorganic constituents such as chromium, copper, and zinc

improve glucose tolerance, enhance insulin secretion, and reduce insulin insensitivity

in patients with impaired glucose tolerance or DM.16 Considering the issue of variations

in honey resulting from geographical, climatic, and botanical factors, it is probable that

some honey samples may contain higher levels of these inorganic elements. Consump-

tion of such honeys may result in elevated plasma levels of the elements leading to their

effects in the regulation of BG or insulin. In view of the aforementioned reasons, the
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potential roles of inorganic elements in mediating the antidiabetic effect of honey cannot

be entirely overlooked. Most importantly, all these identified honey constituents—

fructose, oligosaccharides, and inorganic elements—and other yet to be identified con-

stituents may interact to produce additive or synergistic effects.

3. ANTIOXIDANT PROFILE AND FEATURES OF HONEY

Various bioactive compounds with antioxidant properties have been identified in honey.

The bioactive substances are primarily either phenolic acids or flavonoids. The most

common phenolic acids that have been reportedly detected and isolated in honey include

caffeic acid, cinnamic acid, gallic acid, syringic acid, ellagic acid, coumaric acid, vanillic

acid, chlorogenic acid, ferulic acid, benzoic acid, sinapic acid, and gentisic acid.61 Some

of the commonest flavonoids in honey include chrysin, quercetin, catechin, luteolin,

galangin, kaempferol, myricetin, hesperetin, isorhamnetin, and naringenin. The molec-

ular structures of some of these phenolic acids and flavonoids have been presented in a

review article.62 Honeys from various geographical regions and countries across the globe

exhibit free radical scavenging and antioxidant properties in various in vitro experiments.

There is a direct association between the intensity of the color of honey and its antiox-

idant properties. Darker honeys usually have greater antioxidant properties than lighter

honey. Honey is also recognized for its in vivo antioxidant effect which has been docu-

mented in body fluids (plasma), cells (red blood cells), tissues, and organs such as liver,

pancreas, kidney, and eye. For instance, amelioration of oxidative stress including

restoration of antioxidant enzymes in pancreas, eye, liver, and kidney following honey

supplementation has been reported. More detailed description of antioxidant features

and properties of honey as well as its effects on oxidative stress parameters in different

tissues and organs is already reviewed by Erejuwa et al.62

4. HONEY: APPLICATION TO DIABETES

In the past, there used to be a myth or misconception that anything sweet was detrimental

to DM and should be avoided by patients with DM. As a result, being a sweet substance,

consumption of honey by patients with DM or its inclusion in diabetic diet was consid-

ered an unhealthy practice. However, the picture is different now due to availability of

scientific data.

4.1 Role of Honey in Insulin Deficiency and Insulin Resistance
Insulin deficiency may be absolute (in type 1 DM) or relative (as seen in type 2 DM).

Evidence in the literature reveals that the effect of honey on insulin secretion varies

and may depend on the levels of circulating insulin. For instance, contrasting with

honey-comparable glucose-fructose solution, honey ingestion in healthy individuals
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was associated with lower serum levels of insulin and C-peptide after 60min. Much

lower serum glucose concentration was also observed after honey consumption.41 Similar

findings were reported by Atayoglu et al.63 These findings suggest that the observed

lower BG levels were not a consequence of insulin. Perhaps, it may indicate that insulin

was secreted in response to elevated BG levels following ingestion of honey-comparable

glucose-fructose or glucose solution. In subjects with impaired glucose tolerance or DM,

honey increases plasma insulin and C-peptide. These effects are associated with improved

glucose tolerance or reduced hyperglycemia.64 Compared with sucrose or glucose, honey

ingestion in nondiabetic and diabetic subjects results in marked increase in C-peptide

level.65 The ability of honey to act on the pancreas of diabetic patients to secrete

C-peptide and insulin has also been corroborated in other studies.43,66 Findings from these

studies indicate that honey is capable of stimulating both the healthy and diseased or rem-

nant β-cells to increase C-peptide and insulin secretions. This insulin-secreting stimulating

effect of honey on β-cells will be beneficial in patients suffering from insulin deficiency.

In streptozotocin (STZ)-induced diabetic rats characterized by insulin deficiency,

honey supplementation increased serum insulin level. In contrast, honey did not increase

serum level of insulin innondiabetic rats.44Thesedata suggest that honey is capableof stim-

ulating insulin release from the remnant pancreatic β-cells if greater amount of insulin is

paramount for glucose utilization or uptake (as in diabetes state, e.g., in diabetic rats or dia-

betic individuals). On the other hand, honey may not increase insulin secretion if circu-

lating insulin level is sufficient for glucose uptake (as in the case of nondiabetes state, e.g., in

healthy individuals or nondiabetic rats). Honey administration can also protect pancreas

against oxidative stress and damage, reduce damage to islet of Langerhans, and increase

the size and number of islet cells.67–69 A recent study provided additional evidence that

supports the role of honey in ameliorating insulin deficiency. Using STZ-nicotinamide-

induced diabetic rats, honey administration reduced the levels of inflammatorymarkers—

tumor necrosis factor alpha (TNF-α), inhibitor of nuclear factor kappa-B kinase subunit

beta (IKK-β), interleukin 1 beta (IL-β), and nuclear factor-kappaB (NF-κB) and apoptosis
marker (caspase-9) in the pancreatic islets. These effects were associated with increased

levels of insulin expression and serum insulin.70 Considering the role of pancreas in BG

regulation, thesebeneficial effects of honeyonpancreas has a potential to result in profound

insulin synthesis and/or secretion thereby ameliorating insulin deficiency.

Unlike insulin deficiency which characterizes both type 1 and type 2 DM, insulin

resistance is not observed in type 1 but type 2 DM. Currently, there is limited data

on the efficacy of honey to ameliorate insulin resistance in type 2 diabetic patients.

However, evidence from an in vitro study indicates that honey can ameliorate insulin

resistance. The researchers investigated the effects of honey extracts and quercetin on

hyperglycemic-induced insulin resistance in HIT-T15 cells. Insulin resistance was

reportedly characterized by declined insulin contents and Akt expression while levels

of NF-κB, mitogen-activated protein kinases (MAPK), and insulin receptor substrate
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1 (IRS-1) serine phosphorylation (ser307) were markedly increased. It was demonstrated

that pretreatment with honey and quercetin extracts ameliorated insulin resistance and

increased insulin content and Akt expression by reducing the expression of NF-κB,
MAPK, and IRS-1 serine phosphorylation.71 These data demonstrate the protective

effect of honey against insulin resistance. A recent study that investigated the effect of

honey on high-fat high-sucrose diet-induced insulin resistance in rats showed that honey

supplementation ameliorated impaired glucose tolerance and enhanced insulin sensitivity

(yet to be published personal communication). The role of oxidative stress is implicated

in the etiologies of insulin deficiency and insulin resistance. Hence, honey supplemen-

tation in diabetic patients can reduce pancreatic oxidative stress and contribute to ame-

lioration of insulin deficiency.68,69 Honey ingestion may also result in amelioration of

oxidative stress in the key sites of insulin resistance such as skeletal muscles, adipose tis-

sues, and hepatic cells. Therefore, honey administration may help to improve insulin sen-

sitivity and insulin secretion in diabetic patients.

4.2 Role of Honey in Diabetes-Induced Metabolic Derangements
Subjects with DM are known to exhibit abnormal postprandial glucose excursions which

are deleterious. Some early studies including those of Samanta et al. and Shambaugh et al.

have demonstrated that, compared with most common sugars such as glucose, fructose,

and sucrose, honey has a much lower GI value and thus can serve as a better substitute in

diabetic diets.72,73 Later studies have provided additional data on parameters related to

diabetes-induced metabolic abnormalities, thus supporting the role of honey not just

in diabetic diets but also as a potential therapeutic agent in DM.

4.2.1 Preclinical Studies
Honey has been shown to exert hypoglycemic effect on STZ- and alloxan-induced dia-

betic rats.74,75 In STZ-induced diabetic rats, besides its hypoglycemic effect, honey sup-

plementation increased serum insulin level and HDL cholesterol while it reduced

fructosamine, LDL cholesterol, VLDL cholesterol, total cholesterol, and TG.44,76 Honey

was also reported to reduce BG, total cholesterol, TG, LDL cholesterol, VLDL choles-

terol, and hepatic dysfunction while it increased HDL cholesterol.77 In one of their stud-

ies, Erejuwa and colleagues provided further evidence in support of the beneficial effects

of honey in DM. The researchers, whowanted to investigate if honey would synergize or

antagonize the effects of antidiabetic drugs, administered glibenclamide or metformin

alone and in combination with honey to STZ-induced diabetic rats. Compared with dia-

betic rats administered glibenclamide or metformin alone, the diabetic rats administered

antidiabetic agents in combination with honey had considerably lower concentrations of

BG, fructosamine, bilirubin, VLDL cholesterol, and TG.44 These findings were later cor-

roborated by another group of researchers who reported that metformin combined with

honey was associated with greater increase in HDL cholesterol and much lower levels of
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hyperglycemia, TG, bilirubin, VLDL, LDL, and total cholesterol in diabetic rats.78

Unlike previous studies that have used alloxan- or STZ-induced diabetic rats (a model

of type 1 DM), a recent study investigated the effect of honey in STZ-nicotinamide-

induced diabetic rats (a model of type 2 DM). Honey was found to considerably increase

serum insulin and HDL cholesterol levels while it reduced the levels of BG, total cho-

lesterol, TG, and LDL cholesterol.70 It should be noted that various honey samples from

different countries were used in the above-mentioned studies. Hence, the effectiveness of

different honey samples from different geographical regions in improving diabetes-

induced metabolic derangements is an indication that antidiabetic effect of honey is

not exclusive to any particular type of honey. It also indicates the reproducibility of phar-

macologic effects of honey.79 Findings in diabetic rats suggest that the hypoglycemic

effect of honey is dose-dependent.75 However, recent data indicate that increasing the

dose of honey further to about 3g/kg body weight resulted in loss of hypoglycemic

effect. Other beneficial effects on metabolic derangements such as reduced levels of

LDL cholesterol, non-HDL cholesterol, coronary risk index, cardiovascular risk index,

and atherogenic index and increased HDL cholesterol were also lost in diabetic rats

administered 3g/kg body weight of honey.76

In addition to thebeneficial effects of honey in animalmodels ofDM, some studies have

also reported the ameliorating effect of honey on metabolism-related parameters in non-

diabetic animals. These data are relevant because increased bodyweight, impaired glucose

tolerance, and lipid abnormalities are risk factors for DM. In rats fed honey (20%) for

33days, bodyweight and epididymal fat weight aswell as the levels of leptin, TG, and food

intake were markedly reduced. The sucrose-fed rats did not demonstrate such beneficial

effects.24 Increased levels of serum vitamin E and fructose as well as reduced TG with no

effect on glycemia after feeding with honey-containing diet have also been reported in

nondiabetic rats.80 Long-term administration of honey for 52weeks was demonstrated

to significantly increase HDL and decrease glycated hemoglobin (HbA1c) concentrations

in nondiabetic rats. These effects were not observed in rats fed sucrose or sugar-free diet.81

In another related study, body weight only but not HbA1c nor food intake was markedly

decreased in honey-fed rats though the study durationwas 6weeks.82 The lack of effect on

HbA1cmay be due to the short duration of the study. Increased body weight with no sig-

nificant decrease in BG was, however, reported in fructose-fed rats supplemented with

honey.74 Lack of demonstration of beneficial effects of honey on glucose, leptin, and insu-

lin in diabetic rats were recently reported.83 The data on the effects of honey onmetabolic

derangements in preclinical studies are summarized in Table 1.

4.2.2 Clinical Studies
Similar to data emanating from animal studies, there are several reports on the beneficial

effects of honey in diabetes-induced metabolic derangements in patients with type 1 or

type 2 DM. In a case-control cross-sectional study involving 20 children and adolescents
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Table 1 Summary of findings on the effects of honey on metabolic derangements in preclinical studies

Study design and
description

Study outcomes

ReferencesParameters and findings P value

Treatment of STZ-,

fructose- and alloxan-

induced diabetic rats

(6 or 8 rats/group)

with 1.0 g/kg BW or

10mL honey/kg/

5mL of distilled water

once daily for 3 or

4 weeks

STZ-induced diabetes [69]

Body weight gain (g) Honey: - 18.0 (20.0) vs Control: - 40.5 (23.0) P < .05

BG (mmol/L) Honey: 8.8 (5.8) vs Control: 17.9 (2.6) P < .05

Fructose-induced diabetes

Body weight (g) Honey (240.0 � 12.0) vs Fructose Control

(200.0 � 13.5)

P < .05 [74]

BG (mmol/L) Honey vs Control did not reduce BG (Data in

figure)

P > .05

Alloxan-induced diabetes

Body weight (g) Honey (198.8 � 16.0) vs Alloxan Control

(185.0 � 14.5)

P > .05

BG (mmol/L) Honey vs Control reduced BG (Data in figure) P < .05

Treatment of STZ-

induced diabetic rats

(5-7 rats/group) once

daily with 1.0 g/kg

BW for 4 weeks

Body weight (g) Honey vs Control prevented weight loss (Data

in figure)

P < .05 [44]

BG (mmol/L) Honey (12.3 � 3.1) vs Control (22.4 � 1.0) P < .05

Fructosamine (μmol/L) Honey (304.5� 10.1) vs Control (360.0� 15.6) P < .05

Insulin (ng/mL) Honey (0.41 � 0.06) vs Control (0.27 � 0.01) P < .01

TC (mg/dL) Honey (1.42 � 0.12) vs Control (1.52 � 0.09) P > .05

TG (mg/dL) Honey (0.25 � 0.04) vs Control (0.71 � 0.21) P < .05

HDL cholesterol (mg/dL) Honey (0.89 � 0.09) vs Control (0.75 � 0.09) P < .05

LDL cholesterol (mg/dL) Honey (0.38 � 0.05) vs Control (0.39 � 0.04) P > .05

VLDL cholesterol (mg/dL) Honey (0.14 � 0.03) vs Control (0.32 � 0.10) P < .05

Creatinine (μmol/L) Honey (25.6 � 4.0) vs Control (37.0 � 1.4) P > .05

Bilirubin (μmol/L) Honey (2.00 � 0.37) vs Control (3.33 � 0.42) P < .05

Albumin (g/L) Honey (27.6 � 0.9) vs Control (23.0 � 0.42) P < .05

Albumin/Globulin Honey (0.81 � 0.04) vs Control (0.66 � 0.03) P < .05

Continued
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Table 1 Summary of findings on the effects of honey on metabolic derangements in preclinical studies—cont’d

Study design and
description

Study outcomes

ReferencesParameters and findings P value

Treatment of STZ-

induced diabetic rats

(5-7 rats/group) once

daily with 1.0 g/kg

BW for 4 weeks

Body weight (g) Honey vs Control prevented weight loss (Data

in figure)

P < .01 [78]

BG (mg/dL) Honey (124.2 � 2.7) vs Control (252.2 � 4.1) P < .01

TC (mg/dL) Honey (74.5 � 1.0) vs Control (83.7 � 1.9) P < .01

TG (mg/dL) Honey (41.5 � 1.1) vs Control (52.6 � 1.9) P < .01

HDL cholesterol (mg/dL) Honey (23.1 � 0.8) vs Control (13.3 � 0.5) P < .01

LDL cholesterol (mg/dL) Honey (39.7 � 2.4) vs Control (59.6 � 1.7) P < .01

VLDL cholesterol (mg/dL) Honey (8.3 � 0.2) vs Control (10.4 � 0.4) P < .01

Bilirubin (mg/dL) Honey (0.78 � 0.02) vs Control (0.85 � 0.02) P > .05

Albumin (mg/dL) Honey (4.48 � 0.15) vs Control (4.2 � 0.1) P > .05

Treatment of STZ-

induced diabetic rats

(6 rats/group) once

daily with 1.0 g/kg

BW for 3 weeks

BG (mmol/L) Honey (12.6 � 0.5) vs Control (24.5 � 0.5) P <
.001

[77]

TC (mmol/L) Honey (5.05 � 0.40) vs Control (6.56 � 0.15) P < .05

TG (mmol/L) Honey (1.74 � 0.17) vs Control (1.97 � 0.12) P < .05

HDL cholesterol (mmol/L) Honey (0.31 � 0.01) vs Control (0.23 � 0.03) P < .05

LDL cholesterol (mmol/L) Honey (3.94 � 0.44) vs Control (5.43 � 0.13) P < .05

VLDL cholesterol (mmol/L) Honey (0.79 � 0.08) vs Control (0.89 � 0.06) P < .05

C-reactive proteins (CRP)

(mg/L)

Honey (2.1 � 0.1) vs Control (2.8 � 0.8) P < .05

Treatment of STZ-

induced diabetic rats

(6 rats/group) once

daily with 1.0, 2.0 or

3.0 g/kg BW for

3 weeks

Body weight (g) Honey vs Control did not markedlly prevent

weight loss

P > .05 [76]

Final BG (mmol/L) Honey vs Control reduced BG P < .05

% Change in BG (%) Honey vs Control reduced % change in BG P < .05

TC (mg/dL) Honey (52.6 � 5.4) vs Control (86.7 � 18.1 ) P > .05

TG (mg/dL) Honey vs Control reduced TG P < .05

HDL cholesterol (mg/dL) Honey vs Control increased HDL cholesterol P > .05

Non-HDL cholesterol

(mg/dL)

Honey vs Control reduced non-HDL

cholesterol

P < .05

LDL cholesterol (mg/dL) Honey (7.9 � 2.9) vs Control (23.2 � 13.0) P > .05

VLDL cholesterol (mg/dL) Honey vs Control reduced VLDL cholesterol P < .05

* Unlike 3.0 g/kg BW, 1.0 or 2.0 g/kg BW of honey produced better effects
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Table 1 Summary of findings on the effects of honey on metabolic derangements in preclinical studies—cont’d

Study design and
description

Study outcomes

ReferencesParameters and findings P value

Treatment of STZ-

nicotinamide-

induced diabetic rats

(6 rats/ group) once

daily with 1.0 or 2.0

g/kg BW for 4 week

Body weight (g) Honey vs Control prevented weight loss P < .05 [70]

BG (mmol/L) Honey vs Control reduced BG P < .05

TC (mmol/L) Honey vs Control reduced TC P < .05

TG (mg/dL) Honey vs Control reduced TG P < .05

HDL cholesterol (mmol/L) Honey vs Control increased HDL cholesterol P < .05

LDL cholesterol (mmol/L) Honey vs Control decreased LDL cholesterol P < .05

Insulin (IU/mL) Honey vs Control increased insulin levels P < .05

* Unlike 1.0 g/kg BW, 2.0 g/kg BW of honey produced better effects

BG, Blood glucose; BW, Body weight;CRP, C-reactive protein;HDL, high density lipoprotein; LDL, low-density lipoprotein; STZ, Streptozotocin;TC, total cholesterol;
TG, triglycerides, VLDL, very low-density lipoprotein
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with type 1 DM and 10 healthy children and adolescents with no DM as controls, com-

pared to sucrose, honey ingestion produced lower GI and peak incremental index (PII) in

patients and controls. In both groups, honey intake elicited an increase in C-peptide

level. However, when compared with either sucrose or glucose, the increase in

C-peptide following honey consumption was significant only in the control group.84

In another related case-control cross-sectional study but with a bigger sample size (50 type

1 DM and 30 non-DM subjects), compared with sucrose, honey consumption was asso-

ciated with lower GI and PII. Unlike in the previous study, compared to sucrose or glu-

cose, honey ingestion resulted in significant increase in C-peptide in both diabetic and

nondiabetic subjects.65 Similar findings were reported by Al-Waili who showed that,

compared with dextrose or sucrose, honey caused a markedly lower rise of BG in both

healthy and diabetic subjects and greater increases in insulin and C-peptide levels in dia-

betic patients but much lower insulin and C-peptide elevations in nondiabetic individ-

uals. The study also reported that honey intake for 15 days increased HDL cholesterol and

reduced BG, total cholesterol, LDL cholesterol, TG, CRP, and homocysteine (Hcys) in

individuals with elevated levels of TG, cholesterol, or CRP.43 The study also demon-

strated that natural honey was more advantageous or beneficial than artificial honey.

In a randomized crossover clinical study which enrolled 20 type 1 diabetic patients with

HbA1c<10%, 12-week honey intervention decreased HbA1c and resulted in a consid-

erable reduction in fasting BG as well as increases in fasting and 2-h postprandial

C-peptide. Honey supplementation was also found to reduce the levels of TG, LDL cho-

lesterol, and total cholesterol as well as subscapular skin fold thickness.66 Following honey

withdrawal, in addition to some of the aforementioned beneficial metabolic effects being

sustained, honey significantly decreased triceps skin fold thickness and midarm

circumference.66

The effects of intrapulmonary honey (60% solution) administration on random and fast-

ing BG, plasma insulin, and C-peptide were investigated in 12 healthy subjects and 16 type

2 diabetic patients. The study showed that honey inhalation caused elevations in plasma

insulin and C-peptide, significantly lowered hyperglycemia during glucose tolerance,

and reduced random and fasting BG levels in normal and diabetic subjects.64 A study that

compared the tolerance to honey and glucose in 24 impaired glucose tolerant subjects

(whose father or mother had a history of type 2 DM) found all the subjects exhibited mark-

edly lower BG concentrations after honey intake compared with glucose consumption.

The study also reported significantly lower BG to honey compared to glucose in another

group of six subjects with mild type 2 DM.53 Nazir and colleagues investigated and com-

pared the glycemic responses of 97 subjects with type 2 DM to natural honey (30 and 75g)

and glucose (75g). The study found that the glycemic response to 30g of honey was con-

siderably lower at 2h compared to that of 75g of honey or glucose. The data showed that

glycemic response to 75g of honey was significantly lower at 2h compared to that of 75g of

glucose indicating a lower glycemic effect of honey. BG-lowering effect of honey was also

reported in some of the subjects (10.7%) who took 30g of honey.85
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A randomized controlled study by Yaghoobi et al. who investigated the effect of

honey versus sucrose on body weight, BG, lipid abnormalities, and CRP in overweight

or obese individuals found that honey caused a mild decrease in body weight and body fat

weight. The data revealed that honey reduced BG, total cholesterol, LDL cholesterol,

TG, and CRP while it increased HDL cholesterol in individuals with normal values.

In subjects with elevated values, honey ingestion resulted in decreased total cholesterol,

LDL cholesterol, TG, and CRP.56 These findings are relevant because overweight and

obesity are important risk factors for the development of DM and thus suggest that honey

has a potential to retard the progression of prediabetes and obesity to overt type 2 DM.

Another randomized controlled trial that investigated the effects of honey intake for

8weeks in type 2 diabetic subjects demonstrated that honey significantly decreased

BG and hyperlipidemia but increased HbA1c.29 The finding on HbA1c was in contrast

to what has been observed in previous studies as well as in a recent study. The latest study

reported that honey supplementation for 4months resulted in a considerable reduction in

HbA1c and total cholesterol levels in patients with type 2 DM.86 The reason for the

inconsistency might have been explained by Erejuwa who identified some factors that

might contribute to elevated HbA1c in type 2 diabetic patients. These included the type

of honey (which had abnormally low fructose:glucose ratio) and high doses of honey.87

In a case study with a type 2 diabetic patient, Abdulrhman investigated the use of

honey as a sole alternative agent for the treatment of DM for 11years. The researcher

reported that the patient experienced chronic hyperglycemia and hyperlipidemia.88

The researcher, in another related clinical trial involving 20 patients with type 2 DM,

found that honey administration resulted in significantly reduced body weight and body

mass index but showed no beneficial effects of honey on hyperglycemia and lipid abnor-

malities. Honey supplementation in these patients increased BG with no diabetic ketoa-

cidosis or hyperglycemic hyperosmolar state.89 This latest study was a follow-up of the

first case study. The findings in these two studies need to be interpreted appropriately and

with caution because honey was used as a sole treatment for DM. That is, the patients

jettisoned their antidiabetic drugs for a long period of time ranging from 0.42 to 13.5 years

and 50% of the patients actually took honey with no medications for at least a year. In

view of the long duration of the studies, these types of clinical trials are risky, unethical

and should not be encouraged at this early phase of honey research. Though the author

disclosed that the patients were persuaded against stopping the use of their medications,

they refused. As much as possible, diabetic patients should be advised to take their anti-

diabetic medications while participating in honey research. Despite the lack of hypogly-

cemic and antihyperlipidemic effects of honey in the two studies,88,89 honey produced

some diabetic complications-related beneficial effects which are discussed in the sections

on the effects of honey in diabetic complications. Findings on the effects of honey on

metabolic derangements in clinical studies are presented in Table 2.

Some of the effects of honey which may contribute to lowering of hyperglycemia are

presented in Fig. 1.
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Table 2 Summary of findings on the effects of honey on metabolic derangements in clinical studies

Study design and description

Study outcomes

ReferencesParameters and findings P value

50 type 1 diabetic patients and

20 healthy children and

adolescents with no diabetes

fasted overnight and given

honey, glucose or sucrose at

1 week interval. Blood samples

were collected before ingestion,

then every 30 minutes

postprandial for 120 minutes

Subjects without DM [65]

GI Honey (0.614 � 0.194) vs

Sucrose (1.390 � 0.331)

P <
.0001

PII Honey (0.600 � 0.160) vs

Sucrose (1.280 � 0.297)

P <
.0001

2hr postprandial glucose (mg/

dL)

Honey (87.5 � 9.5) vs Sucrose

(109.1 � 19.4)

P <
.0001

C-peptide (ng/mL) Honey (5.990 � 0.830) vs

Sucrose (4.210 � 0.670)

P <
.0001

Subjects with DM

GI Honey (0.590 � 0.332) vs

Sucrose (1.280 � 0.473)

P <
.0001

PII Honey (0.613 � 0.263) vs

Sucrose (1.260 � 0.423)

P <
.0001

2 hr postprandial glucose (mg/

dL)

Honey (203.7 � 59.8) vs Sucrose

(318.7 � 76.8)

P <
.0001

C-peptide (ng/mL) Honey (0.600 � 0.410) vs

Sucrose (0.360 � 0.200)

P <
.0003

A randomized, crossover design of

10 subjects with type 1 DM and

HbA1c < 10% in each group.

Treatment with honey lasted

12 weeks

Body weight % Honey –Week 12 (104.5� 10.1)

vs Week 0 (107.5 � 12.8)

P > .05 [66]

BMI (kg/m2) Honey –Week 12 (19.8� 4.6) vs

Week 0(20.7 � 4.5)

P > .05

FSG (mg/dL) Honey –Week 12 (133.0� 24.2)

vs Week 0 (169.5 � 19.6)

P < .01

PSG (mg/dL) Honey –Week 12 (182.5� 30.0)

vs Week 0 (210.1 � 12.6)

P < .01
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Table 2 Summary of findings on the effects of honey on metabolic derangements in clinical studies—cont’d

Study design and description

Study outcomes

ReferencesParameters and findings P value

HbA1c (%) Honey – Week 12 (7.1 � 1.1) vs

Week 0 (7.6 � 0.6)

P > .05

FCP (ng/mL) Honey – Week 12 (0.5 � 0.1) vs

Week 0 (0.3 � 0.1)

P < .01

PCP (ng/mL) Honey – Week 12 (0.8 � 0.1) vs

Week 0 (0.6 � 0.1)

P < .01

TC (mg/dL) Honey –Week 12 (192.5� 15.9)

vs Week 0 (227.5 � 24.7)

P < .01

TG (mg/dL) Honey –Week 12 (108.4� 20.4)

vs Week 0 (144.9 � 30.6)

P < .01

HDL cholesterol (mg/dL) Honey – Week 12 (50.5 � 12.2)

vs Week 0 (47.6 � 8.8)

P > .05

LDL cholesterol (mg/dL) Honey –Week 12 (120.1� 18.9)

vs Week 0 (150.8 � 20.9)

P < .01

MAC % Honey – Week 12 (95.0 � 10.0)

vs Week 0 (98.0 � 10.3)

P > .05

TSFT % Honey – Week 12 (99.0 � 18.1)

vs Week 0 (101.5 � 20.4)

P > .05

SSFT % Honey –Week 12 (100.3� 12.9)

vs Week 0 (106.3 � 15.8)

P < .01

A randomized and controlled trial

with 38 honey-treated and

17 sucrose-treated overweight/

obese subjects treated with 70 g

of honey or sucrose in 250 mL

tap water for 30 days

FBG (mg/dL) Honey –Day 30 (92.2� 39.2) vs

Day 0 (96.2 � 44.2)

P ¼ .042 [56]

Sucrose –Day 30 (95.3� 18.4) vs

Day 0 (93.2 � 14.7)

P ¼ .341

BMI (kg/m2) Honey – Day 30 (29.8 � 3.2) vs

Day 0 (30.1 � 3.1)

P ¼ .02

Sucrose – Day 30 (32.8 � 5.0) vs

Day 0 (32.6 � 6.6)

P ¼ .199

Continued
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Table 2 Summary of findings on the effects of honey on metabolic derangements in clinical studies—cont’d

Study design and description

Study outcomes

ReferencesParameters and findings P value

Hs-CRP (> 5 mg/dL) Honey – Day 30 (9.5 � 2.8) vs

Day 0 (9.8 � 2.8)

P ¼ .008

Sucrose – Day 30 (9.8 � 3.1) vs

Day 0 (9.9 � 3.6)

P ¼ .89

TC (> 200 mg/dL) Honey – Day 30 (234 � 52) vs

Day 0 (242 � 39)

P ¼ .137

Sucrose – Day 30 (239 � 42) vs

Day 0 (237 � 25)

P ¼ .844

Triacyglycerole (> 150 mg/

dL)

Honey – Day 30 (192 � 59) vs

Day 0 (237 � 56)

P ¼ .006

Sucrose – Day 30 (240 � 162) vs

Day 0 (250 � 110)

P ¼ .801

A randomized controlled trial with

25 type 2 diabetic subjects

treated with honey (1.0 – 2.5 g/
kg BW) once daily for 8 weeks

and 23 control subjects

Body weight (kg) Honey –Week 8 (69.5� 11.9) vs

Week 0 (71.3 � 12.7)

P < .001 [29]

Control –Week 8 (70.3� 8.0) vs

Week 0 (70.3 � 8.1)

P > .05

FBG (mg/dL) Honey – Week 8 (124.3 � 37.5)

vs Week 0 (153.3 � 43.9)

P < .01

Control –Week 8 (131.9� 45.5)

vs Week 0 (135.9 � 44.7)

P > .05

HbA1c (%) Honey – Week 8 (7.7 � 1.5) vs

Week 0 (7.1 � 1.2)

P < .01

Control – Week 8 (7.3 � 1.6) vs

Week 0 (7.1 � 1.3)

P > .05
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Table 2 Summary of findings on the effects of honey on metabolic derangements in clinical studies—cont’d

Study design and description

Study outcomes

ReferencesParameters and findings P value

TC (mg/dL) Honey – Week 8 (177.4 � 36.2)

vs Week 0 (214.3 � 48.7)

P < .001

Control –Week 8 (198.0� 38.3)

vs Week 0 (217.7 � 34.5)

P < .05

TG (mg/dL) Honey – Week 8 (148.0 � 80.4)

vs Week 0 (190.0 � 70.1)

P < .001

Control –Week 8 (154.1� 71.8)

vs Week 0 (179.7 � 71.3)

P > .05

HDL Cholesterol (mg/dL) Honey –Week 8 (66.1� 15.1) vs

Week 0 (59.2 � 13.4)

P < .01

Control – Week 8 (65.1 � 14.1)

vs Week 0 (64.0 � 12.4)

P > .05

LDL Cholesterol (mg/dL) Honey – Week 8 (107.6 � 20.9)

vs Week 0 (125.3 � 28.1)

P < .001

Control –Week 8 (115.2� 24.0)

vs Week 0 (126.2 � 22.4)

P > .05

LDL/HDL Honey – Week 8 (1.6 � 0.20) vs

Week 0 (2.2 � 0.60)

P < .001

Control –Week 8 (1.8� 0.50) vs

Week 0 (2.0 � 0.55)

P > .05

BUN Honey – Week 8 (15.9 � 4.5) vs

Week 0 (15.9 � 4.5)

P > .05

Control –Week 8 (17.5� 6.7) vs

Week 0 (14.7 � 3.9)

P < .05

BMI: Body mass index, BUN: blood urea nitrogen, FBG: fasting blood glucose, FSG: fasting serum glucose, GI: glycemic index, PSG: 2-h postprandial serum glucose,
HbA1c: glycated hemoglobin, FCP: fasting C-peptide, Hs-CRP: high sensitivity C-reactive protein; PCP: 2-h postprandial C-peptide, TC: total cholesterol, TG:
triglycerides, HDL: high density lipoprotein, LDL: low-density lipoprotein, PII: peak incremental index,MAC: midarm circumference, TSFT: triceps skin fold thickness,
SSFT: subscapular skin fold thickness.
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Fig. 1 Effects of honey contributing to reduced hyperglycemia.
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Based on the findings from these preclinical and clinical studies, it is evident that

honey can serve as a precious sugar substitute for individuals or people with glucose intol-

erance, prediabetes, mild DM, type 1, or type 2 DM. The uniqueness of honey is worth

mentioning. As reported by Erejuwa et al. the increase in serum insulin following honey

treatment in diabetic rats was associated with a decrease in BG whereas both insulin and

BG concentrations remained unchanged in nondiabetic rats administered honey.44 These

findings indicate that honey can exert both euglycemic and hypoglycemic effects. It pro-

duces a euglycemic effect in a healthy or nondiabetes state while it exerts a hypoglycemic

effect in a diabetic condition. In other words, the effect of honey is BG-dependent. This

important feature of honey needs to be emphasized. Glibenclamide is one of the most

commonly prescribed antidiabetic agents for the treatment of type 2 DM. Its hypogly-

cemic effect is BG-independent. That means it can lower BG in both healthy and diabetic

subjects. Even in diabetic patients whose BG level is already controlled, glibenclamide

continues to act. It is because of this lack of BG dependency that its use in diabetic patients

is associated with hypoglycemia. Hence, there is a likelihood that combining honey with

glibenclamide may help to circumvent or reduce the episodes of severe hypoglycemia of

glibenclamide. Besides, diabetic patients on glibenclamide may also benefit from

improved glycemic and metabolic control as well as from antioxidant effect associated

with honey as demonstrated in pancreas and kidney.44,67–69 These views are worthy

of further investigations.

4.3 Role of Honey in Diabetes-Induced Complications
Chronic hyperglycemia enhances increased formation of glycated proteins including

plasma proteins.2 It promotes the glycation of antioxidant enzymes and increased produc-

tion of mitochondrial O2
�, the main source of reactive oxygen species (ROS). This leads

to a compromised antioxidant defense system which favors oxidative stress. Oxidative

stress is a trigger of several inflammatory pathways and signaling cascades. Many of the

inflammatory cells including cytokines and macrophages generate ROS. Hence, there

exists an interrelationship between oxidative stress and inflammation. Elevated levels

of glycated proteins (advanced glycated end products, AGEs), oxidative stress, and

inflammation are implicated in the etiology of diabetic complications.90 Therefore,

agents with potential to reduce or prevent the formation of AGEs, oxidative stress

and inflammation are of immense benefits in preventing or delaying the development

of diabetic complications. Honey reduces fructosamine concentrations in diabetic rats.44

Fructosamine is derived from protein modification by glucose and its cleavage gives rise

to formation of AGEs. The AGEs contribute to diabetic complications via increased

oxidative stress and impaired endothelial function (atherosclerosis). Consumption of

honey increases serum antioxidant capacity and endogenous antioxidants, enhances cel-

lular antioxidant defenses, reduces cellular oxidative damage, and modulates several
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inflammatory signaling cascades in animals and humans with DM or other diseases.62,91

Thus, honey may play an important role in the treatment or prevention of diabetic

complications.

4.4 Role of Honey in Diabetic Microvascular Complications
In patients with uncontrolled DM, delayed wound healing may manifest as a feature of

diabetic neuropathy. This often results in the development of diabetic wound ulcers in

many patients. Diabetic wound ulcer is a difficult-to-treat complication of DM. As a con-

sequence of slow healing of wounds, diabetic patients have a high risk of hospitalization

which further adds to the cost of diabetes management. Current management of diabetic

wound ulcers include glycemic control, wound care and debridement, use of antimicro-

bial agents, dressings, and topical negative pressure.92 As a result of intense research, new

pharmacologic strategies are now being used. These include topical oxygen therapy, skin

or dermal substitutes, topical angiotensin 1 receptor blockers, and angiotensin-

converting enzyme inhibitors.93,94 However, in spite of the newly innovative therapies

for chronic diabetic wound ulcers, amputation of the lower limbs is inevitable in many

patients. Hence, this is an indication that the current management of diabetic wound

ulcers is far from satisfactory.

Available data on honey suggest that it may play a role in treating diabetic wound

ulcer. Honey is a potent antimicrobial agent. It inhibits Staphylococcus aureus, a common

Gram-positive bacterium implicated in wound infection.95 Similarly, other antibiotic-

resistant strains including methicillin-resistant S. aureus (MRSA) and some Gram-

negative bacteria such as Pseudomonas aeruginosa involved in wound infection are highly

sensitive to honey.96 Honey exerts a bactericidal effect against wound biofilm-embedded

microbes such as P. aeruginosa and S. aureus.97 The wound healing properties of honey on

human fibroblasts have also been reported. Honey was shown to enhance fibroblast

wound closure via upregulation of IL-4, IL-6, and IL-8.98 Honey may improve wound

healing through its modulating effect on hypoxia.99 The antioxidant effect of honey may

also be beneficial in enhancing wound healing. Honey reduces ROS production,

increases hypoxia-inducible factor 1 (HIF-1) marker, and provides a conducive milieu

for cell proliferation and differentiation in hypoxic wound healing.99,100

Application of honey on neuropathic diabetic foot ulcers reduces healing time and

promotes rapid wound ulcer disinfection.101 As a caution, honey to be applied on dia-

betic wound ulcers or other wounds should not be subject or exposed to high and exces-

sive heat especially microwave heat. This is important in order to derive maximal

therapeutic benefits because microwave thermal heating reduces the antibacterial activity

of honey.102 Honey has a good debriding property and is better than hydrogel in pro-

moting wound debridement.103 Diabetic wounds may be associated with malodor which

may be caused by increased presence of some odious smelling-producing microbes
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including species of Peptostreptococcus and Bacteroides. Honey can be applied to diabetic

wounds to reduce wound malodor. In a clinical case report, a diabetic patient developed

peripheral neuritis and diabetic wound ulcers. Application of topical honey was shown to

be effective in healing the diabetic wounds.88 Similarly, in a trial involving 20 diabetic

subjects, it was reported that 12 subjects had peripheral neuropathy before honey inter-

vention. With the exception of one patient, the diabetic neuropathy was stabilized

with honey treatment.89 These researches provide preliminary scientific evidence to jus-

tify the potential use or clinical trial of honey in the management of diabetic wounds. It is

worthmentioning that till date, there are no data indicating the development of resistance

by microbes to honey. The increased incidence of antibiotic resistance by bacteria has,

therefore, made the use of honey an attractive alternative therapy in diabetic wound

management.

TheDNmanifests as microalbuminuria resulting from albumin leakage through dam-

aged glomerular membrane. Impaired renal function is characterized by elevated levels of

urea and creatinine. Honey supplementation in diabetic rats markedly decreased serum

creatinine, increased serum albumin and albumin/globulin ratio.44 Oxidative stress is

involved in etiology of DN. Honey ameliorates oxidative stress in the kidney of diabetic

rats.67,75 The role of several inflammatory pathways especially activation of NF-kB is also

implicated in DN. Honey has been shown to modulate infiltration of inflammatory cells

including cytokine and chemokine into the kidney of cisplatin-induced nephrotoxi-

city.104 Hence, these antioxidant and anti-inflammatory effects of honey may retard

the development of DN and contribute to improved renal function.44,78 As reported

by Abdulrhman, renal functions remained normal in all the diabetic patients taking

honey. Screening for microalbuminuria was done in only five patients. Three patients

showed microalbuminuria but it improved in one patient and deteriorated in another

patient with continued honey treatment. The results also revealed that one of the patients

developed non-proliferative retinopathy after 8years of honey intake. It was reported

that regular fundus examination showed no deterioration of retinopathy in the patient

in the last 6years.89 These findings suggest honey helped to reduce or stabilize diabetic

neuropathy, nephropathy, and retinopathy in the diabetic patients. Despite the limita-

tions of these studies, the two clinical trials should serve as preliminary data to investigate

the potential role of honey in reducing diabetic microvascular complications.

4.5 Role of Honey in Diabetic Macrovascular Complications
Macrovascular complications of DM include ischemic heart disease (IHD), CAD, CVD,

stroke, and PAD. Elevated lipid abnormalities is an important risk factor for CVD and

diabetic macrovascular complications.105 Although limited studies have investigated

the effects of honey directly onmacrovascular complications, both preclinical and clinical

data have provided convincing evidence on the effectiveness of honey to ameliorate
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lipid abnormalities44,56 and thus may suggest the potential role of honey in reducing

macrovascular complications of DM. In addition to reducing dyslipidemia, honey

administration is associated with lower coronary and cardiovascular risk indices76 and

thus indicative of ability of honey to lower the risk of CAD and CVD. The Hcys and

CRP are markers of systemic inflammation. High levels of Hcys and CRP in individuals

with DM is associated with an increased risk of developing diabetic complications, both

macro- and microvascular, including myocardial infarction, CAD, stroke, CVD,

nephropathy, neuropathy, and retinopathy.106 Honey reduces serum CRP in rats with

DM and in those with hypercholesterolemia.77 It also decreases plasma CRP and Hcys in

individuals with normal and elevated levels.43,56

Impaired normal heart function in uncontrolled DM is common and may present as

CAD or IHD. The IHD may manifest as cardiac arrhythmias and myocardial infarction.

Honey supplementation has been reported to exert some beneficial cardioprotective

effects. A study that investigated the efficacy of acute honey administration on cardiac

arrhythmias and myocardial infarction in isolated rat heart under normothermic ischemia

found that honey administration reduced ventricular tachycardia (both number and dura-

tion were decreased), ventricular ectopic beats (total number was reduced), reversible

ventricular fibrillation (both duration and incidence were reduced), total ventricular

fibrillation, and infarct size.107 In other related studies, the protective effects of pre-

and postischemic honey administration against ischemia/reperfusion injuries (cardiac

arrhythmias and myocardial infarction) were also demonstrated.108,109 These beneficial

effects of honey on the heart are not limited to acute or short-term honey administration

but cardioprotective effects have also been reported following long-term honey pretreat-

ment.110 Similarly, cardioprotective effects of honey have been demonstrated in

isoproterenol-induced myocardial infarction in rats.111 Besides the ischemic models of

cardiac abnormalities, the cardioprotective effects of pre- and post-honey treatment have

been reported in rats with epinephrine-induced cardiac disorders and vasomotor dys-

function.112 These data indicate that honey is a vital functional food for the heart. It

may help in preventing or reducing cardiac dysfunction and abnormalities.

The formation of thrombus increases the risk of diabetic complications especially

cerebrovascular accident (stroke) and CAD and the likelihood of death. Platelet aggre-

gation as well as blood coagulation are two important hemostatic processes involved in

the etiology of thrombus. Honey inhibits platelet aggregation and blood coagulation.113

Honey also exerts thrombolytic effect.114 These antiplatelet, anticoagulant, and antith-

rombotic effects of honey will be beneficial in preventing diabetic complications associ-

ated with the formation of thrombus. Elevated levels of LDL cholesterol and increased

ROS formation in DM enhance the formation and accumulation of oxidized LDL

(oxLDL) which is implicated in the pathogenesis of impaired endothelial function result-

ing in atherosclerosis. The elevated levels of oxLDL also activate inflammation which is

also implicated in the etiology of endothelial dysfunction. Nitric oxide (NO), which is a

vasodilator, is also subject to attack by ROS (particularly O2
•�) resulting in the formation
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of peroxynitrite (ONOO�). ONOO� has a high affinity for and attack lipids especially

cell membrane causing lipid peroxidation. The peroxynitrite-induced lipid peroxidation

in vasculature plays an important role in endothelial dysfunction.

Honey is a potent scavenger of ROS including O2
•� and thus it is able to prevent or

reduce the formation of ONOO�• from the interaction of NOwith O2
•�. This invariably

will prevent the decline in bioavailability of NO. Besides, honey increases NO and its

metabolites while it lowers lipid peroxidation products in DM.62 Honey prevents the

formation of oxLDL as well as inhibits oxidation of cell membrane lipids, increases intra-

cellular antioxidant defenses, and ameliorates inflammation in several tissues, organs, and

endothelial cells.62,115,116 These effects are likely to reduce atherosclerosis and enhance

vasodilation in the heart, peripheral system, and perhaps brain as well. It is known that not

every agent can reach the brain because of the blood-brain barrier (BBB). The efficacy of

honey to protect against hippocampal neuronal cell death has been reported.117 This

demonstrates the ability of honey constituents to cross the BBB and its potential to exert

beneficial effects on CBVD. In majority of diabetic macrovascular complications includ-

ing CVD, CAD, CBVD, and PAD, atherosclerosis plays a major predominant role.

Hence, these various beneficial effects of honey have the potential to prevent or reduce

endothelial dysfunction, atherosclerosis, and invariably macrovascular complications.

A recent study demonstrated the beneficial effects of honey on macrovascular complica-

tions. The study investigated the effect of honey as a sole agent for the treatment of DM

and reported that honey supplementation reduced or prevented macrovascular compli-

cations especially CAD while there was an improvement in the cardiovascular status in

the patients who had CAD before honey intervention. Some of the improvements

included exercise tolerance, absence of ECG changes in myocardial ischemia, absence

or reduced frequency as well as duration of angina or angina-related pains and enhanced

left ventricular function as well as ejection fraction.89

By and large, the antioxidative, antithrombotic, vasodilating, and anti-ischemic

effects of honey can play an important role in ameliorating CAD, CVD, IHD, CBVD,

and PAD in patients with DM. The DM is a major risk factor of hypertension. Studies

have shown that patients with DM have a higher risk of developing hypertension com-

pared with patients without DM. Honey lowers elevated systolic and diastolic blood

pressure (BP) in hypertensive rats and human subjects with hypertension.64,118 Patients

with DMwith no history of hypertension can benefit from the antihypertensive effect of

honey. In patients with DM and hypertension, honey supplementation can help to

reduce or control elevations in BP.64,89,118 In view of data demonstrating the additive

and synergistic effects of honey in combination with antidiabetic drugs,44,67,68,78 the

use of honey as a complementary agent to the conventional management of DM is

highly desirable and worthy of additional research. The beneficial effects of honey in

diabetic complications can be attributed to the phenolic acids and flavonoids in honey.

The mechanisms by which honey may reduce diabetic complications are presented

in Fig. 2.
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A look at Fig. 2 reveals that honey can modulate hyperglycemia and oxidative stress to

reduce diabetic complications. The author has proposed that targeting hyperglycemia

and oxidative stress concomitantly is a better alternative to managing DM.119 Therefore,

honey is a suitable agent for achieving such a novel diabetes management. It is worthy of

note that, besides hyperglycemia and oxidative stress, honey can modulate hyperlipid-

emia and inflammation. This means that the therapy of DM using honey entails its hypo-

glycemic/antihyperglycemic, antioxidant, antihyperlipidemic, or anti-inflammatory

effects. Hence, the use of honey in the management of DM offers this uniqueness because

only limited agents share these features of honey. Thus, the modulatory role of honey in

these four pathways—hyperglycemia, hyperlipidemia, oxidative stress, and

inflammation—and their interrelationships to etiology of diabetic complications are

depicted in Fig. 3.

In the light of the data emanating from Abdulrhman’s clinical studies,88,89 these pro-

posed mechanisms of action of honey presented in Figs. 2 and 3 are of relevance. In spite

of persistent hyperglycemia and hyperlipidemia, the type 2 diabetic patients in both

trials demonstrated improvements in or did not develop some macrovascular complica-

tions but showed incidences of microvascular complications. Optimal glycemic control is

directly linked to delayed/reduced microvascular but not macrovascular
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Fig. 3 The four pathways through which honey reduces diabetic complications.
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complications.3,8 Hence, the development of microvascular complications such as

microalbuminuria, retinopathy, and peripheral neuritis in some of the diabetic patients

can be attributed to chronic hyperglycemia. In other words, to a certain extent, the data

in those trials are consistent with the literature. It is important to note that these patients

received honey as sole therapy for DM. Some studies have reported the lack of hypogly-

cemic effect of honey.83 It thus suggests that there is a possibility that patients adminis-

tered such honeys can still benefit from its effects in ameliorating macrovascular

complications as shown in these trials. The plausible explanations for this can be found

in Fig. 2. In the figure, modulations of hyperglycemia and hyperlipidemia are just two of

the numerous proposed pathways through which honey can reduce diabetic complica-

tions. That means for those honey samples that are devoid of BG-lowering/

hypoglycemic and/or antihyperlipidemic effects, such honeys (through their antioxidant

and anti-inflammatory effects) can still act via other pathways to ameliorate diabetic com-

plications (see Fig. 2). It remains uncertain what would have been the outcome if these

diabetic patients had continued to take their antidiabetic drugs! Definitely, there is a pos-

sibility that the results would have been more positive. At least, the antidiabetic drugs

might have targeted and reduced microvascular complications while honey ameliorated

macrovascular complications. Though the clinical trials are preliminary and have many

limitations such as inadequate sample sizes, lack of randomization, lack of inclusion of

placebo and so on, the data reinforce the author’s perspective on the need and signifi-

cance of combination therapy involving antidiabetic agents and honey, as opposed to

either alone, in the management of DM.

5. CONCLUSIONS AND RECOMMENDATIONS

There is compelling evidence from rodents and human subjects indicating honey pro-

duces much lower glycemic response compared to all other commonly available sugars

and sweeteners. Hence, it is a viable sugar substitute in diabetic diets. Honey is capable of

stimulating insulin secretion from the pancreatic β-cells of healthy as well as diabetic rats/
subjects. Whether honey can exert hypoglycemic/antihyperglycemic and/or antihyper-

lipidemic effects in diabetic patients remains controversial due to limited and inconsistent

data. However, there is no debate on the antioxidant and anti-inflammatory effects of

honey. Therefore, as shown in the proposed mechanisms, with or without hypoglyce-

mic/antihyperglycemic and antihyperlipidemic effects, honey can retard the develop-

ment of diabetic complications via amelioration of oxidative stress and inflammation.

Findings from the limited clinical trials suggest that honey may be more effective in

reducing macrovascular complications than microvascular complications. Further studies

are required to clarify this. However, the bulk of the data demonstrating the beneficial

effects of honey in reducing diabetic complications emanate from preclinical studies with

few clinical data. In the absence of adequate clinical data, the tendency to utilize honey in
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the management of DM will continue to be hindered with skepticism. This will defi-

nitely impact negatively on the prospect of honey gaining widespread acceptability

among diabetic patients and health-care providers. Hence, in this era of evidence-based

medicine, the importance of having clinical data on the effectiveness and efficacy of

honey to ameliorate metabolic derangements and complications in DM cannot be over-

emphasized. Most importantly, clinical trials comparing the effectiveness and efficacy of

combination of antidiabetic drugs and honey with those of antidiabetic drugs alone on

hyperglycemia and hyperlipidemia as well as diabetic complications are necessary and

urgently needed. This will entail having well designed, randomized, placebo-controlled

studies and trials with adequate or large sample size. In addition to using honey orally,

honey can also be applied topically on diabetic wounds to achieve debridement and has-

ten wound healing. The use of topical honey for diabetic wounds is more advantageous

compared to other available agents because there are no reports of honey-resistant micro-

organisms till date.
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1. INTRODUCTION

Citrullus colocynthis (L.) Schrad (C. colocynthis) (Fig. 1), a desert plant, distributed in

different parts of the world, is used traditionally for wide range of medical conditions.

Diabetes is its most popular traditional medicinal use of this plant. Multiple researches

have investigated its effect in diabetes and its complications in animal models and clinical

settings. In this chapter, potential role of C. colocynthis against diabetes and its complica-

tions is reviewed.

1.1 Common Names
Some of its common names in different language are: colocynth, bitter apple, and bitter

cucumber (in English); Tumba (in Indian); Coloquinte (in French); Koloquinte (in

Germany); Hendevane abu jahl, Sharang, and Khazara (in Persian); Handhal (in Arabic);

Alhandal and Coloquı́ntida (in Spanish); l-hedja (in Morocco); and Hanjal (in Urdu).1–5

1.2 Distribution
It is a wildly available plant (sometimes be cultivated in large scales6 in many parts of the

world: from Asia to Europe). In more detail, it can be found in Iran, Turkey, India,

Pakistan, Sri Lanka, Algeria, Egypt, Libya, Morocco, Tunisia, Chad, Ethiopia, Somalia,

Sudan, Kenya, Mali, Kuwait, Saudi Arabia, Iraq, Jordan, Lebanon, Syria, Yemen,

Afghanistan, Greece, Italy, Spain, and Australia.4,7,8 It seems that its presence at some

European countries dates back to the middle ages, when it borne there by Muslims.9
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1.3 Botanical Descriptions
C. colocynthis is an annual or perennial herb.10 The herbaceous stems are rough and angu-

lar. Its yellowish flowers are pedunculated, single, and monoecious. They are located on

the leaves’ axis. The leaves are 5–10 cm in length and 1.5–2 cm in width having three to

seven lobes. Usually, cultivated herbs have larger leaves. They have hairy surface (rough

in touch) with green color.4,8,10

The plant yields about 15–30 fruits.4 According to the Persian Medicine, the fruit

must be avoided when only a single one was produced by this medicinal herb. In fact,

such a fruit supposed to be a toxic and lethal one.11C. colocynthis fruit is somewhat spher-

ical with elliptical fissures on some of the fruits. They are as big as an orange, having a

diameter between 7 cm (in some regions reported 4 cm) to a maximum of 10 cm. Fresh

fruit is green, decorating by yellow stripes. However, the dried and ripe fruit is charac-

terized by its yellow color. This hard yellow cover protects inner white spongy pulps

which surround innumerable seeds.4,7,8,10

Fig 1 Dried ripe fruit of Citrullus colocynthis, its white pulps, and its seeds
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The ovoid seeds which have a size about 2 mm in width and 6 mm in length are com-

pressed and smooth. Each fruit has 200–300 seeds, varying from light yellow to dark

brown color, per gourd.4,8

Mean mass of fresh C. colocynthis fruit is estimated about 500g. While 260g of its

weight is for the pulp mass, only about 70g is expected for mass of seeds.12

1.4 Traditional Uses
In different countries, there are many different formulations from different parts of this

herb which are used for treatment of a variety of diseases. The available information on

traditional uses of C. colocynthis is summarized here. The specific country/region of the

popularity of each traditional indication is mentioned where it is stated in the literature.

Gastrointestinal system: laxative in several Asian countries;13 Thar Desert, India:

constipation;14Morocco: laxative;5 Ayurveda and Siddha: purgative, ascites, and dropsy;8

purgative, carminative, ascites, jaundice, enlargement of spleen, dyspepsia, and constipa-

tion;15,16 Iran: hemorrhoid17; Sistan, Iran: purgative;18 Mediterranean countries: purga-

tive in constipation;19 stomachic and appetizer given in constipation;20 in a mixture with

some other herbs: constipation, piles, or hemorrhoid;20 drastic purgative21.

Musculoskeletal disorders: Thar Desert, India: rheumatism;14 joints pain;15,16

Sistan, Iran: rheumatism, joint pain, and arthralgia;18 Mediterranean countries: antirheu-

matic;19 in a mixture with some other herbs: rheumatic pain20.

Hair, skin, and cosmetic: Thar Desert, India: leucoderma, paronychia;14

Morocco: against tinea;5 Ayurveda and Siddha: hair growth;8 baldness;20 skin disease21.

Obstetrics/gynecology:TharDesert, India: amenorrhoea;14 Ayurveda and Siddha:

puerperal disorders, abortifacient;8 painful menstruation, inflammation of the breasts,

and amenorrhea22.

Sexual: Morocco: aphrodisiac.

Infectious: Morocco: anthelmintic and against gonorrhoea;5 anthelmintic, antipy-

retic, tuberculosis glands of the neck, and elephantiasis;15,16 anthelmintic21.

Neurological disorders: Morocco: antieplleptic5.

Nephrological diseases: (Ayurveda and Siddha: diuretic;8 urinary discharges;15,16

diuretic.22

Respiratory system: asthma, bronchitis, and throat diseases;15,16 asthma, bronchitis,

and tuberculosis.22

Wound healing: ulcers;15,16 foot ulcer23.

Cardiovascular diseases: Morocco: hypertension24.

General and others: cures tumors and anemia;15,16 Sistan, Iran: snake bite;18 Med-

iterranean countries: antiinflammatory;19 toothache;20 “insect repellent, particularly use-

ful against moths, and are placed amongst clothes to deter insect damage”;21 antipyretic,

anemia, and tumor22.
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Veterinarymedicine: It is also used in traditional veterinary medicine. For instance,

its fruit reported to be useful for indigestion, colic pain, cough, and intestinal worms to be

treated in cattle.20 Also, its seeds are used to treat sarcoptic mange in camels.21

2. DIABETES MELLITUS

C. colocynthis is used as an antidiabetic herb worldwide. For example, there are many eth-

nopharmacologic studies on its use against diabetes in Iran,17,25–29 Morocco,5,24,30,31

Nigeria and India,32,33 Mediterranean countries,19,34 and Algeria.35

Its different parts in a variety of doses, formulations, and routes of use are reported for

treatment of diabetes mellitus. For example, in Algeria, it is used under feet in bath.35

Also, there are reports about prescription of “to crush the fruits by legs in morning

and roasted seeds are eaten in empty stomach”.36

3. ANIMAL STUDIES ON C. COLOCYNTHIS AND DIABETES MELLITUS

Animal studies, in which, the effect of C. colocynthis on diabetes and its complications

were investigated, have been explored. Except four (one used root and three used leaves),

in all studies the fruit of the plant was used. In these studies, different parts of the fruit have

been used, including its pulp (16 studies), seed (16 studies), whole fruit (11 studies), and

rind and crust (3 studies). Extract, the most common form of plant usage, was used in

36 studies. Among different extract types (aqueous, ethanolic, methanolic, hydroalco-

holic, hydro-ethanol, chloroform, alkaloids, glycosidic, ethyl acetate, petroleum ether,

saponosides, H2O-methanol, and n-butanol), the aqueous extract was the most frequent

one (used in 12 of them). Other forms of plant usage include powder, oil, and suspension.

Doses of C. colocynthis in these studies varied from 10 to 1500 mg/kg body weight/

day. The most common one, as used in 12 studies, was 300 mg/kg body weight/day.

Rats were the subject of almost all studies except eight of them, including rabbits (four

studies), mice (one study), and dog (one study).

In all of these articles, C. colocynthis was considered as a potential antidiabetic medic-

inal plant. Regardless of which part of the plant was used, in all studies C. colocynthis

showed blood glucose lowering effect. Moreover, all the doses of C. colocynthis, in either

form, have shown hypoglycemic effect.

Several studies investigated the mechanism of the effect of C. colocynthis on diabetic

animals and reported hypolipidemic, antioxidant, and antiinflammatory effect.37,38

Hepatotoxicity and the negative effect of the plant on lipid profile and hepatic enzymes,

were shown in one of the studies; in contrast, its hepatoprotective effects were observed

in another study39,40 (Table 1).
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Table 1 Summary of animal studies evaluating antidiabetic effect of Citrullus colocynthis

No. Part used Form of usage
Study
subject

Dose
(mg/kg
b.w./day) References

1 Seeds Aqueous extracts Albino rat 41

2 Seeds aqueous extracts, saponins,

total alkaloids and

glycosidic extracts

Wistar rat 42

3 Fruit Aqueous extract Rat 20 43

4 Pulp Pulp powder Rat 10 44

5 Seeds Alkaloid extract and ethanol

extract of glycosides

Wistar rat 70 45

6 Leaves Hydroalcoholic extract Rat 46

7 Leaves hydroalcoholic extract Rat 75 47

8 Seeds Aqueous extracts Wistar rat 300 48

9 Seeds Hydroethanol extract Albino rat 300 49

10 Pulp Powder Rat 30 50

11 Pulp Powder Rat 10 51

12 Fruit Extract Rabbit 52

13 Seeds Extract Rat 250 53

14 Seeds Aqueous extract

H2O-methanol extract

Ethyl acetate extract

n-Butanol extract

Rat 90

100

10

70

54

15 Seeds Powder Dog 100, 150,

250,

300

55

16 Root Aqueous, chloroform,

ethanol extracts

Wistar rat 200 56

17 Fruit Methanolic extract Albino rat 57

18 Seeds Saponosides crude extract Rat 20 58

19 Pulp Extract Rat 20 59

20 Pulp Extract Rat 300 37

21 Fruit Powder Rat 60

22 Pulp Hydroalcoholic extract Mice 50 38

23 Pulp Hydroethanol extract Rat 300 39

24 Fruit Aqueous extracts Rat 50, 100 61

25 Pulp Extract Albino rat 300 62

26 Pulp Ethanol extract Albino rat 300 63

27 Seeds Oil Rat 64

28 Seeds Aqueous extract Wistar rat 65

29 Rind of

the fruits

Extract Rabbit 10, 15,

20, 50,

300

9

30 Pulp Aqueous extract Rabbit 100, 200 66

Continued
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4. CLINICAL STUDIES ON C. COLOCYNTHIS AND DIABETES MELLITUS

The efficacy and safety of C. colocynthis in patients with diabetes mellitus type II is eval-

uated in six clinical studies. These studies have used different doses ofC. colocynthis (from

125 to 1000 mg daily dose). The dose of 300 mg/day divided in three doses was used in

three reports. Duration of intervention was from 1 to 3 months. Glycemic indexes (fast-

ing blood glucose level and HbA1c), lipids [total cholesterol, low-density lipoprotein

(LDL), high-density lipoprotein (HDL), and triglyceride], liver enzymes and kidney

function tests, neuropathic pain scale, electrodiagnostic findings, and quality of life score

are used as outcome measures in these studies. The detailed information on methods and

results of these studies are as follow. They are summarized in Table 2.

Husseini et al. have evaluated supplementation of diabetic patients with 300 mg daily

dose of C. colocynthis fruit powder capsules in blinded controlled clinical trial.13 In all,

50 patients were assigned to 2 equal parallel groups to receive study intervention for

2 months. The outcomes were glycemic and lipid indices for efficacy and liver enzyme

and kidney function tests for safety evaluation. The findings showed significant decrease

in glycemic indices of patients (HbA1c and fasting blood glucose levels) in C. colocynthis

Table 1 Summary of animal studies evaluating antidiabetic effect of Citrullus colocynthis—cont’d

No. Part used Form of usage
Study
subject

Dose
(mg/kg
b.w./day) References

31 Pulp Hydroalcoholic extract Wistar rat 500,

1000,

1500

67

32 Fruit Powder Rat 30 68

33 Seed Aqueous extract Rat 300 69

34 Fruit Extract Rat 50 59

35 Pulp Powder Rat 10, 30 70

36 Fruit Powder Rat 50 71

37 Pulp, crust,

seed

Extract Rat 200 72

38 Pulp Extract Rat 200 40

39 Pulp, seed Extract Rabbit 100

200

73

40 Crust, seed Extract Rat 200 74

41 Fruit Methanolic extract Rat 250, 500 76

42 Leaves Aqueous extract Rat 250, 500 77

43 Seed Aqueous extract Rat 300 78

44 Fruit Petroleum ether extract Albino rat 300, 500 79

45 Fruit Suspension Rat 10, 30, 90 80

46 Pulp Ethanolic extract Rat 300 81
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Table 2 Summary of results of clinical trials evaluating Citrullus colocynthis in patients with diabetes mellitus

Trial n Patient population Preparation, daily dose, species
Treatment
duration Results

Husseini

et al. 13
50 DM type IIa Dry fruit powder (cap),

100 mg, 3 times/day

2 months #FBSb, HbA1Cc

No change in lipids

Fallah Huseini

et al. 82
44 DM type II Dry fruit powder (cap),

100 mg, 3 times/day

2 months # FBS, HbA1C

No change in oxidative

stress

Li et al. 83 32 DM type II Dry fruit powder (cap),

1000 mg, 1dose/day

1 month # FBS

No change in lipids

Barghamdi

et al. 25
70 DM type II Dry fruit powder (cap),

125 mg, 1dose/day

2 months # FBS, HbA1C

Yaghoobi et al.
84

60 DM type II with

hyperlipidemia

Dry fruit powder (cap),

100 mg, 3 times/day

1 month # FBS, Cholesterol, LDL

Heydari et al. 85 60 DM type II with

PDPNd
Topical oil, 2 times/day 3 months # neuropathic pain,

improvement in NCSe

aDiabetes mellitus type II.
bFasting blood glucose.
cGlycosylated hemoglobin.
dPainful diabetic poly neuropathy.
eNerve conduction study.
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treated patients compared to placebo. No significant change in lipids (total cholesterol,

LDL, HDL, and triglyceride), liver enzymes, and kidney function tests was observed. No

clinical adverse event including gastrointestinal complications was reported with the

300 mg daily dose of C. colocynthis.

Another study has investigated the effect of C. colocynthis on oxidative stress param-

eters (glutathione, superoxide dismutase, catalase, and malondialdehyde) in patients with

diabetes mellitus type II.82 The use of 300 mg daily dose (100 mg three times/day) of

C. colocynthis for 2 months in 44 diabetic patients showed no significant change in

oxidative stress parameters. This study also showed significant decrease in mean HbA1c

and fasting blood glucose of patients in C. colocynthis group. No adverse effect was

observed in the study population.

Another report fromChina studied the effect ofC. colocynthiswith daily dose of 1g on

fasting glucose and lipid control in diabetic patients.83 The researchers have assigned

32 patients in 4 parallel groups receiving C. colocynthis, Gymnema sylvestre, Artemisia

absinthium, and placebo for 30days. C. colocynthis caused 35% reduction in fasting blood

glucose of patients which was significantly more than placebo. The observed 5%–9%
changes in lipids were not statistically significant. No adverse effect was observed.

In another study on 70 patients with diabetes type II receivedC. colocynthis vs. placebo

with the daily dose of 125 mg for 2 months.25 A significant reduction in fasting blood

glucose (13 mg/kg) and HbA1C (0.9%) was observed. The study has reported no

adverse event.

An study on 60 hyperlipidemic patients with diabetes type II who was allocated to

receive 300 mg of C. colocynthis or placebo, divided in three doses for 30days, showed

significant reduction in fasting blood glucose (15 mg/dL), cholesterol (17 mg/dL), and

LDL (15 mg/dL) levels in C. colocynthis group.84 No significant change was observed

in the mentioned values in placebo group.

Another study has investigated efficacy of topical C. colocynthis oil in patients with

painful diabetic neuropathy.85 In all, 60 patients with electrodiagnostically and clinically

confirmed diabetic neuropathy have been allocated to two parallel groups receiving

C. colocynthis oil or placebo, topically for 3 months. They were evaluated by neuropathic

pain scale, electrodiagnostic findings, WHOQOL-BREF quality of life score before and

after the intervention. Patients in C. colocynthis showed significantly more improvement

in their pain scale, physical domain of quality of life, nerve conduction velocity of the

tibial nerve, distal latency of the superficial peroneal nerve and sural nerve, and sensory

amplitude of the sural nerve than placebo group.

4.1 Mechanism of Action
There are several studies on antidiabetic activity of C. colocynthis and its plausible mech-

anisms of action. It has a variety of active ingredients which possess antidiabetic
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properties. Beta-pyrazol-1-yl-alanine and saponin fractions are the twomain antidiabetic

active ingredients of bitter apple. C. colocynthis thought to be an insulinotropic agent. In

fact, beside of its potential role in regeneration of pancreas beta cells, it can increase the

secretion of insulin from isolated langerhans islets. Moreover, both of glucose absorption

from intestinal mucosa, and its reabsorption from proximal tubule of the kidney can

decrease by using C. colocynthis. Finally, it is notable that C. colocynthis can induce alter-

ation of glucose metabolism by increased glycogenesis and decrease in gluconeogensis

and glycogenolysis.62,83,86–89

All in all, there is an emerging need for better understanding about antidiabetic action

of C. colocynthis and its definite mechanisms of action.

5. CONCLUSION

C. colocynthis, a desert plant distributed in different parts of the world, is traditionally used

for diabetes mellitus. Multiple preclinical studies support its hypoglycemic effects. More-

over, clinical studies suggest that the daily dose of 300 mg ofC. colocynthis is safe and effec-

tive in decreasing fasting blood glucose, glycosylated hemoglobin, and lipids of patients

with diabetes mellitus type II. It seems that C. colocynthis perform its hypoglycemic

activity through insulinotropic effect as well as inhibitory effect on glucose absorption,

gluconeogensis, and glycogenolysis pathways.
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Abbreviations
CAT catalase

DM diabetes mellitus

GOT glutamyl oxaloacetic transaminase

GPT glutamyl pyruvic transaminase

IDF International Diabetes Federation

I/R ischemia and reperfusion

SCSE sour cherry seed extract

WHO World Health Organization

1. INTRODUCTION

Diabetes mellitus (DM) is not only a health crisis but also a growing global pandemic of

this century, with the number of adults living with diabetes having almost quadrupled

since 1980 to reach more than 422 million according to the World Health Organization

(WHO) Global report on diabetes.1 According to the International Diabetes Federation

(IDF), an estimated 4 million people between the age of 20 and 79years died from dia-

betes and its complications by the end of 2017, which is equivalent to one death every

eight seconds. If nothing is done, the number of people with diabetes may rise to 693

million by 2045 with low- and middle-income countries carrying almost 80% of the dia-

betes burden.2

Currently, DM is being managed by the use of pharmaceutical drugs like sulfonyl-

ureas, biguanides, and α-glucosidase inhibitors. However, increasing amount of evidence

strongly suggests the use of nutraceuticals along with pharmaceuticals for the treatment of

diabetes and its associated complications.3 The term “nutraceutical” from “nutrition”

and “pharmaceutical” was introduced in 1989 by Stephen DeFelice, founder, and chair-

man of the Foundation for Innovation in Medicine (FIM), Cranford, NJ. DeFelice

defined nutraceutical as, “a food or part of a food that provides medical or health benefits,

including the prevention and treatment of a disease”.4 In the last decade, many plants and
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herbs have been investigated for their antidiabetic effect ranging from green tea, garlic,

fenugreek, turmeric, rice bran, oat, mulberry, black cumin, and so forth.3 Even the dis-

covery of metformin, oral hypoglycemic biguanide, which is one of the most commonly

used antidiabetic drugs, can be traced back to the pioneering work with extracts of the

medicinal herb Galega officinalis, which is also known as French lilac or Goat’s Rue.5

2. SCIENTIFIC CLASSIFICATION

Kingdom: Plantae

Subkingdom: Viridiplantae

Division: Tracheophyta

Subdivision: Spermatophyta

Class: Magnoliopsida

Order: Rosales

Family: Rosaceae

Genus: Prunus L.

Species: Prunus cerasus L.

Botanical name: Prunus cerasus L.

Common name: Sour cherry, tart, red cherry, pie cherry

3. BOTANICAL DESCRIPTION

Plant: Sour cherry (Prunus cerasus) is a medium-sized tree with a rounder, more spreading

habit than the erect sweet cherry. In cultivation, sour cherries are maintained at<15 ft in

height. Leaves are relatively small, elliptic withmildly serrate margins, acute tips, and long

petioles.

Flower: Sour cherry inflorescence buds usually produce—two to four flowers, with

long pedicels. Spurs are short lived, gradually declining in productivity over 3–5years.
Sour cherries are the latest blooming of the stone fruits.

Fruit:Heart-shaped to globular drupe, consisting of a pulpy part surrounding a pit that

is generally smooth with a single seed inside. The skin is generally bright red in color.

Sour cherries require only about 2–3months for fruit development.6

4. ANTIOXIDANT ACTIVITY OF RED SOUR CHERRY

There is an increasing amount of evidence indicating a decrease in the antioxidant capac-

ity in patients with diabetes.7 In the past few years, a great deal of interest has been drawn

in finding antioxidants from natural sources to replace synthetic ones. Laboratory studies

have shown that fruits contain a large variety of compounds with antioxidant activity.8

Cherries are one of the most studied stone fruit species in terms of its antioxidant activity
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and health-promoting effects. Sour cherries are very rich in anthocyanins, which are

responsible for the distinctive dark red color of the skin. Mainly, four anthocyanin com-

pounds were identified namely: cyanidin-3-glucosylrutinoside, cyanidin-3-sophoroside,

cyanidin-3-rutinoside, and cyanidin-3-glucoside.9 Francis (1982) determined a fifth

anthocyanin compound in some sour cherry varieties, namely, peonidin-3-rutinoside.10

These anthocyanin-packed pulps have been increasingly associated with diverse health

benefits, including protection from cardiovascular damage, inflammatory diseases,

Alzheimer, cancer, and diabetes.11–13 Most notably, anthocyanin-enriched pulps have

powerful antioxidant properties that can neutralize free radicals associated with the devel-

opment and progression of diabetes and its complications.14 The anthocyanin content of

sour cherry pulp extracts obtained from Lebanese varieties was found to be rich in cya-

nidin derivative (24.80%), cyanidin 3-glucosyl rutinoside (24.06%), cyanidin 3-glucoside

(12.38%), and cyanidin 3-rutinoside (12.84%). Saleh et al. (2017)15 investigated the status

of catalase (CAT) activity in erythrocytes of alloxan-induced diabetic mice. The CAT

serum levels have been monitored for 8days following sour cherry pulp extract admin-

istration at different doses (100, 150, and 200mg/kg). The CAT serum levels increased

significantly (P�0.05) by 0.68, 1.20, and 1.71 folds relative to vehicle control group,

respectively. This increase in the CAT (antioxidant enzyme) activity is possibly due to

the reduction in the diabetic-induced oxidative stress after consumption of

anthocyanin-rich sour cherries. The same study also found sour cherry seed extracts

(SCSEs) as a rich source of fatty acids with oleic acid as the main fatty acid, which reached

30.19% followed by linoleic acid (23.65%), then stearic acid (10.67%)15 (Table 1).

A previous study by Vidrih and colleagues (2014) on cherry seeds showed similar fatty

acid content.16 Sour cherry pulps have shown more significant amelioration of

diabetic-induced oxidative stress at all tested doses than those of the seed extracts.15

Table 1 HPLC major peaks identified of sour cherry pulp EtAc extract (PPc) and sour
cherry seed EtAc extract (SPc)
RT (min.) Constituent PPca (%) SPcb (%)

2.1 Linoleic acid n.i.c 23.65

6.2 Oleic acid n.i. 30.19

12.1 Stearic acid n.i. 10.67

28.1 Cyanidin derivative 24.80 n.i.

29.1 Cyanidin 3-glucosyl rutinoside 24.06 n.i.

31.9 Cyanidin 3-glucoside 12.38 n.i.

32.3 Cyanidin 3-rutinoside 12.84 n.i.

aUsing mobile-phase solvent A was formic acid: water: (1:9, v/v); solvent B was ACN:water:formic acid (5:4:1, v/v).
The percentage of solvent A was decreased linearly from 92% to 82% in 24min, followed by elution under isocratic
conditions for the next 8min, and by a second linear gradient segment from 82% to 65% B in 8min at a flow rate of
0.1mL/min at 518nm using UV detector.
bUsing mobile phase of trifluoroacetic acid (TFA, 0.1%) and MeOH (10:90) at a flow rate of 1mL/min at 215nm using
UV detector.
cn.i.¼not identified.
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5. ANTIDIABETIC ACTIVITY OF RED SOUR CHERRY

Due to the higher incidence of risk factors, the prevalence of diabetes is increasing glob-

ally and more evidently in developing countries. Despite the existing pharmacotherapy,

the limitations of current pharmacological agents for the control of blood glucose have

stimulated research on alternative therapies for the management of diabetes such as herbal

medicine. The WHO estimates that about 80% of the population in Africa and Asia rely

on traditional medicine for their primary health care.17 It also recognizes herbal medicine

of proven quality, safety, and efficacy as “an accessible, affordable and culturally accept-

able form of healthcare trusted by large numbers of people”.18

An increasing number of studies have shown that phytochemicals present in herbs and

fruits have beneficial effects in the management of many diseases like cardiovascular dis-

eases, respiratory diseases, obesity, and diabetes.19 Lachin et al. (2012) studied the effect of

different cherries (yellow cherry, sweet cherry, and sour cherry fruit) on diabetes with

significant blood sugar-lowering effects.20 A study by Saleh et al. (2017) contributed

to this finding with a novel result, that an extract made of sour cherry seed is also

antidiabetic.15 Results showed that ethyl acetate extracts of red sour cherry pulps and seeds

promote acute and subchronic hypoglycemic effects in alloxan-induced diabetic mice

with pulp extracts having a more pronounced effect. These findings also provide evi-

dence that cherry pulp and seed extracts could exert a protective effect against pancreatic

cell damage caused by alloxan by its antioxidant effects, and thus aid the regeneration of

pancreatic cells (Fig. 1). Recently another study was conducted by Varga and colleagues

(2017) to evaluate the effects of SCSE on blood sugar levels in Zucker diabetic fatty

(ZDF) rats (a glucose-intolerant animal model). The SCSE showed a modest, but signif-

icant blood sugar-lowering effect.21 Ophthalmological complications are very frequent

in diabetic patients with diabetic retinopathy, the leading causes of vision loss in adults

aged 20–74years.21a So, the same group assessed the effect of SCSE on the diabetic eye

after ischemia-reperfusion injury of the retina. The SCSEwas found to alleviate the dam-

aging effect of high blood glucose and protect the retina from ischemia and reperfusion

(I/R) injuries in diabetic conditions.21

6. ADVERSE EFFECTS

Sour cherry is a completely natural and harmless substance, which is effective in the treat-

ment of diabetes. No indication of toxicity was reported by subjects consuming the

extract. No known toxicants were identified in the chemical analysis of the sour cherry

seed components.22 Csiki et al. (2015) noted that subjects administered the SCSE exhib-

ited no increase in the activities of glutamyl oxaloacetic transaminase (GOT) and gluta-

myl pyruvic transaminase (GPT), which are liver function biomarkers used as indicators

of drug toxicity.23 Moreover, sustained high-dose oral administration of SCSE failed to

result in kidney toxicity.24
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7. SUMMARY POINTS

• Sour cherry pulp and seed extracts were shown to be useful in the treatment of alloxan-

induced diabetes in mice.

• Antioxidant activity of extracts from sour cherry appears to be the probable mecha-

nism for the hypoglycemic effect.

• These results are very promising and make sour cherry a potential candidate for drug

development, however, further studies are required to validate these finding in

humans.
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1. INTRODUCTION

The metabolic syndrome is a cluster of metabolic disorders including abdominal obesity,

dyslipidemia, high blood pressure, insulin resistance and/or glucose intolerance, and

pro-inflammatory state, which increase the risk of developing diabetes and other cardio-

vascular diseases.1 Several efforts have been made to prevent and treat metabolic

syndrome. Herbal therapy plays an important role for treatment of different diseases

such as cardiovascular diseases. This could be due to the safety, efficacy, cultural accept-

ability, and lesser side effects of herbal products.2 It has been shown that some plants and

their active components are able to treat metabolic syndrome. Some of these plants

and their active constituents include Vitis vinifera (grape),3 Nigella sativa (black seed),4

Allium sativum (garlic),5 Rosmarinus officinalis (rosemary),6 Persea americana (avocado),7

Berberis vulgaris (barberry),8 Crocus sativus (saffron),9 Cinnamomum verum (cinnamon),10

thymoquinone,4 berberine,8 and rutin.11

Grapefruit (Citrus paradisiMacf.), a member of the Rutaceae family, is popular in the

world, due to its taste and nutritional value which can promote good health.12 Grapefruit

(GF) was only cultivated as an ornamental plant, however, it has become famous for

health beneficial effects since the late 19th century.13 Various bioactive compounds have

been isolated and characterized in GF. The abundance of these compounds is dependent

on the variety, geographical location, time of harvesting, and the method of processing

the GF.14 GF is rich of flavonoids. Citrus fruits contain four types of flavonoids (flava-

nones, flavones, flavonols, and anthocynanins).15 Other chemical ingredients identified

in GF include: limonoid aglycones, glucosides, and furanocoumarins (bergamottin,

60,70-dihydroxybergamottin). GF is a good source of vitamin C, dietary fiber, pectin
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vitaminA,potassium, folate, vitaminB5, glucaric acid, andcarotenoidsand.
13,16Bitter taste

of GF is attributed to the presence of flavanones (naringin and hesperidin) and limonoids

(limonin)17. Naringin is the most abundant flavanone in GF. After ingestion, intestinal bac-

teria converted naringin to its aglycone (naringenin) and sugars18 (Fig. 1). Citrus fruits and

plant preparations (juices and tissues) aremainnutritional sourcesofnaringenin.Theamount

of naringin in grapefruit juice (GFJ) is high, with ranging from 295 to 377mg/L.19

Naringin and its aglycone, naringenin, were able to show strong anti-inflammatory

and antioxidant activities.20 In order to possible application of citrus flavanones in the

treatment of various diseases, different in vitro and in vivo studies using various animal

models have been designed. These studies have proved them as therapeutic agents for the

prevention of different disorders such as cancers, diabetes, inflammation, cardiovascular,

and neurodegenerative diseases.18

Studies showed that GF and its major flavonoids have been associated with decreased

different components of metabolic syndrome.20,21 In this review, different studies which

focused on the biologic activities and molecular mechanisms of GF and its main flavo-

noids, naringin and naringenin, in the context of obesity and metabolic syndrome have

been introduced.

2. METHODOLOGY

In this review, various databases such as PubMed, ScienceDirect, Scopus, and Google

scholar with the search keywords contained metabolic syndrome, hyperlipidemia, ath-

erosclerosis, hypertension, hyperglycaemia, obesity, antidiabetic, antihyperlipidemic,

hypoglycemic, C. paradisi, GF, naringin, and naringenin without publication time lim-

itation have been included.

Fig. 1 Chemical structure of citrus flavonoids. Naringin (A) and naringenin (B).
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3. EFFECT ON HYPERGLYCEMIA

Diabetes mellitus is the most common metabolic disorder. High blood glucose level and

resistance to insulin result in diabetes. The effects of GF and flavonoids such as naringenin

and its glycoside naringin on insulin resistance and diabetes have been well documented

in several in vivo and in vitro studies.22–24 Antioxidant25–28, anti-inflammation,29 effect

on glucose-regulating enzyme activities,29,30 glucose uptake in skeletal muscle via acti-

vation of adenosine monophosphate-activated protein kinase (AMPK),31 α amylase and

α glucosidase inhibitory effect,32,33 increase insulin sensitivity,26,34,35 activating insulin-

signaling pathways,36 suppressing hepatic gluconeogenesis,30,37 and suppressing carbo-

hydrate absorption from intestine38 are considered as the main mechanisms involved

in antidiabetic effects of GF.

3.1 In Vivo Studies
The beneficial effects of GF and its flavonoids in preventing diabetic complications have

been reported in various studies. Naringenin was found to protect rat kidney in strepto-

zotocin (STZ)-induced diabetes by altering oxidative stress, modulation of cytokines

expression (TGF-β1 (transforming growth factor-β1) and IL-1), and antiapoptotic

effects.25 In another study, naringin ameliorated ketoacidosis and oxidative stress in

STZ-diabetic rats, so that, naringin treatment significantly improved fasting plasma insu-

lin, hepatic glycogen content, malondialdehyde (MDA), β-hydroxybutyrate, acetoace-
tate, bicarbonate, blood pH, and anion gap but not fasting blood glucose (FBG)

compared to the STZ-treated rats.39

Naringenin was found to act as a good candidate for treatment of diabetic neuropathy

due to its protection against hyperalgesia and allodynia, common manifestations of pain-

ful diabetic neuropathy through antioxidant and hypoglycemic effects. Similar to prega-

balin, naringenin (50 and 100mg/kg; p.o.; for 8weeks) improved chemical and thermal

hyperalgesia in diabetic rats. Naringenin normalized hyperglycemia and the decreased

levels of superoxide dismutase activity in diabetic rats.27 Moreover, it was suggested that

naringenin protected against type 2 diabetes-induced memory dysfunction through anti-

oxidant and cholinesterase inhibitory effects in high-fat diet and STZ-treated rats. In this

study, two treatment schedules were used. In the first set of experiments, after confirma-

tion of diabetes, naringenin (50mg/kg) was administered to animals and in another set,

naringenin (25 and 50mg/kg) was given 4weeks after diabetes confirmation. In both

models, naringenin protected memory dysfunction induced by type 2 diabetes.40

Protective effect of naringenin (5mg/kg, i.p.) against the hepatotoxicity induced by

STZ diabetes has been verified in another study. Naringerin decreased the hyperglycemia

induced by STZ diabetes. Also, naringerin improved STZ-induced changes in the activ-

ities of alanine aminotransferase (ALT), aspartate aminotransferase (AST), and alkaline

phosphatase (ALP) in the liver.41

517A Review of the Effects of Citrus paradisi



Naringenin treatment (50mg/kg, i.p.) for 7days, exhibited protective effects against

alloxan-induced DNA-damage in rat peripheral lymphocytes due to decreased oxidative

stress.42

Besides the protective effects of GF on diabetic complications, different studies

revealed the beneficial properties of this plant against hyperglycemia. In an experiment

carried out in STZ-diabetic rats indicated GFJ significantly improved in FBG and glucose

intolerance. GFJ did not improve fasting plasma insulin in diabetic rats. This agent sig-

nificantly increased glucokinase activity and hepatic glycogen content and ameliorated

the glucose-6-phosphatase and phosphoenolpyruvate carboxykinase activities. Thus,

GFJ improved glucose intolerance in diabetic rats by suppressing hepatic gluconeogen-

esis.30 Hepatic gluconeogenesis is the main source of fasting hyperglycemia. In STZ-

diabetic rats exposed to naringenin (25mg/kg) for 45days reduction in high blood

glucose and insulin has been observed. Naringenin also regulated the glucose

transporter-4 (GLUT-4) and tumor necrosis factor (TNF)-α expression, improved his-

tological damages and increased insulin sensitivity in diabetic rats.26 In addition, increase

insulin signaling and sensitivity through enhancement of tyrosine phosphorylation have

been shown in fructose-fed animals exposed to naringenin.35

Naringenin may share similar signaling pathways with fibroblast growth factor

21 (FGF21), so that, a study on FGF21 null (Fgf21�/�) mice as well as wild-type mice

showed that naringenin can protect against metabolic disorders such as obesity, dyslipi-

demia, hyperinsulinemia, and impaired glucose tolerance induced by high-fat diet in the

presence or the absence of FGF21. So, it seems that naringenin does not need FGF21 to

mediate is effects.34 FGF21 plays an important role in the regulation of glucose, lipid, and

energy homeostasis and has therapeutic potential.43

According to another study, clarified grapefruit juice (cGFJ) in C57Bl/6 high-fat diet

mice caused a 18.4% decrease in weight, a 13–17% decrease in FBG, a threefold decrease

in fasting serum insulin, and a 38% decrease in liver triglyceride (TG) values, compared to

controls. In mice received low-fat diet exposed to cGFJ, only a twofold decrease in fast-

ing insulin has been observed. Results indicated that cGFJ consumption reduced blood

glucose the same extent as the most potent and commonly used antidiabetic drug met-

formin44 probably through different mechanism. In this regard, another study indicated

that although GFJ may be useful for diabetic patients, it may worsen lactic acidosis in

diabetic patients who take metformin concurrently.45

Another study revealed the beneficial effects of supplementation with helichrysum

and GF extracts against diabetes and obesity-associated inflammation in db/db mice.

Mice exposed to helichrysum and GF extracts significantly decreased FBG may be

due to upregulation of liver glucokinase. Decrease of glucose levels may be attributed

to an increase of liver glucose sensitivity. Treatment with GF and helichrysum extracts

ameliorated the pro-inflammatory genes [monocyte chemotactic protein-1 (MCP1),

TNFα, cyclooxygenase-2, nuclear factor-kappaB (NFkB) in liver and epididymal

adipose tissue].
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Downregulation of inflammatory cytokine genes, such as TNF-α or MCP1,

could protect against the development of insulin resistance and hyperglycemia in

obese mice.46

TNF-α plays an important role in adipose tissue chronic inflammation, induces insu-

lin resistance and hyperlipidemia by activating NFkB.47 In addition, DNA methylation

may affect the pathogenesis of type 2 diabetes and inflammation.48 The results of one

study suggested that the DNA methylation levels of TNFα were increased in mice

exposed GF extract. Thus, epigenetic changes in TNFα, suppressed inflammation,

and finally improved insulin resistance-induced hyperglycemia.29

It has been reported that the antihyperglycemic effect of oral administration of nar-

ingenin (50mg/kg/day) for 21days in diabetic rats (induced by STZ/nicotinamide) was

similar to that of glyclazide-treated animals. Naringenin significantly decreased FBG and

glycosylated hemoglobin, pancreatic MDA, and activities of ALT, AST, ALP, and LDH

in serum. Naringenin increased serum insulin levels, activities of enzymatic, and none-

nzymatic antioxidants. A protective role of naringenin on the pancreatic tissue in diabetic

rats has been confirmed by histopathological examination.49 Moreover, in another study,

10days administration of naringin (40mg/kg) twice daily to Wistar rats, inhibited the

serum levels of dipeptidyl peptidase (DPP-IV) activity, random glucose concentration

with simultaneous increase in insulin levels. The effect of naringin was comparable to

that of sitagliptin.50

3.2 In Vitro Studies
It has been suggested that naringenin (25mg/kg), similar to acarbose (antidiabetic med-

icine) exerts significant inhibition of intestinal α-glucosidase activity and caused delaying
the absorption of carbohydrates in type 2 diabetes, thus resulting in significant lowering of

postprandial blood glucose levels.32 Inhibitory effects on α-glucosidase and α-amylase

enzyme activities have been observed in another study. GF extract inhibited (sodium-

glucose transport protein 1) SGLT1-mediated methylglucoside uptake in Caco-2 cells

in the presence of Na+.51 A study by Richard et al. indicated that naringenin reduced

the ability of insulin to induce insulin receptor substrate-1 (IRS-1) tyrosine phosphor-

ylation and significantly inhibited insulin-stimulated glucose uptake dose dependently

in mature 3T3-L1 adipocytes.52 In Fao hepatoma cells, naringenin, suppressed hepatic

glucose production.37 This study was in agreement with in vivo study conducted on

STZ-diabetic rats which showed that GFJ suppressed hepatic gluconeogenesis.30 Results

of this in vitro study showed that PI3-kinase dose not play a role in naringenin-mediated

suppression of hepatic glucose production. Similar to metformin, naringenin significantly

reduced cellular adenosine triphosphate (ATP) levels without affecting cell

cytotoxicity.37

Another study showed that naringenin inhibited insulin-stimulated glucose uptake in

Michigan Cancer Foundation-7 (MCF-7) breast cancer cells through inhibition of
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phosphoinositide 3-kinase (PI3K), a key regulator of insulin-induced GLUT4 transloca-

tion, and inhibition of phosphorylation of p44/p42 mitogen-activated protein kinase

(MAPK). Therefore, naringenin inhibits the proliferation of MCF-7 cells through

impaired glucose uptake.53

3.3 Clinical Studies
In patients with the metabolic syndrome, a significant reduction in 2-h post-glucose insu-

lin level has been observed compared to placebo following 12weeks administration with

8ounces (237mL) of GFJ three times a day before each meal. Insulin resistance was

improved with half of a fresh GF54 (Table 1).

Table 1 Summary of the effects of C. paradisi and its flavonoids on hyperglycemia
Study design Constituents Results References

In vivo, STZ-

induced

diabetic rats

Naringenin Protected against T2DM-

induced renal toxicity

25

In vivo,

STZ-induced

diabetic rats

Naringin Ameliorated ketoacidosis and

oxidative stress

39

In vivo, STZ

induced

diabetic rats

Naringenin (50 and

100mg/kg; p.o.; for

8weeks)

Protected against hyperalgesia

and allodynia

27

In vivo,

STZ-induced

diabetic rats

Naringenin (50mg/kg)

after confirmation of

diabetes

Naringenin (25 and

50mg/kg) was given

4weeks after diabetes

confirmation

Protected against

T2DM-induced

memory dysfunction

40

In vivo,

STZ-induced

diabetic rats

Naringenin (5mg/kg,

i.p.)

Protected against

T2DM-induced

hepatotoxicity

41

In vivo, alloxan-

induced

diabetic rats

Naringenin treatment

(50mg/kg , i.p.)

for 7days

Protected against T2DM-

induced DNA damage

42

In vivo,

STZ-induced

diabetic rats

Grapefruit juice # FBG and glucose

intolerance

" Glucokinase activity and

hepatic glycogen content

# Gglucose-6-phosphatase

and phosphoenolpyruvate

carboxykinase activities

30
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Table 1 Summary of the effects of C. paradisi and its flavonoids on hyperglycemia—cont’d
Study design Constituents Results References

In vivo, STZ-

induced

diabetic rats

Naringenin (25mg/kg)

for 45days

# FBG and insulin

regulation the GLUT-4

and TNF-α expression

" Insulin sensitivity

improved histological

damages

26

In vivo, rats

receiving high

fructose diet

Naringenin (50mg/kg)

from the 16 till 60 day

Improved insulin sensitivity

and enhanced tyrosine

phosphorylation

35

In vivo, FGF21

null

(Fgf21�/�)

mice and

wild-type mice

Naringenin Protect against obesity,

dyslipidemia,

hyperinsulinemia, and

impaired glucose tolerance

induced by high-fat diet in

the presence or absence of

FGF21

34

In vivo, C57Bl/6

high-fat diet

mice

Clarified grape fruit juice # 18.4% in weight

# 13–17% in FBG

" 3-fold decrease in FSI

# 38% in liver TG

45

In vivo, db/db

mice

Helichrysum and

grapefruit extracts

# FBG

" Liver glucokinase

# Pro-inflammatory genes

(MCP1, TNFα, COX-2,

NFkB in liver and

epididymal adipose tissue.

46

In vivo, STZ-/

nicotinamide-

induced

diabetic rats

Naringenin (50mg/

kg/day) for 21days

# FBG and glycosylated

hemoglobin, #pancreatic
MDA

# ALT, AST, ALP and

LDH

" Serum insulin levels

" Enzymatic and

nonenzymatic antioxidants

activities

49

In vivo, Wistar

albino rats

Naringin (40mg/kg)

twice daily for 10days

# The serum levels of DPP-

IV activity

# Random glucose

concentration

" Insulin levels

50

In vivo,

STZ-induced

diabetic rats

Naringenin (25mg/kg) # Intestinal α-glucosidase
activity delaying the

absorption of

carbohydrates

# Postprandial BG levels

32

Continued
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4. EFFECT ON DYSLIPIDEMIA

Dyslipidemia is one of the metabolic abnormalities in which the plasma lipid levels are

above normal concentrations. Citrus flavonoids are able to lower plasma lipid concentra-

tion. Cholesterol, TGs, and low-density lipoprotein (LDL) were decreased, whereas, high-

density lipoprotein (HDL) was increased by citrus flavonoids.13,24,55–58 Several in vivo and

in vitro studies showed that different mechanisms including antioxidant,59–61 reduction of

hepatic 3-hydroxy-3-methyl coenzyme A (HMG-CoA) reductase activity,62–64 downre-

gulation of acyl-CoA cholesterol acyltransferase and increase the fecal sterol excretion,63

inhibition of synthesis and elevation fatty acid oxidation,65 upregulation of AMPK,66

increase the expression of peroxisome proliferator-activated receptor (PPARα), carnitine
palmitoyltransferase (CPT-1) and uncoupling protein 2 (UCP-2),67 inhibition of the liver

X receptor α (LXRα)-regulated lipogenesis genes, such as FAS, ABCA1, ABCG1, and

HMGR,68 reduction of abdominal fat deposition,59 prevention of sterol regulatory

element-binding protein 1c (SREBP-1c)-mediated lipogenesis in both liver and

muscle,69 inhibitory effects on genes associated with lipogenesis,70,71 and inhibition of

microsomal triglyceride transfer protein (MTP) expression and apolipoprotein

B100 secretion via activation of the MAPK pathway in hepatocytes36,72 are involved in

effects of GF and its flavonoids on plasma lipids and adipose tissue.

Table 1 Summary of the effects of C. paradisi and its flavonoids on hyperglycemia—cont’d
Study design Constituents Results References

In vitro, Caco-2

cells

Grapefruit extract Inhibition α-glucosidase and
α-amylase activities

Inhibited SGLT1-

mediated methylglucoside

uptake

51

In vitro, 3T3-L1

adipocytes

Naringenin # The ability of insulin to

induce IRS-1 tyrosine

phosphorylation inhibited

insulin-stimulated glucose

uptake

52

In vitro, Fao

hepatoma cells

Naringenin #Hepatic glucose production 37

In vitro, MCF-7

cells

Naringenin Inhibition of PI3K 53

Human, in patients

with metabolic

syndrome

Grapefruit juice

(237mL) three times

for 12weeks

# 2-hour post-glucose insulin

level

54

Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BG, blood
glucose;COX-2, cyclooxygenase 2;DPP-IV, dipeptidyl peptidase IV; FGF21, fibroblast growth factor 21; FSI, fast serum
insulin; GLUT-4, glucose transporter 4; IRS-1, insulin receptor substrate 1; LDH, lactate dehydrogenase; MCP1,
monocyte chemotactic protein-1; MDA, malondealdehyde; NFkB, nuclear factor-kappaB; PI3K, phosphoinositide
3-kinase; SGLT1, sodium-glucose transport protein 1; T2DM, type 2 diabetes mellitus; TNFα, tumor necrosis factor-α.
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4.1 In Vivo Studies
One study indicated that naringenin supplementation (50mg/kg/day in 0.5% CMC)

during the last 30days of the experiment, decreased levels of plasma and tissue TC,

TG and FFA, HMG CoA reductase, and collagen content and increased the levels of

HDL and lipoprotein lipase in comparison with 20% ethanol (6g/kg, p.o., for 60days)

treated rats.62 In another experiment, naringin and lovastatin supplementation signifi-

cantly decreased plasma TC, LDL-C, and hepatic lipids levels, increased HDL-C/TC

ratio in rabbits administered 0.5% high-cholesterol diet for 8weeks. This supplementa-

tion altered the activities of hepatic HMGCoA reductase and acyl-CoA cholesterol acyl-

transferase.Moreover, total fecal sterol content was significantly elevated in lovastatin and

naringin groups.63 Administration of 3% naringenin for 12weeks in Ldlr�/� mice,

improved hepatic steatosis, hepatic very low-density lipoprotein (VLDL) overproduc-

tion, and hyperlipidemia induced by cholesterol-rich diets through induction of hepatic

fatty acid oxidation and attenuation of FA (fatty acid) synthesis.65 It was suggested that

naringin through an AMPK-dependent mechanism and reduction of oxidative damage,

protected mice against metabolic syndrome induced by high-fat diet. AMPK activation

could reduce inflammation and oxidative stress viaMAPKs signaling pathway. It also alle-

viated fatty acid synthesis, gluconeogenesis, and increased mitochondrial β-oxidation.66

In another study conducted on male Long-Evans hooded rats supplementation with nar-

ingenin (0.003%, 0.006%, and 0.012%) for 6weeks, showed a significant decrease in the

level of plasma and liver of TG and TC. Furthermore, naringenin reduced adiposity and

TG contents in parametrial adipose tissue. It showed a significant increase in PPARα pro-
tein level in the liver. In addition, expression of CPT-1 and UCP2, fatty acid oxidation

target genes of PPARα, was significantly increased by naringenin supplementation.67 In

LDL receptor-null (Ldlr�/�) mice treated by high-fat (Western) diet (42% calories from

fat and 0.05% cholesterol), 1% or 3% naringenin for 4weeks improved VLDL overpro-

duction, hepatic steatosis, and dyslipidemia. Naringenin increased hepatic fatty acid oxi-

dation through PPARα-mediated pathway and protected SREBP1c-mediated

lipogenesis in both liver and muscle by reducing fasting hyperinsulinemia and decreased

hepatic cholesterol and cholesterol ester synthesis, decreased VLDL-derived and endog-

enously synthesized fatty acids, and reduced muscle TG accumulation.69 Study on ovari-

ectomized C57BL/6J female mice indicated that naringenin supplementation decreased

hepatic lipid accumulation and altered mRNA levels of some genes involved in de novo

lipogenesis and fatty acid oxidation. Increased CPT1α (mitochondrial) mRNA levels and

decreased Acox1 (peroxisomal) levels have been observed in this study, indicating differ-

ences in mitochondrial and peroxisomal β-oxidation in response to ovariectomized and

naringenin treatment. Moreover, naringenin-induced hepatic PGC1α mRNA level

which is a transcriptional coactivator regulating genes involved in fatty acid oxidation

and gluconeogenesis.70
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4.2 In Vitro Studies
In primary rat hepatocytes, naringenin activated both PPARα and PPARγ and inhibited
LXRα. PPARα is the most common subtype of PPARs in the liver, and PPARγ is the
most prevalent in adipose tissue. PPARα activation leads to β-oxidation and gluconeo-

genesis. In clinic, PPARα agonists (fibrates) are used for the treatment of hyperlipidemia,

while, PPARγ agonists (thiazolidindions) are used to increase insulin sensitivity in muscle

and adipose tissue. LXRα, which is activated by glucose and sterols, is found in the liver,
adipose tissue, and macrophages. According to the results of this study, naringenin-

induced PPAR-regulated fatty acid oxidation genes such as CYP4A11, ACOX,

UCP1, and ApoAI, and inhibited LXRα-regulated fatty acid and cholesterol synthesis

genes, such as FAS, ABCA1, ABCG1, and HMGR. This effect resulted in the induction

of a fasted-like state in primary rat hepatocytes in which fatty acid oxidation increases,

while cholesterol and bile acid production decreases. In this study, naringenin activation

of both PPARα and PPARγ suggested a similar ability to regulate insulin sensitivity and

LDL levels. However, in contrast to other dual PPAR agonists, such as Aleglitazar, nar-

ingenin acted as an LXRα inhibitor.68 In HepG2 human hepatoma cells, naringenin

inhibited apolipoprotein B (apoB) secretion mainly by inhibition of MTP and elevation

of LDL receptor (LDLr)-mediated apoB-containing lipoprotein uptake. Therefore, nar-

ingenin enhanced LDLr expression in HepG2 cells via PI3K-mediated upregulation of

SREBP-1, independent of IRS-1 phosphorylation.72 In another study conducted on

HepG2 cells showed that naringenin, similar to insulin, downregulated MTP expression,

led to inhibition of apoB100 secretion via MAPK/extracellular signal-regulated kinase

(ERK) signaling pathway. Hence, naringenin may activate insulin-signaling pathways

which is important for regulation of hepatocyte lipid homeostasis.36

4.3 Clinical Studies
In the hypercholesterolemic subjects, naringin (400mg/capsule/day) with regular meals

for a period of 8weeks decreased plasma TC by 14% and LDL-C concentrations by 17%,

without any effect on the plasma TG and HDL-C concentrations. Naringin treatment

lowered the apoB level in the hypercholesterolemic subjects. No change was observed

in the level of apoA160 (Table 2).

5. EFFECT ON OBESITY

Obesity, the primary disease of fat cells, is a main risk factor of metabolic syndrome and

significantly contributes to the development of type 2 diabetes mellitus (T2DM), cardio-

vascular disease, and certain cancers.73 Anti-obesity effects of GF and its flavonoids have

been shown in different animal and clinical studies through various mechanisms such as

antioxidant and anti-inflammatory,74,75 reduction of adiposity and ameliorating adipose
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Table 2 Summary of the effects of C. paradisi and its flavonoids on lipid profile
Study design Constituents Results References

In vivo, rats (ethanol

intoxicated)

Naringenin (50mg/

kg/day) during

the last 30days of

the experiment

# Plasma and tissue TC, TG,

FFA, HMG CoA

reductase and collagen

content and " HDL and

LPL

62

In vivo, rabbits

(high-cholesterol diet

for 8weeks)

Naringin (0.05%)

for 8weeks

# TC, LDL-C and hepatic

lipids levels,

" HDL-C/TC ratio

" Hepatic HMG CoA

reductase, # acyl-

CoAcholesterol

acyltransferase activities

" Total fecal sterol

content

63

In vivo, Ldlr�/� mice

receiving cholesterol-

rich diets

Naringenin (3%) for

12weeks

# Hepatic steatosis, hepatic

VLDL overproduction

and hyperlipidemia

65

In vivo, mice receiving

high fat diets for

20weeks

Naringin for

4weeks

# Insulin resistance

# Body weight

# Inflammation via

cytokine regulation

# Lipid metabolic

disorder and hepatic

dysfunction

66

In vivo, male Long-

Evans hooded rats

Naringenin (0.003,

0.006, and

0.012%) for

6weeks

# Plasma and liver TG and

TC

# Adiposity and TG in

parametrial adipose tissue

" PPARα protein level in
the liver

" Expression of CPT-1

and UCP2, fatty acid

oxidation target genes of

PPARα

67

In vivo, Ldlr�/� mice

receiving high-fat

(Western) diet

Naringenin (1% or

3%) for 4weeks

# VLDL overproduction,

hepatic steatosis and

dyslipidemia

" Hepatic fatty acid

oxidation

# Fasting

hyperinsulinemia

# Hepatic TC and

cholesterol ester synthesis

69

Continued
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Table 2 Summary of the effects of C. paradisi and its flavonoids on lipid profile—cont’d
Study design Constituents Results References

# VLDL-derived and

endogenously

synthesized FA

# Muscle TG

accumulation

In vivo, ovariectomized

C57BL/6J female

mice fed a control

diet for 11weeks

Naringenin (3%) for

11weeks

# FBG and insulin levels

# Intra-abdominal and

subcutaneous adiposity

# Plasma leptin and leptin

mRNA in adipose depots

# MCP1/Ccl2 and IL-6

mRNA expression levels

in perigonadal adipose

tissue

# Hepatic lipid

accumulation alterations

of hepatic gene

expression associated

with de novo lipogenesis,

fatty acid oxidation, and

gluconeogenesis

70

In vitro, primary rat

hepatocytes

Naringenin Regulation the activity of

nuclear receptors

PPARα, PPARγ, and
LXRα
" PGC1α expression

" PPAR-regulated FA

oxidation genes such as

CYP4A11, ACOX,

UCP1 and ApoAI

# LXRα-regulated
lipogenesis genes, such as

FAS, ABCA1, ABCG1,

and HMGR

" Fatty acid oxidation

# TC and bile acid

production

68

In vitro, HepG2 cells Naringenin # ApoB secretion

# MTP expression

" LDLr-mediated apoB-

containing lipoprotein

uptake

72
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tissue inflammation,67,76 alterations of hepatic and muscle gene expression associated

with de novo lipogenesis70,77 and fatty acid oxidation,70 regulation of macrophage infil-

tration into adipose tissue,78 inhibition of adipocytes differentiation, adipogenesis and

impairs mature fat cell function,52 and lipolytic activity.79

5.1 In Vivo Studies
Estrogen deficiency has been connected to central obesity, muscle loss, and metabolic

syndrome in postmenopausal women.80 In a study on obese ovariectomized mice receiv-

ing high-fat diet with high naringenin (3%), decrease in body weight, adipose mass,

adipocyte size, mRNA level of α-smooth muscle actin in mammary adipose tissue,

and inflammatory cytokines mRNA in mammary and perigonadal adipose tissues were

observed. Naringenin decreased adiposity and reduced adipose tissue inflammation in

obese ovariectomized mice.76 In addition, in another study, metabolic abnormalities

result from estrogen deficiency in ovariectomized mice. In ovariectomized mice fed

3% naringenin, 50% reduction of intra-abdominal and subcutaneous adiposity has been

observed. Naringenin decreased plasma leptin and leptin mRNA in adipose depots. The

levels of mRNA expression of monocyte chemoattractant protein-1 (MCP1/Ccl2) and

interleukin 6 (IL-6) were significantly lower in perigonadal adipose tissue of naringenin-

treated mice. Results also indicated that naringenin supplementation reduced hepatic

lipid accumulation and altered hepatic gene expression associated with de novo lipogen-

esis and fatty acid oxidation.70 Results of another experiment which conducted on ovari-

ectomized mice receiving high-fat diet revealed that dietary naringenin (3%) reduced

weight gain, hyperglycemia, and intra-abdominal adiposity. Naringenin-treated mice,

restored muscle mass, and lowered muscle diacylglycerol content. Naringenin also

decreased genes mRNA levels that play role in de novo lipogenesis, lipolysis, and TG

Table 2 Summary of the effects of C. paradisi and its flavonoids on lipid profile—cont’d
Study design Constituents Results References

In vitro, HepG2 cells Naringenin # MTP expression,

# apoB100 secretion

36

Human,

hypercholesterolemic

subjects

Naringin (400mg/

capsule/day) for

8weeks

# TC (14%)

# LDL-C (17%)

No effect on TG and

HDL-C

# apoB

No change on apoA1

60

Abbreviations: CPT-1, carnitine palmitoyltransferase; FBG, fasting blood glucose; FFA, free fatty acid; HDL-C, high-
density lipoprotein-cholesterol; HMGCoA reductase, hydroxyl methyl glutaryl CoA reductase; IL-6, interleukin 6 ; LDL-
C, low-density lipoprotein-cholesterol; LDLr, low-density lipoprotein receptor; LPL, lipoprotein lipase; LXRα, liver
X receptors;MCP1/Ccl2, monocyte chemoattractant protein-1;MTP, microsomal triglyceride transfer protein; PPARα,
peroxisome proliferator-activated receptors; TC, total cholesterol; TG, triglyceride; VLDL, very low-density lipoprotein.
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synthesis or storage in muscle of mice.77 Several lines of evidence indicated that obesity is

characterized by an increased production of inflammatory markers.81 Antioxidant and

anti-inflammatory properties of GF and its flavonoids have been involved in their

anti-obesity effects. In a study, less body weight gain during the 5-week period of treat-

ment, and lower serum insulin levels and liver thiobarbituric acid reactive substances

(TBARS) levels were observed in rats supplemented with helichrysum and GF extracts.

These extracts reduced leptin/adiponectin ratio, which considered as an indicator of

insulin resistance. Decrease in TNFα gene expression in epididymal adipose tissue and

intestinal mucosa as well as toll-like receptor 2 (TLR2) expression in intestinal mucosa

has been observed. Both extracts lowered body weight gain, alleviated inflammation

markers, and suppressed oxidative stress induced by high-fat sucrose diet in overweight

insulin-resistant rats.74

Obesity is considered as a chronic inflammatory disease, which results from macro-

phage infiltration into adipose tissue.82 Short-term (14days) administration of naringenin

suppressed macrophage infiltration into adipose tissue in mice exposed to high-fat diet.

Naringenin alleviated MCP-1 expression in adipose tissue partly due to inhibition of

c-Jun NH2-terminal kinase pathway. Naringenin also inhibited MCP-1 expression in

adipocytes, macrophages, and a coculture of adipocytes and macrophages.78

Studies on adipose tissue development and function are generally used to evaluate the

relationship between obesity and the metabolic syndrome. When adipose tissue is not

able to increase its lipid storage capacity during the obese state, metabolic dysfunction

occurs. It is documented that naringenin inhibits adipogenesis and impairs mature fat cell

function. According to this study, naringenin may have a negative impact on adipocyte-

related diseases by inhibiting differentiation of preadipocytes and through reducing adi-

ponectin expression in mature fat cells.52 In contrast to this observation, other studies

indicated that naringenin increases adiponectin gene expression.83,84

AMPK is a serine/threonine kinase that plays a role in the control of energy metab-

olism. AMPK is considered as a molecular target for the suppression of obesity and the

treatment of metabolic syndrome.85 Administration of nootkatone (200mg/kg) signifi-

cantly enhanced AMPK activity, along with phosphorylation of LKB1, AMPK, and

acetyl-CoA carboxylase (ACC) in the mice liver and muscle. Nootkatone increased

whole body energy expenditure. High-fat and high-sucrose diet-induced body weight

gain, abdominal fat accumulation, hyperglycemia, hyperinsulinemia, and hyperleptine-

mia were reduced by long-term usage of diets containing 0.1%–0.3% nootkatone in

C57BL/6J mice. Furthermore, intake of 0.2% nootkatone, increased 21% endurance

capacity (evaluated as swimming time to exhaustion) compared to control in BALB/c

mice. These findings suggested that long-term administration of nootkatone prevented

obesity and improved physical performance may be due to enhanced energy metabolism

through AMPK activation in skeletal muscle and liver.86
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5.2 In Vitro Studies
In E0771 mammary tumor cells, naringenin inhibited cell growth, increased phosphor-

ylation of AMPK, downregulated cyclinD1 expression and induced cell death.76

Exposure to naringenin also inhibited adiponectin protein expression in mature

murine and human adipocytes.52 Nootkatone, a constituent of GF, increased AMPKα1
and α2 activity and induced an increase in the AMP/ATP ratio, in the phosphorylation of

AMPKα and its downstream target ACC, in C2-C12 cells. Nootkatone induced AMPK

activation through LKB1 and Ca2+/calmodulin-dependent protein kinase. Nootkatone

also upregulated PPARγ coactivator-1α.86

5.3 Clinical Studies
The result of study on 69 overweight/obese men and women and in a subsample of par-

ticipants with metabolic syndrome, suggested that intake of GF (1.5GF/day twice daily

for 6week) is not able to reduce significantly inflammation and oxidative stress markers

(plasma high-sensitivity C-reactive protein, soluble vascular adhesion molecule-1, and

urinary F2-isoprostanes). Although suppression of oxidative stress in overweight and

obese adults with metabolic syndrome or those with high baseline urine

F2-isoprostane concentrations, has been observed.87

In another study, the effects of taking low energy dense preloads as part of a dietary

weight loss intervention in free-living obese adults were studied. In this study, 127g GF,

GFJ, or water preload for 12weeks after completing a 2-week caloric restriction phase,

were given to 85 obese adults [body mass index (BMI) 30–39.9]. The total amount of

food consumed did not change overtime. Results showed that average dietary energy

density and total energy intakes decreased by 20%–29% from baseline values. A total

of 7.1% weight loss, significant decreases in percentage body, trunk, android and gynoid

fat, as well as waist circumferences (�4.5cm) have been observed. However, differences

were not statistically significant among groups. However, the amount and the direction

of change in serum HDL-C levels in GF (+6.2%) and GFJ (+8.2%) preload groups was

significantly more than water preload group (�3.7%). These data indicated that con-

sumption of a low energy dense dietary preload in a caloric-restricted diet is considered

as a highly effective weight loss strategy. But, the form of the preload did not have

differential effects on energy balance, weight loss, or body composition. Furthermore,

subjects receiving GF and GFJ preload showed significantly greater benefits in lipid

profiles.88

Another clinical study on two groups of 10 volunteers with BMI relevant of over-

weight showed that 1.4g/day SINETROL (a polyphenolic citrus dry extract of red

orange, GF, and orange) decreased the body fat (%) with a significant difference of

5.53% and 15.6% after 4 and 12weeks, respectively, whereas, reduced the body weight
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with a significant difference of 2.2 and 5.2kg after 4 and 12weeks, respectively.

These observed effects are related to SINETROL polyphenolic composition and its

resulting synergistic activity. These results also suggested that SINETROL has a strong

lipolytic effect mediated by cyclic adenosine monophosphate (cAMP)-phosphodiesterase

(PDE) inhibition and stimulation of hormone-sensitive lipase (HSL).79

To evaluate the effects of GF and its products on body weight, 91 obese patients were

randomized to either placebo capsules and 7ounces (207mL) of apple juice, GF capsules

with 7ounces (207mL) of apple juice, 8ounces (237mL) of GFJ with placebo capsule, or

half of a fresh GF with a placebo capsule three times a day before each meal. After

12weeks, 1.6kg reduction in body weight by the fresh GF group, 1.5kg by the GFJ

group, and 1.1kg by the GF capsule were shown. The amount of reduction in the pla-

cebo group was 0.3kg54 (Table 3).

Table 3 Summary of the effects of C. paradisi and its flavonoids on obesity
Study design Constituents Results References

In vivo, obese

ovariectomized

mice receiving

high-fat diet

Naringenin (3%) # Body weight

# Adipose mass

# Adipocyte size

# mRNA level of

α-actin in mammary

adipose tissue

# Inflammatory

cytokines mRNA in

mammary and

perigonadal adipose

tissues

# Adiposity

# Adipose tissue

inflammation

76

In vivo, obese

ovariectomized

mice

Naringenin (3%) # Intra-abdominal and

subcutaneous adiposity

# Plasma leptin and

leptin mRNA in adipose

depots

# Levels of mRNA

expression of MCP1/

Ccl2 and IL-6 in

perigonadal adipose

tissue

# Hepatic lipid

accumulation altered

hepatic gene expression

associated with de novo

lipogenesis and fatty acid

oxidation

70
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Table 3 Summary of the effects of C. paradisi and its flavonoids on obesity—cont’d
Study design Constituents Results References

In vivo, obese

ovariectomized

mice receiving

high-fat diet

Naringenin (3%) # Weight gain

# Hyperglycemia

# Intra-abdominal

adiposity restored

muscle mass

# Muscle diacylglycerol

content

# Genes mRNA levels

involved in de novo

lipogenesis, lipolysis and

TG synthesis or storage

in muscle

77

In vivo, high-fat

sucrose diet in

overweight

insulin-resistant

rats

Helichrysum and

grapefruit extracts for

5weeks

# Body weight gain

# Serum insulin levels

# Liver MDA levels

# Leptin/adiponectin

ratio

#TNFα gene expression
in epididymal adipose

tissue and intestinal

mucosa

# MCP1/Ccl2:

monocyte

chemoattractant

protein-1; IL-6:

interleukin 6 expression

in intestinal mucosa

74

In vivo, mice

exposed to

high-fat diet

Naringenin for 14days # Macrophage infiltration

into adipose tissue

# MCP-1 expression in

adipose, macrophages

and a coculture of

adipocytes and

macrophages

78

In vivo, mice

received High-

fat and high-

sucrose diet

Nootkatone (0.1% to

0.3%)

" AMPK activity

" Phosphorylation of

LKB1,AMPK

and ACC in the liver and

muscle

" Whole body energy

expenditure

# Body weight gain

# Abdominal fat

accumulation #
Hyperglycemia

86

Continued
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Table 3 Summary of the effects of C. paradisi and its flavonoids on obesity—cont’d
Study design Constituents Results References

# Hyperinsulinemia

# Hyperleptinemia

In vitro, E0771

mammary

tumor cells

Naringenin Inhibited cell growth

" Phosphorylation of

AMPK

# CyclinD1 expression-

induced cell death

76

In vitro, in mature

murine and

human

adipocytes

Naringenin Inhibited adiponectin

protein expression

52

In vitro, C2 C12

cells

Nootkatone " AMPKα1 and α2 activity
" AMP/ATP ratio

" The phosphorylation

of AMPKα and its

downstream target

acetyl-CoA carboxylase

(ACC)

" PPARγ coactivator-

1α

86

Human,

overweight

men and

women

127g grapefruit or

grapefruit juice or water

preload for 12weeks

after completing a

2-week caloric

restriction

# Average dietary energy

density and total energy

intakes (20%–29%)
7.1% weight loss

# Percentage body,

trunk, android and

gynoid fat

# Waist circumferences

(�4.5cm)

88

Human,

overweight

subjects

1.4g/day SINETROL

(a polyphenolic citrus

dry extract of red

orange, grapefruit,

orange)

# Body fat

# Body weight

Lipolytic effect mediated

by cAMP-PDE

inhibition

79

Human, obese

patients

Grapefruit capsules with

7ounces (207mL) of

apple juice, 8ounces

(237mL) of grapefruit

juice with placebo

capsule, or half of a fresh

grapefruit with a placebo

capsule three times a day

for 12weeks

# Body weight (1.6kg) by

the fresh grapefruit

group

# Body weight (1.5kg)

by the grapefruit juice

group

# Body weight (1.1kg)

by the grapefruit capsule

54

Abbreviations: ACC, acetyl-CoA carboxylase; AMP, adenosine monophosphate; AMPK, AMP-activated protein kinase;
ATP, adenosine triphosphate; IL-6, interleukin 6; MCP1/Ccl2, monocyte chemoattractant protein-1; PDE,
phosphodiesterase; TLR, toll-like receptor; TNF-α, tumor necrosis factor-α.
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6. EFFECT ON HYPERTENSION

Hypertension is the leading cause of cardiovascular diseases including stroke, coronary

artery disease, heart failure, and peripheral vascular disease worldwide.89 Antihyperten-

sive effects of C. paradisi and its flavonoids have been demonstrated in some studies90

through different mechanisms including antioxidant,91–93 inhibition of angiotensin-1-

converting enzyme activity,33,55 and increasing nitric oxide (NO) bioavailability.93

6.1 In Vivo Studies
The effect of C. paradisi and Ocimum sanctum infusions in obesity-related hypertension has

been evaluated. Both herbal infusions decreased blood pressure. A slight effect on renal

vascular remodeling, renin, and angiotensinogen gene downregulation has been observed

by C. paradisi, suggesting that its antihypertensive activity may be related to other mech-

anisms. The hypotensive effects of these herbs may be related to their epigallocatechin

gallate and quercetin content, respectively. Furthermore, other phytochemicals identified

in the infusions, such as hederagenin and oleanolic acid β-D-glucuronopyranosyl, choline,
trigonelline, and sitsirikine may be involved in their antihypertensive effects. The results

suggest that these infusions might be used as adjuvant treatments for hypertension.94

The inhibition of oxidative stress is considered as one of the mechanisms involved in

antihypertensive effects of GF flavonoids. Hypertension induced by renal artery occlusion

in rats. So that, renal artery occlusion significantly elevated hemodynamic parameters at

15, 30, and 45min of clamp removal. Administration of naringin (40 and 80mg/kg; for

4weeks) decreased hemodynamic parameters at 15min after clamp removal that persisted

for 60min. Moreover, naringin (40 and 80mg/kg) improved significantly left ventricular

function at 15, 30, and 45min after clamp removal. This agent also restored the altered

levels of SOD, GSH, and MDA. Kidney histological damages induced by renal artery

occlusion were reduced by naringin.91 High-carbohydrate or fat level in the blood

increases blood pressure. Naringin has been found to improve hypertension in high-

carbohydrate and high–fat diet fed rats. In this study, dietary supplementation with

naringin (100mg/kg/day) normalized systolic blood pressure and improved vascular

dysfunction and ventricular diastolic dysfunction.59

The effects of hesperidin, glucosyl hesperidin (G-hesperidin), a water-soluble deriv-

ative of hesperidin, and naringin on blood pressure and cerebral thrombosis were inves-

tigated using stroke-prone spontaneously hypertensive rats. These agents were mixed

with diet and fed to the animals for 4weeks. Results showed that the supplements sig-

nificantly suppressed the age-related increase in blood pressure and exhibited high anti-

oxidant activity by measurements of 8-hydroxy-20-deoxyguanosine (8-OHdG). Besides,

these agents significantly elevated the production of NO metabolites in urine. These

findings suggested beneficial effects of these flavonoids in hypertension and thrombosis

via increasing the bioavailability of NO.93
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6.2 Ex Vivo Studies
In thoracic aortic rings isolated form stroke-prone spontaneously hypertensive rats, hes-

peridin, G-hesperidin, and naringin which were mixed with diet and fed to the animals

for 4weeks increased vasodilation induced by acetylcholine-mediated NO production in

the endothelium. The results indicated that endothelial function was significantly

improved by the administration of these supplements.93

The coronary vasodilator and hypotensive effects of C. paradisi peel extract were

assessed in the Langendorff isolated and perfused heart model and in the heart and lung

dog preparation. C. paradisi peel extract decreased coronary vascular resistance and mean

arterial pressure compared to control in both models. Pretreatment with L-NAME

inhibited decreases in coronary vascular resistance and mean arterial pressure.95

6.3 Clinical Studies
In humans, C. paradisi juice decreased diastolic and systolic arterial pressures in normo-

tensive and hypertensive subjects. In comparison with C. sinensis juice, cow milk and a

vitamin C-supplemented beverage, C. paradisi juice induced a greater decrease in mean

arterial pressure.95

7. EFFECT ON ATHEROSCLEROSIS

Atherosclerosis is a multifactorial disease mainly caused by deposition of LDL-C in mac-

rophages of arterial walls. Atherosclerosis leads to heart attacks as well as stroke. Citrus fla-

vonoids have been found to exert crucial roles in the treatment of atherosclerosis.96,97

Several mechanisms including antioxidant and inhibitory effects on endothelial cell

apoptosis,98,99 modulatory effects on cell adhesion molecules and chemokines,100–102 anti-

platelet effect,103 lipid lowering effect,65 anti-inflammatory effect on macrophages,104

inhibition of vascular smooth muscle cell (VSMC) proliferation and migration,105,106

and decreasing the level of Ox-LDL107 considered as some important mechanisms which

involved in GF antiathrosclerotic effects.

7.1 In Vivo Studies
Hypercholesterolemia is a significant risk factor for the development of atherosclerosis.

Cholesterol-induced inflammation associated with obesity and atherosclerosis. Narin-

genin decreased the cholesterol-induced inflammatory response in liver, adipose tissue,

and aorta, leading to attenuation of atherogenesis in Ldlr�/� mice.65

Moreover, naringenin through alleviation of dyslipidemia in Western-fed LDLR-

null mice, suppressed atherosclerosis.108

Another study showed naringin within a nutritional range affected the hepatic

removal of VLDL from plasma by mechanisms that involved apolipoprotein E (apoE)
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receptors. In this experiment, naringin led to a less atherogenic lipoprotein profile and to

an atheroprotective effect in wild-type mice fed the high-fat-high-cholesterol diet,

whereas naringin did not show any effect in apoE�/� mice. In mice received the

high-fat-high-cholesterol diet, naringin reduced plasma concentrations of soluble forms

of cell adhesion molecules. These observations suggested that naringin could attenuate

endothelial dysfunction induced by an atherogenic diet. In addition, naringin modulated

the expression of genes involved in cell adhesion processes, VSMCs growth, and prolif-

eration in mice aorta.106

Naringin (15, 30, or 60mg/kg/day, for 14days) significantly decreased platelet aggrega-

tion induced by arachidonic acid, adenosine diphosphate, and collagen in hyperlipidemic

rabbits. Naringin, decreased the levels of P-selectin and platelet factor 4 (PF4), TC and

increased the ratio of HDL-C to TC. This compound lowered the cytosolic-free calcium

concentration.According to this study, antiplatelet effect of naringinmaybe related tomod-

ulation of the levels of blood cholesterol and calcium concentration in platelets.103

In another study, naringin significantly reduced the plasma LDL to HDL ratio in

diabetic rats. So, naringin improves atherogenic index in type 1 diabetes.109

Furthermore, naringin inhibited intercellular adhesion molecule 1 (ICAM-1) expres-

sion on endothelial cells in hypercholesterolemic animal suggesting that suppression of

ICAM-1 contributed to its antiatherogenic effect. In this study, naringin significantly

reduced fatty streak formation and neointimal macrophage infiltration.102

Based on another study which conducted on pigs fed fat diet, dietary GF pectin sup-

plementation lowered hypercholesterolemia and protected against atherosclerosis. In the

pigs received pectin, less atherosclerosis of aortas and coronary arteries were observed.110

7.2 In Vitro Studies
Endothelial dysfunction is involved in the initiation and progression of atherosclerosis.

Different cell studies indicated that citrus flavonoids could protect endothelial

dysfunction-induced atherosclerosis. For example, study on human umbilical vein endo-

thelial cell (HUVEC) and human aortic endothelial cell (HAEC) cells revealed that api-

genin and naringenin protected against endothelial dysfunction induced by high glucose

via inhibiting phosphorylation of protein kinase C βII (PKCβII) expression and reactive

oxygen species (ROS) production. These compounds reduced high glucose increased

apoptosis, Bax expression, caspase-3 activity, and phosphorylation of NF-κB in endothe-

lial cells. Moreover, apigenin and naringenin improved high glucose reduced Bcl-2

expression and Akt phosphorylation. In addition, apigenin and naringenin significantly

increased NO production in endothelial cells exposed to high glucose.98

Another study showed that naringin significantly increased the viability of HUVECs,

and decreased ROS and intracellular Ca2+ levels induced by lipopolysaccharide (LPS).

In addition, naringin reduced cytochrome c release from mitochondria into cytosol.
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The protein or mRNA levels of IL-1, IL-6, TNF-α, VCAM-1, ICAM-1, NF-κB, AP-1,
cleaved-3,-7,-9, p53, Bak, and Bax, were downregulated whereas the expressions of Bcl-

xl and Bcl-2 upregulated by naringin. In addition, naringin decreased phosphorylated

levels of JNK, ERK, and p38 MAPK. These protective effects of naringin against

LPS-induced damage in HUVECs may be related to the alleviation of oxidative stress,

inflammation, apoptosis, and MAPK pathways.99

Consistent with abovementioned study, results of another study on HUVECs indi-

cated that naringin inhibited ROS production and decreased the expression levels of

Nox4 and p22phox induced by TNF-α. Increased mRNA and protein levels of

ICAM-1 and VCAM-1 induced by TNF-α were suppressed by Naringin. Moreover,

naringin decreased activation of NF-κB and PI3K/Akt signaling pathways.101

VSMC proliferation and migration have important roles in pathogenesis of athero-

sclerosis. Naringenin induced HO-1 mRNA and protein levels, as well as its activity,

in rat VSMCs. Naringenin inhibited TNF-α-induced VSMC proliferation andmigration

in a dose-dependent manner. ERK/MAPK and Akt phosphorylation were prevented by

naringenin without any change on p38 MAPK and JNK. Naringenin also reduced ROS

generation induced by TNF-α.105

The effect of naringin on the expressions of cell adhesion molecules, chemokines and

NF-κB signaling pathway induced by TNF-α has been evaluated in HUVECs. Naringin,

dose dependently inhibited the adhesion of THP-1 monocytes to the TNF-α-stimulated

HUVECs. Naringin also suppressed the mRNA and protein levels of cell adhesion mol-

ecules, including VCAM-1, ICAM-1, and E-selectin, induced by TNFα. In addition,

mRNA and protein levels of some chemokines such as fractalkine/CX3CL1, MCP-

1, and RANTES, were decreased by naringin. Naringin inhibited the phosphorylation

of IKKα/β, IκB-α, and NF-κB, then, significantly inhibited TNF-α-induced nuclear

translocation of NF-κB.100

Atheroprotective effect of naringin has been shown on TNF-α-induced VSMC.

Naringin decreased PI3K/AKT/mTOR/p70S6K pathway, invasion and migration,

and then suppressed matrix metalloproteinase-9 expression through the transcription

factors NF-kB and activator protein-1.111

The preventive or therapeutic effects of naringin in the treatment of atherosclerosis

have been studied in another in vitro study on VSMCs isolated from rat. Naringin

reduced cell viability and cell proliferation. Furthermore, naringin induced G1-phase cell

cycle arrest may be due to the inhibition of cyclin D1/CDK4 and cyclin E/CDK2 com-

plexes by increased expression of p21WAF1 (CDK inhibitor), independent of p53 pro-

tein levels. Naringin inhibited cell growth associated with activation of Ras/Raf/ERK

through p21WAF1 mediated G1-phase cell cycle arrest.112

The oxidized LDL may play an important role in atherogenesis. Naringin could

inhibit binding of copper to LDL and may reduce the susceptibility of LDL oxidation.

Therefore, naringin has a role in prevention of atherosclerosis.107
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7.3 Ex Vivo Studies
Apigenin and naringenin restored high glucose impaired endothelium-dependent

vasodilation in the rat aorta, through increasing eNOS activity and NO level.98

7.4 Clinical Studies
The results of clinical study on 57 hyperlipidemic patients, after coronary bypass surgery,

indicated that in fresh red GF more bioactive compounds and higher antioxidant poten-

tial are presented in comparison with blond GF. Diet supplemented with fresh red GF

lowered serum lipid levels of all fractions, especially serum TG. Hence, addition of fresh

red GF to diets could be beneficial for hyperlipidemic, especially hypertriglyceridemic,

patients suffering from coronary atherosclerosis. In this study, the patients were daily

supplemented with one equal in weight fresh red or blond GF during 30 consecutive

days of the investigation.113

8. CONCLUSION

The high incidence of metabolic syndrome in population is a great concern of the mod-

ern society. Therefore, finding potentially novel solutions with less adverse effects is

favorable for health problems. Considering the beneficial properties of GF and especially

its flavonoids naringin and its aglycone, naringenin in the treatment of dyslipidemia, dia-

betes, and obesity, in this review, different animal and cell studies have been summarized

suggesting that GF as well as its most important compounds including naringin and nar-

ingenin could be a good candidate in the therapy of metabolic syndrome disease (Fig. 2).

Different mechanisms such as inhibition of α glucosidase activity, increase insulin sensi-

tivity, activating insulin-signaling pathways, and inhibition of gluconeogenesis are

involved in their antidiabetic effects. Research indicated the beneficial effect of this plant

in the management of diabetic complications such as renal toxicity, neuropathy, hepa-

totoxicity, memory dysfunction, and DNA damage. Through stimulation of fatty acid

oxidation, activation of AMPK and PPARα, reduction of adiposity, inhibition of adipo-
cytes differentiation, inhibition of adipogenesis and lipolytic activity, GF and its flavo-

noids are able to manage dyslipidemia and obesity. This plant is also considered as an

antihypertensive agent because of angiotensin converting enzyme inhibitory effects

and increasing NO bioavailability. In addition, inhibitory effects on endothelial dysfunc-

tion, modulatory effects on cell adhesion molecules and chemokines, inhibition of

VSMC proliferation and migration, and decreasing the level of Ox-LDL are considered

as some important mechanisms which involved in GF antiathrosclerotic effect. Based on

this review, C. paradise and its flavonoids naringin and naringenin are able to treat met-

abolic syndrome and obesity. Moreover, further clinical investigations should be carried

out in metabolic diseases.
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Abbreviations
AGEs advanced glycation end products

DFU diabetic foot ulcer
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IL-6 interleukin-6

ROS reactive oxygen species

STZ streptozotocin

TNF tumor necrosis factor

1. INTRODUCTION

Medicinal plants are a harbinger of so many useful secondary metabolites, compounds

whose applications differ according to the folklore medicines across different cultural

practices.1 Several pharmacological activities have been attributed to these bioactive

compounds isolated and purified from promising medicinal plants and their parts.2

The use of different plant parts dates back to ancient times where different natural prod-

ucts mainly plants are used to effect healing of numerous ailments and diseases that plague

mankind.3,4 Different parts of the plant can be used directly in the management of a dis-

ease.5 A total of 80% of the population of countries in Asia and Africa rely on medicinal

plants for disease treatment,6 because these plants are easily accessible, cheap, potent, less

side effects, and safe to use. Herbal medicines are in widespread use either singly and/or in

combination with other plant parts or species, giving access to the inherent biologically

active constituents for therapeutic effect.7
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In recent times, the application of such preserved knowledge passed down from our

ancestors has gained more popularity. The promising plants have been subjected to sci-

entific evaluation to validate their folkloric traditional uses so that they can be isolated,

purified, and harnessed for best use through good laboratory practices.2,8 Plants with var-

ious medicinal properties have been a source of attraction for many researchers all over

the world since thousands of years. Millions of plants have been studied extensively since

ancient times for various phytochemicals and their possible medicinal uses in various dis-

ease conditions in human beings.9 Even currently, the modern day treatment strategies

do not underestimate the potential of herbs for various chronic illnesses. Hence, there is a

tremendous increase in the use of plant-based health products in developing as well as

developed countries resulting in an exponential growth of herbal products globally.10,11

Medicinal plants used to treat hypoglycemic or hyperglycemic conditions are of con-

siderable interest for ethnobotanical community as they are recognized to contain valu-

able medicinal properties in different parts of the plant and a vast number of plants have

shown varying degree of hypoglycemic and antihyperglycemic activity.12 Traditional

plant medicines or herbal formulations might offer a natural alternative therapy to man-

aging diabetic complications. The active principles of many plant species are isolated for

direct use as drugs lead compounds, or pharmacological agents.13 Several species of

medicinal plants are used in the treatment of diabetes mellitus, a disease affecting a large

number of people worldwide.14,15

2. DIABETES MELLITUS

Diabetes mellitus (DM) is probably one of the oldest diseases known to man. It was first

reported in the Egyptian manuscript about 3000 years ago. It is commonly referred to as

diabetes and was first identified as a disease associated with “sweet urine,” and excessive

muscle loss in the ancient world. DM is a group of metabolic disorders characterized by a

chronic hyperglycemic condition resulting from defects in insulin secretion, insulin

action, or both.16 Elevated levels of blood glucose (hyperglycemia) lead to spillage of glu-

cose into the urine, hence the term sweet urine.17 In 1936, the distinction between type 1

and type 2 DMwas clearly made. Type 2 DMwas first described as a component of met-

abolic syndrome in 1988. Type 2 DM (formerly known as non-insulin-dependent DM)

is the most common form of DM characterized by hyperglycemia, insulin resistance,

and relative insulin deficiency. Type 2 DM results from interaction between genetic,

environmental, and behavioral risk factors.17,18

People living with type 2 DMoften die prematurely as a result of both short and long-

term complications. Such morbidity and mortality are usually the consequences of the

insidious onset and late recognition of the lifestyle disease, especially in resource-poor

developing countries like Africa.19,20 A prominent feature in diabetes is hyperglycemia

or high blood sugar. This condition has been described as a condition in which an
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excessive amount of glucose circulates in the blood plasma. This is generally a glucose

level higher than 11.1mmol/L (200mg/dL), but symptoms may not start to become

noticeable until even higher values such as 15–20mmol/L (�250–300mg/dL). Absolute

or relative insulin insufficient functions will produce abnormal glucose homeostasis that

can induce consequence of a complex metabolic disorders. Hyperglycemia will increase

the response of oxidative stress then enhance mitochondrial damage.21,22

Diabetes is typically accompanied by increased production of free radicals and/or

impaired antioxidant defense capabilities, indicating a principal contribution for reactive

oxygen species (ROS) in the onset, progression, and pathological complications of

diabetes.23,24 Hyperglycemia is well known to enhance ROS production in vascular

endothelial cells, resulting in stroke and Binswager’s disease in the brain.21

3. DIABETES AND WOUND HEALING

Diabetes, if untreated, can lead to various complications such as diabetic foot ulcers

(DFUs), poor wound healing, and infections. Delayed wound healing will result in

the development of chronic wounds in some diseases, such as diabetes. These include

DFUs, venous leg ulcers, and pressure ulcers, periondotitis, which adversely affecting

the quality of life of the patients.25–27 Alternative therapies using natural products

are coming to the fore as scientific evidences are on the increase in support of the effi-

cacies of flavonoid-rich African traditional herbs in the management of diabetic

complications.28

A plausible etiology of diabetes is also the consumption of dietary advanced glycation

end products (AGEs), which are now known to increase tumor necrosis factor-alpha

(TNF-α), gamma-isoprosthanes, and precipitate diabetes with further effects on cataracts,

retinopathy, aging, and longevity.29,30 Majorly, heat exposure of food, including broil-

ing, grilling, and microwaving contribute to formation of dietary AGEs. Meanwhile the

gut microbiota would metabolize them quite differently from other foods not processed

as such. Industrially, strategies have been embraced to reduce formation of AGEs through

exogenous enzymes and antioxidants to repair glycated proteins in such foods.31,32

Skin wound repair is a complex and dynamic interplay between cellular and biochem-

ical events that take place in a closely orchestrated cascade. It consists of four overlapping

phases: hemostasis, inflammation, proliferation, and remodeling, and is immediately

triggered in response to tissue injury.33 Under certain conditions, such as DM, this process

is disrupted or delayed, and nonhealing, chronic wounds developed. Diabetes always

damages skin microvasculature and leads to insufficient angiogenesis.34 In addition, dia-

betic wounds often remain in the inflammatory stage for a long time because of excessive

release of macrophage-induced pro-inflammatory cytokines such as interleukin-6 (IL-6)

and tumor necrosis factor-α (TNF-α).35 Developing efficient drugs for curing chronic

wounds such as DFUs are therefore a necessity.
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4. BURDEN AND IMPACT OF DIABETES

The prevalence of diabetes is increasing rapidly worldwide and the World Health Orga-

nization36 has predicted that by 2030 the number of adults with diabetes would have

almost doubled worldwide, from 177 million in 2000 to 370 million. Experts project that

the incidence of diabetes is set to soar by 64% by 2025‚ meaning that a staggering 53.1

million citizens will be affected by the disease.37,38 Overtime, diabetes can lead to blind-

ness, kidney failure, and nerve damage. These types of damage are the result of damage to

small vessels, referred to as microvascular disease. Diabetes is also an important factor in

accelerating the hardening and narrowing of the arteries (atherosclerosis), leading to

strokes, coronary heart disease, and other large blood vessel diseases. This is referred

to as macrovascular disease.16,39

5. MANAGEMENT OF DIABETES

There has been so many ways documented to aid the management of diabetes. Type 1

diabetes is mainly managed with insulin shots at regular intervals.40 Type 2 diabetes is

properly managed primarily through our diet control.41 Recently, the use of medicinal

plants has had an upward trajectory when it comes to the management of all types of

diabetes.42 Moreover, it seems like a cheaper option to the vast majority of the masses

as compared with the conventional antidiabetic drugs around so far.43 Below, we will

be looking at the management of diabetes using medicinal plants such asManihot esculenta,

Nauclea latifolia, and others.

Advocacy for advanced testing for diabetes through point-of-care testing (POCT)

by laboratory personnel is a growing effort. Fasting plasma glucose (FPG) and oral glu-

cose tolerance tests (OGTTs) as well as the HbA1c employ the serum and/or plasma for

diagnosis.44,45 HbA1c screening from left to right may sometimes reveal glycation at

the end of a terminal valine residue, and not always the lysine-based glycation.46

Glycation in the human finger nails can now be measured as a new marker for diabetes,

thus making diagnosis and monitoring easy and efficient.47,48 Deglycation may spon-

taneously occur throughout the body in response to treatment.49 The nail matrix,

including plate and bed is a keratogenous membrane which is rich in nerves, lymph,

and blood vessels. The hard, translucent keratin is also strong and flexible and extending

into the deeper dermis.50,51 Nail clippings or cataractic diabetic lens (chryslins) may or

may not be powdered, depending on the instrumentation to be used.52 Acetone pow-

der may need to be prepared for photometric measurements; whereas near-infrared

(NIR)/attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectros-

copy is more advanced and do not even need the patients nail clippings to be taken

as the reading may be done on the patient; thus making noninvasive data testing

and analyses possible.53
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The growing increase incidence of DM across the world calls for an immediate appeal

to researchers to find a suitable therapeutic approach. A prominent complication among

patients with diabetes is DFUs. A delay in wound healing under diabetic conditions is as a

result of microbial infection, ROS production, and reduction in blood flow. In the past

years, an observed rise in such complications linked with DM has been noted across the

world.54,55 It is postulated that under chronic conditions, patients will suffer from dia-

betic ulcers, notably in the limbs at the proximal regions.56 Without doubt, this can

results into infection of the limbs, tissue decay, limb amputation, and of course death

if not treated adequately.57,58 Diabetic wounds are also linked with several risk factors

which have to be taken into consideration before commencing therapy.59 Some of

the risk factors includes: longer duration, high body mass index, aging, and other issues

such as; diabetic peripheral neuropathy, and diabetic retinopathy.60,61 Peripheral senso-

rimotor and autonomic neuropathy leads to high foot pressure, foot abnormalities, and

gait instability. These pathways advance foot complications in diabetic patients, which

accelerate the chances of ulcer progression.62 It has been suggested that diabetes impairs

wound healing through disruption of local cytokine production, notably platelet-derived

growth factor (PDGF), TNF-α, interleukin-1β, and vascular endothelial growth factor

(VEGF), reduced biosynthesis and or accelerated degradation of newly synthesized col-

lagen. These qualitative and quantitative abnormalities contribute to the impaired wound

healing observed in diabetes.63 A control over the blood glucose along with alternative

therapies would be an ideal strategy to treat DFUs and wounds.64 Treatments range from

the conventional techniques of debridement and offloading to the more elaborate

approaches of hyperbaric oxygen therapy and bioengineered skin substitutes. Alongside

with the often extended healing times associated with such ulcerations, there is an

increased risk for infections and other comorbid sequelae.65,66 The search for cost-

effective medication with maximum healing potentials and less to no attendant side effect

has led scientists to investigate plants as an alternative source of medicinal products.8,67

5.1 M. esculenta (Euphorbiaceae)
M. esculenta, also called cassava, yuca, mogo, manioc, mandioca, tapioca, and kamoting

kahoy is a woody shrub of the spurge family native to South America. It is extensively

cultivated as an annual crop in tropical and subtropical regions for its edible starchy,

tuberous root, a major source of carbohydrates. Cassava is the third largest source of food

carbohydrates in the tropics,68 and a major staple food in the developing world, among

which Nigeria is the largest producer.69 Commonly in Nigeria, the starchy, dry powder

prepared from processed cassava tubers can be fermented and roasted into flakes called

garri.70

Cassava, like other foods, also has antinutritional and toxic factors. Of particular con-

cern are the cyanogenic glucosides of cassava (linamarin and lotaustralin). These, on
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hydrolysis, release hydrocyanic acid (HCN). The presence of cyanide in cassava is of con-

cern for human and for animal consumption. The concentration of these antinutritional

and unsafe glycosides varies considerably between varieties and also with climatic and

cultural conditions.71 Selection of cassava species to be grown, therefore, is quite impor-

tant. Once harvested, cassava must be treated and prepared properly prior to human or

animal consumption.69

5.1.1 Medicinal Importance of M. esculenta
The leaves of the bitter variety of cassava are used to treat hypertension, headache, and

pain.72 The Cubans commonly use cassava to treat irritable bowel syndrome by eating the

paste in excess during treatment.73 As cassava is a gluten-free, natural starch, it is

embraced inWestern cuisine as a wheat alternative for sufferers of celiac disease is becom-

ing common.74 The leaves have also been shown to have antioxidant properties and

hypoglycemic effect and the ability to close the mitochondrial membrane permeability

transition pore in high-fat diet manipulated low-dose streptozotocin (STZ)-induced

diabetic male Sprague-Dawley rats.75

A few researchers have reported the antioxidant activities of cassava tubers including

Omar et al.,76 who showed that the antioxidant activities of organically grown cassava

tubers were higher than those of mineral-base fertilized roots. They found that total phe-

nolic and flavonoid contents were significantly higher for organic cassava tubers com-

pared to those grown with inorganic fertilizers. Increased intake of cassava leaves in

diet has also been reported to decrease the risk of metabolic syndrome in type 2 diabetic

patients.77 Topical application of ethanolic extract ofM. esculenta to wound area on type 1

diabetic rats was shown to have little effect on collagenation, re-epithelization, and gran-

ulation resulting in no significant effect on wound closure rate compared to povidone

iodine.27

5.2 N. latifolia (Rubiaceae)
N. latifolia, otherwise called pin cushion tree, African peach, Igberesi (Yoruba), Ubuluinu

(Igbo), and Tafashiya (Hausa), is an evergreen multistemmed shrub or a tree. It grows up

to an altitude of 200m. It is widespread in the humid tropical rainforest zone or in savan-

nah woodlands ofWest and Central Africa.78N. latifolia has an open canopy and terminal

spherical head lined cymes of white flowers. The flowers are joined with their calyces.

The fruit is syncarp. The tree is flowering fromApril to June. The fruits are ripening from

July to September. Baboons eat them and disperse the seeds. Livestock eat shoots and

leaves. The fruits are edible, too. The wood ofN. latifolia (Opepe wood) is termite resis-

tant and is used as live stakes in farms.79 N. latifolia has been shown to possess secondary

metabolites such as alkaloids,80 saponins,81 and also active polyphenols.82 Recently, the

root bark of the plant has been found to contain the analgesic tramadol.83
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5.2.1 Hypoglycaemic Activity of N. latifolia
Gidado et al.84 evaluated the hypoglycemic property of aqueous leaf extract ofN. latifolia

in normal and alloxan-induced diabetic rats. The aqueous extracts at (200mg/kg b. wt.)

significantly lowered glucose levels (P<0.05) of the diabetic rats by 45% within 4h, but

showed no similar effect in normoglycaemic rats. The study suggested that aqueous

extract of the leaves of N. latifolia possessed hypoglycaemic activity to warrant further

detailed study to elucidate its therapeutic, toxicological, and phytochemical properties.

In a similar study, Effiong et al.85 evaluated the hypoglyceamic effect of ethanol extract

and fractions ofN. latifolia leaves in rats. The result in normoglycaemic rats showed max-

imum glycaemia reduction of 26.4%within 4h in the group treated with butanol fraction

(250mg/kg) proving more effective than glibenclamide. Also, similar advantage over

glibenclamide was recorded in ethanol extract (250mg/kg) given alloxan-induced dia-

betic rats with percentage glycemic change of 44.4% as compared to 32.2% of glibencla-

mide within 4h n-hexane fraction (100mg/kg) and butanol fraction (250mg/kg)

recorded maxima percentage glycemic changes of 73.2% and 71.2%, respectively, within

a period of 14 days at P<0.05 in alloxan-induced diabetic rats. These findings suggest

that ethanol extract and fractions ofN. latifolia leaf possess hypoglycemic effects in animal

model. Gidado et al.86 further studied the underlying mechanism of the hypoglycaemic

activity of ethanolic extractN. latifolia in rats. The study concluded that the hypoglycae-

mic effect appeared to be probably exerted through a mechanism similar to that of

glibenclamide which is related to increase insulin release from pancreatic β-cells.

5.2.2 Antidiabetic Effect
Gidado et al.87 studied the antidiabetic and possible toxicity effects of ethanolic leaf

extract of N. latifolia in STZ-induced diabetic rats. Extract doses of 100, 200, and

400mg/kg body weight were given orally to the STZ-induced diabetic rats daily for

45 days. The extract showed significant hypoglycaemic effect which was not dose depen-

dent. Indices of liver and kidney functions studied were not statistically affected by the

extract administration. Ethanolic leaf extract of N. latifolia thus exhibited antidiabetic

action in STZ-induced diabetic rats with minimal toxicity. Antia and Okon88 also

reported the antidiabetic activity of ethanolic root extract of N. latifolia in alloxan-

induced diabetic rats after a single dose (acute study) and prolonged treatment (chronic

study). The diabetic rats were treated with the root extract (150–450mg/kg) and blood

glucose level (BGL) was measured using a glucometer. Treatment of alloxan diabetic rats

with the root extract (150–450mg/kg, p.o) caused a significant (P<0.05–0.001) reduc-
tion in fasting BGLs of the diabetic rats both in acute study (7h) and prolonged treatment

(2 weeks) in a dose-dependent manner comparable with that of the reference drug, glib-

enclamide (10mg/kg b. wt., p.o). The study suggested that the root extract ofN. latifolia

possess antidiabetic effect on alloxan-induced diabetic rats which can be exploited in the

management of diabetes. N. latifolia has also been shown to possess antibacterial,

antimalarial,89 antiparasitic,90 and antihelmintic activity.91
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5.2.3 Wound Healing Effects
Udobre et al.92 investigated the wound healing activity of methanol crude extract and the

n-hexane, dichloromethane, ethyl acetate, and butanol fractions of the stem bark of

N. latifolia in rabbits. The animals were distributed into six groups and wound was

inflicted on their backs by excising approximately 400mm2 area of tissue from the back

of the rabbit. Group I served as negative control, with wound dressing done daily using

distilled water. Group II received crude methanol extract dressing while groups III–VI
received n-hexane, dichloromethane, ethyl acetate, and butanol fraction solution dress-

ing, respectively. Wound contracture was assessed by tracing the wound area on a trans-

parent graph paper from which wound surface area was evaluated on day 0, 4, 8, 12, 16,

20, and 24. The percentage mean wound contraction area in day 24 was 57.88�0.17

(control), 63.04�0.14 (butanol), 63.88�0.05 (dichloromethane), 69.96�0.07

(n-hexane), 74.00�0.08 (methanol), and 100.00�0.00 (ethyl acetate). A better healing

pattern with complete wound closure was observed in rabbits treated with ethyl acetate

fraction within 24 days while it took 30–35 days in control rabbits. There was a significant
increase (P �0.05) in wound contraction from day 4 onwards in all the treated rabbits

except those treated with butanol fraction in day 4. This study provided a scientific ratio-

nale for the traditional topical application of the powdered stem bark of N. latifolia on

wounds. In comparison, the ethanol crude extract of N. latifolia leaves has proven to

be more potent than that of M. esculenta in wound healing in type I diabetic rats.78

6. ANTIDIABETIC, HYPOGLYCEMIC, ANDWOUND HEALING PROPERTIES
OF OTHER MEDICINAL PLANTS

Medicinal plants have been extensively studied as already emphasized above in relation to

antidiabetic activities, hypoglycemic, and wound healing properties. Several other

medicinal plants that have been shown to have the above named properties. For instance,

Crocus sativus L. normalized DM and dislipidemia,93 and Hibiscus cannabinus in combina-

tion with Reptadenia hastate is used as an antidiabetic remedy in Bauchi State Nigeria.94

In more recent times, additional findings on the plant were reported, viz: the methanolic

extract of H. cannabinus leaf exhibited hypoglycemic activity in STZ-induced diabetic

rats,95 and inhibited glycosylation of hemoglobin and as such the formation of advanced

glycated end point AGEs.96

Young leaves of Adansonia digitate, eaten as vegetables, were found to be useful in

treatment of diabetes.97 It has also been shown that Sesamum leaves are popularly used

in folk medicine of the southern Nigeria to treat diabetes.98 Cassia tora seeds99 also have

beneficial effect on postprandial blood glucose control which may be partly due to medi-

ation by stimulated insulin secretion from the pancreas of diabetic rats, decreased total and
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low-density lipoprotein cholesterol, triglycerides and increased high-density lipoprotein.

Meanwhile, C. tora leaf fiber supplement100 tested in Korean diabetic patients improve

serum lipid status in type 2 diabetic patients without any serious adverse side effects.

Some other medicinal plants used in diabetes care include the leaf extract of Cissus

multistriata,101 aqueous leaf extract ofAegle marmelos (commonly known as the Holy Fruit

tree), which was orally administered to STZ-induced diabetic rats and potently normal-

ized blood glucose and insulin levels.12 Grover et al.12 further reported that oral admin-

istration ofMurraya koeingii leaves showed potent hypoglycemic effect associated with an

increase in hepatic glycogen content due to stimulated glycogenesis and suppressed gly-

cogenolysis as well as gluconeogenesis. Methanol leaf and stem bark extracts of Kigelia

africana and methanol leaf and root extracts of Strophanthus hispidus were found to treat

microbial infections and enhance nonocclusive, topical wound healing.102 The intricate

process by which the skin, liver, and other tissues repair themselves following injury is

wound healing.103 This repair is a consequence of the synthesis of a fibrous extracellular

matrix which replaces lost or damaged tissue. The newly secreted extracellular matrix

synchronizes and remodels overtime in the new microenvironment to replace the dam-

aged tissue, thus rebuilding the normal tissue.104 However, the associated medical costs

for DFU are high especially when ulcer-related infection such as cellulitis, osteomyelitis,

or gangrene is diagnosed. The ensuing procedures for ulcer treatment such as debride-

ment, drainage, amputation, hyperbaric oxygen treatments, or skin substitutes further

add to the medical costs.105

7. CONCLUSION

The use of medicinal plants has been very effective in the fight against diabetes. There are

still so many plants with promising antidiabetic efficacies yet unexplored. It is in this con-

nection therefore that more sincere efforts and resources be committed to research this

vast nature’s gift to make the complete control and treatment of diabetes possible by con-

tinuously harnessing such promising plants for dietary inclusion and drug discovery.
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CHAPTER 36

Intervention of Prediabetes by
Flavonoids From Oroxylum indicum
Yuesheng Dong*, Bowei Zhang*, Wenlong Sun†, Yan Xing*
*School of Life Science and Biotechnology, Dalian University of Technology, Dalian, China
†College of Life Science, Shandong University of Technology, Zibo, China

1. INTRODUCTION

Prediabetes is the initial period of type 2 diabetes mellitus (T2DM) and it is characterized

by a blood glucose level that is higher than normal, but lower than the criteria of T2DM.

Prediabetes is a high-risk state for the development of T2DM. It is characterized by an

abnormal glucose metabolism evidenced by impaired glucose tolerance (IGT) and

impaired fasting glucose (IFG). IFG is defined as a fasting plasma glucose (FPG) level

�6.1 and <7.0mmol/L, without IGT, and IGT is defined as an FPG concentration

of <7.0mmol/L and a 2-h post-load plasma glucose level �7.8 and <11.1mmol/L,

which is measured during a 75-g oral glucose tolerance test (OGTT). At this stage, there

are no obvious clinical symptoms, but the risks of cardiovascular disease and complica-

tions of T2DM are relatively high. According to an ADA expert panel, without proper

intervention, more than 70% of the prediabetes cases will develop into T2DM, and many

complications will emerge gradually. Once the complications occur, the conditions are

difficult to be reversed. Therefore, prediabetes is the ideal stage to introduce interven-

tions for the prevention of T2DM if proper treatment is introduced.

Lifestyle intervention is the most common approach to prevent or delay development

of T2DM. Many studies support the notion that lifestyle change should be the corner-

stone for T2DM prevention. Randomized controlled trials conducted in Japan, China,

and India reported a relative risk reduction of 38%–44.1% after lifestyle interventions,

including body weight control, modification of dietary structure, and increased physical

activities.1–3 However, for many people, it is difficult to maintain the lifestyle interven-

tions. Thus, drug intervention is also necessary. Several clinical trials have shown that the

risk of developing of T2DM in patients with prediabetes could be reduced with drug-

based interventions. However, no ideal effects have been observed. The relative risk

reduction of acarbose and metformin were 25%–36% and 45%, respectively.4–6 These

effects were similar or weaker than that of lifestyle intervention. Meanwhile, side effects,

especially gastrointestinal reactions, were also observed in subjects. For instance, long-

term use of acarbose might cause flatulence and diarrhea. Use of metformin might cause

559
Bioactive Food as Dietary Interventions for Diabetes Copyright © 2019 Elsevier Inc.
https://doi.org/10.1016/B978-0-12-813822-9.00036-9 All rights reserved.

https://doi.org/10.1016/B978-0-12-813822-9.00036-9


mild-to-moderate gastrointestinal side effects. Although two thiazolidinediones was

more effective than lifestyle intervention (60% for rosiglitazone and >70% for pioglita-

zone), and pioglitazone was associated with improved diastolic blood pressure, improved

HDL cholesterol and a reduced rate of carotid intima-media thickening, some serious

side effects, including weight gain and edema, were reported.7, 8 Pioglitazone was also

reported to be potentially associated with bladder cancer,9 thus pioglitazone, together

with another two thiazolidinedione drugs (troglitazone and rosiglitazone), were with-

drawn from the European market, making the prospects of thiazolidinediones in predi-

abetes intervention still unclear.

Oroxylum indicum (L.) Vent. is a plant distributed in South Asia, South East Asia,

China, India, Indonesia, Philippines, Malaysia, Bhutan, Sri Lanka, and Malacca.10 In

China, the local name of O. indicum is Muhudie (meaning Butterfly tree). O. indicum

grows wild in hill tracts districts in provinces of Guangdong, Guangxi, Sichuan, Yunnan,

Fujian, and Taiwan.O. indicum is a tree with a height of up to 12m. The seeds are numer-

ous, flat, and winged all around like papery wings. The bark is brown in color. The

flowers blossom in rainy seasons and fruit appears in December to March. According

to the taxonomical classification, O. indicum belongs to the kingdom of Plantae, class

of Magnolipophyta, order of Lamiales, family of Bignoniaceae, genus of Oroxylum,

and species of O. indicum.11

O. indicum (L.) Kurz has been used for centuries as a traditional food supplement or

medicine in Asia for the prevention and treatment of several diseases, including jaundice,

arthritic and rheumatic diseases, gastric ulcers, tumors, respiratory diseases, T2DM, diar-

rhea, and dysentery. For example, tea made of O. indicum has been widely consumed in

East and Southeast Asia for a long time.12 O. indicum seeds was recorded in “Zhen Nan

Bai Cao,” and was used for the treatment of cough, pertussis, pharyngitis, bronchitis, and

other respiratory disorders in China.13

The chemical constituents of O. indicum varied according to its different parts.

A number of secondary metabolites, including flavonoids, alkaloids, terpenoids, and tan-

nins have been reported to be found in O. indicum.

Flavonoids are the major constituents in the seed of O. indicum. More than 30 flavo-

noids, including baicalin, chrysin, oroxin A, oroxin B, oroxylin, kaempferol, hispidulin,

acacetin, isorhamnetin, isoquercetin, wogonin, apigenin, quercetin, and their glycosides

were identified in the seed extracts of O. indicum (Fig. 1).13–16 HPLC-ESI-MS and

HPLC-UV approaches identified and quantified the flavonoids in the defatted 90% eth-

anol extract of seeds ofO. indicum. Baicalein-7-O-diglucoside (oroxin B), baicalein-7-O-

glucoside (oroxin A), baicalein, and chrysin were identified as the main components and

the proportions of the compounds in the extract were 30.1%, 17.6%, 13.6%, and 8.5%,

respectively.17 Triterpenoids, including lupeol and 2α-hydroxylupeol; steroids, includ-
ing β-sitosterol, cholest-5-ene-3, 7-diol, and daucosterol; stilbenoids, including pinosyl-
vin and dihydropinosylvin were detected in the seed extracts. The proportion of volatile
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oil was 0.3% in the seeds, of which acetophenone and xylene were the major constitu-

ents. Organic acids, including oleic acid, and palmitic acid, p-hydroxyphenylethanol and

cyclohexanol were also identified in the seed extracts.18

The baicalein, chrysin, and their glycosides were also identified as the main compo-

nents in the leave, root, and bark ofO. indicum.19 Besides, other flavonoids, for example,

the scutellarein and its glycosides in the leaves, dihydrobaicalein in the root, stem, and

bark, and the prunetin, an isoflavone in the heartwood were also reported. Other com-

ponents included aloe emodin, an anthraquinone, were found in the leaves, pterocarpan,

p-coumaric acid, lapachol, β-lapachone, and traces of an alkaloid, tannic acid, sitosterol,

and galactose were identified in the bark, and ellagic acid was found in the root.11 As

different tissues of O. indicum shared some important components, especially flavonoids,

the extracts of O. indicum bark, root, and leaves also showed similar biological activities

with that of seeds to some extent.

2. INTERVENTION OF PREDIABETES BY FLAVONOIDS FROM O. INDICUM
IN VIVO

The antidiabetes effects of extract of O. indicum were reported previously. For instance,

Singh et al. reported that the extract of O. indicum stem bark (oral 250mg/kg for 28 days)

decreased the fasting blood glucose in the diabetic rats induced by streptozotocin (STZ).20

The antidiabetes effects of major components in O. indicum were also documented, For

instance, Ahad et al. showed that baicalein treatment for the STZ-induced diabetes rat

Fig. 1 The chemical structures of the major flavonoids of Oroxylum indicum.
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for 16 weeks decreased the food intake, body weight, HbA1c level, and HOMA-IR level

significantly, and preserved renal function.21 Qi et al. reported that administration of 2 and

4mg/kg baicalein by intraperitoneal (i.p.) injection to STZ-induced diabetic rats for

7 weeks decreased the level of blood glucose and body weight remarkably.22 The glucose

metabolism in STZ-induced diabetic rats was also reported to be improved by chrysin,

which is also a major components of O. indicum.23

As prediabetes is strongly associated with T2DM, the effects of the flavonoids in

O. indicum on prediabetes are also anticipated. The intervention effects of the combina-

tion of defatted 90% ethanol extract of O. indicum seeds and acarbose against prediabetes

in vivo were reported recently. The prediabetes mice model induced by low-dose STZ

and high-fat diet was established successfully, in which the IGT induction period could

last 5 weeks, which was beneficial for drug evaluation. Toxicity studies showed that the

safe dose of O. indicum seed extract was 2g/kg for mice, suggesting the low toxicity of

components of O. indicum. Treatment of prediabetes mice with combination of 50 and

200mg/kg extract ofO. indicum seed with 4mg/kg acarbose, which is 20% of the normal

dose of acarbose, for 8 weeks inhibited the increase of FBG, 2h-PG, HbA1c, and OGTT

levels significantly. The effect of combination was stronger than that of normal dose of

acarbose or extract of O. indicum seed administrated individually, suggesting the syner-

gistic effect of glucose tolerance improvement by the combination. After classifying the

mice in each group into normal, prediabetic, and diabetic mice and calculating corre-

sponding ratio, only 25% of the mice were found to develop into diabetes in the com-

bination of 200mg/kg extract of O. indicum seed and 4mg/kg acarbose. In contrast,

62.5% mice in 20mg/kg treatment acarbose group were found to develop into diabetes,

which is 2.5 times higher than that of combination treatment group. The relative risk

reduction of progression from prediabetes to diabetes (RRRD) of combination was cal-

culated to be 75%. These data also suggested that the combined drugs could prevent and

reverse prediabetes from developing into diabetes. In addition, the combination had a

better effect on plasma lipid profile, liver function and morphology, and reduction oxi-

dative stress than normal dose acarbose, respectively.24

In the subsequent research, the intervention effects of the major flavonoids from

O. indicum seed were also indicated. A 9-week treatment by combinations of 40 and

160mg/kg baicalein and 4mg/kg acarbose showed stronger preventive effect on the pro-

gression from prediabetes to diabetes in mice induced by STZ and high fat diet. For the

untreated group, 31.25% of the mice were in diabetic condition by 2 weeks and 75%

mice were in diabetic condition fromweek 7 to week 9. For normal dose acarbose group,

87.5% and 50% of the mice were in diabetic-free conditions at week 4 and week

9, respectively. For 160mg/kg/day baicalein combined with 4mg/kg/day acarbose

treatment group, there were no diabetic mice until week 4, and 87.5% mice were in

diabetic-free conditions at week 9, respectively. Thus, the RRRD for the combination

of 160mg/kg/day baicalein and 4mg/kg/day acarbose was calculated as 83.3%, which is
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higher than those of lifestyle intervention, thiazolidinediones and the combinations of

acarbose and extract of O. indicum seeds (Fig. 2).25 To the best of our knowledge, this

combination showed the highest RRRD in the intervention of prediabetes. This data

also revealed that the baicalein was one of the major components in the intervention

of prediabetes by combined extract ofO. indicum seed and acarbose. In addition, the levels

of TC, TG, and LDLC in the combination of 160mg/kg/day baicalein and 4mg/kg/day

acarbose treatment group were 55%–70% lower than those in diabetes group, and the

HDLC levels was 30% higher than that of diabetes group. In contrast, the effects of

20mg/kg acarbose group on lipid profiles were weak. Treatment with the combination

Fig. 2 The inhibitory effect of the combination of acarbose and flavonoids against mammalian
α-glucosidase. The inhibitory effect of the combination of acarbose with baicalein (A), quercetin (B),
luteolin (C), or (+)-catechin (D), using maltose as substrate. CI values above data points were
calculated using CompuSyn software. CI<0.9, CI¼0.9–1.1, and CI>1.1 indicate synergism, additive
effect, and antagonism, respectively. The values shown are the means of triplicate assays �
standard error. Cited from Figure 5 of J Funct Foods 2017; 37: 339–353, Elsevier publisher.
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of baicalein and acarbose could also improve the histology of liver of prediabetes mice

significantly. However, acarbose had barely any effect on improving cell swelling and

hepatic steatosis.25

The flavonoids components ofO. indicum alone also exhibited intervention effects on

prediabetes mice. The RRRDs of 160mg/kg baicalein and 200mg/kg oroxin A were

42.3% and 66.7%, respectively. Although these RRRDs were lower than those of com-

bination of baicalein or extract of O. indicum seed with lower dose acarbose, the values

were higher than that of normal dose acarbose, and the RRRD of oroxin A was similar

with that of rosiglitazone. On the other hand, although the food intake was similar, treat-

ment with rosiglitazone led to an increment of 20% body weight, however, oroxin

A administration did not influence body weight significantly.26

3. THE MECHANISM OF PREDIABETES PREVENTION BY THE
FLAVONOIDS FROM O. INDICUM

The extracts or flavonoids of O. indicum showed various pharmacological activities, and

many molecular mechanisms were revealed. Parts of the compounds are closely related to

the prevention and treatment of T2DM.

3.1 The Effects on α-Glucosidase
Digestive enzymes, α-amylase and α-glucosidase can hydrolyze dietary carbohydrates

and consequently generate glucose. This progression leads to postprandial hyperglycemia

in diabetic patients.27 The inhibitors α-amylase and α-glucosidase delay the hydrolysis

of carbohydrates, reduce the postprandial hyperglycemia, and improve T2DM and pre-

diabetes.28 α-Glucosidases are categorized into maltase-glucoamylase and sucrase-

isomaltase. Each enzyme is composed of two active subunits located on the

C-terminus and N-terminus of their original proteins, respectively. All four subunits

of the α-glucosidases can hydrolyze maltose. However, only the C-terminal subunit

of sucrase-isomaltase can hydrolyze sucrose.

The inhibitory activities of extract or flavonoids from O. indicum have been reported

by several groups. Our group showed that the seed extracts of O. indicum exhibited

α-glucosidase inhibitory effect, and the IC50 was 43.4μg/mL against rat intestinal α-glu-
cosidase.17 Yang et al. reported that the IC50 of wogonin was 78.04μM against rat intes-

tinal α-glucosidase.29 The inhibitory activities comparison between baicalein, oroxin

A from O. indicum and other 14 dietary flavonoids against rat intestinal α-glucosidase,
indicated that baicalein, (+)-catechin, quercetin, and luteolin showed the strongest inhi-

bition, with IC50 values of 74.1�5.6, 175.1�9.1, 281.2�19.2, and 339.4�16.3μM,

respectively.30 Other research reported different inhibitory activities of baicalein. For

instance, the IC50 of baicalein on rat intestinal α-glucosidase obtained by Hari Babu

was 214.6μM, which was lower than that of oroxylin A from O. indicum
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(135.4μM).31 The difference of IC50 for the baicalein between the two studies might be

attributed to the different enzyme contents or methods of the assay.

Growing evidence suggested that the combination of antidiabetic natural products

and acarbose showed synergistic inhibition on α-amylase and α-glucosidase. This syner-
gistic effect can enhance the efficacy of acarbose or reduce the dose of acarbose. For

example, the synergistic inhibitions of rat intestinal α-glucosidase by the combination

of acarbose with polyphenols from black current, rowanberry, or cinnamon bark,32, 33

The synergistic inhibitions of pancreatic α-amylase by the combination of acarbose with

rowanberry extracts, or polyphenol extracts from cinnamon bark in vitro were also docu-

mented.34 Satoh et al. reported the synergistic inhibitory and hyperglycemic effects of

acarbose and black tea extracts in vivo. The combination significantly lowered the post-

prandial blood glucose in GK rats after sucrose loading but not glucose loading.35 Some

flavonoid subtypes belonging to falvan-3-ols and anthocyanins also showed synergistic

effect with acarbose. Adisakwattana et al. reported the synergistic inhibition of rat intes-

tinal α-glucosidase and porcine pancreatic α-amylase by the combination of cyanidin-3-

rutinoside and acarbose, the combination synergistically lowered the level of postprandial

blood glucose after maltose and sucrose loading in rats, even though the individual inhi-

bition by cyanidin-3-rutinoside was relatively weak (IC50 ¼2323�14.8 and

250.2�8.1μM for maltase and sucrose activities, respectively).36 Guo et al. reported

the combined inhibition of yeast α-glucosidase by (�)-epigallocatechin gallate and

acarbose. The combination showed synergistic inhibition at low concentrations but

antagonistic inhibition at high concentrations.37

Our group reported that the combination of acarbose or miglitol withO. indicum seed

extract exhibited synergistic inhibition on rat intestinal α-glucosidase. The combination

index (CI),38 which was developed by Chou and Talalay to differentiate the synergistic,

antagonistic, and additive effects, was calculated. The CI values of combination of acar-

bose and O. indicum seed extract ranged from 0.33 to 0.75 at the tested concentrations,

suggesting moderate synergism. The mechanism of the synergistic inhibition is the non-

competitive inhibition. This synergistic effect was confirmed in vivo, the addition of

O. indicum seed extracts at 50–200mg/kg enhanced the postprandial blood glucose-

lowering effect of acarbose, and reduced the effective dose of acarbose to 1/5 in type 1

diabetic mice.17 Among the flavonoids in the extract, baicalein and oroxin A were found

to be the major active constituents that contribute to the synergistic effect. In contrast,

chrysin and baicalein-7-O-diglucoside exhibited no inhibition against α-glucosidase.
Zhang et al. demonstrated the synergistic inhibitory effect of combination of 20% reg-

ular dose acarbose with baicalein, quercetin, and luteolin at different doses against rat

intestinal α-glucosidase, and indicated that the synergistic inhibitory effect of acarbose

and baicalein was the strongest among the flavonoids tested, with the CI value ranging

from 0.29 to 0.71 (Fig. 3). On the other hand, the combination of acarbose and baicalein

did not show synergistic effect against pancreatic α-amylase. The combination of
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acarbose with (+)-catechin showed synergistic inhibition at low concentration and

antagonistic inhibition at high concentration,30 which was consistent with the result

by Gou et al.37 In the in vivo studies, the inhibitors were administrated to type 1 diabetes

mice simultaneously with 2g/kg sucrose. Baicalein at 80 and 200mg/kg and acarbose at 1

and 8mg/kg decreased the levels of PBG significantly 30min after sucrose loading. The

combination of baicalein at 80mg/kg and acarbose at 1mg/kg significantly reduced the

levels of PBG 30 and 60min after sucrose loading. The hypoglycemic effect of the

combination was greater than 80mg/kg baicalein or 1mg/kg acarbose alone, and was

comparable to 8mg/kg acarbose. The effective dose of acarbose could be reduced by

87.5%.30 Thus, the combined inhibition of acarbose and baicalein against rat intestinal

α-glucosidase was confirmed in vitro and in vivo.

The inhibition of α-amylase by acarbose led to undigested starch into the large intes-

tine. The colonic fermentation of the undigested starch was regarded as the main cause

of side effects of acarbose, including gastrointestinal upset, flatulence, and abdominal

bloating.39, 40 In the combination, only 12.5%–20% of regular doses of acarbose were

used. Thus, when the combination is used in T2DM treatment or T2DM prevention,

the content of undigested starch in the large intestine will be lower and the side effects

caused by a large dose of acarbose is expected to be reduced.

The enzymatic studies andmolecular docking studies have revealed the mechanism of

the synergistic inhibitory effect. The Lineweaver-Burk plots of acarbose, baicalein, and

the combination with α-glucosidase generated straight lines, which had intersections on

Fig. 3 The changes in the percentage of diabetes-free mice (%) after combination of baicalein and
acarbose administration. NM: the normal mice; 20A: 20mg/kg/d acarbose; 40B: 40mg/kg/d
baicalein; 160B: 160mg/kg/d baicalein. 4A+40B: 4mg/kg/day acarbose and 40mg/kg/day baicalein;
4A+160B: 4mg/kg/day acarbose and 160mg/kg/day baicalein; values are shown as
mean� standard deviation, n¼8 for each group. Values sharing a common letter (a, b, c, and d) in
each panel did not show any statistically significant differences. Cited from Figure 2 of J Agric Food
Chem 2017; 65: 8319–8330, ACS publisher.
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theY-axis, theX-axis, and the second quadrant. Compared with the control, the addition

of acarbose significantly increased theMichaelis constant (Km), but not the maximal reac-

tion velocity (Vmax). The addition of baicalein significantly reduced theVmax, but not the

Km. When the combination was added, the Km value was significantly higher, and the

Vmax was significantly lower than that of the control. These data suggested the mixed-

type inhibition of the combination. In the molecular docking study, using three available

human α-glucosidase subunits, including N-terminal maltase-glucoamylase (PDB:

2QMJ), C-terminal maltase-glucoamylase (PDB: 3TOP), and N-terminal of sucrase-

isomaltase (3LPP), Zhang et al. showed that baicalein was predicted to bind to the

noncompetitive binding sites of all three subunits, as the binding glide score of noncom-

petitive binding site in each subunits are obviously higher than those in the active sites.

The docking results also showed some major interaction between baicalein and subunits

contributed to the maintenance of the binding. For example, in 2QMJ, the hydrogen

bonds between Phe535 and Ser521 and the hydroxyl group in the A-ring, a hydrogen

bond between Lys776 and the carbonyl group in the C-ring, and hydrophobic interac-

tions in a large pocket (Val779, Leu286, Ala780, Pro287, and Ile523). In 3TOP, the

hydroxyl group in the A-ring formed hydrogen bonds with Pro1327 and Glu1284,

the carbonyl group in the C-ring formed hydrogen bonds with Leu1291. The B-ring

formed hydrophobic interactions with Pro1405 and Leu1401. In 3LPP, Asp806 formed

hydrogen bonds with the hydroxyl group in the A-ring.30 Therefore, the combined inhi-

bition of baicalein and acarbose was attributed to the noncompetitive inhibition of

α-glucosidase by the inhibitors. Baicalein, a noncompetitive inhibitor of α-glucosidase,
was supposed to enhance the affinity between enzyme and acarbose, and consequently

reduced the affinity of enzyme for substrate. Further studies are still needed to fully

understand the exact change in the α-glucosidases caused by baicalein binding.

3.2 The Effects on Insulin Resistance
Insulin resistance is an important characteristic of prediabetes and T2DM, and it is closely

related to the occurrence and development of T2DM. Improving the insulin sensitivity

of tissues is therefore an important approach for T2DM prevention and treatment. The

regulation of the phosphorylation of insulin receptor substance (IRS), the activation of

protein kinase B/Akt, and the translocation of glucose transporter GLUT-4, are regarded

as the classic pathways.41 The transcriptional regulation of PPAR-γwas also closely asso-
ciated with insulin resistance.42

Recently, growing evidence has shown that the effects of extract or the flavonoids

components from O. indicum on insulin sensitivity were one of the important mecha-

nisms for the prevention of diabetes and prediabetes. Singh et al. reported the extract

ofO. indicum bark could decrease the level of HOMA-IR and AUC, increased the quan-

titative insulin sensitivity check index (QUICKI) during OGTT in diabetes rat,
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significantly. The increased phosphorylation of Akt and GLUT-4 translocation were

observed when treating 3T3-L1 mature adipocyte cells with the extract of O. indicum

bark.20 These data suggested the improvement of insulin sensitivity by the component

of O. indicum. The improvement of AUC level during OGTT in vivo, and the increase

of PPAR-γ expression significantly in 293T cells by the extract of O. indicum seed were

also documented.24

Several groups studied the effects of single flavonoids of O. indicum on insulin resis-

tance. Sun et al. determined the PPAR-γ transcriptional activities of the extract of bai-
calein, chrysin, oroxin B, and oroxin A from O. indicum seeds in 293T cells, and found

that 5mM chrysin exhibited the strongest effect on PPAR-γ expression, higher than the

treatment with 30mg/mL extract of O. indicum seeds. In contrast, oroxin A, baicalein,

and oroxin B at 5mM showed moderate or weak PPAR-γ transcriptional activities. The
effect of chrysin on activating PPAR-γ was further confirmed by increasing the expres-

sion of its downstream protein, GLUT-2 in the dose-dependent and time-dependent

manner.24 These data demonstrated that the chrysin in O. indicum seeds played a major

role in activating PPAR-γ, and were consistent with that of Rani, who reported that

chrysin was a high potent PPAR-γ agonist.23

The PPAR-γ activation activity of oroxin A was lower than that of chrysin in vitro.

Oroxin A exhibited the strongest PPAR-γ activation at 50μM among the tested concen-

tration, and could increase the insulin-stimulated glucose consumption with a dose-

dependent fashion. Oroxin A can also increase the phosphorylation of IRS1 by 1.19-fold

and the abundance of GLUT-2 1.43-fold in HepG2 cells at 50μM, respectively. This

increasing effect on p-IRS1/IRS1 and GLUT-2 by oroxin A was the similar with that

of rosiglitazone at 10μM. Interestingly, when oroxin A was docked with PPAR-γ using
Schrodinger Maestro 9.4 software, no hydrogen bonds were observed between oroxin

A and Helix 12 of PPAR-γ, while there are two hydrogen bonds that were observed

between oroxin A and Ser342 of the β-sheet (amino acids 341–351).26 Previous studies
demonstrated that the main mechanism of side effects (e.g., weight gain) for full PPAR-γ
agonists. For instance, rosiglitazone was a full agonist that directly reduced in the rate of

amide exchange kinetics for Helix 12 of PPAR-γ remarkably, and the hydrogen bonding

network between full agonists and the β-sheet of PPAR-γ was rarely observed.43 These
data suggested that oroxin A was a partial agonist of PPAR-γ, had fewer side effects than
full agonists, and that no weight gain was observed in oroxin A-treated prediabetes mice.

Baicalein also could activate the IRS1/PI3K/Akt pathway. Pu et al. indicated that

activating AMPK might be a potential mechanism.44 We reported that the glucose con-

sumption and level of glycogen were increased by baicalein treatment in the insulin-

resistance HepG2 cells. The effect of baicalein on SOCS3, an insulin-induced regulator

of insulin signaling, was also observed. The interaction of SOCS3 with baicalein was first

confirmed by the merged image in confocal fluorescence microscopy. Subsequently,

when the insulin-resistant cells treated with 0.6, 1.2, 2.4, and 4.8μM baicalein, the

expression of SOCS3 was reduced by 17.7%, 21.1%, 37.1%, and 47.8%, respectively.
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The increase of the insulin-stimulated phosphorylation of IRS1 and Akt1 and reduction

the phosphorylation of GSK3β in a dose-dependent manner were also observed. Treating

cells with the combination of baicalein and API-2 (an Akt phosphorylation inhibitor) did

not influence the regulation of baicalein. However, the decreased phosphorylation of

GSK3β, increment of glucose consumption, and the level of glycogen were inhibited.

These data indicated that SOCS3 played a central role in insulin signaling pathway

regulated by baicalein. Baicalein could downregulate SOCS3, activate p-IRS1/IRS/

GSK3β/Akt1/GLUT-2 pathway, and consequently increase the insulin sensitivity. This

was another potential mechanism of baicalein on insulin sensitivity improvement.25

Since SOCS3 is a negative feedback regulator, therapies attenuating the expression of

SOCS3 might not lead to hypoglycemia caused by most insulin sensitizers, including

PPAR-γ activators and PTP1b inhibitors, suggesting the low side effects of baicalein

in T2DM treatment and prevention.

Thus, the effects of flavonoids in O. indicum on insulin sensitization include the

activation of PPAR-γ by oroxin A and chrysin, the downregulation of SOCS3 by bai-

calein, then IRS-1/AKT/GLUT pathway was activated, and the insulin sensitivity was

increased (Fig. 4).

3.3 The Effect on Oxidative Stress
In prediabetes, the total antioxidant defense was reduced due to dyslipidemia and

hyperglycemia, leading to vasculopathy, which is one of the most important nosogenetic

factors, including angiopathy and microangiopathy.

Fig. 4 The insulin sensitization mechanisms of main flavonoids from Oroxylum indicum seeds.
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Singh et al. reported that extract of O. indicum stem bark was a powerful antioxidant,

in vitro antioxidant activity assay showed that antioxidant capacity of the extract was

0.81mM TEAC by ABTS+ assay, and ferric reducing antioxidant power (FRAP)

was 0.89μM equivalent of Fe-II. In vivo, the extracts showed a 27.9% increase of

TEAC value in total antioxidant capacity of serum, and 45.48% increase of FRAP value

in ferric reducing ability of serum.20 The antioxidant activities of the extract and main

flavonoids of O. indicum seeds was also analyzed through the ABTS+ assay, the antiox-

idant capacity of extract, baicalein, oroxin B, oroxin A, and chrysin were 0.32, 7.87,

0.26, 0.25, and 0.06mg TEAC, respectively. Baicalein was therefore identified as the

main antioxidant component of extract of O. indicum seeds. The extract and main fla-

vonoids of O. indicum seeds also showed reduction effects of oxidative stress in vivo.

The levels pf T-SOD, T-AOC, and GSH of the liver of prediabetes mice treated with

200mg/kg extract were higher, whereas the MDA level was lower than those of pre-

diabetes groups significantly, respectively.24 In contrast, the levels of GPx, T-SOD, and

T-AOC in the liver of prediabetes mice treated with 160mg/kg baicalein were 193.7%,

123.4%, and 141.0% higher than those of prediabetes mice without treatment, respec-

tively. These activities were similar to the combination of 4mg/kg acarbose with

160mg/kg baicalein and normal mice, and were much higher than 4mg/kg individual

acarbose (9.4%, 3.4%, and 5.12%, respectively), suggesting that baicalein was the major

antioxidant component in the combination of acarbose and baicalein, and extend the

simple mechanism of acarbose in prediabetes prevention.25 Although chrysin showed

weak antioxidant capacity in vitro by ABTS+ assay, it exhibited protective effect against

cisplatin-induced jejunum toxicity and ferric nitrilotriacetate-induced renal toxicity

in vivo, possibly by attenuating the oxidative stress.45, 46 Therefore, oxidation

attenuation by flavonoids from O. indicum was also beneficial for the prevention and

treatment of T2DM.

The antioxidation mechanism of baicalein was reported. Lee et al. showed that the

baicalein could restore both protein expression and activity of manganese superoxide dis-

mutase (MnSOD) and its regulator, transcription factor NF-E2-related factor 2 (Nrf2),

which were abolished by H2O2 treatment.47 Baicalein can also restored the cellular com-

ponent damage caused by oxidative stress through decreasing phospho-H2A.X expres-

sion, DNA tail formation, and forming thiobarbituric acid reactive substances.

Meanwhile, the baicalein can inhibited protein oxidation through protein carbonyl for-

mation.48 Viduranga et al. reported that baicalin upregulates the genetic expression of

antioxidant enzymes, including Gpx and SOD, in Type-2 diabetic rats.49 Baicalein sup-

plementation was proved to control membrane permeability transition pore (MPTP)

function to avoid of DNA damage induced by ROS in lungs during B(a)P-induced

pulmonary carcinogenesis.50 These studies revealed that baicalein achieved antioxidation

function through multiple manners.
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3.4 Other Possible Mechanisms for T2DM Prevention
Besides these direct effects, some other important pharmacological activities related to

T2DM treatment and prevention in various in vitro and in vivo models, especially

the antimicrobial and anti-inflammatory activities, have also been revealed.

Rasadah et al. reported the antimicrobial activity of the methylene chloride extract of

O. indicum root. This extract inhibited the growth of Bacillus subtilis, Staphylococcus aureus,

Escherichia coli, Pseudomonas aeruginosa, andCandida albicans. The isolated compound, lapa-

chol, was found to be the major active constituent.51 Chrysin, obtained fromO. indicum,

inhibited the growth of Gram-negative bacteriaEscherichia coli and Pseudomonas aeruginosa,

at a concentration of 5μg/mL, which was comparable to that of streptomycin. Baicalein

and oroxin A, two flavonoids in O. indicum, inhibited the growth of brine shrimp with

LC50 values of 10 and 36μg/mL, respectively. The two compounds also inhibited the

growth of Gram-negative and Gram-positive bacteria with MIC values of 8.0 and

4.0mg/mL, respectively.52 Recent researches revealed that the gut microbiota compo-

sition and its homeostasis were closely associated with T2DM and metabolic syndrome,

and gut microbiota played a critical role in the development of T2DM. Thus, the anti-

microbial activities of extract or flavonoids inO. indicummight contribute to regulate the

composition of gut microbiota, consequently, enhance the antidiabetes effects.

It was reported that flavonoids in O. indicum exhibited anti-inflammatory effects on

dextran-induced edema of in mice. Themechanismwas that the flavonoids improved the

hydrolyzing effect of α-chymotrypsin Interestingly, when the flavonoids were combined

with α-chymotrypsin, the combination showed synergistic anti-inflammatory

activities.13 The anti-inflammatory activities of methanol, ethyl acetate, and petroleum

ether extracts ofO. indicum bark in stably transfected Hela cells were evaluated by ELISA

using hydrocortisone as a standard reference. The EtOAc extract was found to be more

effective and showed a potent NF-kB inhibitory effect on phorbol myristate acetate

(PMA)-induced activation of NF-kB in HeLa cells with an IC50 value of 47.45μg/
mL. The phytochemicals, including baicalein, oroxin A, chrysin that are present in this

extract, might have been responsible for this effect.53 It is well known that T2DM is

accompanied by low-grade inflammation. In a placebo-controlled study, injection of

an anti-inflammatory agent, recombinant interleukin-1 receptor antagonist, could

reduce fast glucose levels within 1 week, significantly reduced the level of HbA1c after

4 and 13 weeks, and improved β cell function and reduced the level of inflammatory

markers.54 Researches have also indicated that the glucose-lowering effect of salicylates

may be due to their anti-inflammatory action, primarily via inhibition of IκB kinase β.
The first clinical trials with �3g salsalate or the salicylate derivative triflusal showed that

fasting glucose levels decreased in obese persons while insulin concentrations increased.55

Thus, the anti-inflammatory activities of extract or flavonoids from O. indicum might

benefit for antidiabetes or T2DM prevention.
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In summary, the mechanisms of flavonoids of O. indicum in prediabetes prevention

mainly include: the absorbed flavonoids, including baicalein, chrysin, and oroxin A,

can reduce oxidative stress and activate the PPAR-γ andAMPK, reduce SOCS3, and then

activate the corresponding downstream insulin pathways to increase the insulin sensitiza-

tion. The unabsorbed flavonoids, including baicalein and oroxin A, can inhibit or syner-

gistic inhibit α-glucosidase in the gut lumen to prevent hyperglycemia (Fig. 5). Thus, the

combination prevented the progress from prediabetes to T2DM via a multi-target and

multi-pathway mechanism, which is different from those of the existing antidiabetes

agents. When the flavonoids or extract of O. indicum were combined with acarbose, it

can shore up the simple mechanism of acarbose alone, increase T2DM risk reducing rates,

reduce the dose of the acarbose, and consequently, reduce the side effects of acarbose.

4. PROSPECT OF FLAVONOIDS OF O. INDICUM IN T2DM PREVENTION

Recent research showed that the extracts or flavonoids fromO. indicum exhibited poten-

tial effects on prediabetes prevention in animal experiments. The treatment groups

mainly include oroxin A alone, the combination low-dose acarbose with the baicalein

or extract of O. indicum seeds. The risk-reducing rates ranged from 66.7% to 83.3%,

which were similar or even higher that of rosiglitazone. Thus, the bioactive food contain-

ing the extract of O. indicum might be beneficial for T2DM prevention, or increase the

efficacy of acarbose in T2DM prevention, meanwhile lowering the side effects caused by

large dose of acarbose. Admittedly, due to difference progress of prediabetes to T2DM

between mice and humans, the effects of flavonoids of O. indicum for the prevention of

human T2DM are still pending further exploration. The relationship between antimicro-

bial and anti-inflammatory effects of the extract or flavonoids from O. indicum and

antidiabetes and T2DM prevention is also pending for further investigation.

Fig. 5 The possible mechanisms of extract of Oroxylum indicum seed and its main flavonoids in
diabetes prevention: acarbose. A+O: the combination of extract of O. indicum seed and acarbose;
A+B: the combination of baicalein and acarbose; OA: Oroxin A.
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CHAPTER 37

The Effects of Traditional Chinese
Medicine Herb Tangluoning in Diabetic
Peripheral Neuropathy
Taojing Zhang
Dongfang Hospital, Beijing University of Chinese Medicine, Beijing, China

1. INTRODUCTION

Diabetic peripheral neuropathy (DPN) is one of the most common complications of dia-

betes. It is a microvascular complication of diabetes mellitus associated with pain, numb-

ness, and dysfunction of motor and autonomic nervous system, which seriously affects the

quality of life of the patients.1 Its adult morbidity rate is 60%–90%.2 DPN is thought to

play a role in the pathogenesis of diabetic foot. Diabetic patients with DPN have a three

to fivefold higher risk of developing diabetic foot when compared with patients without

DPN.3, 4 Incomplete understanding of the pathogenesis of DPN has largely been respon-

sible for the lack of development of effective therapeutic modalities.

From the scientific research, several studies have implicated oxidative stress, especially

that resulting from mitochondrial insult, as being the prime event in the pathogenesis

of DPN.5, 6 The role of oxidative stress resulting from mitochondrial injury has garnered

much attention in the context of several diseases, including DPN. When blood glucose

levels are high, oxidative stress is generated within mitochondria during energy production.

Mitochondrial membrane potential is widely used as a standard to determine the

mitochondrial function.7 A host of enzymes are involved in the mitochondrial metabo-

lism, including respiratory complexes and antioxidases.8 A balance between these two

types of enzyme systems sustain mitochondrial function. However, the specific mito-

chondrial proteins that are affected in diabetes mellitus are not known. This chapter

focuses on the analysis of mitochondrial proteins using proteomics to investigate the

pathogenesis of DPN, and to study the mechanism underlying the protective effect of

traditional Chinese herbal recipe, Tang-luo-ning (TLN).

TLN comprises Astragalus root, Fructus corni, Rhizoma cibotii, and Salvia miltiorrhiza.

Previously we reported that the general efficacy of treatment with TLN was 91.67%

in DPN patients9 when used prior to oral mecobalamin treatment. Moreover, TLN

treatment appeared to ameliorate DPN-related signs and symptoms, including numbness,

pain, muscle spasm, and impairment of ankle reflex. Additional observed effects of TLN
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included improved nerve conduction velocity and peripheral microcirculation, and

enhanced sorbitol content in the red blood cells.10, 11 In animal studies, TLN appears

to protect against the progression of DPN through inhibition of oxidative damage

and downregulation of apoptosis in the dorsal root ganglion and sciatic nerve.12 How-

ever, whether mitochondrial proteins are affected in the diabetic model or as a result of

TLN treatment is not known.

In this chapter, an experimental animal model for diabetes mellitus was developed and

proteomics method was employed to study the alterations in mitochondrial protein pro-

files. Further, we explored the potential protective effect of TLN in restoring the expres-

sion of mitochondrial proteins.

The clinical research shows that DPN acts as the most frequent causation of nontrau-

matic amputation. The current treatment is mainly: (1) control of blood sugar; (2) control

of blood pressure; and (3) drug treatment: including aldose reductase inhibitors, dilation

of vascular drugs, anticoagulants and snakes, gangliosides, vitamins, nerve growth factor,

linolenic acid, glycosylation blockers, free-radical scavengers, and symptomatic treat-

ment. Although the above-mentioned drugs work in animal experiments, their clinical

efficacy is not satisfactory.13 Clinical observation of a large number of patients with DPN

shows that the main pathogenesis of the disease is lack of the liver and kidney essence,

collateral qi deficiency and stasis, and collateral blood stasis. A treatment principle which

focuses on the improvement of kidney function and removal of blood stasis to promote

blood circulation is proposed. TLN is valid according to this treatment principle. In this

randomized controlled trial, traditional Chinese medicine (TCM) syndrome integral,

DPN integrals, electrophysiological, and oxidative stress were used as indicators: serum

superoxide dismutase (SOD) and serummalondialdehyde (MDA), and the objective is to

evaluate TCM compound papers to the main clinical malignant effect of DPN and com-

pare the curative effect of mecobalamin and TLN on DPN. In addition, we also have

validated the TLN’s side effect, which has no toxic side effects on a patient’s liver, kidney

function, digestive tract system, and skin, and is reliable and safe.

2. THE BODY OF THE CHAPTER

2.1 Basic Research
2.1.1 Diabetic Model and Treatment
Eight-week-old male Sprague-Dawley (SD) rats (clean grade, 200–250 g, n¼75) were

obtained from Vital River Laboratories (China, SCXK [Jing] 2012-0001). The rats were

bred at the Animal Center of the Beijing University of Chinese Medicine (China) as per

the National Standards (Gb14925_2001).12 The ambient environment was maintained at

a temperature of 25�1°C and 60�10% humidity. Fourteen rats formed the control

group and the remaining 61 rats were used to produce diabetic model. Diabetes mellitus

model was induced by intraperitoneal injection of 60 mg/kg streptozocin (STZ). Blood

glucose was measured after 72h of injection; a value >16.7 mmol/L was considered
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indicative of the successful establishment of the diabetes model. A total of 61 diabetic rats

were randomly divided into alpha lipoic acid (ALA) group (19 rats), TLN group (21 rats),

and model group (21 rats). Rats without modeling were used as control group. Model

group consisted of 21 rats in which diabetes was established by exposure to STZ, but who

received no further treatment. The study protocol was approved by the Ethics Commit-

tee at the Beijing University of Chinese Medicine. All animal experiments were con-

ducted in accordance with the NIH guidelines for the care and use of laboratory

animals (NIH Publication No. 80-23; revised 1978)12 TLN was administrated to the rats

of TLN group for 8 consecutive weeks. TLN was prepared at the Dongfang Hospital

(No. 6, First District, Fangxingyuan, Fengtai District, Beijing City, China) at a concen-

tration of 10 g/mL (crude drug). The ingredients of TLN included Astragalus root,

F. corni, R. cibotii, and S. miltiorrhiza. TLN was orally administrated at a dose of 5 g/

kg/d (5 mL, 2.5 mg/mL) for 56days. Similarly, in the ALA group, ALA was adminis-

trated orally (2.5 mg/kg/d diluted in distilled water, 5 mL). A similar volume of distilled

water was used in the model group. In addition, the effect of oral administration of ALA

(diluted with distilled water) on mitochondrial protein profile was also measured.

2.2 Determination of Glycosylated Hemoglobin and Glucose Level
After treatment for 56days, glycosylated hemoglobin was calculated following the

instruction of the assay kit (Nanjing Jiancheng, Nanjing, China, Catalog number: A056).

Glucose levels were determined every 4weeks. For this assessment, caudal vein blood

was collected after an 8-h diet.

2.3 Determination of Reaction Time to Heat and Cold Stimulation
The rats were fixed in a holder. The tail was immersed into water (43�0.5°C or

10�0.5°C) to test the reaction time to hot or cold stimulation.

2.4 Determination of Motor Nerve Conduction Velocity (MNCV) of
Sciatic Nerve
The rats were exposed to 10% chloral hydrate (350 mg/kg, i.p.) for anesthesia, and sub-

sequently fixed in a prone position. A stimulating electrode was placed on the sciatic

notch at the sciatic nerve efferent site. The reference electrode was placed between

the stimulating electrode and the recording electrode. A single square wave pulse (width

0.1 ms) was delivered at stimulation intensity of 1.5-folds of the threshold with 5-s inter-

val between two stimulations. The room temperature was set strictly at 20�5°C. The
time taken for the action potential to be transmitted from stimulation point to the distal

muscle was recorded. Stimulation was repeated 7–10 times and mean values were calcu-

lated.Motor sciatic nerve conduction velocity (MNCV)was calculated:MNCV (m/s)¼
distance from stimulating electrode to recording electrode/latency.
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2.5 Protein Digestion and Peptide Labeling
Eight weeks after drug treatment, L6, S1 dorsal root ganglion was obtained as described

previously.14 Mitochondria were isolated from the dorsal root ganglia. Mitochondrial

proteins were isolated in different groups at a later stage. Briefly, DTT was added to

the protein solution to a final concentration of 10 mM. After a 56°C water bathing

for 1h, IAM was rapidly added to the solution to a final concentration of 55 mM in dark

room for 1h. Precooled acetone (fourfold volume to sample) was added to the solution.

After deposition for at least 3h in �20°C, the solution was centrifuged at 4°C at

20,000�g for 20 min. The supernatant was discarded and deposition was diluted in

300μL rediluted buffer (50% TEAB, 0.1% SDS). After further centrifugation (4°C,
20,000�g, 30 min), the supernatant was collected. After isolation, the protein concen-

tration was measured by Bradford assay.

Proteins were digested by trypsin (1μg/μL) at a concentration of 100μg substrate with
3.3μg enzyme at 37°C for 24h. The digested material was cold dried; peptides were dis-

solved in triethylammonium bicarbonate (TEAB) (H2O:TEAB, 1:1; 0.1% SDS) and

60μL peptide was included in each tube. The peptides were labeled by different isotopes

using the iTRAQ method. Eight isotopes of similar volume were applied to label the

digested peptides. After marking (control group, isotope 113–114; TLN group, isotope

115–116; ALA group, isotope 117–118; model group, isotope 119, 121), the labeled

samples were dried and identified and quantified by MS/MS.

2.6 High-Performance Liquid Chromatography
Strong cation exchange (SCX) chromatography assisted the peptide isolation. Labeled

samples were diluted in Solution A (25% CAN, 10 mM KH2PO4, pH 3.0). Under this

condition, the peptides were positively charged and absorbed due to the exchange with

the metal ions. The later elution was completed by Solution B (25% ACN, 2 M KCl,

10 mM KH2PO4, pH 3.0). Solution A and Solution B were filtered by 0.22 and

0.45μm organic film, respectively. High-performance liquid chromatography (HPLC)

with SCX chromatography was applied to detect the samples. The isolation of SCX is

shown in Fig. 1. Peptide purificationwas completed byC18 reversed-phase column chro-

matography. Peptide signals were detected byQ-exactivemass spectrometer (MS),which

is shown in Fig. 2. MS signals were transferred to PD software (Proteome Discoverer 1.3,

Thermo). Qualification and quantification were completed by Mascot software.

2.7 Statistical Analyses
All data are presented as mean� standard deviation (SD). All statistical analyses were per-

formed using SPSS 11.5. Least significant difference (LSD) t tests were performed for

intergroup differences. The difference among three groups or more was completed by
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one-way ANOVA followed by Tukey’s test. A P-value of <0.05 was considered

statistically significant.

2.8 Results
2.8.1 TLN Alleviated STZ-induced Diabetic Symptoms
As shown in Table 1, STZ significantly elevated the level of glycosylated hemoglobin

[F(3, 71)¼78.73, P<0.0001)]. At 8 and 12weeks, STZ-induced increase of glucose

level was mitigated by TLN, but not by ALA treatment [12weeks: F(3, 71)¼68.33,

P<0.0001)] (Table 2). Both TLN and ALA reduced STZ-induced increase of response

time to hot and cold stimulation at 8- and 12-week time points [12weeks: F(3, 71)¼
43.13, P<0.0001)] (Tables 3 and 4).

Nerve conduction velocity was also measured. As shown in Table 5, diabetic rats

showed decrease in the conduction velocity, which was ameliorated by TLN treatment

at each time point, while ALA only ameliorated the decrease at 4-, 8-, and 12-week time

points [12weeks: F(3, 71)¼25.33, P<0.0001)] (Table 5).

2.8.2 Quantitative Analysis of Mitochondrial Proteins
Using a standard curve, mitochondrial proteins were calculated in all study groups. The

concentration of mitochondrial proteins in model, normal, TLN, and western medicine

groups were 1.1, 0.9, 1.2, and 1.4μg/μL, respectively. The quantities of proteins in all the
four groups were sufficient for carrying out the proteomics study. The lengths of the

Fig. 1 Isolation of SCX.
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Fig. 2 Q-exactive mass spectrum.
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peptides are shown in Fig. 3. Proteins in Uniprotrat library were quantified (Table 6).

Differential proteins were defined by a direct ratio higher than 1.2 with an associated

P value of <0.05.

As compared with the control group, there were 388 differential proteins (176

downregulated, 212 upregulated) in the TLN group, 445 (198 downregulated, 247

Table 1 TLN decreased glycosylated hemoglobin level in diabetic model
Groups Glycosylated hemoglobin

Control 6.76�1.55

Model 14.98�2.18ΔΔ

TLN 12.69�1.09ΔΔ, *
ALA 13.85�1.44ΔΔ

Data are presented as mean.
ΔΔP<0.01 compared to control group.
*P<0.05 compared with model group.

Table 2 TLN decreased blood glucose level in diabetic model

Groups

Glucose level (mmol/L)

0Week 4Week 8Week 12Week

Control 5.43�0.72 5.49�0.66 5.52�0.59 5.71�0.55

Model 26.85�3.22ΔΔ 25.23�2.96ΔΔ 26.11�2.35ΔΔ 24.67�3.97ΔΔ

TLN 26.05�3.32 24.41�3.17 22.01�2.79*,# 19.31�2.69**,#

ALA 24.71�4.54 24.33�3.12 23.99�2.37 23.87�2.80

Data are presented as mean and SD.
ΔΔP<0.01 compared to control group.
*P<0.05.
#P<0.05 compared with ALA group.
**P<0.01 compared with model group.

Table 3 TLN ameliorated STZ-induced decrease of response time to hot stimulation

Groups

Response time to hot stimulation (s)

0week 4week 8WEEK 12week

Control 24�12 20�17 27�11 26�15

Model 11�8ΔΔ 37�12Δ 88�32ΔΔ 77�29ΔΔ

TLN 15�18 41�21 51�17** 49�34**
ALA 13�13 42�19 55�31** 51�23**

Data are presented as mean and SD.
ΔΔP<0.01 compared to control group.
ΔP<0.05.
**P<0.01 compared with model group.
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upregulated) in the western medicine group, and 451 (205 downregulated, 246 upregu-

lated) in the model group. As compared with the model group, there were 275 differ-

ential proteins (129 downregulated, 146 upregulated) in the TLN group, and 251 (149

downregulated, 102 upregulated) in the western medicine group. As compared to the

TCM group, there were 250 differential proteins (106 downregulated, 144 upregulated)

in the western medicine group.

2.8.3 Qualitative Analysis of Mitochondrial Proteins
The differentially expressed proteins are shown in Tables 7–10. The levels of mitochon-

drial complexes and aconitase were significantly increased in the model group (P<0.05),

while antioxidases were significantly decreased (P<0.05), as compared to that in the

control group. These differences might serve to attenuate the antioxidative ability of

mitochondria in the diabetic model. There was a significant decrease in mitochondrial

complex III, with a concomitant significant increase in glutathione peroxidase and

Table 5 TLN ameliorated STZ-induced decrease of nerve conductive velocity

Groups

Nerve conductive velocity (m/s)

0week 4week 8week 12week

Control 53.34�4.39 57.66�3.66 54.68�3.17 55.71�3.99

Model 44.81�3.7844 43.77�3.1444 40.18�5.1244 39.25�2.7544

TLN 47.88�3.74* 48.75�4.15** 51.33�2.88** 53.14�4.78**,#

ALA 45.53�2.88 46.22�3.75* 48.41�3.27** 49.39�2.88**

Data are presented as mean and SD.
44P<0.01 compared to control group.
*P<0.05.
**P <0.01 compared with model group.
#P<0.05 compared with ALA group.

Table 4 TLN ameliorated STZ-induced decrease of response time to cold stimulation

Groups

Response time to cold stimulation (s)

0week 4week 8week 12week

Control 20�11 23�15 25�14 24�13

Model 21�10 27�16 79�21ΔΔ 84�26ΔΔ

TLN 16�16 28�19 64�29* 61�28**,#

ALA 17�12 30�24 62�27* 78�22

Data are presented as mean and SD.
ΔΔP<0.01 compared to control group.
*P<0.05.
**P<0.01 compared with model group.
#P<0.05 compared with ALA group.
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peroxidase in the TLN group as compared to that in the model group. As listed in

Tables 7 and 11 mitochondrial proteins were influenced after diabetic modeling, whereas

only four proteins (mitochondrial complex III cytochrome C reductase 2, mitochondrial

complex III cytochrome C reductase 1, glutathione peroxidase, and peroxidase) were

reversed after TLN treatment in diabetic rats (Table 9). Furthermore, the mitochondrial

Fig. 3 Distribution of peptide lengths in Uniprotrat library.

Table 6 The list of Uniprotrat library

Total spectrum 563,136

Matched spectrum 25,048

Peptides 3677

Matched proteins 903
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Table 7 Protein ratio of control group to model group
Protein no. Names Ratio P-value

Q6AY12 Mitochondrial complex III cytochrome C reductase 2 0.439 0.0013

P23764 Aconitase 0.473 0.0019

Q06QA1 Mitochondrial complex I NADH- coenzyme Q reductase 5 0.572 0.0021

G3CH61 Mitochondrial complex IV cytochrome C oxidase subunit 2 0.606 0.0039

G3V9S0 Mitochondrial complex III cytochrome C reductase 1 0.673 0.0037

Q0QF18 Mitochondrial complex II succinate dehydrogenase

complex subunit A

0.76 0.0153

B0FT61 Mitochondrial complex IV cytochrome C oxidase subunit 1 0.775 0.0231

Q6PDW8 Glutathione peroxidase 1.781 0.0029

D3ZIA7 Uncoupling protein 2 1.912 0.0031

P62963 peroxidase 1.987 0.0027

Q9QXQ0 Manganese superoxide dismutase 2.542 0.0014

Table 8 Protein ratio of ALA group to model group
Protein no. Names Ratio P

G3V9S0 Mitochondrial complex III cytochrome C reductase 1 0.758 0.0244

Q6AY12 Mitochondrial complex III cytochrome C reductase 2 0.826 0.0329

Table 9 Protein ratio of TLN group to model group
Protein no. Names Ratio P

Q6AY12 Mitochondrial complex III cytochrome C reductase 2 0.806 0.0314

G3V9S0 Mitochondrial complex III cytochrome C reductase 1 0.811 0.0407

Q6PDW8 Glutathione peroxidase 1.305 0.0311

P62963 Peroxidase 1.549 0.0284

Table 10 Protein ratio of TLN group to ALA group
Protein no. Names Ratio P

G3CH61 Mitochondrial complex IV cytochrome C oxidase subunit 2 0.73 0.0271

G3V9S0 Mitochondrial complex III cytochrome C reductase 1 1.244 0.0384

Q6PDW8 Glutathione peroxidase 1.273 0.0294

P62963 Peroxidase 1.354 0.0277

Table 11 Comparison on curative effect of two groups (%)
Groups Case Completely curative Effective Valid Invalid Total valid rate

Control 98 0(0.0) 24(24.5) 46(46.9) 28(28.6) 71.4

Treatment 99 13(13.1) 31(31.3) 45(45.5) 10(10.1) 89.9
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complex III, glutathione peroxidase, and peroxidase were increased in the TLN group as

compared to that in the western medicine group. The increase in expression of glutathi-

one peroxidase and peroxidase was particularly marked in the TLN group.

3. DISCUSSION

Although TLN continues to be employed for treatment of DPN patients in China, the

underlying protective mechanisms are not well understood. In this study, we demon-

strated that TLN may have a protective role against STZ-induced diabetic symptoms.

Using the proteomics method, we found that a series of mitochondrial proteins were

affected in the diabetic rat model. Mitochondrial oxidases and mitochondrial complexes

were altered in the dorsal root ganglia of DPN rats, possibly contributing to the decreased

antioxidant effect. Further, TLN appeared to restore the expression of these proteins.

The changes in mitochondrial proteins may contribute to injury associated with DPN

in diabetic rat model, while the antioxidant effect of TLN could be attributed to the res-

toration of the mitochondrial proteins.

Proteomics is a large-scale study of the structure and function of proteins, and their

role in the progression and resolution of morbid changes in diseases. The proteomics

method provides pervasive information for the target screening and discovery of potential

cascades.15 Using this method, alterations of protein expression can be screened. These

differences might explain the pathogenesis of the disease, and help identify potential ther-

apeutic targets. Proteomics has seen wide application in several recent studies.16 Isobaric

tag for relative and absolute quantification (iTRAQ) has been applied in proteomics in

combination with tandem mass spectrometry.17, 18

In this study, we employed this method and used eight types of iTRAQ reagents (iso-

tope reagents). After enzyme digestion, peptides were labeled by eight isotopes and were

later accurately identified and quantified. A total of 903 mitochondrial proteins were

screened. Under hyperglycemic conditions, the expression of approximately half of

the mitochondrial proteins was found to be altered, which indicates that the mitochon-

drion is likely to be a key organelle affected in DPN.

A series of signaling pathways are known to be involved in the death of dorsal root

ganglion in the DPN model.19 In addition, organelle stress, such as endoplasmic reticu-

lum stress, has also been reported in diabetic animal models.20 As the energy generation

organelle, mitochondria play a key role in the generation of free-radical oxidative stress

(ROS). Impairment of mitochondrial respiratory chain or mitochondrial membrane

could potentially lead to generation of ROS, thereby inducing the activation of apoptotic

signaling cascades.21 However, the mitochondrial protein expression profile in the dia-

betic model or that after drug treatment was not known. In this study, we found that in a

STZ-induced diabetes model, half of the mitochondrial proteins were either downregu-

lated or upregulated as compared to that in the control group. There are mainly two types
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of mitochondrial proteins: mitochondrial complexes and antioxidases.22, 23 Mitochon-

drial complexes are responsible for energy generation, while antioxidases are responsible

for the clearance of oxidative free radicals. A state of homeostasis between these two types

of enzymes is essential for sustenance of mitochondrial function. In this study, the levels

of mitochondrial complexes and aconitase in the model group were significantly

increased, while antioxidases were significantly decreased. This imbalance could have

been the cause of impaired mitochondrial function. On further analysis, 451 proteins

appeared to be affected in the diabetic model, including upregulation of 246 proteins

and downregulation of 205 proteins, which is indicative of the severity of mitochondrial

insult. Among the 451 proteins, several oxidative stress-related proteins such as, aconi-

tase, glutathione peroxidase, uncoupling protein 2, peroxidase, and manganese SOD

were affected. In contrast, mitochondria complexes were upregulated. The bidirectional

dysregulation appears to have been responsible for the impaired mitochondrial function.

Precisely, 11 mitochondrial proteins were severely affected after diabetic modeling,

including mitochondrial complex III cytochrome C reductase 2, aconitase, mitochon-

drial complex I NADH-coenzyme Q reductase 5, mitochondrial complex IV cyto-

chrome C oxidase subunit 2, mitochondrial complex III cytochrome C reductase 1,

mitochondrial complex II succinate dehydrogenase complex subunit A, mitochondrial

complex IV cytochrome C oxidase subunit 1, glutathione peroxidase, uncoupling pro-

tein 2, peroxidase, and manganese SOD. Among them, only four proteins (mitochon-

drial complex III cytochrome C reductase 2, mitochondrial complex III cytochrome

C reductase 1, glutathione peroxidase, and peroxidase) were reversed after TLN treat-

ment in diabetic rats. These four proteins might be the therapeutic targets for TLN.

However, further experiments are required to confirm our hypothesis.

ALA is the most common first-line antioxidant therapy for DPN.22, 23 In this study,

we found that the expression of 251 mitochondrial proteins was affected after ALA

administration, including 149 proteins that were upregulated and 102 proteins that were

downregulated. These findings indicate that the antioxidative effect of ALA in the dia-

betic model was through regulation of mitochondrial proteins. Interestingly, TLN

altered the expression of 275 proteins when compared with the model group. These find-

ings suggest a stronger antioxidative effect of TLN than ALA.

The antioxidant capacity of the ingredients of TLN has been demonstrated in earlier

studies. For example, Astragalus root was shown to reduce the serum glucose and triglyc-

eride levels, and inhibit advanced glycation end products-induced inflammation in dia-

betic individuals.24, 25 Astragaloside IV has also been shown to protect against DPN in

STZ-induced diabetes in rats.26 F. corni or its extract is reported to protect against

diabetes-induced oxidative stress, inflammation, and advanced glycation end products

in the livers of STZ-induced diabetic rats.27, 28 Finally, R. cibotii is reported to enhance

ATP genesis.29 Based on these studies, the strong antioxidative ability of TLN appears to

be due to the different antioxidant components. Further, these different components
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might have an additive effect in ameliorating the oxidative stress. It is also possible that

different components target different enzymes, which lead to a strong antioxidant effect.

Although antioxidative proteins are found after modeling and TLN treatment in this

study, further confirmation is necessary.

4. CLINICAL TRIAL

4.1 Data and Methods
4.1.1 General Data
All cases were selected fromDongfang Hospital Beijing University of Chinese Medicine,

Beijing Shijitan Hospital, Beijing University Shougang Hospital, Tsinghua University

Yuquan Hospital (Second Hospital of Tsinghua University), Beijing Xuanwu Tradi-

tional Chinese Medical Hospital between June 2010 and December 2011, and cases from

these five hospitals’ outpatient and inpatient cases. The cases, with 210 patients in total,

were divided into treatment group (105 cases) and control group (105 cases).

4.1.2 Clinical Diagnostic Criteria
Referring to the diagnostic criteria of theWorld Health Organization DPN International

Collaborative Research Center (WHOPNTF), clinical diagnostic criteria was made as

follows: (1) in line with the standard of diabetes diagnostic criteria of WHO (1999);

(2) limbs (at least in the double lower limbs) with persistent pain and/or paresthesia;

(3) weakened reflex in double sides or one side ankle; (4) Pallhypesthesia; (5) decreased

conduction velocity of major side nerve; (6) peripheral neuropathy caused by other fac-

tors (such as genetic, alcoholism, uremia, hypothyroidism, drugs, etc.).

4.1.3 Standard for TCM Syndrome Differentiation
According to Wasting-thirst Disorder (diabetes) TCM Syndrome Differentiation and Efficacy

Evaluation Criteria, patients are deficient in both qi and yin of liver and kidney and

obstructed in collaterals (patients with liver deficiency, kidney deficiency, qi deficiency,

yin deficiency, blood stasis syndrome standard are considered to have qi and yin Defi-

ciency, and collaterals stasis syndrome).

4.1.4 Inclusion Criteria
Cases will include people who are diagnosed with DPN and syndrome of liver-qi-yin and

kidney-qi-yin deficiency, and collaterals stasis. Their ages must be between 30 and 75 and

have signed the informed consent.

4.1.5 Exclusion Criteria
(1) People aged under 30 or above 75; (2) pregnant or lactating women; (3) people with

acute complications such as combined with diabetic ketoacidosis; (4) people with severe
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liver and kidney damages or cardiovascular and cerebrovascular diseases, and people

appeared to have acute cardiovascular and cerebrovascular disease in the last 1 month;

(5) people receiving other treatment for DPN; (6) people with allergic constitution or

history of multiple drugs allergy; (7) the neuropathy caused by drug poisoning, cervical

spondylosis, allergies, and infections; (8) psychopath; (9) noncooperationist.

4.2 Method
4.2.1 Adjustment Phase
In the 1-month adjustment phase, all subjects were given instruction on diabetes. The

subjects need to control their diet, exercises, and make their blood glucose under

<8.0 mmol/L, postprandial blood glucose under <10.0 mmol/L, and glycosylated

hemoglobin under<7.5%, while giving them antihypertensive and lipid-lowering drugs

according to their blood pressure and lipid, control the subjects’ blood pressure and lipid

in the normal range.

4.2.2 Treatment Phase
The treatment phase lasted for 3 months. After 1 month of adjustment, patients who

meet the criteria were admitted to enter the treatment phase. All subjects maintained

the original foundation treatment. The treatment group received extra TLN (8 g/time

and 2times/day), on the basis of foundation treatment while the control group was trea-

ted with mecobalamin tablets (500μg/time, orally, 3 times/d). Mecobalamine Tablets

(Methycobal) are produced by the Eisai China Inc.

4.3 Observe Indicators
4.3.1 Safety Indicators
Examination of blood routine, liver function, and renal function should be made before

and after the treatment. Any adverse reactions during medication treatment should be

recorded .

4.3.2 General Indicators
Examination of blood glucose (fasting and postprandial 2h) should be made every

2weeks. Glycosylated hemoglobin and blood lipids (TC, TG, LDL-C, and HDL-C)

should be checked before and after the treatment.

4.3.3 Curative Effect Indictors
(1) The scores of syndrome, evaluated by TCM syndrome score, should be checked

every 2weeks. (2) According to the internationally recognized standards which were

proposed by the University of Michigan,30 diabetic neuropathy score (DNS) should

be checked before and after the treatment. (3) Electrophysiology: the sensory nerve con-

duction velocity (SNCV) and motor nerve conduction velocity (MNCV) should be
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checked before and after the treatment. (4) Oxidative stress index: checkedMDA, SOD,

TAOC and calculated, and analyzed the antioxidant ratio TAOC/MDA.

4.3.4 Efficacy Criteria
The scores were analyzed using nimodipine, which is, to be specific, the curative

effect index¼ (pretreatment score�posttreatment score)/pretreatment score�100%.

(1) Completely curative: symptoms and signs almost disappeared. TCM syndromes

and DPN scores were reduced �90%. Nerve conduction velocity was returned to nor-

mal. (2) Effective: symptoms and signs improved obviously. TCM syndromes and DPN

scores were reduced �70% but <90%. Nerve conduction velocity increased �10%.

(3) Valid: symptoms and signs improved. TCM syndromes andDPN scores were reduced

�30% but <70%. Nerve conduction velocity increased �5% but <10%. (4) Invalid:

those who failed to meet the criteria above.

4.3.5 Statistical Method
SPSS 17.0 statistical software was used to analyze data. The measurement data were

marked as x� s. The comparison of self-control before and after treatment was tested

by a paired t test, while the comparison among groups was tested by independent sample

t test. The nonnormal distribution data was analyzed after selecting natural logarithm.

The counting data were presented by rate (composition ratio) and tested by Χ2. Ranked

data were tested by Ridit. The correlation was analyzed by single factor linear correlation

analysis. The difference of P<0.05 was statistically significant.

5. RESULT

5.1 Comparison on General Conditions of Two Groups
In this study, 210 cases were selected, and until the end of the treatment, there were

13 cases shed. In the control group seven cases were shed due to relocation and moving

abroad, while in the treatment group six cases were shed due to relocation. The differ-

ences between two groups in the number of cases, sex, age, course of diabetes, course of

neuropathy, and complications before and after treatment were not statistically signifi-

cant, so two groups are comparable.

5.1.1 Comparison on Curative Effect of Two Groups
In the treatment group, the effective rate was 89.9%, and in the control group, the effec-

tive rate was 71.4%. The effective rate of the treatment group was significantly better than

that of the control group (P<0.05), which suggested that TLN was better than meco-

balamine in treating DPN (see Table 11).

591Traditional Chinese Medicine Herb Tangluoning



5.1.2 Comparison on Clinical Symptoms Improvement of Two Groups
After treatment, the scores of the two groups were significantly lower (P <0. 01, P<0.

05) indicating that the two groups’ drugs can improve the clinical symptoms of DPN.

And there was a significant difference (P <0. 05) between two groups, suggesting that

the treatment groupwas significantly better than the control group in improving the clin-

ical symptoms of DPN patients (see Table 12).

5.1.3 Comparison on Diabetic Neuropathy Score of Two Groups
After treatment, the DNS was significantly decreased (P<0. 01, P<0. 05), which indi-

cated that the two groups could improve the neurological symptoms of DPN patients.

There was a significant difference between the two groups (P<0. 05), suggesting that the

treatment group was better than the control group in improving the neuropathy symp-

toms of DPN patients (see Table 12).

5.1.4 Comparison on Neurological Symptoms of Two
After treatment, the neurological symptoms of the two groups have improved in different

degrees. The improvement in the numbness, tremor, cramp, tactile, pain, acupuncture,

and inability of the treatment group was better than that of the control group (P<0.01,

P<0.05), but there was no significant difference in the improvement of ankle reflex,

suggesting that TLN is better than mecobalamin in the improvement of neurological

symptoms Groups (see Table 13).

5.1.5 Comparison on EMG Before and After Treatment of Two Groups
After treatment, the improvement of sensory nerve and MNCV was significant

(P<0.05) in the treatment group. But there was no significant improvement in the con-

trol group. When compared , the improvement of the treatment group was better than

that of the control group (P<0.05). It was suggested that TLN is better than mecoba-

lamine in improving the nerve conduction velocity of DPN patients.

Table 12 Comparison on diabetic neuropathy and clinical symptom score of two groups (x� s)

Groups Case

Symptom score Diabetic neuropathy score

Before
treatment After treatment

Before
treatment After treatment

Control 98 29.74�3.29 25.46�2.45* 21.23�2.07 16.98�1.24*
Treatment 99 28.62�3.17 20.24�2.33**,Δ 20.96�2.98 12.15�1.98**,Δ

Note: Compare with the same group before treatment, *P<0.05, **P<0.01. Compare with the control group at the same
time, ΔP<0.05.
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5.1.6 Comparison on Serum Oxidative Stress of Two Groups
After treatment, the serum SOD activity and serum TAOC were significantly increased,

the antioxidant ratio of TAOC/MDA was significantly increased (P<0.05, P<0.01),

and the serum SOD activity and serum TAOC were negatively correlated

(r¼�0.206, P<0.01) according to the correlation analysis, suggesting that the oxidative

stress of the two groups was significantly improved after treatment. The improvement of

serum oxidative stress in the treatment group was better than that in the control group

(P<0.01), suggesting that TLN was better than mecobalamine in improving the oxida-

tive stress (see Table 14).

5.1.7 Adverse Reactions
Patients of both the groups have checked the blood routine, liver, and renal function

before and after treatment, both in the normal range. There was no significant difference

Table 13 Comparison on electromyogram index of two groups

Groups Case Time

Left Tibial nerve Right Tibial nerve

MCV
conduction
velocity

SCV
conduction
velocity

MCV
conduction
velocity

SCV
conduction
velocity

Control 93 Before

treatment

39.92�3.78 37.12�3.84 40.75�3.53 37.03�4.04

After

treatment

41.77�4.24 37.61�4.42 41.65�4.21 37.61�4.42

Treatment 94 Before

treatment

39.77�2.93 36.96�2.54 40.32�3.03 36.82�2.61

After

treatment

43.88�2.71*,Δ 40.65�2.42*,Δ 44.92�3.09*,Δ 40.73�3.12*,Δ

Note: Compare with the same group before treatment, *P<0.05. Compare with the control group at the same time,
ΔP<0.05.

Table 14 Comparison on serum oxidative stress of two groups (x� s)

Groups Case Time
MDA
(nmol/mL) SOD (NU/mL) TAOC (U/mL)

TAOC/MDA
(U/NMOL)

Control 90 Before

treatment

6.87�0.55 67.47�8.14 6.89�0.63 1.13�0.18

After

treatment

6.06�0.41* 78.20�9.45* 7.98�1.28* 1.34�0.23*

Treatment 92 Before

treatment

7.16�0.43 68.17�7.20 6.47�0.44 1.12�0.21

After

treatment

4.09�0.47**,ΔΔ 96.19�7.06**,ΔΔ 9.44�0.58**,ΔΔ 2.46�0.36**,ΔΔ

Note: Compare with the same group before treatment, *P<0.05, **P<0.01. Compare with the control group at the same
time, ΔΔP<0.01.
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between before and after treatment readings. During the course of the treatment, no skin

allergic reactions or other adverse reactions in the digestive system have been observed in

both groups, indicating that TLN has no toxic side effects, and it is safe in clinical

applications.

6. DISCUSSION

DPN is one of the most common chronic complications of diabetes, and is usually

detected by electrophysiological tests. DPN occurs in some early diabetic patients,

and the incidence of DPN is increased with the course of diabetes. DPN is the most com-

mon cause of nontraumatic amputation. About 15% of diabetic patients will accept one

or more amputation surgery because of the development of DPN, which seriously affects

the life quality of diabetic patients. The current treatments are: (1) controlling of blood

sugar; (2) controlling of blood pressure; (3) drug treatment including aldose reductase

inhibitors, dilatation drugs, anticoagulants and snake venom enzyme, gangliosides, vita-

mins, nerve growth factor, linolenic acid, glycosylation blockers, free-radical scavengers,

symptomatic treatment, these drugs are effective in animal experiments, but is not satis-

fied in the clinical efficacy.31

There is no corresponding name of DPN in Chinese Medicine, but there has been

wasting-thirst disorder for a long time, combined with “hand, foot numbness,”

“weakness of the lower back and knees,” “emaciation,” “impediment syndrome,”

“syndromeof flaccidity of limbs,” andother records.According to the ancient andmodern

literature and combined with a large number of patients’ clinical observations of DPN the

main pathogenesis of the disease is deficiency of the liver and kidney essence, collateral qi

deficiency and stasis, collaterals blood stasis, yin deficiency of liver and kidney, meridian

malnutrition, and its early syndrome is limb numbness, pain and sensory disturbances, and

while in later stage its syndrome is muscle atrophy and other limb complications. Accord-

ing to TCM, the above symptoms are similar to “syndrome of flaccidity of limbs,”

“impediment syndrome,” which is secondary in occurrence to wasting-thirst disorder,

so called as wasting-thirst disorder’s flaccidity of limbs and impediment syndrome. Yin

deficiency of liver and kidney, collateral qi deficiency and stasis, results in warming and

activating yang dysfunction, and the lower limbs numbness and cold. Phlegm stasis and

blood stasis lead to limbs collaterals stasis, pain due to stagnation of qi and blood. And

the stagnation of qi and blood leads to limbs pain, channeling pain, tingling, and electric

shock.Most patients suffer from the disease for a long time and their clinical representation

ismainly kidneydeficiency, deficit of kidney essence, and liver-yin blooddeficiency. Liver

connectedwith tendons, kidney connectedwith bones, deficiency in the liver and kidney

causes exhaustion of marrow and flaccidity of muscles, leading to weakness of the lower

back and knees, emaciation, even can lead to the leg’s lose flesh and becomes too gaunt to

walk. In Yanbin Gao’s7 paper: Treatment of DPN from the Theory of Collateral Disease, he
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proposed aDPNtreatment theory as replenishing essence to invigorate qi, removingblood

stasis to promote blood circulation, and TLN is generated by this theory. TLN comprises

Astragalus root, F. corni, R. cibotii, S. miltiorrhiza, and so on. TLN selects Astragalus root,

dried rehmannia root to reinforce qi to generate body fluids, selects S. miltiorrhiza, Radix

cyathulae to promote blood and qi circulation to remove stagnation of blood or blood stasis

and obstruction frommeridians, and selects scorpion, centipede to activate meridians and

collaterals to relieve dysmenorrhea. BesidesAstragalus root andAngelica sinensis’ combina-

tion can reinforce qi and replenish blood, promote blood to remove stagnation of blood

and obstruction from meridians. Combined, all these Chinese medicinal herbs can rein-

force qi and replenish yin, promote blood circulation to remove stagnation of blood or

blood stasis, obstruction from meridians and pain. In general, this is a simultaneous treat-

ment of symptoms and root cause. Pharmacological studies have shown that Astragalus

root, A. sinensis, the root of red-rooted salvia, ghost arrows, and other herbs which can

reinforce qi and promote blood circulation have the role of inhibition of

platelet adhesion aggregation, improvemicrocirculation.Astragalus root, dried rehmannia

root, the root of red-rooted salvia, and other herbs which can reinforce qi and promote

blood circulation have a strong inhibitory effect on aldose reductase.32

In recent years, more and more studies have shown that oxidative stress is the core

mechanism of diabetic neuropathy.33 In addition, the theory holds that in the state of

diabetes, first it will produce oxidative stress, and then stimulate a variety of other path-

ogenesis, and other pathogenesis once excited can produce a large number of free rad-

icals, which will exacerbate oxidative stress. Previous studies have confirmed that TLN

can increase the activity of SOD and CAT, remove the lipid oxidation final production

MDA, reduce peroxidation damage of DPN, and postpone the progress of DPN.34 This

study showed that the serum SOD activity, TAOC level, TAOC/MDA were signifi-

cantly increased andMDA levels were significantly decreased in both the groups, TAOC

was negatively correlated withMDA, suggesting that the oxidative stress was significantly

improved after treatment. The improvement of the TLN group was better than that of

the mecobalamin group (P<0.01). The antioxidant ratio of TAOC/MDA as a compre-

hensive index can clearly reflect the degree of comprehensive oxidative stress response.

The results showed that the comprehensive oxidative stress response in the treatment

group of TLN was significantly lower than that in the treatment group of mecobalamin

(P<0.01). Pharmacological studies show that35 the Astragalus root, F. corni, R. cibotii,

S. miltiorrhiza, and other single herbs which are ingredients of TLN can inhibit

oxygen free radicals, antilipid peroxidation. In this study, the blood glucose and blood

lipids of patients were stable before and after the treatment, indicating that the effect

of TLN on the clinical symptoms and nerve conduction velocity of DPN was not

due to the decrease of blood glucose and blood lipid. Maybe TLN plays a role in treating

DPN by inhibiting oxidative stress, but the exact mechanism of action remains to be fur-

ther studied.
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This study shows that TLN can significantly improve the clinical symptoms of DPN

patients and can significantly improve the nerve conduction velocity. At the same time,

TLN can improve the numbness, seismesthesia, spasm, tactile sense and pain, acupunc-

ture-like feeling, and ankle reflex. These improvements are better than what was

observed in DPN patients.

The control group which was used mecobalamine. The total effective rate is 89.9%,

which is better than the current clinical commonly used drugmecobalamin tablets. There

were no significant differences in blood routine, liver, and kidney function between the

two groups before and after treatment. During the course of the treatment, no adverse

reactions have been observed, proving that TLN and mecobalamin tablets are safe and

effective to treat DPN.

Besides, these theories in other clinical studies on the efficacy of TLN have also been

verified. In the study of Diao Tiecheng,36 25 patients received the same Chinese and

Western medicine treatment. According to this study, the treatment group was 91.7%

effective, while the control group was only 69.2%, suggesting that in the treatment of

DPN, TLN is better than mecobalamin. And in the study of Huang Yun,37 56 patients

were treated with the combined treatment of TCM and western medicine. The severity

of the disease is divided according to the fasting blood glucose level, mild: fasting blood

glucose <10 mmol/L; moderate: fasting blood glucose 10–15 mmol/L; severe: fasting

blood glucose >15 mmol/L. After continuous treatment for 2 months (one course of

treatment), 10 cases of mild patients were all effective; of moderate patients in 40 cases,

30 cases were markedly effective, 6 cases were effective; of severe patients in 6 cases, 3

cases were effective, and 3 were ineffective, the total effective rate is 87.5%.

In a variety of clinical studies it is found that not only using TLN to treat DPN is better

thanmecobalamin but also using TLNwith foot bath to treat DPNhas a significant effect.

In the clinical study of YiWenming,38 the valid rate of TLN combinedwith foot bathwas

93.3%.The treatmentwas not only improved the clinical symptomsofDPNbut also could

effectively improve the nerve conduction velocity and amplitude, and could improve the

abnormal hemorheology of DPN patients. The treatment group’s effect was significantly

better than the control group, and in both groups, there was no adverse reactions in the

course of treatment. At the same time, by adding foot bath, not only achieved the purpose

of internal and external treatment but also could expand the local bloodvessels, increase the

blood flowvelocity, so the drug could flow through the striated layer straight to the disease,

improving the local blood circulation, and relieving the symptoms quickly.

The comparison between TLN andmecobalamin on DPN treatment, in the aspect of

TCM therapy, Professor Gao Yanbin’s clinical study11 showed that in the treatment of

134 patients, TLN could improve themain symptoms, the hemorheology, the right com-

mon left nerve SCV and left ulnar nerveMCV and could inhibit platelet aggregation, and

reduce red cell sorbitol of patients with DPN. The effect of TLN was significantly better

than Jisheng Shenqi pill. There was no significant difference in hypoglycemic effect.
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Based on all the above research data (see Table 15), in the treatment of DPN, the valid

rate of TLN is 91.55%, the valid rate of mecobalamin is 68.79%, the valid rate of TLN

with foot bath is 93.33%, the valid rate of Jisheng Shenqi pill is 59.38%. According to the

valid rate, the efficacy of these four treatments is sorted as: TLN with foot bath>
TLN>Mecobalamin> Jisheng Shenqi pill, indicating that TLN is indeed effective in

the clinical treatment and is better than mecobalamin. The best treatment is TLN with

foot bath, but the effect of simple foot bath treatment still needs to be studied. At the same

time, the effect of Jisheng Kidney Pills is unsatisfactory, indicating that the theory of

TCM system should be more perfect, with the overall concept, syndrome differentiation,

and treatment.

In addition, all of the above studies have shown that there was no appearance of

abnormal liver and kidney function, digestive system, and skin allergic reactions, and

other adverse reactions in the course of the TLN treatment, indicating that TLN has

no toxic side effects and safe in the clinical application.

7. CONCLUSION

In this chapter, we employed proteomics to study the altered expression of multiple

mitochondrial proteins in the dorsal root ganglia in a diabetic rat model. TLN appeared

to have a strong antioxidant effect possibly by regulating the expression of mitochondrial

respiratory complexes and antioxidases. These results provide a novel explanation for the

antioxidant effect of TLN. Although several mitochondrial proteins were found to be

differentially regulated in the different treatment groups, their functional effects could

not be investigated in detail on account of limitation of time and funding. We hope

to study these aspects in greater detail in the future.

In summary, in clinical research, TLN used in the treatment of patients with DPN can

improve patients’ symptoms, neuropathy, and sciatic nerve conduction velocity. At the

same time, it can also improve the numbness, seismesthesia, spasm, tactile sense, pain,

acupuncture-like feeling, and ankle reflex. Their mechanisms have a certain relationship

with oxidative stress. And TLN has no toxic side effects and is safe in the clinical

application.

Table 15 Comparison on curative effect
Groups Case Valid Invalid Valid rate (%)

Tangluoning 213 195 18 91.55

Mecobalamin 141 97 44 68.79

Tangluoning with foot bath 30 28 2 93.33

Jisheng Shenqi pill 32 19 3 59.38
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The Antidiabetes Effect and Efficacy
of Rosa rugosa Thunb
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Plants Resource Utilization, Xinjiang Technical Institute of Physics and Chemistry, Chinese Academy of Sciences,
Urumqi, China
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1. INTRODUCTION

Rosa rugosa Thunb is a kind of deciduous shrub which belongs to the angiosperms, dico-

tyledoneae, rosaceae, and Rosa groups. Rosa is a genus of about 200 species, widely dis-

tributed in Asia, Europe, North Africa, North America, and the cold temperate to

subtropical regions.1 The main pharmacological studies of Rosa are the Rosa damascena

Mill,2 Rosa canina L.,3, 4 Rosa hybrida L.,5 R. rugosa Thunb, and so on. In this study,

we mainly focused on the related research of R. rugosa Thunb.

R. rugosaThunboriginates inChina, Japan,Korea, andRussia, it is nowwidely planted

on a global scale.R. rugosa has a high value of comprehensive utilization and a combination

of edible, medicinal, beautifying, and greening.6, 7 In China, it has a long history of cul-

tivation and has been cultivated throughout the country, mainly in Shandong, Xinjiang,

Gansu, Shanxi, Jiangsu, and Beijing. R. rugosa Thunb buds and flowers are slightly spher-

ical, oval, or irregular lumps, diameter 1.5–2cm. Torus are pot-shaped or hemispherical.

Sepals are 5, lanceolate, yellowish green or brownish green, stretched or outwardly rolled

andwith fine hairs on the surface. Petals are 5 or double, broadly ovate, wrinkled, purplish

red, a fewyellowbrown.Stamens arenumerous, yellowishbrown,with a round torso.The

body is light and crisp. It is rich in aroma, slightly bitter, and astringent in taste.8, 9

R. rugosa Thunb flowers can be steamed fragrant oil for food and cosmetics, the petals

can be made pie filling, rose wine, rose syrup, and dried tea. Moreover, R. rugosa Thunb

can be used to cure liver, stomach pain, abdominal distension, and irregular menstrua-

tion, and also used in the treatment of diabetes mellitus and related complications in

Korea, Japan, and Uyghur medicine in China.

2. ETHNOPHARMACOLOGICAL FUNCTION

R. rugosa Thunb is a very important medicinal and edible plant in East Asia, The dried

petals of R. rugosa Thunb were used in the preparation of rose tea because of their sweet
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fragrance and it is believed to provide nourishment.10, 11 R. rugosa Thunb has been

widely used in traditional Chinese medicine for more than 2000years. In the Chinese

Pharmacopoeia, R. rugosa was used to promote the blood circulation, relieve the

depressed liver, strengthen the spleen, alleviate pains, and reduce swelling.8 In addition,

R. rugosa Thunb is an important agent in traditional Uyghur medicine. In Uyghur

medicine-related books, many prescriptions containing R. rugosa Thunb are mainly used

in the treatment of protection of liver, blood conditions, and diabetes.12, 13

The common name of R. rugosa Thunb in Korea is Haedanghwa. In Korea, R. rugosa

Thunb has been used as a traditional medicine for the treatment of diabetes, hyperten-

sion, cancer, oxidative stress, and chronic inflammatory diseases.14–16 These effects might

be associated with a variety of phytochemicals in R. rugosa Thunb, including flavonoids,

tannins, and terpenes.

In Japan, R. rugosa Thunb is mainly distributed along the Hokkaido coast, and the

earliest use ofR. rugosawas the production of jam from fruits. The old documents written

by doctors during the Edo Period showed that the Ainu people used the petals ofR. rugosa

Thunb flower as medicinal tea, probably as a nutritional supply of vitamin C in winter.17

In addition, R. rugosa Thunb was widely used in Japan as an agent for the treatment of

inflammatory, diabetes, pain, diarrhoeal, haemostatic, cancer, and so on.18

InFrench folkmedicine, theR. rugosaThunb flower is recommended for the treatment

of hemorrhoids and scurvy and as an anthelmintic and fortifying agent. InRussia,R. rugosa

Thunb flower is used to cure infections of the upper respiratory tract and lung diseases. In

Bulgaria, R. rugosa flower is used for the treatment of the gastrointestinal tract19.

3. PHYTOCHEMICALS PRESENT IN R. RUGOSA THUNB

R. rugosa Thunb is one of the frequently investigated medicinal and edible plants because

it contains a variety of chemically active ingredients. Previous studies have indicated that

R. rugosa Thunb contains abundant hydrolysable tannins, terpenoids, triterpenoids, cat-

echin derivatives, flavonoids, steroids, tocopherol, and carotene. The main chemicals

include ellagic acid, gallic acid, quercetin, kaempferol, isoquercitrin, hyperoside, proto-

catechuic, acid astragalin, and so on.20–25 These phytochemicals contribute to the good

pharmacological effects of R. rugosa Thunb. Some of the phytochemical structures are

depicted in Figs. 1 and 2.

4. BIOLOGICAL EFFECT OF R. RUGOSA THUNB

4.1 R. rugosa Thunb in the Treatment of Diabetes
Diabetes is a common chronic, metabolic disease, and characterized by persistently ele-

vated levels of blood glucose, which leads over time to serious damage to the liver, heart,

blood vessels, eyes, kidneys, and nerves. According to data from the International
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Diabetes Federation in 2017, there were 425 million adults having diabetes.26, 27 It is

urgent to find the therapeutic medicine for diabetes. R. rugosa Thunb is seen as a tradi-

tional herb that is used in the treatment of diabetes mellitus. Here, we summarized the

relevant reports of R. rugosa Thunb in the treatment of diabetes.
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Fig. 1 Some important phytochemicals of Rosa rugosa Thunb.
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The effect of R. rugosa on diabetic oxidative stress was evaluated by Cho et al. using

rats with streptozotocin (STZ)-induced diabetes. Oral administration of R. rugosa extract

at the dose of 100 or 200mg/kg body weight for 20days can significantly decrease the

body weight and the weight of liver and kidney in diabetic rats. Furthermore, R. rugosa

treated with diabetic rats significantly reduced the serum glucose, glycosylated protein

levels, and the overproduction of radicals in the dose dependent. These results suggested

thatR. rugosa improves the abnormal glucose metabolism and is a radical scavenger to play

an important role in protecting against diabetic oxidative stress. In addition, the levels of

thiobarbituric acid-reactive substance in serum, renal, and hepatic mitochondria were

significantly decreased by R. rugosa.28 This study provides evidence to elucidate that

R. rugosa has potential to treat diabetes by improving oxidative stress and the disorder

of glucose metabolism.

Feng et al. evaluated the α-glucosidase and α-amylase inhibition activity of R. rugosa

using the high-throughput assay. The extracts ofR. rugosa showed its excellent inhibitory

activities against both α-glucosidase and α-amylase. IC50 of R. rugosa extracts in

α-glucosidase and α-amylase were 50.8 and 16.9μg/mL.29 Their results illustrated that

R. rugosa is a potent natural hypoglycemic agent and could be used as an active ingredient

of nutritional food or in traditional Chinese medicinal herbal formulations for controlling

hyperglycemia.

Rong-Rong Chen et al. indicated that the aceteoside polymer from R. rugosa (P1-b)

has antioxidant activity and produced antihyperglycemic effects in diabetic mice. They

estimated the expression of insulin, pancreas duodenum homeobox factor-1, and super-

oxide dismutase by real-time PCR.30 Thus, R. rugosa exerts antihyperglycemic action by

protecting the pancreas from oxidative stress, lowered circulating glucose level, and

elevated pancreatic insulin expression.

The hypoglycemic effect of polyphenols-rich extract from R. rugosa Thunb on dia-

betic rats was investigated by Liu et al. In vitro, R. rugosa Thunb extracts exhibited an

activity in the inhibition of α-glucosidase and showed an excellent antioxidant activity

in ABTS andDPPH assay. In vivo, after treatment ofR. rugosaThunb extracts for 4weeks,

the observed fasting blood glucose, insulin sensitivity (HOMA-IR), insulin tolerance test

(ITT), oral glucose tolerance test (OGTT), and blood lipid profile were significantly

improved. The glycogen synthesis and hexokinase, antioxidant enzyme activity, and

the protein expression of p-IRS, p-IR, p-AKT, and pGSK-3β were increased.31 These

results indicated that R. rugosa Thunb extracts decreased blood glucose in diabetic rats by

the improvement of insulin sensitivity.

Kim et al. investigated antidiabetic effects ofR. rugosaRadix in STZ-induced diabetic

rats. In their study, R. rugosa Radix extract was treated in STZ-induced diabetic rats for

28days. The level of serum glucose, triglycerides, cholesterol, creatinine, alanine amino

transferase (ALT), and aspartate amino transferase (AST) in different groups was evalu-

ated. Oral treatment of the R. rugosa extract significantly reduced serum glucose,
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triglycerides, cholesterol, ALT, and AST levels, while it increased the serum insulin and

HDL-C in diabetic rats.32 It was concluded thatR. rugosaRadix extract plays an excellent

role in protecting against diabetic metabolic disease and can be considered as a novel ther-

apeutic agent for future studies on diabetes.

In the genus of Rosa, besides R. rugosa Thunb, R. damascenaMill also have the hypo-

glycemic effect, and it is briefly introduced as follows. There are also having many

researches on R. damascena Mill. Mohammadi et al. investigated the effect of

R. damascena Mill. flowers methanol extract on α-glucosidase activity and postprandial

hyperglycemia in normal and diabetic rats.R. damascena extract showed an intensive non-

competitive inhibitory effect on α-glucosidase. In addition, after maltose loading in nor-

mal and diabetic rats, oral administration of R. damascena extract (100–1000mg/kg body

wt) significantly reduced the postprandial glucose levels in a dose-dependent manner.33

Their results indicate that R. damascenaMill. flowers play an antidiabetic role by inhibit-

ing the absorption of carbohydrates in the intestines and reduce the postprandial glucose

level. In another study, they evaluated the effect of R. damascena on insulin sensitivity in

rats.2 The insulin resistance rats were developed through the use of a high fructose diet

within 6weeks. Then,R. damascena extract was administered by gavage for 2weeks. After

treatment, serum glucose, insulin, triglyceride, cholesterol, adiponectin, and free fatty

acid were assessed. The expressions of liver PPAR.γ and muscle GLUT 4 were measured

by real-time PCR and western blotting. These results showed that R. damascena extract

significantly improved the levels of serum glucose, insulin, adiponectin, and triglyceride

in insulin-resistant rats compared with control group. The protein level of PPAR.γ was
also significantly increased in R. damascene-treated group. The antihyperglycemic effect

was probably exerted by increasing insulin action, adiponectin, and the protein expres-

sion of PPAR.γ.

4.2 The Effects of R. rugosa Thunb on Diabetic Complication-Related
Diseases
As a common metabolic disease, diabetes is often associated with a number of

complication-related diseases such as dyslipidemia, obesity, hypertension, inflammation,

oxidative stress, and cardiovascular disease.34, 35 These diseases will lead to a vicious cycle

of diabetes. Therefore, the treatment of diabetic complications is also important.

4.2.1 Lipid Lowing Effects
R. rugosa has the effect of lipid lowering. In the study of Lee et al., lipid-lowering prop-

erties ofR. rugosawater extracts were tested in 1% high-cholesterol diet feeding rats. After

being treated for 47days, plasma triglyceride and hepatic triglyceride levels in R. rugosa

groups were significantly decreased compared to the control group. In addition, hepatic

HMG-CoA reductase activity in R. rugosa group was significantly increased and almost 5

times compared to the control group. Their study showed that hot water extracts from
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R. rugosa could be a potentially agent in preventing or treating fatty liver and hypertri-

glyceridemia disease.36 The study of Li et al. showed that pectic bee pollen polysaccharide

from R. rugosa (RBPP-P) significantly alleviates hepatic steatosis, glucose intolerance, and

insulin resistance in obese mice induced by high-fat diet (HFD).37 The suppressive effects

ofRBPP-P on triglyceride content and hepatic steatosis weremediated by increased autop-

hagy and the expression of lipase in liver cells. In obese mice tissues (liver, inguinal white

adipose, and gonadal white adipose) and AMPK knockdown cells (prkaa 1/2�/� MEF),

RBPP-P enhanced autophagy in the AMPK-/mTOR-dependent way in liver, but not

enhanced in adipose tissue. The overall results demonstrated that RBPP-P improved insu-

lin resistance and hepatic steatosis by mediating the AMPK/mTOR signaling pathway to

promote autophagy, and RBPP-P might be considered as a good candidate used for the

treatment of diabetes and obesity.

4.2.2 Antihepatotoxic
Cheol Park et al. investigated the effects of R. rugosa root and its rosamultin, triterpenoid

glycoside on drug-metabolizing enzymes and hepatic lipid peroxidation in bromoben-

zene induced rats. The results showed that the activity of aniline hydroxylase and ami-

nopyrine N-demethylation enzyme was reduced by methanol extract of R. rugosa root;

rosamultin did not influence the activities of the two enzymes. The methanol extract of

R. rugosa and rosamultin improved the activity of epoxide hydrolase. Hepatic lipid per-

oxides were increased and hepatic glutathione concentrations were decreased in rats

intoxicated with bromobenzene. The methanol extract of R. rugosa and rosamultin pre-

vented the hepatic lipid peroxidation.38 These findings suggested that the extract of

R. rugosa root and its compound, rosamultin-enhanced activity of epoxide hydrolase

is to protect against bromobenzene-induced hepatotoxicity. In addition, the antioxidant

properties of R. rugosa may also contribute to the protection of hepatotoxicity.

4.2.3 Cardioprotective
Persistent hyperglycemia in diabetes can cause severe heart and cardiovascular damage

and therefore cardiovascular protection may also play an important role in the treatment

of diabetic complications.39 Studies have reported that R. rugosa has the effect of being

cardioprotective. Zhang et al. investigated the effects and mechanisms of R. rugosa flavo-

noids on myocardial ischemia reperfusion injury. The results of animal experiments show

that pretreated the myocardial ischemia reperfusion injury mice withR. rugosa flavonoids

significantly reduced myocardial infarct size, inhibited the activity of plasma myocardial

enzymes, elevated the activity of TEAC, SOD, and mRNA expression of NOX2.

R. rugosa flavonoids pretreatment significantly reduced the translocation of p65 from

cytoplasm into nucleus in mice hearts and decreased the expression of proinflammatory

cytokines, IL-1β, and IL-6. In addition, R. rugosa flavonoids pretreatment significantly

prevented the expression of Bax and caspase-3, elevated the expression of Bcl-2, and
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inhibited the phosphorylation of JNK and p38 MAPK. In summary, R. rugosa flavonoids

significantly inhibited myocardial ischemia reperfusion injury through antiinflammatory,

antioxidative, and antiapoptosis effects, and the mechanisms were associated with

suppressed the JNK and p38 MAPK.40 In another study, the cardioprotective and anti-

oxidative effects of total flavonoids extracted from Xinjiang sprig R. rugosa on ischemia/

reperfusion (I/R) injury was evaluated in the isolated Langendorff rat heart model.

Xinjiang sprig rose total flavonoid (XSRTF) dissolved in Krebs-Henseleit buffer was

administered to isolated rat heart. In vitro, the XSRTF showed scavenging effects against

hydroxyl, 1,1-diphenyl-2-picrylhydrazyl and superoxide anion radicals. XSRTF pre-

treatment increased LVDP, improved the heart rate, and decreased CK and LDH levels

in coronary flow, and also increased GSH/GSSG ratio and the activity of SOD, but

reduced the levels of TNF-a, MDA, CRP, and the activity of IL-6, IL-8. Treated with

XSRTF decreased the infarct size and cell apoptosis in the hearts compared to I/R

group.41 Therefore, the cardioprotective effects of R. rugosa may be related to its anti-

oxidant, antiinflammatory, and antiapoptotic activities.

4.2.4 Antihypertensive
R. rugosa Thunb’s flowers in traditional medicine were effectively used to expand the

blood vessels and improve microcirculation. Xie et al. investigated the effect of antihy-

pertensive in R. rugosa Thunb’s flowers. In vitro, the inhibitory effect of R. rugosa

Thunb’s flowers on angiotensin I converting enzyme was determined. In vivo, the acute

response and chronic response on blood pressure were measured in spontaneously hyper-

tensive rats. Extracts of R. rugosa Thunb’s flowers have inhibitor activities of angiotensin

I converting enzyme. The higher inhibitor activity was the 95% ethanol extract of pow-

dered materials (RE95E95). RE95E95 was further evaluated the antihypertensive effect

in spontaneously hypertensive rats by oral administration. In the acute experiment, an

increase in heart rate and decrease in systolic blood pressure was observed at 2h after trea-

ted with low (20g/kg) and high (40g/kg) dose; the reduction in systolic blood pressure

was maintained for 12h. In multiple oral treatment chronic experiment, a systolic blood

pressure reduction of 17.5mmHg was observed after being treated with low dose for

6days, and maintained for the next 8days.42 These experimental results strongly support

the antihypertensive effect of R. rugosa Thunb was associated with the inhibition of

angiotensin I converting enzyme.

4.2.5 Antiinflammatory
Tursun et al. evaluated the antiinflammatory activity of a standard R. rugosa Thunb

extract enriched in phenolic compounds (PRE) on the lipopolysaccharide

(LPS)-induced inflammation in RAW 264.7 macrophages. The results showed that

the production of prostaglandin E2 (PGE2), tumor necrosis factor-α (TNF)-α, nitric
oxide (NO), interleukin 1β (IL-1β), and interleukin (IL)-6, as well as the expression
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of their synthesizing enzymes, cyclooxygenase-2 (COX-2), and inducible nitric oxide

synthase (iNOS) was significantly inhibited by PRE. In addition, the activity of nuclear

factor-kappa B (NF-κB) and mitogen-activated protein kinases (MAPK) signaling

pathway was also suppressed by PRE. Their findings elucidated the antiinflammatory

mechanism of PRE in LPS-stimulated macrophages.43 Taken together, these results

showed that R. rugosa Thunb extract enriched in phenolic compounds could be a ben-

eficial antiinflammatory candidate.

Kim et al. have studied the antiinflammatory effects and its underlying mechanisms of

euscaphic acid that isolated from R. rugosa roots in LPS-induced RAW 264.7 macro-

phages. The production of NO, TNF-α, PGE2, and IL-1β in RAW 264.7 macrophages

was reduced by euscaphic acid. Moreover, the protein expression of COX-2 and iNOS

and mRNA expression of iNOS, TNF-a, COX-2, and IL-1b were inhibited by

euscaphic acid. Furthermore, euscaphic acid blocked the activation of MAPKs and

IKK signal transduction.44 These results provide a partial molecular mechanism for

the effect of antiinflammatory of euscaphic acid from R. rugosa.

4.2.6 Antioxidant
Oxidative stress is one of the key pathogenetic factors for diabetic complications.45, 46

A number of studies have reported that R. rugosa has the excellent antioxidant properties.

Wang et al. determined the antioxidant activities of aqueous extracts from R. rugosa

Thunb in four different antioxidant models, including oxygen radical absorbance capac-

ity (ORAC), total antioxidant capacity (TAC), scavenging superoxide anion radical

capacity (SSARC), and scavenging hydroxyl radical capacity (SHRC). R. rugosa Thunb

extracts showed the excellent effect on ORAC, TAC, SSARC, and SHRC test.47 These

results provided scientific support for R. rugosa Thunb as natural antioxidants and its

potential application to improve oxidative stress-related diseases.

Huang et al. investigated the antioxidant and antiproliferative potentials of R. rugosa.

Gallic acid and rutin were widely present in R. rugosa, which demonstrated various

antioxidant capacities (ABTS, DPPH, FRAP, and CAA values) and antiproliferative

potentials were measured byMTTmethod.R. rugosa exhibited the excellent antioxidant

and antiproliferative potentials against A549, HepG2, and SGC-7901 cell lines.48

The study of Nowak et al. confirmed strong antiradical properties from the metha-

nolic extract ofR. rugosa petal. The activities of the individual fractions obtained from the

basic methanolic extract separation indicated different antioxidant activity. The high

antioxidant potential was showed in the acetate fraction of R. rugosa petal; its activity

was almost 10 times higher than the basic extract activity, and comparable to the activity

of gallic acid. Moreover, its activity was exceeded quercetin, Trolox, and ascorbic acid.

The antioxidant activity of the diethyl ether fraction was several times lower than the

acetate fraction, but it was also high and comparable to Trolox. In addition, the water

extract of R. rugosa showed the lowest, albeit significant activity.49 As a result,

608 Bioactive Food as Dietary Interventions for Diabetes



R. rugosa petal has the remarkable property of antiradical, probably due to the abundance

of flavonoids and phenolic acids in the extract.

Ge et al. systematically investigated the antioxidant activity of methanol extract from

specific variety of rose. Free-radical scavenging is a vital mechanism for antioxidants. Data

demonstrated that the rose extract exhibited excellent free-radical scavenging activity

against both ABTS and DPPH, as well as the ferric-reducing capacity. The equivalents

of anthocyanins from rose extract on ABTS, DPPH, and ferric-reducing ability were

639, 2089, and 1400mg gallic acid equivalents per 100g fresh weigh, respectively.50

Based on the results described in this study, Yunnan edible rose extract has excellent

antioxidant activity, and it also implied roses have the potential capacity to be applied

in nutrition food industry.

Park et al. assessed the antioxidant activities of butanol fraction and hexane fraction

from white R. rugosa flowers. The scavenging activity of DPPH, ABTS, and NO, the

inhibition activity of S-nitroso-N-acetylpenicillamine (SNAP) in the RAW264.7 model

was used to determine the antioxidant effect of R. rugosa. Furthermore, more advanced

antioxidant assays were performed, such as lipid peroxidation, DNA fragmentation,

hydroxyl radical-mediated oxidation, cell growth, and apoptosis. The results indicated

that the hexane fraction of R. rugosa has excellent antioxidant capacity, prevented

oxidative damage, and scavenged free radicals of ABTS and DPPH. In addition, the hex-

ane fraction significantly scavenged free radicals at four dose ranges and was expected to

suppress NO production in mammalian cells. The DNA fragmentation and cell exper-

iments indicated that the hexane fraction of R. rugosa may play a vital role in inhibiting

peroxynitrite and H2O2 attack.
51

All of these result evidenced that R. rugosa have good antioxidant effects can be a

potential source of antioxidants and advantageous for pharmaceutical applications.

4.3 Other Biological Effect of R. rugosa Thunb
4.3.1 Antihyperplasia
The study of Chen et al. aimed to identify the antihyperplasia effects of polyphenols-rich

fraction fromR. rugosaThunb (FRR) in rat.18 Themodel rats of hyperplasia of mammary

gland were orally treated with FRR for 30days. Then, they measured the levels of

oxidative stress and estradiol, the expressions of NFB-p65, VEGF, COX-2, AKT,

and JNK. All these evidences confirmed that FRRs have excellent antihyperplasia effects

in hyperplasia of mammary gland rat via modulate the expression of AKT and JNK, and

alleviate NFκB-related oxidative stress and inflammatory responses.

4.3.2 Antistress
R. rugosa extracts has therapeutic potential in the prevention of stress disorders. Na et al.

investigated the physiological antistress effects of R. rugosa Thunb.14 Their results indi-

cated thatR. rugosa extract exerts an antistress effect through its antagonism of the 5-HT6
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receptor, suppression cyclic AMP activation, and inhibition of ERK1/2 andMEK. After

treatment with R. rugosa extract, the decreases in memory and cognitive function caused

by sleep deprivation stress were significantly improved. Seo et al. investigated the effect of

water extract from R. rugosa (RRW) on endurance exercise-induced stress in mice.15 In

their study, the endurance capacity of mice was tested by exhaustive swimming using an

adjustable-current water pool. Mice treated with RRW swam longer than the control

group. Furthermore, RRW administration reduced lipid peroxidation, the activity of

muscular antioxidant enzyme, and the level of cortisol. It was presumed that the mech-

anism of RRW prevents exercise-induced stress, and this could be due to the improve-

ment of oxidative stress by ameliorating muscular antioxidant status and preventing lipid

peroxidation.

4.3.3 Antibacterial
Nowak et al. examined the methanolic extract of R. rugosa petals and its two fractions

were screened for the antibacterial properties against some reference Gram-positive

and Gram-negative bacteria. Their results showed that remarkable antimicrobial activity

against eight bacterial (i.e., Staphylococcus epidermidis, Bacillus subtilis, Staphylococcus aureus,

Micrococcus luteus, Escherichia coli, Pseudomonas aeruginosa, Klebsiella pneumoniae, Proteus mir-

abilis) and two yeast strains (Candida albicans, Candida parapsilosis) was shown in metha-

nolic extract of R. rugosa petals.49 Kamijo et al. investigated the effects of dried and

pulverized petal of R. rugosa Thunb on the growth of human intestinal and pathogenic

bacteria.17 The results suggested that the growth of Bacteroides vulgatus, S. aureus, E. coli,

and Bacillus cereus was significantly inhibited by the R. rugosa petal. Hydrolyzable tannins

isolated from R. rugosa, tellimagrandin II, and rugosin D was indicated antibacterial

activities against E. coli, B. cereus, Salmonella sp., and S. aureus.

4.3.4 Antiallergic
Jeon et al. examined the antiallergic or antiatopic effects of the solvent fractions from

white rose petal extract (WRPE). WRPE, butanol, and hexane fractions of rose

effectively decreased the systemic anaphylactic reactions and antidinitrophenyl (DNP)

IgE-mediated cutaneous anaphylaxis in male mice, the hexane fraction was showed

the greatest inhibition.52 These results indicated that the hexane fraction of rose can

be a potential agent for the treatment of allergic diseases, including atopic dermatitis.

4.3.5 Antihistone Acetyltransferase Prostate Cancer
Lee et al. investigated the inhibitory effect of histone acetyltransferase activity ofR. rugosa

extract on androgen receptor-mediated transcriptional regulation. The extract was

obtained from stem of R. rugosa using methanol extraction (RRME). They results

showed RRME suppressed antagonist-dependent inhibition and mediated agonist-

dependent androgen receptor activation. RRME treatment reduced the transcription
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of agonist-dependent androgen receptor regulated genes and decreased histone H3 and

AR acetylation. Furthermore, RRME treatment decreased the growth of LNCaP—a

human prostate cancer cell line.16 These results illustrated that R. rugosamethanol extract

may be a potent candidate contribute to develop a novel therapeutic drug or drug com-

bination for the treatment of prostate cancer.

4.3.6 Anti-HIV
Park et al. identified the effect of antihuman immunodeficiency virus (HIV) activity from

12 extracts of Rosa family plants. Among these 12 plants sources, the activity of HIV-1

protease was strongly inhibited by the roots methanol extracts ofR. rugosa. The inhibition

rate of R. rugosa at a concentration of 100μM was 50.3%.53 The ability of R. rugosa to

inhibit HIV-1 protease was thought to have the potential for anti-HIV.

5. SAFETY AND TOXICITY EVALUATION

Xie et al. studied the antihypertensive effect of R. rugosa Thunb. In the single acute

experiment, R. rugosa Thunb extract was orally administered in spontaneously hyperten-

sive rats at a high dose of 40g/kg body weight, and this experiment indicated that

R. rugosa Thunb extract of 40g/kg is safe to rats.42 In another study, the acute toxicity

test ofR. rugosaThunb powder was carried out by Li et al. A total of 40mice were divided

into the control group and rose powder-treated group with 20 rats per group. Mice were

administered with rose powder 3 times daily at the dosage of 8g/kg. After 14days of con-

tinuous observation, no toxic reaction or death was found. There were no significant

abnormalities observed in body weight gain and necropsy tissue between the rose

powder-treated and control groups. These results showed that the maximum tolerated

dose of R. rugosa Thunb powder in mice is over 24g/kg.54

The polyphenols-rich extract from R. rugosa Thunb was reported for acute toxicity

experiments in healthy Kunming mice.31 A total of 50 mice were used in these exper-

iments. Each group contained 10mice, in which each groupwas orally administered with

different dosages of R. rugosa Thunb extract in a volume of 0.4mL/10 g. After monitor-

ing the activity and appearance of the mice, the oral LD50 was tested to be 2958mg/kg

and 95% CI of 2697–3242mg/kg.

6. CLINICAL APPLICATION

Rose Oral Liquid and Rose Massecuite (national medicine permission number:

Z65020019 and Z65020170) are the representative products ofR. rugosaThunb and have

been included in the Drug Standard of Ministry of Public Health of the People’s Repub-

lic of China—Uygur medicine part, mainly used to nourish the heart, brain, liver, sooth

mood, refresh spirit, improve the stomach, and relieve pain, etc.12 Moreover, in the
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standard for prescriptions of Uygur Medical Institutions in Xinjiang Uygur Autonomous

Region, R. rugosa Thunb as the main medicinal material is used in three prescriptions to

treat fatigue, polyuria, polydipsia, and other symptoms of diabetes. In addition, R. rugosa

Thunb are used in two prescriptions for the treatment of fatty liver.13

7. CONCLUSION

R. rugosa Thunb has a variety of pharmacological effects, including antihyperglycemic,

lipid lowing, antihepatotoxic, cardioprotective, antihypertensive, antiinflammatory,

and antioxidation. Furthermore, these effects are associated with diabetes and its compli-

cations. The antidiabetes effect of R. rugosa Thunb, mainly through the inhibition of

α-glucosidase activity, improves its antioxidant capacity and insulin sensitivity. In addi-

tion, R. rugosa Thunb has other pharmacological effects, such as antistress, antibacterial,

antiallergic, etc. The outcomes of this studymay be beneficial for medicinal application of

R. rugosa Thunb.
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1. INTRODUCTION

Diabetes is a serious, chronic disease that is now becoming globally prevalent. It has been

estimated that 422million adults were living with diabetes in 2014, compared to 108mil-

lion in 1980, rising from 4.7% to 8.5% in the adult population.1 Over the past two

decades, the highest rates of diabetes increases are occurring in lower and upper-middle

income countries, which undergoing transition to higher levels of human development

are associated with changes in lifestyle, especially changes in diet and physical activity, as

well as the population growth and aging.2 As the most populous country, the estimated

prevalence of diabetes among a representative sample of Chinese adults was up to

113.9million and 493.4million people with prediabetes in 2010.3 Diabetes is increasingly

becoming a burden on the public health, therefore, looking for risk factors for diabetes

and investment in effective diabetes prevention and management has become necessary.

Along with industrialization, socioeconomic development, and urbanization, many

countries are undergoing various transitions, especially lifestyle such as communication,

nutrition, and diet. Increased computerization and popularize use of automobiles, and

improved transportation has caused many to reduce their physical activity and increase

their sedentary time.4 With population growth came increased food production, causing

a universal shift toward the increased consumption of processed foods—such as refined

carbohydrates, sugary beverages, and animal source foods. These types of foods are linked

with an excessive saturated fat, whole with high glycemic index, and glycemic load. In

addition, traditional diets consisting of legumes, coarse grains, and other vegetables con-

sumption were reduced. Decreased physical activity in combination with high-calorie

diet intake increases the threat of susceptibility to a series of diseases involving
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hyperglycemia, dyslipidemia, insulin resistance, and so on. All of these mentioned symp-

toms are collectively described as metabolic syndrome, and are the strongest risk factors

for impaired pancreatic β-cell function, which leads to type 2 diabetes.5 Emerging

evidence from preventive medical studies and clinical trials indicates that an intensive diet

and exercise program were effective in preventing type 2 diabetes.6, 7

Legumes are the staple food for a large part of the world population, especially in the

developing countries, because their seeds provide valuable amounts of carbohydrates,

proteins—which have an important composition of essential amino acids and vitamins.8

Pulses were considered a slow-glycemic index foods that are rich in bioactive properties

such as dietary fiber, antioxidants, and phytochemicals, which were confirmed to have

an effect on autoxidation, inhibitory α-glucosidase, improved dyslipidemia and reduced

postprandial hyperglycemia.9 The genus cicer belongs to family leguminosae and comprises

about 44 species.10Chickpea (Cicer arietinum L.)was themost widely known species and the

only cultivated plant in this genus from ancient times.11 Nowadays, chickpea is the world’s

third most essential food legume and it is grown all over the five continents in around

50 countries, with 90% of its cultivates occurring in the developing countries.12 India

is the largest producer of chickpea accounting for 67% (about 6.8million tons) of global

production in 2013.13 As to records, Chickpea has been domesticated in Xinjiаng, China
for over 2500years,14 and now it is mainly cultivated in Mulei and Wushi counties in

Xinjiang, the total planting areas of about 16,000ha (no published data). In addition to its

culinary usage, chickpea has been used as a traditional Uighur medicine for the treatment

and prevention of many diseases, especially types 2 diabetes, hyperlipemia, bronchitis,

and coprostasis.14 In the last several decades, legumes such as soybean, lentil, and chickpea

have attracted considerable attention, as it was discovered that they possessed dietary

origin hormones like diphenolic phytoestrogens (which include isoflavonoids). This may

be the reason behind their ability to protect against hormone-dependent diseases such

as breast, colorectal, and prostate cancer.15–17 Recently, large amount of investigations

concentrated on bioactive components of chickpea involved the study of ingredients that

be effective in correcting dyslipidemia or improving insulin resistance, adding chickpeas

to foodstuff were able to increase nutritional value and also bulking of the fecal matter,

and the mechanism of effects of chickpeas preventing diabetes.18 Given the voluminous

reported the benefits of chickpeas, in this review we discuss the role of chickpea in the

intervention of metabolic syndrome and type 2 diabetes.

2. PHYTOCHEMICALS, THE SECONDARY METABOLITES ISOLATED
FROM CHICKPEA

2.1 The Content of Total Saponins and Its Structures
As reported, saponins and isoflavones are considered to be important bioactive compo-

nents contributing to the beneficial health effects of pulse consumptions are major

types of constitutive plant secondary metabolites in edible legumes. Saponins derive their
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name from their ability to form stable, soap-like foams in aqueous solutions. The results

showed that the total saponins content of different varieties of chickpea varied greatly in

different places, from 1%19 to 3.7%20 and another study observed a higher saponin con-

tent in chickpea (5.6%) than in other pulses such as soybean (4.3%), green beans (1.3%),

red kidney beans (1.6%), and lentil (4.6%).21 In the earlier studies, the saponins prepa-

ration from chickpea was identified by the high-performance liquid chromatography

(HPLC) analysis presence of two saponins, and were considered poorly resolved.22

Similar results have been observed in the investigation of saponins profiles in nine

different legume seeds. The author using ultra-performance liquid chromatography

(UPLC)-photodiodide array (PDA)-electrospray ionization (ESI)/mass spectrometry

(MS) technique showed that chickpea contains mainly two saponins, soyasaponin Bb

and soyasaponinβg(2,3-dihydro-2,5-dihydroxy-6-methyl-4H-pyran-4-one conjugated

group B soysaponin).23 The DDMPmoiety is easily lost when it is treated with heat dur-

ing extraction procedures. Recently, the studies showed more group B soysaponins

(see from Fig. 1) isolated from chickpea that produced in Xinjiang, China.24

2.2 Isoflavones, Increased in Germination and Its Structures
Isoflavones are the second bioactive phytochemistry components which were found

in chickpea. The major isoflavonoids in chickpea are formononetin (40-O-methyl

ether of daidzein), biochanin A (40-O-methyl ether of genistein), ononin (formono-

netin-7-O-glucoside), and sissotri (biochanin A-7-O-glucoside), and the minor are

genistein, calycosin, and trifolirhizin.25 In addition, one dihydroxy flavanol and

one isoflavane glycoside called cicerarietinuoside A are two new compounds, which

maybe inducible plant natural products, were isolated from chickpea (see from

Fig. 1).26, 27 The amount of isoflavone in chickpea varies according to the type of

chickpea, geographic area of cultivation, and harvest year.28 It is reported that the

total contents of isoflavoned in chickpea range from 0.016% to 0.06%, but after sev-

eral days sprouted its was dramatically increased, from 2.4�0.11 to 4.86�0.14mg/g

during days 2 and 4, and the maximum amount (8.14�0.21mg/g) of total isoflavones

was obtained on day 8.29 Therefore, sprouting is effective method enrich contents of

isoflavones in chickpea.

3. CHEMICAL COMPOSITIONS FROM CHICKPEAS

3.1 Total Protein and Peptides
Legumes are rich sources of protein that enhance the protein content of cereal-based

diets. Chickpeas have high-protein content, 17%–22% and 25.3%–28.9%, before and

after dehulling, respectively.30 They are consumed as a meat substitute, particularly by

vegetarians in the developing countries. The storage proteins of chickpea seed have been
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fractionated into globulin (salt soluble; 56%), albumin (water soluble; 12%), prolamin

(alcohol soluble; 2.8%), glutelin (acid/alkali soluble; 18.1%), and residual proteins.31

Globulins represent about 50% of chickpea seed proteins and are composed of two major

groups: the 11S (legumin) and the 7S (vicilin). Chickpea seed protein is comprised of

globulins (56.0%), glutelins (18.1%), albumins (12.0%), prolamin (2.8%), and residual

proteins. Chickpea globulins consist of the 11S legumin (320–400kDa) and the 7S vicilin

(145–190kDa).32 Chickpea is a good source of functional potential of plant proteins and

peptides, because of its higher contents, well-balanced amino acid composition, and

bioavailability.33

3.2 Dietary Fiber and Oligosaccharides
The profile of dietary fiber in edible plants is a group of nondigestible carbohydrates

that comprises insoluble and soluble carbohydrates including no starch polysaccharides

Biochanin A

OH O

OHO

OCH3 OCH3

Genistein

HO O

OHO

OH

Daidzein

O

O

OHO

Cicerarietinuoside A

O
OH

O

OCH3

O

O

OH

OH

HO
HO

OH

OH
H

H

HH

Sissotrin

OH O

O

OCH3

O
O

HO

HO
HO

HO

Formononetin

O

OCH3

OO
HO

HO
HO

HO

2¢,4¢-dihydroxy-6,7-methlenedioxyflavanol

O
O

O
OH

OH

OH

H

H

Chickpeasaponin B1

HO

O

O

OHHO

HO

HO

O

HO
HO

O

CH2OH
H3C

Chickpeaditerpenoid glycoside A

OH

OH

OH

OH

OH
HO

HO

O

O

HO

Fig. 1 Chemical structures of the compounds isolated from Cicer arietinum L.

618 Bioactive Food as Dietary Interventions for Diabetes



(NSP) such as cellulose, pectin, gums, hemicelluloses, β-glucans, and fibers contained

in whole grains. Other dietary fiber components are those not recovered by alcohol

precipitation such as inulin, oligosaccharides, and fructans, lignin, and some resistant

starch.34, 35 Pulses, including beans, chickpeas, lentils, and dry peas are a rich source

of both soluble and insoluble dietary fiber, in addition to resistant starch, and

galacto-oligosaccharide. The total dietary fiber (TDF) contents in chickpea ranged

from 18% to 22%, of which the contents of insoluble fiber and soluble fiber were

10%–18%, and 4%–8%, respectively.36 In a study, legumes have been showed to have

a high value of TDF, varying from the lowest value of 17.2% for kidney beans to the

highest value of 24.9% for chickpea contrast with barley (15%), wheat (8.3%), and

tubers like potato (9.4%).37 Chickpea also showed the highest value of total starch con-

tent (60.3%) in legumes, with higher value of the amylose (32.3%) among total starch.

After conventional boiling and pressure cooking process, the content resistant starch in

chickpea is varied from 4.6% to 4.8%, higher than the value of resistant starch in tubers

like cooked potato that have a higher content of total starch (85.5%) in its raw state. The

reason may be due to amylose, which plays an important role in the formation and

development of RS during heat processing.37 Oligosaccharides are widely distributed

in the legume seeds, and are considered the components that can cause flatulence after

the intake of pulses.38 The total contents of oligosaccharides in chickpeas varied from

different cultivars, and ranged from 5.54% to 8.82%. It included ciceritol (2.04%–
5.26%), stachyose (1.54%–3.18%), raffinose (0.42%–0.86%), and a small amount ver-

bascose (0.25%–0.73%).39

4. PREVENTING METABOLIC SYNDROME AND MANAGEMENT
OF DIABETES

4.1 Modulating the Glycemic Response
Epidemiological studies have shown that postprandial hyperglycemia and glycemic load

are associated with a variety of diseases, especially since it is an important contributing fac-

tor to the development of atherosclerosis in nondiabetic and increasing risk of coronary

heart disease (CHD) of obesity and type 2 diabetes patients.40, 41 Postprandial hypergly-

cemia refers to plasma glucose concentrations after eating and is determined by many fac-

tors involving the timing, quantity and composition of themeal, carbohydrate content and

composition of the meal, insulin and glucagon secretion, etc.42 The threshold for unac-

ceptable postprandial glycemia defined by the American Diabetes Association and the

World Health Organization is 8.89mmol/L (>160mg/dL) at any time after the meal.43

The concept of a glycemic indexwas developed to provide a numeric classification of car-

bohydrate containing foods according to the glycemic response which was first proposed

by Jenkins et al. in 36years ago.44 Mounting evidence suggests that high glycemic index
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foods produce an initial periodof highbloodglucose and insulin levels and increases risk for

obesity, type 2 diabetes, and heart disease.45 In contrast, low glycemic index diets have

been shown to lower urinary C-peptide excretion in healthy subjects, improve glycemic

control indiabetic subjects, and reduce serum lipids inhyperlipidemic subjects.46Themet-

abolic effects mainly attributable to a reduced rate of glucose absorption in the small intes-

tine after the consumption of low glycemic index carbohydrate foods will reduce the

postprandial rise in gut hormones and insulin. Among international tables of glycemic

index, drybeans elicit a lowglycemic response relative toother high carbohydrate contain-

ing foods because of their high fiber andhigh resistant starch content.47, 48 In humans,most

dietary carbohydrates will be digested and converted into glucose and α-glucosidase,
α-amylase, and lipase are the major enzymes involved in the hydrolysis of carbohydrates

and fat.49 One of the therapeutic strategies to control postprandial hyperglycemia in

diabetic is to inhibit carbohydrate-digesting key enzymes, α-glucosidase, and α-amylase

enzymes, in order to slow down the intestinal absorption of glucose.50, 51 In one clinical

trial, Volunteers consumed three different foods,white bread,wheat spaghetti, andwheat-

chickpea spaghetti, 2h after eating, the blood was checked to evaluate the glycemic

response. The result showed wheat-chickpea spaghetti reduced the hyperglycemia peak

and the total hyperglycemia phase and this studies demonstrated that chickpea flour as

one of the candidates for the low glycemic index was confirmed involved in more staple

foods to low glycemic response.52 Similarly, in a later study byMoussou et al. which eval-

uated the quality of pulses flours such as chickpea, bean, and lentil changed in raw, toasted,

and stored samples. The results showed inhibition of α-amylase in pulses flours was slightly

augmented during processing. The results meaning content of undigested carbohydrates

that reach the colon was increased, thus modulating the glycemic response.53 The inhib-

itory activities of chickpea on α-glucosidase, α-amylase, and lipase were evaluated and

in vitro inhibitory effects of the chosen food samples on lipid and starch digestive enzymes

were determined by evaluating the α-glucosidase, α-amylase, and lipid activities. The

tested chickpea showed inhibitory activity against α-glucosidase (IC50 2885�85.4μg/
mL), α-amylase (IC50 167�6.12μg/mL), and lipase were 9.74�1.09μg/mL. This study

demonstrates that chickpea may be a low-calorie food that can play a role in body weight

management.54 The total saponin contents of chickpea are about 2.41%, and it has been

reported to have beneficial effects toward diabetes complications in animal models.

Hao et al. purified a proteinaceous α-amylase inhibitor from chickpea with the molecular

mass was 25.947kDa.55 The purified α-amylase inhibitor was classified as a legumins by

analysis of the amino acid sequence of the polypeptide from it and the results of inhibiting

activities experiments showed that purified α-amylase has the ability to inhibit α-amylase

from plants and mammals, but incapable of inhibiting α-amylases frommicrobial. Hence,

the protein from chickpea is a potential source in reduced postprandial blood glucose and

weight loss.
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4.2 Regulate Dyslipidemia
The characteristic features of diabetic dyslipidemia including high plasma triglycerides

(TGs) concentration, low lipoprotein cholesterol high-density lipoprotein cholesterol

(HDL-C) concentration and increased concentration of small dense low-density lipo-

protein cholesterol (LDL-C) particles.56 The combination of elevated serum TGs level

and low HDL cholesterol level, commonly named atherogenic dyslipidemia which

plays an important role in the risk of cardiovascular disease especially type 2 diabetic

patients.57 The availability of multiple lipid-lowering natural products constitutes from

plants had been demonstrated.58 The isolated chickpea saponins have been shown to

prevent dietary hypercholesterolemia in the early studies.59 In the previous analysis,

the main type of chickpea saponins belonged to group B soyasaponins and in a research

study, the 20 hamsters were fed group B soyasaponins (containing no isoflavones),

where after 4weeks, it was shown the values of plasma total cholesterol (TC), non-

HDL cholesterol, and TGs were lower by 20%, 33%, and 18%, respectively. The excre-

tion of fecal bile acids and neutral sterols was significantly greater, so the mechanism of

group B soyasaponin to lower plasma cholesterol levels may involve a greater excretion

of fecal bile acids and neutral sterols.59 Isoflavones in chickpea suppressed 3T3-L1 adi-

pocyte differentiation and lipid accumulation and stimulated glucose uptake the

downregulation of PPARγ, C/EBP.60 In the experiment difference doses of biochanin

A was administered to hyperlipidemia rats, after 30days the levels of TC, TGs, LDL-C,

HDL-C, and the whole blood viscosity and plasma viscosity were measured.61 The

results showed that biochanin A can reduce the blood lipid levels, blood viscosity,

and fibrinogen of hyperlipidemic in rats significantly. The legumin isolated from chick-

pea has been demonstrated to have the ability to regulate the lipid metabolism on

hypercholesterolemic rats, in addition to its nutritional properties.62 The authors

administered isolated 11S globulin from chickpea (300mg/kg/day) and the simvastatin

(50mg/kg/day) by gavage to rats which were also fed a high-cholesterol (HC) diet to

induce hypercholesterolemia separately, as compared to the normal diet and the only

HC diet groups. After 28days, analyses of TC, HDL-C, and TG in the plasma and TC

and TG in the liver of animals. The results showed that the protein isolated from chick-

pea significantly reduced TC and TG in the liver relative to HC group, but the sim-

vastatin has no effect. Nondigestible dietary fiber components such as oligosaccharides

and resistant starch, caused a resistance to digestion in the human small intestine, allow-

ing passage almost whole into the colon where they fermented by the intestinal micro-

biota to produce short-chain fatty acids (SCFAs), which including acetic, propionic,

butyric, and valeric.63 Evidence demonstrated all SCFAs have antiinflammatory and

antiproliferative properties, and increase viscosity of colonic mucosa.64 In addition,

emerging studies demonstrate that diet significantly impacts the diversity of the intes-

tinal microbiota, which subsequently influence the metabolome.35 Dai et al.65
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evaluated the effect of α-galactooligosaccharides from chickpea on the high-fat diet

induced metabolic syndrome of mice, the results showed administration of α-GOS

to model mice is able to positively regulate the intestinal microbiota such as incrassation

of beneficial bifidobacterium and Lactobacillus composition, and lead to increased pro-

duction of SCFAs, moreover, it also has significant effects on improved metabolic syn-

drome included regulate dyslipidemia and insulin resistance, and hypoglycemic.

4.3 Antioxidant Activity
Reactive oxygen species (ROS), such as superoxide, hydroxyl radical, and hydrogen

peroxide is produced by mitochondria and various enzymes. When ROS overproduc-

tion in vivo exceeds the buffering capacity of antioxidant enzymes and antioxidants, it

leads to oxidative stress.66 ROS depletes cellular antioxidant defenses, reduce antiox-

idant enzyme activity, and alter membrane and protein structure, protein function.67

Glucose and its metabolites can react with hydrogen peroxide to form hydroxyl radical,

so hyperglycemia induced oxidative stress.68 Overproduced oxidants also oxidized

lipids, especially those containing polyunsaturated fatty acids to form reactive mole-

cules such as malondialdehyde (MDA). A large number of studies have shown that

induction of oxidative stress is a key process in the onset of diabetic complications.69

The total saponins that are prepared from chickpea were shown to improve type 2 dia-

betes mellitus rat models haslet antioxidant capacity.70 In the experiment, the activity of

superoxide dismutase and hydrogen peroxidase from the rat’s liver, kidney, lung, mus-

cle, and other tissues had been improved and the liver content of MDA was reduced

significantly after the intake of the total saponins compared with the model group. The

total saponins from chickpea showed has the capability of reducing blood glucose and

repair the damaged pancreatic pathology on type 2 diabetes mellitus rats effectively.71

Germination of legume seeds is a process to produce sprouts and it was demonstrated

nutritive value and contents of bioactive ingredients such as dietary fiber, free amino

acids, and polyphenol compounds were raised during this process, meantime the capa-

bility of antioxidants was increased.72 In the study by Yili et al.,73 in which four anti-

oxidant peptides were isolated from chickpea sprouts and with molecular weights of

1.148, 4.68, 5.41, and 9.086kDa, respectively. That peptide with molecular weight

9.086kDa was considered a new peptide rich in alanine by partial N-terminal amino

acid sequences analysis and has antioxidant activity in vitro was IC50 156.2μgmL�1

(17.2μmolL�1) to the free radical of 2,20-azino-bis (3-ethylbenzthiazoline-6-sulfonic
acid) (ABTS). Thus, the peptides that may be produced during chickpea germination

were partially responsible for antioxidant activity of sprouts. Several studies showed

chickpea protein hydrolysates contained bioactive peptides that possess biological

activity include ace inhibitory, free radical scavenger, and ability of chelating metal

ions.74 Kou et al.75 using alcalase and flavorzyme proteases, sequentially hydrolyzed

622 Bioactive Food as Dietary Interventions for Diabetes



albumin derived from chickpea. After that, using chromatography methods to fraction-

ate hydrolysate and obtain a purified peptide (named Fra.III) with molecular weight of

1155Da. The results showed the Fra.III from chickpea albumin hydrolysates exhibited

an excellent antioxidant activity through antioxidant ability and free radical scavenging

activities assessment experiment in vitro, such as inhibition of hydroxyl radicals up to

74.56% at the concentration of 0.5mg/mL, and the IC50 of against ABTS
+ radicals was

0.97mmol/L�1. Li et al.76 prepared four peptide fractions isolates from chickpea pro-

tein by alcalase hydrolysis, in which fraction Fra.IV has been demonstrated with the

antioxidant activity up to 81.13% in the linoleic acid oxidation system. Zhang

et al.77 using consecutive chromatographic methods further purified this fraction

and obtained an antioxidant peptide with a molecular weight of 717.37Da. Antioxi-

dant activity studies showed this peptide has the ability to quench the free radical

sources such as DPPH, hydroxyl, and superoxide free radicals, chelating activities metal

ions Cu2+ and Fe2+ were 76.92% and 63.08% at concentration of 50μgmL�1, and

inhibit lipid peroxidation was greater than α-tocopherol. Moreover, it was demon-

strated that the purified peptide has inhibition of the linoleic acid auto oxidation

was up to 88.81% at the 8th day’s analysis. Chickpea protein hydrolysate displayed

higher antioxidant than chickpea protein concentrate, in the support of studies that

was also demonstrated by Ghribi et al.78 in which using alcalase enzymatic hydrolysis

chickpea isolate protein and one fraction from hydrolysate exhibited the highest DPPH

scavenging activity (54% at 1mgmL�1) after purified by size exclusion chromatography

of Sephadex G-25. And then two new peptides were isolated and further purified using

reversed-phase HPLC, the molecular masses, and amino acids sequences of the new

peptides were determined by ESI-MS and ESIMS/MS, respectively. Their structures

were identified as Asp-His-Gly and Val-Gly-Asp-Ile, the latter displayed the highest

DPPH radical scavenging activity (67% at 200μgmL�1). The results suggest that the

peptides from chickpea protein hydrolysate may be a potential antioxidant as functional

food ingredients.

4.4 Improving Insulin Resistance
Isoflavones belong to one class of phytoestrogens. Epidemiological surveys suggested that

dietary phytoestrogens play a beneficial role in obesity and diabetes.79 Genistein and daid-

zein are the main isoflavones in soy and numerous evidences especially in animal models

suggested that genistein has antidiabetic effects, such as protects pancreatic β-cells for dam-

age and enhances proliferation, insulinotropic hormone, improved hyperglycemia and glu-

cose tolerance, modulating hepatic glucose and lipid metabolism. The main form of

isoflavones in chickpea is glycosides which could be converted to bioactive aglycones

(genistein and daidzein) through bacterial β-glucosidases hydrolyzed in the intestines.80

Thus, the isoflavones in chickpea are one of the candidates associated with bioactive agents.
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5. CONCLUSIONS

Chickpea may be considered as one of the functional foods needed to combat obesity

prevalence in populations. Based on the above analysis, emerging evidences from animal

models and in vitro experiments demonstrated that a wide variety of precursors of the

biologically active compositions and phytochemicals from chickpea which have benefi-

cial to prevent andmanagement metabolic syndrome. Themajority of total starch includ-

ing slowly digestible starch, resistant starch, and amylose play an important role in

mitigating postfeeding glucose excursions and slows glycemic response. The relative die-

tary fiber proportion constitute of carbohydrate in chickpea may reduce the risk of dia-

betes. Phytochemicals such as saponins and isoflavones are main secondary metabolites

from chickpea, in which saponins been showed cause an increase in the fecal excretion

of bile acids and isoflavones are critical for mediating the effects on β-cell proliferation,
especially its structure has a hydroxyl group at C5 position. Chickpea protein hydroly-

sates may be potential free radical scavenger could be useful for improve immunity food

products. Overall, chickpea plays a role in weight management and actions to address

overweight and obesity are critical to prevent type 2 diabetes.
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CHAPTER 40

Nigella sativa: A Medicinal and Edible
Plant That Ameliorates Diabetes
H.A. Aisa, Xuelei Xin, Dan Tang
Key Laboratory of Chemistry of Plant Resources in Arid Regions, State Key Laboratory Basis of Xinjiang Indigenous Medicinal
Plants Resource Utilization, Xinjiang Technical Institute of Physics and Chemistry, Chinese Academy of Sciences,
Urumqi, China

1. INTRODUCTION

Diabetes mellitus (DM) is of the most prevalent metabolic diseases throughout the world,

which leads to some serious complications, including diabetic retinopathy, nephropathy,

and autonomic neuropathy.1, 2 Therefore, diabetes prevention and treatment are the

most important task in the medical research. Currently, synthetic antidiabetic drugs have

distinct advantages in controlling hyperglycemia, but fail to prevent the diabetic compli-

cations in the long run and have undesirable side effects.3 Traditional dietary interven-

tions may lead to more effective, cost efficient, and flexible options for many patients

with diabetes. Traditional medicinal and edible plants are considered to have a promising

future in the prevention and treatment of diabetes because of integrated effects and fewer

side effects.4 Some edible plants andmedicinal herbs, such as dietary supplements or com-

plementary medicine have been used in interventions of diabetes because of their natural,

safe, and readily available benefits.

The genusNigella has three species of medicinal plants, which areNigella sativa,Nigella

damascene, and Nigella glandulifera Freyn. Among these, N. sativa is the species most

exhaustively studied, possessing effective therapeutic uses in various diseases.5 N. sativa

belongs to the Ranunculaceae family and is an annual herbaceous flowering plant.

It is native to South and Southwest Asia, and now is widely cultivated in Eastern Europe,

the Middle East, Western Asia, and North Africa.6 With a long history of traditional use,

N. sativa has been conventionally used as an effective remedy in the cure of several

ailments, such as headache, toothache, fever, cough, diarrhea, bronchitis, asthma, and

gastrointestinal disorders.7,8 N. sativa seeds are the main part of the plant which various

satisfactory therapeutic effects, such as antioxidant and antihypertensive, anticancer, anti-

inflammatory, antibacterial, and antifungal properties.9,10 However, limited articles

reviewed the biological activities of N. sativa in the prevention, control, and treatment

of diabetes.11 In the present chapter, the antihyperglycemia, antihyperlipidemia, and
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relieving effects of N. sativa on insulin resistance with diabetes are reviewed. First, this

paper briefly introduces the traditional uses ofN. sativa. Furthermore, the research works

relevant to the chemical composition ofN. sativa are elaborated. Finally, a fully discussion

is given on the antidiabetic effects of N. sativa and the biological activity related with

diabetes.

2. N. SATIVA IN FOLK MEDICINE AND IN DIET

N. sativa grows throughout India, Arabia, and Europe and has been used as a spice and

food preservative for centuries. As the main effective part and the active ingredient of the

plant, N. sativa seeds have different common names, such as Siah-Daneh in Persian,

Habbat al-barakah in Arabic, and black cumin or black seed in English.12 In the Unani

traditional medicine,N. sativa seeds are utilized as a natural remedy that have the capacity

to cure plenty of diseases, such as diarrhea, dyslipidemia, rheumatoid arthritis, dermato-

logical diseases, and digestive disorders.13 In Islamic Tibb or medicine, N. sativa is

considered as a cure for all diseases except for death and aging by a Prophetic Hadith.14

Although there is a lack of clinical trials testing the pharmacological effect ofN. sativa, the

available research suggests that N. sativa has potential to cure many diseases, such as

asthma, hypertension, and pancreatic tumors.8, 15–17

In China, N. glandulifera Freynb is widely cultivated in the western region of China,

mainly in Xinjiang province.N. glandulifera has been included in each edition of the Phar-

macopoeia of the People’s Republic of China.18 The seeds ofN. glandulifera are commonly

prescribed in traditional Uyghur medicine for the treatments of edema, urinary calculus,

and bronchial asthma. In folk medicinal practices, the seeds of N. glandulifera are also used

by Uighur as an edible resource for food preparation, usually ingesting with food or mixed

with honey.19,20

3. DESCRIPTION AND CHEMICAL COMPOSITION OF N. SATIVA

Recently, screening novel compounds with good bioactivity from Nigella plants is gain-

ing more and more attention due to their acclaimed therapeutic effects. In our previous

study, Chen et al. found three novel norditerpenoid alkaloids (1–3) and one pyrroloqui-
noline alkaloid (4), possessing new skeletons with highly conjugated systems (Fig. 1). The

four alkaloids were isolated fromN. glandulifera seed by using high-speed counter current

chromatography (HSCCC).21 In the recent another paper reported by Chen et al., two

new alkaloids, nigellisoquinomine (1) with a novel pyrrolo-isoquinoline skeleton,

and nigellapyrrolidine (2) possessing a rare glycosylated pyrrolidine moiety were isolated

from the seeds of N. glandulifera (Fig. 2). Their structures were identified by extensive

nuclear magnetic resonance (NMR) and high-resolution electrospray ionization mass
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spectrometry (HR-ESIMS) analysis.22 Previous phytochemical investigations on the

genus Nigella led to the isolation of alkaloids,23 oleanane-type saponins,24–26

cycloartane-type saponins,27 benzofurans,27 and peptides.28

In the current study, Yuan et al.29 first reported six indazole-type alkaloids (1–6) isolated
and identified from the defatted extract ofN. glandulifera seeds. Among them, 17-O-(β-D-
glucopyranosyl)-4-O-methylnigellidine (1) and nigelanoid (2) are new compounds, and

compounds 4 and 6 are being reported from a natural source. The phytochemical constit-

uents of the MeOH extract of Nigella roots were elucidated by K. Bıçak et al. They found

four new saponins, five known oleanane-type glycosides, and a steroid glucoside which

isolated by the use of one-dimensional (1D) and two-dimensional (2D) NMR and

high-resolution mass spectrometry (HRMS) analysis.30 Therefore, the phytochemical

constituents and pharmacological activities of this medical plant have been previously

extensively researched.

Fig. 1 Chemical structures of three norditerpenoid alkaloids, nigelladines A–C (1–3), and one
pyrroloquinoline alkaloid, nigellaquinomine (4).

Fig. 2 Chemical structures of two new alkaloids, nigellisoquinomine (1) with a novel pyrrolo-
isoquinoline skeleton, and nigellapyrrolidine (2) possessing a rare glycosylated pyrrolidine moiety.
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4. THE BENEFICIAL EFFECT OFN. SATIVAONDIABETES ANDMETABOLIC
SYNDROME

As a common chronic disease, DM is influencing the health of millions of people all over

the world. A satisfactory therapeutic result is hard to obtain by standard treatment, espe-

cially concerning preventing complications of diabetes. There is growing consensus

about the need for supplements and other alternative medicines used for standard care

in treating diabetes. Therefore, it is necessary to investigate potential antihyperglycemic

drugs or herbs which improve high glucose in diabetic patients. In the following sections,

we will summarize scientific study on the various antidiabetic effects and diabetes-related

bioactivities of N. sativa.

4.1 Hypoglycemic and Insulin-Sensitizing Effects of N. sativa
The antidiabetic and hypoglycemic effects ofN. sativa seeds have been reported in several

in vitro and in vivo studies. Ali et al.31 demonstrated that the N. sativa exhibited the anti-

diabetic effects on the insulin-sensitive cells through activation of insulin and AMP-

activated protein kinase (AMPK) pathways. It is likely to be used as a therapeutic herbal

or dietary remedy in the control of DM. In a review written by Patel et al.,32 they sum-

marized several antidiabetic medicinal plants. Among them, N. sativa oil is able to sig-

nificantly increase the serum insulin levels and decrease the blood glucose concentrations

after 4-week treatment. This review evidenced beneficial effects of some medicinal herbs

such asN. sativa (NS) on lowering glucose levels and improving insulin resistance in dia-

betes models. In an Indian clinical study, recruited patient with diabetes was given cap-

sules containing N. sativa orally at three doses for 3 months. N. sativa caused significant

reductions in fasting blood glucose and hemoglobina glucosilada, but there is no signif-

icant weight loss and side effect in either renal functions or hepatic functions throughout

the study period.N. sativa has the potential benefits to manage glucose levels as a remedy

for oral hypoglycemic drug in type 2 diabetic patients.33,34 In another research, the effects

of N. sativa seeds extract on intestinal glucose absorption were investigated by measure-

ment of short-circuit current technique and an oral glucose tolerance test. Interestingly,

Meddah et al. found that water extract of N. sativa seeds directly suppressed the electro-

genic intestinal absorption of glucose in vitro. Meanwhile, they observed the improve-

ment of impaired glucose tolerance in rats after chronic oral administration.35

Apart from antihyperglycemia effect, N. sativa seeds also have beneficial effects on

insulin resistance. Nehar et al.36 explored the antidiabetic effect of N. sativa seed extract

on a noninsulin-dependent diabetes model of guinea pigs. They found that the seed

extract could reduce the blood glucose level by improving glucose intolerance as well

as insulin sensitivity. In addition, in vivo study has demonstrated that ethanol extract

ofN. sativa seed exhibited an insulin-sensitizing action by activating insulin-independent

AMPK signaling pathway along with muscle Glut4 expression.37 In a clinical study,
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N. sativa seed oil was reported to ameliorate insulin resistance in the patients with diabe-

tes.38 Another clinical carried out by Khan et al. showed that the tablets with N. sativa

have mitigative effects on patients with insulin resistance syndrome.39 All these researches

clearly demonstrate the traditional use of N. sativa seeds against diabetes, providing us

the scientific evidence on the advantageous effects of N. sativa seed in interventions of

diabetes and insulin resistance syndrome.

4.2 The Antihyperlipidemia Effect of N. sativa
Chronic lipid disorder is closely related to the development of diabetes. N. sativa seed is

reported to possess the antihyperlipidemia effect and to prevent the various secondary

complications of diabetes. In clinical trials conducted by Asgary et al.,N. sativawas iden-

tified to have antihyperglycemia and lipid-lowering effects via inhibition of hepatic cho-

lesterol synthesis and activation of low-density lipoprotein (LDL) receptors.40 In vivo

study by Kocyigit et al. showed that N. sativa powdered seeds obviously decreased the

total cholesterol and triglyceride levels, suggesting the good antihyperlipidemia effect

of N. sativa in male rats.41 Thymoquinone (TQ) from N. sativa seed has been reported

to ameliorate the high-fructose diet (HFD)-induced hyperlipidemia and metabolic syn-

drome in diabetic rats.42 The hypolipidemic effect ofN. sativa attributes to the synergistic

action of its different components, such a TQ, sterols, flavonoids, and the high content of

polyunsaturated fatty acids.8 One study conducted by Dehkordi et al.17 showed that

N. sativa extract administration for 2 months could decrease both systolic and diastolic

blood pressures in patients with hypertension. According to the clinical studies, favorable

effects of the seeds on blood pressure have also been reported in another human study by

Qidwai et al.43 Overall, these findings from experimental and a clinical studies indicate

that dietary of N. sativa seed can be developed into an effective remedy therapy for

dyslipidemic and diabetic patients.

4.3 Antiobesity Effect of N. sativa
Numerous studies have found that obesity is a risk factor for diabetes.N. sativa seed (black

seed) oil is known not only to cure many disorders, but also it aids in losing weight. In

many studies, N. sativa oil is good for losing weight and decreasing body mass index

(BMI) in subjects with diabetes, indicating it has an antiobesity effect.38,44 In the recent

study, N. sativa seeds were reported to have a benefit on lipid peroxidation and antiobe-

sity by the qualitative determination of phytochemicals and its pharmacological activities

detection.45 In another study, herbal mixture including black seed was found to have a

distinct antiobesity effect in overweight rats, together with antioxidant, hypolipidemic

insulin sensitizing effects.46 So, the value in one supplement such as black seed oil has

the effect and power of the majority of supplements. Black seed oil weight loss results

will become a popular searched topic due to its real effect in maintaining and losing
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weight. Black seed oil also cures obesity-induced diseases, such as heart disease, diabetes,

stroke, and osteoarthritis apart from weight loss. Therefore, black seed oil fights not

only the effects of obesity but also helps people in the struggle to lose weight and achieve

optimal health.

4.4 Antiinflammatory Effect of N. sativa
Chronic inflammation is the cause of many diseases, including diabetes, cardiovascular

disease, atherosclerosis, and cancer. In order to prevent several inflammation-induced

diseases including diabetes, we primarily try to control or eliminate chronic inflamma-

tion. In several studies, Nigella extract has reported to possess antiinflammatory effects

in vivo.47 In the paper written by Al-Ghamdi, the water extract ofN. sativawas reported

to have antiinflammatory activity in animal models, demonstrating by its inhibitory

effects on carrageenan-induced paw edema.48 In vitro study of Swamy et al.,49 they

found that extracts ofN. sativa possess a strong potentiation effect on the cellular immune

response. Fararh et al.50 investigate N. sativa oil exerted the potential immunopotentiat-

ing activity on peritoneal macrophage via activation of lymphocytes and macrophage in

streptozotocin (STZ)-induced diabetic hamsters. These research results support the use

N. sativa in folk medicine an antiinflammatory agent or remedy in intervention of

diabetes and other metabolism disease.

4.5 Antioxidant Effect of N. sativa
N. sativa has been used in folk medicine for a wide range of illnesses. N. sativa oil or its

constituents are able to improve oxidant status. In vivo study, N. sativa extract exhibited

strong antioxidant activity by using different assays including DPPH and ABTS scaveng-

ing.51 Several biological activities N. sativa seeds including antioxidant have been inves-

tigated. Meziti et al.52 reported that methanolic extract and fixed oil of N. sativa seeds

exhibited strong antioxidant capacity of the total blood in vivo and in vitro study by

the measurements of KRL and DPPH. In the scientific study by Okeola et al.53, the

methanolic extract of N. sativa seeds was demonstrated to have antioxidant activity

against malaria infection in vivo. In addition, the oil of N. sativa seed showed effective

antioxidant activity using two thin-layer chromatography (TLC) screening methods.

Chemical constituents of the N. sativa have been investigated for their antidiabetic

and antioxidant potentials in the treatment of diabetes.54 TQ, the principal bioactive

ingredient of N. sativa oil, possesses antioxidant potential to scavenge free radicals and

to protect the cell against oxidative damage.55 In addition, it has been reported to

improve plasma and liver antioxidant capacity and to enhance the expression of liver anti-

oxidant genes in hypocholestrolemic rats.56N. sativa seed extracts and TQwere reported

to possess good antioxidant activities via different mechanisms of action in several recent

studies.57,58 In addition, TQ as a free radical and superoxide radical scavenger keeps
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various antioxidant enzymes active.59 In vivo study showed that TQ has the ability to

suppress microsomal lipid peroxidation in rats with hyperlipidemic nephropathy.60

The results above suggested the antioxidant effect ofN. sativa seeds extract is conductive

to its administration in controlling the diabetic complications in experimental

diabetic rats.

4.6 Anticardiovascular Effect of N. sativa
People with diabetes are more likely to experience cardiovascular complications that pose

a serious threat to human health, compared to those without diabetes.61,62 In the previous

section, we reviewed the antioxidant and antihyperlipidemic effects ofN. sativa, contrib-

uting to its therapeutic potential in the treatment of cardiovascular complications in dia-

betic patients. Shabana et al. reviewed the literature related with N. sativa and its

active components and elucidated the protective role of N. sativa in the cardiovascular

system.63 Two extracts fromN. sativa prevented the diabetic rats from cardiovascular risk

through inhibition of HMG-CoA reductase activity and antioxidant mechanisms. Thus,

N. sativa may be developing to a complementary medicine for cardiovascular duo to its

hypolipidemic, antioxidant, and antiperoxidative activities.64

4.7 PTP1B Inhibitory Activity of N. sativa
In our earlier study, three new norditerpenoid alkaloids from N. glandulifera were

found to possess a good PTP1B inhibitory activity. To explore such a mechanism,

the effects of three alkaloids on the insulin signal pathway were investigated using

L6 skeletal muscle cells in vitro. The results show that the three alkaloids improved

glucose metabolism through PTP1B inhibition. Therefore, they represent a novel

class of drug candidates for treatment of diabetes through inhibiting PTP1B activity.65

Our previous study on the N. glandulifera seeds has identified several interesting con-

stituents, which possess potent anti-PTP1B activities.21 With the continuation of

research on isolation and the investigation on the metabolites of N. glandulifera, a

new fatty acid ester identified from the seeds also showed more potent ability of

inhibiting PTP1B activities.66

4.8 Other Biological Activities of N. sativa
Recently, herbal medicines are usually regarded as an acclaimed remedy applied in inter-

vention of cancer. On the basis of traditional use of N. sativa in the treatment of many

illnesses, the effects of N. sativa extract on the development of cancer were evaluated in

many researches.67–69 TQ is the main chemical component of the seed oil extract. It is

reported to exhibit good antitumor activities in different types of cancer, which can be

used as an anticancer remedy in chemotherapeutics.70,71 Furthermore, the standard che-

motherapy, combined with TQ greatly improved the therapeutic effect as well as
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decreases the toxicity of the former. In recent studies, treatment withN. sativa seed oil or

extracts showed a significant protection on the liver by decreasing hepatic oxidation.

In addition, the ethanolic extract N. sativa showed an antibacterial effect on all

the tested strains of Staphylococcus aureus [methicillin-resistant Staphylococcus aureus

(MRSA)].72 N. sativa seed possesses the antibacterial effect on the patients suffering from

skin infection.73 All these studies indicated that N. sativa seeds are potentially antimicro-

bial agents used in the infectious diseases.

5. TOXICOLOGICAL STUDIES AND SAFETY OF N. SATIVA

As an edible and medicinal plant, N. sativa is safe to ingested normally in various form,

such as raw, fruit, or food ingredient. In the study of Zaoui et al., they tested the safety and

toxicity of the fixed oil of N. sativa seeds in animal model by determining LD50 values,

blood biochemical indicators, and histopathological changes. As a result, there was low

toxicity of N. sativa fixed oil observed in rat and mice.74 In another study, Dollah et al.

investigated the toxicity of N. sativa powder on the liver function, but they did not see

obvious changes of liver enzyme blood levels.75 In the overview written by Al-Ali et al.,

there was no significant side effect on liver or kidney functions after administration of

either the seed extract or its oil in the individuals.76 In another clinical trial, N. sativa

at therapeutic doses appeared had no serious side effects after oral administration.77 As

is clear from the above results, the extracts or compounds from N. sativa are relatively

safe if they are used as dietary supplements or drug remedy.

6. CONCLUSION

Presently, complementary and alternative medicines have become more and more

important worldwide. The Nigella plant has been regarded as an effective medicinal

and edible herb worldwide, displaying considerable commercial value in pharmaceutical

and food industries. The review article conducted an investigation of the relevant liter-

ature on N. sativa plant over the past decade, particularly focusing on the antidiabetic

biology activities ofN. sativa and its compounds. The seeds ofN. sativa have various phar-

macological effects on the interventions of diabetes, including antioxidation, antiinflam-

matory, antidiabetic, antihyperglycemia, and antihypertensive activities. Also, its effects

on antitumor, liver protection, immune system, and memory improvement have been

demonstrated in various studies. According to the literature,N. sativa could be proposed

as a preventive and relieving complementary medicine or dietary supplement in meta-

bolic diseases, especially in the intervention of diabetes.
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CHAPTER 41

Application of Pomegranate
Flower in Diabetes Mellitus
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1. INTRODUCTION

The red small flowers of pomegranate have been extensively used in Unani, Ayurvedic,

and Chinese systems of medicine.1, 2 The flowers are a unique traditional antidiabetic

medicine3 and are strongly astringent4; their decoction stops bleeding and remedies

tympanitis. The flowers are also used to cure chronic diarrhea, especially in children,

and for the treatment of injuries from falls and of graying hair in young men in traditional

Chinese medicine. This paper is a review about the antidiabetic effect of pomegranate

flower extracts (PFEs).

2. PREVENTIVE AND THERAPEUTIC EFFECT ON DIABETES MELLITUS

2.1 Hypoglycemic Effects
About 18 years ago, a paper was published by Jafri et al. regarding the antidiabetic effect of

pomegranate flower (PF) in the Journal of Ethnopharmacology. Oral administration of

PF aqueous-ethanolic (50%, v/v) extract led to a significant blood glucose-lowering

effect in normal, glucose-fed hyperglycemic, and alloxan-induced diabetic rats. After

5years, Huang et al.5 found that daily oral methanolic pomegranate flower methanol

extract PFE (500mg/kg) administration to both Zucker lean (ZL) rats and ZDF rats

for 5weeks resulted in significantly (P<0.05) lower plasma glucose levels at 30 and

180min following glucose loading in the ZDF animals compared with control ZDF rats

receiving only control formulation. Their plasma glucose levels following glucose load-

ing, however, were still significantly higher than that in ZL rats, where PFE was without

effect. A 6-week treatment with PFE restored cardiac GLUT-4 mRNA expression to

prediabetes levels and increased peroxisome proliferator-activated receptor-γ (PPAR)-

γ mRNA levels, but did not affect these markers in ZL rats. A dose-dependent increase

in PPAR-γ protein expression by PFE occurred in macrophages, suggesting that PFE

affects insulin sensitization in ZDF rats reminiscent of the PPAR-γ agonists, the thiazo-
lidinedones rosiglitazone, and the pioglitazone PPAR-γmRNA gene expression, which

641
Bioactive Food as Dietary Interventions for Diabetes Copyright © 2019 Elsevier Inc.
https://doi.org/10.1016/B978-0-12-813822-9.00041-2 All rights reserved.

https://doi.org/10.1016/B978-0-12-813822-9.00041-2


is a member of nuclear receptor transcriptional superfamily that regulates the expression

of target genes and closely related with insulin resistance.6, 7 In the same year effect of

methanolic extract from PGF on hyperglycemia in vivo and in vitro were studied by

Li et al.,3 and they found that plasma glucose was reduced significantly more by PFE

in ZDF rats loaded with sucrose than with glucose, while PFE was also hypoglycemic

in sucrose-loaded but not glucose-loaded normal rats. Further, PFE-induced inhibition

of the sucrose-to-glucose catalyzing enzyme, α-glucosidase, occurred in vitro. The

hypoglycemic mechanisms of PFE might thus be similar to those of acarbose, a

α-glucosidase inhibitor used in the treatment of type 2 disease.8 The two authors are from

the same team from the University of Sydney. Moreover, PF is also widely used in Chi-

nese traditional medicine including Uygur medicine, which is derived from Iran and

transferred to the Hotan of China through the Silk Road 2000 years ago. The arid climate

in Hotan contributes to its special medicinal value. The research team of Asia has inves-

tigated the PF for over 10years. Pomegranate flower polyphones were extracted9 and

then pharmacological effects were observed. They found that after 4-week feeding on

diabetic rats, FFA, IL-6 was significantly reduced and activity of hexokinase was elevated.

The hypoglycemia effects of pomegranate flower polyphenol (PFP) were probably

related to the synthesis of muscle glycogen.10

2.2 Lipid Effects
Plenty of evidences have shown that lipid metabolism disturbance is a vital cause of insu-

lin resistance, which in turn aggravates the lipid metabolism, forming a vicious cycle.

Aviram M, a professor from Haifa Israel, contributed greatly to the study of the lipid

effects of pomegranate. They analyzed the antiatherogenic properties from all pomegran-

ate fruit parts: peels (POMxl, POMxp), arils (POMa), seeds (POMo), and flowers

(POMf ), in comparison to whole fruit juice (PJ). All POM phenolics extracts possess

antioxidative properties in vitro. After the consumption of PJ, POMxl, POMxp, POMa,

or POMf by E(0) mice, the atherosclerotic lesion area was significantly decreased in dif-

ferent degree, and themost effective part is flower which lowers lesion area by 70%, while

POMo had no effect. The POMf consumption reduced serum lipids and glucose levels

by 18%–25%. Similar results were obtained on using J774A.1 macrophage cell line.11

Huang et al.12 found that 6-week feeding of 500 mg/kg pomegranate flowers methanol

extract (PFE) in Zucker diabetic obese (ZDF) rats results in the reduction of 3-acyl glyc-

erin and total cholesterol in rat myocardium and elevation of fatty acid transporters in left

ventricular muscle, and excessive expression of myocardial fibers protein and collagen I,

III mRNA were inhibited. However, triglycerides and total cholesterol were not

reduced in ZL rats’ hearts. Plasma nonessential fatty acids were elevated in fasted control,

ZDF, and ZL rats relative to the nonfasted animals, but when pretreated with PFE,

fasted ZDF and ZL rats failed to exhibit an elevation of these plasma lipids, implying
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PFE-mediated protection. Enhancement of PPAR-γ luciferase activity by PFE occurred

in vitro, while in vivo, PFE upregulated mRNA-encoding fatty acid transport protein,

PPAR-γ, carnitine palmityl transferase-1, acyl-coenzyme A (CoA) oxidase, and

50-adenyl monophosphatase-activated protein kinase α-2 and downregulated acetyl-

CoA carboxylase13 in cardiac lipogenic genes obtained from left ventricle samples.

2.3 Hepatoprotective Effects
Kaur et al.14 also from Jamia Hamdard, India proved that the hepatoprotective effect of

PFs ethanol extract on Fe-NTA-induced liver injury and the mechanism might be

related with higher level of GSH in liver after 7-day feeding of PFE, which are supposed

to relieve liver cell necrosis and ameliorate oxidative stress state caused by Fe-NTA. Fur-

ther research by Celik et al.15 showed that PF water extract has a protective effect on liver

injury induced by trichloroacetic acid, in which themechanism is similar to previous one,

related with strong antioxidant effect of PFs.

Li et al.16 found that after 4-week treatment of PFP ethanol extracts, liver of diabetic

rats induced by 45mg/kg intraperitoneal injection present clearer lobule structure and

less hepatocyte steatosis via HE staining.

Fatty liver is the most common cause of abnormal liver function tests, ZDF rat is a

genetic animal model of obesity and type 2 diabetes. Xu et al.17 found that a 6-week

treatment of 500mg/kg methanol extracts of PFs could ameliorate hepatic steatosis in

male ZDF diabetic rats by activating fat oxidation-related gene. Wei and Aisa et al.18

investigated the protective effects and possible mechanism of PFPs on hepatic function

of diabetic rats combining nonalcoholic fat liver diseases, diabetes combining nonalco-

holic fat liver disease model rats were established with high-calorie feeding and small

dose intraperitoneal injection of streptozotocin (STZ). After four weeks of treatment,

the levels of FPG, blood fat profiles and serum insulin, ALT, AST levels, SOD, and

MDA in the liver and serum separately were analyzed with biochemical methods.

Paraoxonase (PON1 and PON3) mRNA and protein expression in liver were checked

by RT-PCR and immunohistochemical method. Pathological changes in the liver

were observed. FPG, IRI, non-HDL-C, and transaminase significantly reduced and

HDL-C raised in each PFP dose group. Furthermore, compared with model group,

fat drops in liver cells significantly reduced, antioxidant ability enhanced, PON1 mRNA

and protein expression level in liver increased significantly.

2.4 Protective Effect on Vascular Endothelium of Diabetic Rats
Microvascular and large vascular lesions are key etiologic factors of diabetic complica-

tions. Increasing vascular endothelial permeability under chronic stimulation by hyper-

glycemia led to the release of more bioactive substances and subsequently inducing

increased vascular endothelial permeability. Yuan-yuan Wei, and others studied the
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vascular protective effect of PFP on type 2 diabetes mellitus (DM) rats, established with

high-calorie feeding and low-dose injection of STZ (45mg/kg). After 4weeks of treat-

ment with PFP, results showed that PFP could significantly decrease FPG, ET-1, TXB2,

ATII concentration of DM rats and increased 6-Keto-PGF1, a concentration of DM rats

and suggested that PFP was supposed to protect BVE of DM rats.19 Further research on

Apo E�/� atherosclerosis model mice showed that fasting plasma glucose, lipid, and insu-

lin levels were dramatically reduced after 8weeks of administration of PFP, CD68, and

α-SMA express in blood vessel were evaluated by immunohistochemistry and the relative

expression levels of NF-kB, ICAM-1, MCP-1 were markedly increased at the protein

and mRNA level in the model group (P<0.05), while their expression was decreased

in different degrees after PFP intervention except for MCP-1. The expression of eNOS

mRNA was significantly low in model group, while high in the PFP group. The PFP

could effectively improve the vascular sclerosis area in ApoE�/� mice with atheroscle-

rosis, and reduce blood glucose, lipid, and insulin levels. The possible mechanism might

be reducing the expression of genes related to the formation of foam cells and the syn-

thesis of NO.20

2.5 Antioxidant
Free radical-provoked tissue injury is believed to be a key etiologic factor in metabolic

disease, including diabetic mellitus, atherosclerosis, and hypertension. The PF is full of

phenolic compounds, the most abundant are polyphenols, including gallic acid,21 ellagic

acid, and ethyl brevifolin-carboxylate,2 which have strong antioxidant capacity. Some

potent antioxidants have been isolated from the PFs and have been found to be bioavail-

able and effective.21 The alcoholic extract of PF possesses potent free radical scavenging,

antioxidant, and hepatoprotective activities.22 Also, the extract is capable of protecting

lipids and proteins against oxidative damage .23

Shan-Shan et al.24 found that PFP could significantly decrease the MDA in skeletal

muscle of diabetic rats, and increase SOD, glutathione (GSH), and catalase (CAT) in both

liver and skeletal muscle.

Polyphenols: Although a complete description of the molecular components respon-

sible for these actions is yet to be adequately defined, whatever little is known about these

compounds would be investigated in the future.
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CHAPTER 42

Traditional Herbal Products Used for the
Management of Diabetes in Croatia:
Linking Traditional Use With
α-Glucosidase-Inhibitory Activity
Marijana Zovko Konči�c, Kristina Bljaji�c
Department of Pharmacognosy, Faculty of Pharmacy and Biochemistry, University of Zagreb, Zagreb, Croatia

1. INTRODUCTION

Type 2 diabetes mellitus is a chronic and debilitating disease characterized by elevated

blood glucose. The disease is developed through insulin resistance, relative impairment

of insulin secretion, and increased hepatic glucose output.1 The life expectancy of the

patients may be shortened by as much as 10 years, with up to 75% of individuals dying

of cardiovascular diseases.2 One of the most important treatment goals is to keep blood

sugar levels as normal as possible, and thus decrease the risk of development of compli-

cations of disease such as cardiovascular diseases, as well as microvascular diabetic

complications, retinopathy, neuropathy, and nephropathy.3

The prevalence of the disease has risen so steeply over the past fewdecades that it is now

commonly referred to as an epidemic. Currently, diabetes mellitus accounts for 5%–13%
of total health-care spending worldwide. The vast majority of the burden of diabetes

mellitus is attributable to the type 2 form of the disease.1 In Croatia, around 10% of the

health budget is spent on diabetes mellitus. Furthermore, 6.2% of total drug utilization

in Croatia is spent on antidiabetic drugs. Estimated prevalence in adults increased from

3.9% in 2005 to 6.4% in 2014 and it is still rising.4

Traditional medicine has been practiced for thousands of years, and substantial

valuable experience and prescriptions have been accumulated for the treatment of dia-

betes. However, traditional medical knowledge in Europe, including Croatia, regarding

traditional usage of local medicinal plants is in an alarming state of decline.5 Due to the

growing prevalence of diabetes, as well as increasing popularity of herbal medicine, the

aim of this research was to collect the data on traditional herbal products used for

the management of diabetes in Croatia. Antidiabetic properties of the used plants and

their phytoconstituents, with special emphasis on α-glucosidase-inhibitory activity will

be reviewed.
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2. MATERIALS AND METHODS

2.1 Study Area and Its Climate
Croatia (Fig. 1) covers an area of 56,542km2 and lies between 13°300–19°270 East lon-
gitudes and 42°230–46°330 North latitude. It is a part of the European Union with a pop-

ulation of 4,174,349. Croatia can be divided into three climatic regions. In the north are

the Pannonian plains, lowlands with a continental climate of cold winters and hot sum-

mers. Central Croatia consists of the mountainous Dinara region, which is covered with

large forests and has an alpine climate. The Adriatic coast enjoys a Mediterranean climate

of cool, rainy winters and hot, dry summers.6 The present study was carried out in cities

in central Croatia and Adriatic coast while several herbalists told to collect plants from the

area of the Dinara mountains.

2.2 Data Collection
Interviews were conducted in 10 cities (Kaštela, Rijeka, Slatina, Split, Sveti Ivan Zelina,

Šibenik, Trogir, Velika Gorica, Zadar, and Zagreb) while in three cities (Dubrovnik,

Slavonski Brod, and Vodice) there were no herbalists on markets. The cities included

in the study accounted for approximately 33% of the Croatian population. The inter-

views were conducted from April 2013 to October 2017 and included total of 26 infor-

mants (Table 1) who were located in the markets together with sellers of other types of

products such as fruits, vegetables, and flowers. Herbalists were approached, the

background of the research was explained and herbalists consent of participating volun-

tarily was obtained before proceeding with data collection. The interviews educed

information on the sociodemographic information of the herbalists such as age, sex,

period of practicing herbalism, information about their knowledge about herbalism,

and information about medicinal plants: vernacular names, parts used, source of the plant

materials, and methods of preparation in traditional treatment of diabetes.

3. RESULTS AND DISCUSSION

3.1 Collection of Ethnobotanical Data
In order to document and preserve the knowledge on medicinal use of plants in Croatia,

the information of plant species and organs recommended for use in diabetes was col-

lected. The questionnaire was conducted among the herbalists in Croatian urban areas.

In 10 cities, 26 herbalists (9 man and 17 woman) were questioned (Table 1). The average

herbalist is 53years old and practices herbalism for 17years. The majority (16 herbalists)

come to themarket 6 or 7days in the week. One herbalist comes to themarket only in the

summer, while in the winter time he sells the herbs only at his home. The average daily

duration of their stay in the market was approximately 6h. The herbalists estimate that

more than 70% of their users are older than 40years (Table 1), with only 6.3% being
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Fig 1 Map of Croatia with the positions of investigated cities (A) and position of Croatia on map of Europe (B). (Maps modified from
http://d-maps.com).
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younger than 20. Most of the herbalists said that there were slightly more woman than

man among their customers.

Books were the most popular source of information on medicinal plants (Table 2).

Most of the herbalists described their knowledge as traditional, but some used internet

as a source of information. They mostly visited websites in Croatian. Several herbalists

who practice herbalism for a relatively short time have mentioned that they frequented

a course organized by the company who sells the raw plant material. The majority of the

material they sell comes from nature, either collected personally by the herbalist or their

assistants, most often in the same area. Most of the material is sold within one season, or

sooner, in case they cannot collect the sufficient amount of medicinal plants. It was noted

that a large knowledge gap existed between herbalists who practiced their profession for a

long time and those who started their business relatively recently. The more experienced

herbalists have shown a notable knowledge on local names, indications, way of using the

plants they sell, as well as habitat of different species. Large majority of the herbalists were

using the binomial names. Customers usually visited themmore than once (Table 2). Half

of the customers who came for advice used the medicinal plants as a complementary

Table 1 Herbalists in Croatian cities and their customers
Percent (%)

The herbalists

Sex

Male 34.6

Female 65.4

Age (average 53.3�13.2; median 54.5)

Period of practicing herbalism (average 17.2�11,4; median 16.5)

Time spent in the market

Days per week (average 5.2�1,6; median 6)

Hours per day (average 5.9�1,3; median 6)

The customers

Sex

Male 44.6

Female 55.4

Age (estimation)

0–20 years 6.3

20–40 years 23.2

40–60 years 33.8

Više od 60 years 36.7

The frequency of the customers visits

At least once a month 29.4

At least once a year 48.3

The customers who come for the first time 22.3
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therapy. However, 25% does not take the conventional therapy for the disease diagnosed

by the doctor, while a quarter did not even visit a doctor for their ailments. Most herb-

alists also noted that they always advice against using medicinal plants for type 2 diabetes

as the sole therapy.

Interviewees started practicing herbalism for various reasons. Several began to gather

plants because they had a family member or an acquaintance who was an herbalist. Some

of those who started relatively recently, started practicing herbalism as a result of job loss.

After a while, they decided to pursue the interest in plants that they previously had. Herb-

alists were skeptical at first as they were unaccustomed to researchers. They were afraid of

inspections interference, some were not confident in their knowledge, while the other

did not want to share it with other herbalists. Some were even afraid of negative reviews

in the newspapers. One of the herbalists gave answers on the general questions but refused

to name plants he uses in his practice. Problems have sometimes arisen related to the

information’s accuracy. For example, the herbalists were unaccustomed to presentation

Table 2 Details on practicing herbalism in Croatian cities
The sources of the herbalist knowledge Percent (%)

Another herbalist 21.6

Member of the family 17.7

Experiences of friends/acquaintances 4.7

Books 49.0

Internet 7.0

According to their opinion, in their work they use mostly

(a) Traditional knowledge 50.0

(b) New knowledge 7.7

(c) Both traditional and new knowledge 42.3

Plants that they have in their assortment are

(a) Cultivated 29.8

(b) Collected in nature by the herbalist 39.0

(c) Collected in nature by their assistants 31.2

How often are the plants collected in the same locationa

(average 4�0.7; median 4)

Average time between incurring and selling the plant

Up to 1 week 0.8

Between one week and 1 month 10.7

Between one month and 6 months 36.3

Between six months and 1 year 35.6

More than 1 year 16.6

The customers are buying their products

As complementary therapy 49.4

As the sole therapy for the diseases diagnosed by their doctors 25.0

For the self-diagnosed diseases 25.6

a5: always; 1: location is irrelevant for collection.
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of the data in percentages. In that, and other similar occurrences, the additional simple

questions by the interviewer helped them in reaching more accurate estimation of

the data.

3.2 Plant Species Recommended for Treatment of Diabetes
Majority of the herbalists kept the plants, or their mixtures, in plastic bags labeled with

vernacular and binomial names of the herbal ingredients. Not all the plants mentioned by

the interviewees were present in the market at the moment of interview, while the

mixtures typically contained the fragmented plant parts making the identification very

challenging. When possible, the medicinal plants mentioned by the interviewees were

identified by the interviewer. In cases when that was not possible, the plants were iden-

tified by their binomial names as well as vernacular names given by herbalists.7 In case of

any ambiguity, the herbalist was contacted again and the identification was confirmed

using a picture.

During the interviews, the herbalists named 34 plant species from 17 families

(Table 3) that they recommend for diabetes treatment. Some used the same vernacular

name for Morus alba and Morus nigra and called them by the name of the genus

(“dud”). Herbalists mentioned the plants that they had in their shops, as well as

the plants that they did not manage to collect at the time of the interview but they

recommend or sell them at other times. The most represented family was Asteraceae

(seven species), followed by Lamiaceae (four species) while the families Fabaceae,

Moraceae, and Poaceae were represented with three species each. The most fre-

quently recommended medicinal plants were: Urtica dioica (17 occurrences), Phaseolus

vulgaris (13), Cichorium intybus (12), Artemisia absinthium (9), and Vaccinium myrtillus (9).

The leaves were the most used plant organs (34%), followed by aerial parts (26%). In

accordance with other similar studies, it may be assumed that the abundance of sec-

ondary metabolites is the most important reason for such high percentage of leaves

and aerial parts.8

Almost all the plants were recommended in the form of an infusion or decoction,

most often in mixtures with other plants. It is possible that the interaction between

different species in the mixtures increase therapeutic action or reduce the toxicity of

some plants.9 The only species recommended only for separate use was Lathyrus sativus.

The mode of preparation for that plant was also different from all the other species. The

herbalists usually recommend drinking a larger amount of the tea (e.g., 1L) prepared in

the morning and then consumed throughout the day, while the others recommend

drinking two to three cups of tea, prepared immediately before consumption. The sol-

vent used for preparation was water and the preparation is consumed at regular

intervals.

652 Bioactive Food as Dietary Interventions for Diabetes



Table 3 The plants used by the herbalists for the treatment of diabetes

Binomial name Family
Vernacular
name Organ

Frequency of
recommendation

Collected
in nature Cultivated Mode of preparation

Achillea millefolium L. Asteraceae Stolisnik Aerial parts 3 Yes Infusion

Arctium lappa L. Asteraceae �Cičak Leaf, root 2 Yes Infusion, decoction

Arctostaphylos uva-ursi

(L.) Spreng.

Ericaceae Medvjetka Leaf 1 Yes Infusion

Artemisia

absinthium L.

Asteraceae Pelin Aerial parts,

leaf

9 Yes Yes Infusion, decoction

Avena sativa L. Poaceae Zob Seed 2 Yes Infusion

Betula pendula Roth Betulaceae Breza Leaf 5 Yes Infusion, decoction

Calendula officinalis L. Asteraceae Neven Flower 2 Yes Infusion

Centaurium

erythraea Rafn

Gentianaceae Kičica Aerial parts 8 Yes Infusion, decoction

Cichorium intybus L. Asteraceae Cikorija,

Vodopija

Aerial parts,

root

12 Yes Infusion, decoction

Cynara scolymus L Asteraceae Artičoka Leaf 2 Yes Yes Infusion, decoction

Equisetum arvense L. Equisetaceae Preslica Aerial parts 1 Yes Infusion

Ficus carica L. Moraceae Smokva Leaf 1 Yes Infusion

Foeniculum vulgare

Mill.

Apiaceae Komorač Aerial parts 1 Yes Infusion

Galega officinalis L. Fabaceae Ždraljevina Aerial parts 1 Yes Infusion

Hordeum vulgare L. Poaceae Ječam Seed 1 Yes Decoction

Lathyrus sativus L. Fabaceae Grah jari Seed 2 Yes Like coffee—roasted

powdered and

cooked

Mentha � piperita L. Lamiaceae Metvica Aerial parts 1 Yes Infusion

Morus alba L. Moraceae Bijeli dud

(murva)

Leaf 1 Yes Infusion

Morus nigra L. Moraceae Crni dud

(murva)

Leaf 6 Yes Infusion, decoction

Morus sp. Moraceae Dud Leaf 3 Yes

Olea europaea L. Oleaceae Maslina Leaf 1 Yes Infusion

Phaseolus vulgaris L. Fabaceae Grah Fruit

(pericarp)

13 Yes Infusion, decoction

Continued



Table 3 The plants used by the herbalists for the treatment of diabetes—cont’d

Binomial name Family
Vernacular
name Organ

Frequency of
recommendation

Collected
in nature Cultivated Mode of preparation

Polygonum aviculare L. Polygonaceae Troskot Aerial parts 1 Yes Infusion

Rosa canina L. Rosaceae Šipak Fruit 1 Yes Decoction

Salvia officinalis L. Lamiaceae Kadulja Leaf 2 Yes Decoction

Sambucus nigra L. Caprifoliaceae Bazga Flower 2 Yes Decoction

Taraxacum officinale

Weber

Asteraceae Maslačak Leaf, root 7 Yes Infusion, decoction

Teucrium chamaedrys L. Lamiaceae Dubčac Aerial parts 4 Yes Infusion

Teucrium montanum L. Lamiaceae Trava Iva Flower 2 Yes Infusion, decoction

Trigonella foenum-

graecum L.

Fabaceae Piskavica,

Jarčev

rog

Aerial parts,

seed

3 Yes Infusion

Urtica dioica L. Urticaceae Kopriva Aerial parts,

leaf, root

17 Yes Yes Infusion, decoction

Vaccinium myrtillus L. Ericaceae Borovnica Leaf 9 Yes Yes Infusion

Veronica officinalis L. Scrophulariaceae �Cestoslavica Aerial parts 2 Yes Infusion, decoction

Viscum album L. Loranthaceae Imela Leaf 4 Yes Infusion, decoction,

macerate

Zea mays L. Poaceae Kukuruz Style 2 Yes Decoction



3.3 Relevant Ethnobotanical Use and Pharmacological Activity of the
Reported Medicinal Plants
The plants reported as antidiabetic treatment in this study have been recorded as the

traditional antidiabetics worldwide. Moreover, they have demonstrated their activity

in numerous in vivo and in clinical trials. For example, U. dioica is traditionally used

as antidiabetic in Cyprus10 and Turkey.11 Clinical trials have shown that U. dioica extract

decreased fasting blood sugar and glycated hemoglobin.12 Petlevski et al.13 investigated

the effects of hydroethanolic extract of a patented “antidiabetis” mixture in alloxan-

induced nonobese diabetic mice model. Interestingly, besides U. dioica root, the

“antidiabetis” mixture contained mostly the plants reported as antidiabetics in this study,

such as C. intybus, V. myrtillus, Taraxacum officinale, Centaurium erythraea, P. vulgaris,

Achillea millefolium, and M. nigra.13

C. intybus, the second most commonly reported plant in this study, is used in tradi-

tional medicine of Bulgaria and Italy as hypoglycemic plant. While the plant part used in

Bulgaria is root, in Italy the leaf is used for the same purpose.14 This may be due to the

presence of inulin in C. intybus root and phenolic and bitter phytochemicals in the aerial

parts, similar toT. officinale.15 The traditional use ofC. intybus as antidiabetic has also been

recorded in India.16 Hypoglycemic properties of the aerial plants were demonstrated in

animal model.16 T. officinale is used as an antidiabetic in Mexico17 and Cyprus.10 The

hypoglycemic activity of aqueous T. officinale leaf extract was demonstrated in

streptozotocin-induced diabetic rats.18 Bitter herbals from Asteraceae family are also

Cynara scolymus, used for the treatment of diabetes in Brazil,19 and A. absinthium tradi-

tional antidiabetic plant inMorocco.20 The leaves of these two plants have shown a nota-

ble antihyperglycemic properties, as well as antioxidant and hypolipidemic effects in

alloxan-diabetic rats model.21, 22 The other three plants from Asteraceae family reported

in this study, Arctium lappa, A. millefolium, and Calendula officinalis also exerted significant

antidiabetic potential in vivo.23–25

Several medicinal plants traditionally used for its iridoid content15 have been reported

in this study.C. erythraea is a bitter herb traditionally used for the treatment of diabetes in

North Africa26 and Lebanon.27 Administration of C. erythraea extract to diabetic mice

resulted in reduction in mean fasting blood glucose, triglyceride concentrations, and

serum insulin levels.26 Olea europaea is a well-known plant, mostly used for oil produc-

tion. Its leaf acts as a hypoglycemic agent in both human and animal diabetic model.28

The activity is mostly due to the presence of hydroxytyrosol and iridoid oleuropein

which may significantly lower blood glucose levels in diabetic mice.29

Some of the plantsmentioned by the herbalists, likeTrigonella foenum-graecum seeds, are

a commonpart of human diet. The seed extract opposed the development of experimental

diabetes inmice and had an antidiabetic effect inmicewith established diabetes.30 Clinical

trial confirmed its hypoglycemic and hypolipidemic effects.31 However, in some cases,
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different organs are used for nutrition and medicinal purposes. For example, P. vulgaris

and seeds,32 as well as fruits of Ficus carica,33 Sambucus nigra, and V. myrtillus34 have a wide

culinary use. Their antihyperglycemic activity seed extracts were demonstrated in

animal studies.33–36 and even clinical trials.35 However, the herbalists in this study used

P. vulgarispericarpium,S. nigra flower, andF. carica andV.myrtillus leaves.While the hypo-

glycemic effect of F. carica33 and V. myrtillus37 leaves extracts was demonstrated in in vivo

studies, the information on the antidiabetic activity of P. vulgaris pericarpium and S. nigra

flower is lacking. The ethnomedicinal use of V. myrtillus leaf and T. foenum-graecum was

recorded in Bosnia and Herzegovina38 and Iran,39 respectively.

The herbalists reported the use of three cereals in this study: Hordeum vulgare, Zea

mays, and Avena sativa. Although Z. mays is used in traditional medicine in the

Mexico,40 it has been mostly researched in relation with postprandial glycemia when

used as food.H. vulgare hydroalcoholic extract, on the other hand, significantly reduced

serum glucose level in diabetic rats.41 Incorporation of barley products into the diet of

diabetic patients improved their glycemic and insulinemic response leading to dose

reduction of oral hypoglycemics.42 Similarly, inclusion of A. sativa in the diet resulted

in approximately 40% reduction of insulin dosage in diabetic patients,43 while in

noninsulin-dependent patients resulted in improved glycemic, insulinemic, and lipi-

demic responses.44

Lamiaceae family was represented with four species in this study. Salvia officinalis is also

used in the traditional treatment of hypertension and diabetes in Iran45 and south-eastern

Morocco.20 In addition to its glucose-lowering effects, demonstrated in several animal

studies, S. officinalis leaves showed antihyperglycemic and lipid profile improving effects

in hyperlipidemic type 2 diabetic patients.46 Another Lamiaceae species, Mentha piperita

increased serum insulin levels in high-fat diet/streptozotocin-induced diabetic rats.47

The antidiabetic potential of the other two Lamiaceae species, Teucrium chamaedrys

and Teucrium montanum has not been investigated.

The genus Morus was represented with two species M. alba and M. nigra. They have

been extensively researched for its antidiabetic properties. In a randomized, double-blind

placebo-controlled trial M. alba leaf extract improved postprandial glucose response in

prediabetic subjects.48 The activity may be due to the presence of

1-deoxynojirimycin, a naturally occurring α-glucose inhibitor present in M. alba leaf.49

M. alba powder enriched with 1-deoxynojirimycin also suppressed the elevation of post-

prandial blood glucose and secretion of insulin.50 In addition, M. nigra leaf ethanolic

extract reduced fasting and postprandial glycaemia, improved oral glucose tolerance,

and reduced lipolysis and proteolysis in diabetic rats.51 Antihyperglycemic activity of

Rosa canina52 fruit extract, aerial parts of Equisetum arvense,53 Arctostaphylos uva-ursi,54

and Viscum album54 have also been demonstrated in animal models and Galega officinalis

is the source of the first oral antidiabetic, galegin.15
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3.4 Inhibition of α-Glucosidase Activity by the Medicinal Plants Used
for Diabetes
Natural products and extracts can achieve their antihyperglycemic activity by inhibiting

the enzymes participating in carbohydrate metabolism. For example, they can impair car-

bohydrate digestion by inhibiting α-glucosidase, enzyme located in the mucosal brush

border of the small intestine and responsible for digestion of oligosaccharides to glucose.

Such inhibition can retard the overall absorption rate of glucose into the blood and sup-

press postprandial hyperglycemia. This might prevent the onset of diabetes or long-term

diabetic complications.55 It has been repeatedly shown that medicinal plants are a rich

source of α-glucosidase inhibitors and can thus be helpful in the treatment and prevention

of diabetes, obesity, and hyperlipemia.56

Many plants reported by herbalists in this study could possibly exert its antidiabetic

activity through its α-glucosidase inhibitory activity (aGIA). For example,

A. millefolium hydroalcoholic extract promoted the α-glucosidases inhibition by 55%

at concentration of 1mg/mL.24 The phytochemicals responsible for this action may

be caffeoylquinic acid derivatives.57 The aGIA of A. lappa fruit was related to the pres-

ence of lignans.58 It seems that the seeds ofC. intybus can also exert antidiabetic properties

through its α-glucosidase inhibitory potential. The active substances seem to be triterpe-

noid cichoridiol and phenolic acids, such as vanillic acid, who displayed a good aGIA.59

aGIA of C. scolymus, on the other hand, is relatively weak. Even though the ethanolic

extract ofC. scolymus60 has shown some extent of the aGIA, it was lower than the activity

of other plants investigated in the same study, such as Peumus boldus Molina.60

Ethanolic and aqueous extracts of Betula pendula leaf extracts have shown an excellent

aGIA with IC50 value 0.60 and 2.88mg/mL, respectively. It is important to note that the

activity of ethanolic extract did not statistically differ from antidiabetic drug acarbose.

Quercetin and caffeic acid derivatives, as well as other phenolic compounds in the inves-

tigated extracts,may play significant additive or even synergistic role in the observed activ-

ity.61 C. erythraea chloroform extract exhibited a good aGIA with IC50 74.9μg/mL.

However, its methanol and n-hexane extracts exhibited no inhibition. The gas

chromatography-mass spectrometry (GC-MS) analysis of C. erythraea chloroform

extract revealed the presence of 29 compounds, mainly terpenes and fatty acids.27 One

of them was α-pinene, a monoterpene found in C. erythraea chloroform extract. It is an

uncompetitive inhibitor α-glucosidase,62 and probably plays an important role in the

activity of this plant.

Mopuri et al.63 reported the effects of different organs of F. carica on the activity of

enzymes related to metabolic syndrome. The extracts were prepared from fruit, leaf, and

stem bark using water, ethanol, ethyl acetate, and hexane. It seems that the aqueous and

ethanolic extracts of F. carica fruit are potent α-glucosidase inhibitors with the activity

statistically equal to acarbose. The other extracts, on the other hand, demonstrated
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significantly lower activity. Malic acid, present in F. carica fruit extract, is a strong and

dose-dependent noncompetitive inhibitor on a-glucosidase, and probably responsible

for the observed activity.63

WhileM. nigra, a plant widely used by the herbalists in this study, was not subjected to

anti α-glucosidase testing, M. alba, even though prescribed less frequently was the plant

most extensively investigated for its aGIA.M. alba leaf, the organ used by the herbalists in

this study, was shown to be a potent α-glucosidase inhibitor, suitable for formulation

into antidiabetic botanical formulas.64 Activity evaluation results demonstrated that

flavonoids, polysaccharides, and especially alkaloids of M. alba leaves have significant

inhibitory and synergistic effects on α-glucosidase.65 It seems that besides the

1-deoxynojirimycin,66 flavonoids isoquercitrin, and astragalin,67 also have an important

role in the clinically relevant aGIA of M. alba leaf.66 Olea europaea leaf is also a valuable

source of phytochemicals with α-glucosidase inhibitory properties, such as luteolin.68

Furthermore, hydroxytyrosol and oleuropein, two phenolics isolated from olive leaf,

were noncompetitive and uncompetitive inhibitors of this enzyme, respectively. Hydro-

xytyrosol, had the strongest α-glucosidase inhibitory effect with IC50 values of 150μM.69

A study aiming to enhance the nutritional quality of H. vulgare seeds evaluated the

effect of germination on barley seeds relevant to the in vitro aGIA. The activity was sig-

nificantly increased from an IC50 128.82mg/mL (0h) to an IC50 18.88mg/mL (48h) and

then slightly reduced by 67h. It seems that the activity was achieved by the phenolic

compounds present in the germinated seed,70 especially gallic acid,71 because their con-

tent followed similar pattern as aGIA. Another interesting Poaceae plant is Z. mays. Its

style is used traditionally in many parts of the world. In vitro analysis of the extract showed

that it exhibited moderate aGIA by uncompetitive mechanism. The inhibition was con-

centration dependent with IC50 value 0.93mg/mL. Phytochemical analyses revealed the

presence of alkaloids, flavonoids, phenols, saponins, tannins, and phytosterols as probable

inhibitory constituents.72 Potential of Chilean native corn for aGIAwas also investigated.

The activity was related to the presence of phenolics, for example, vanillic acid59 and

other phenolic compounds.73

Besides their use as food, P. vulgaris beans are a good source of phytochemicals with

versatile health benefits. The extracts of various cultivars have shown notable aGIA, with

IC50 values ranging from 39.3 to 74.13μg/mL.74 Some studies have reported even lower

IC50 values, such as 1.1μg/mL from Fagioli di Sarconi beans cultivar.75 The bioactive

principles responsible for the observed activity may be alkaloids, flavonoids, and terpe-

noids.75 On the other hand, the aGIA of black beans may be related to the anthocyanins

extracted from their coats.76 However, even though the aGIA of the seed has been exten-

sively investigated, the activity of the pericarp, the plant part used in Croatian ethnomed-

icine, remains unknown. T. foenum-graecum seed is often used as traditional antidiabetic

but activity is not mediated through aGIA. This is the result of a study who investigated
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the activity of a botanical formula containing standardized extracts of mulberry leaf, fenu-

greek seed, and American ginseng.64 The leaf extract, on the other hand, inhibited the

enzyme in a dose-dependent manner. It is very likely that the T. foenum-graecum flavo-

noids (e.g., naringenin and quercetin) are active principles of the investigated water and

ethyl-acetate extracts.77

Hypoglycemic properties of methanolic S. officinalis extract were studied by its effects

on intestinal α-glucosidase in alloxan-diabetic rats. S. officinalis extract significantly

reduced postprandial blood glucose similar to acarbose.45 This is not surprising because

S. officinalis is a rich source of luteolin78 derivatives, as well as rosmarinic acid,79 which

have shown an excellent aGIA.68 S. nigra flower is also a rich source of phenolic com-

pounds with notable aGIA.80 The 96% EtOH crude extract showed a strong inhibition of

α-glucosidase (IC50 4.8μg/mL). Several flavonoids and phenolic acids from the flower

showed considerably higher α-glucosidase inhibition than acarbose. Particularly active

were quercetin (IC50 2.6μM), kaempferol (IC50 4.5μM), and naringenin (IC50

7.5μM). The active principles may also include pectic polysaccharides which may inhibit

α-glucosidase and thus act as potent hypoglycemic agents.55

Aqueous extracts T. officinale showed a moderate α-glucosidase-inhibitory activity.60

The activity was dependent on the origin of the enzyme. The IC50 values were 2.3,

3.5, and 1.83mg/mL for α-glucosidase from baker’s yeast, rabbit liver, and rabbit small

intestine, respectively.81, 82 In the same study, two other plants used by herbalists inCroatia,

U. dioica and V. album also showed notable aGIA.81 A thin-layer chromatography (TLC)

bioautographic method for the detection of alpha- and beta-glucosidase inhibitors in plant

extracts has shown that U. dioica inhibited the enzyme when applied in amounts of

100μg.83 In addition to that, the hydroalcoholic extracts of two subspecies ofV. albumwere

also notable aGIA, but the activity of aqueous extracts was rather weak.84 While the active

principles ofU. dioica andV. albumwere not detected, it seems that the constituents respon-

sible for the observed aGIA of T. officinale may be chicoric acid and taraxasterol.82, 85

In addition to the wide use of V. myrtillus fruit, the leaf of that species also has an

important use as traditional antidiabetic.38 Hydroethanolic extract of V. myrtillus leaf

strongly inhibited α-glucosidase, with the IC50 of 0.29mg/mL, which was statistically

equal to acarbose. The activity is most likely related to the presence of arbutin, hypero-

side, and chlorogenic acid, the main phenolic components of the investigated extracts,

which may affect postprandial hyperglycemia by strongly inhibiting α-glucosidase.86

Moreover, V. myrtillus fruit also possesses aGIA, probably related to its high content

of anthocyanins and other phenols.87, 88

To our best knowledge, the aGIA of the other plants reported by Croatian herbalists,

A. absinthium, A. uva-ursi, A. sativa, C. officinalis, E. arvense, Foeniculum vulgare,

G. officinalis, L. sativus, Mentha � piperita, M. nigra, Polygonum aviculare, R. canina,

T. chamaedrys, T. montanum, and Veronica officinalis was not investigated.
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4. CONCLUSIONS

The literature research has shown that the large majority of the medicinal plants used as

traditional antidiabetics in Croatia, have demonstrated notable activity in animal studies

and in several clinical trials. Numerous studies indicate that α-glucosidase inhibiting

properties of the investigated plants play an important role in the observed antihypergly-

cemic activity of the traditional antidiabetics. Thus, they have a significant potential

as complementary therapy of diabetes, as well as sources of new molecules for the

development of antidiabetic drugs.
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Mitochondrial membrane potential, 577

Mitochondrial proteins

qualitative analysis of, 584–587, 586t
quantitative analysis of, 581–584, 585f, 585t

Mitochondrial ROS overproduction, 92–93
Monocyte chemotactic protein-1 (MCP-1), 194

Monogenic diabetes, 185–186
Monounsaturated fatty acids (MUFA), 20–21,

73–76, 211, 213–215t, 291–292, 295–296
Motor nerve conduction velocity (MNCV), 579

Murraya koeingii, 553

Myokine, 196

Myriad complications, 3–4

N
N-acetylserotonin (NAS), 265

NADPH oxidase, 9

NAFLD. See Nonalcoholic fatty liver disease

(NAFLD)

Naringenin, 515–516, 516f
antihyperglycemic effect of, 519

diabetic neuropathy (DN), 517

protective effect of, 517

signaling pathways, 518

treatment, 518

Naringin, 339–341, 515–516, 516f
atheroprotective effect of, 536

LDL oxidation, 536

National Cholesterol Education Program’s Adult

Treatment Panel III (NCEP ATP III),

317–318

674 Index



National Health and Nutrition Examination Survey

(NHANES), 69

National Kidney Foundation-Kidney Disease

Outcomes Quality Initiative

(NKF-KDOQI), 36

Nauclea latifolia

antidiabetic effect, 551

fruits, 550

hypoglycaemic activity of, 551

wound healing effects, 552

Neonatal diabetes mellitus, 185–186
Nephrotoxic food-related components, 36–38
Nerve growth factors (NGFs), 437

Neuropathy, 407–408
Nigella sativa

ailments, 629–630
antibacterial effect, 636

anticardiovascular effect, 635

antihyperlipidemia effect, 633

antiinflammatory effect, 634

antiobesity effect of, 633–634
antioxidant effect, 634–635
cultivation, 629–630
description and chemical composition, 630–631,

631f

folk medicine and diet, 630

hypoglycemic and insulin-sensitizing effects,

632–633
PTP1B inhibitory activity, 635

toxicological studies and safety, 636
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