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CHAPTER 17

Plasma Levels of Tryptophan
Metabolites in Patients of Type 2
Diabetes Mellitus

A. Takada®, F. Shimizu®, ). Masuda®, K. Matsuoka®
lmtemsnions Projecs on Food amsd Health (NP, Todopn, Japan
T Faculty of Humman Lifz and Foviroemenal Scences, Showa Women's Univenity, Takyo, Japan
Hilbal Application Deelop Center, S Lo {2y Kynan, Japan
Sptedical Services, Susciks Shibarys Clizac, Toloyo, |apas

1. INTRODUCTION

Tryptophan (TIRP) is an essential amine acid important for protein synthesis, but it also
serves a5 substmate for the generation of several bioactive compounds with important
physiclogical roles. TR 15 converted to serotonin (5-hydroxytryptamine), an important
neurotransmitter invalved in the control of many responses in the central nervous system
(CINS) and linked to alterations in mood, anxiety, or cognition. ' Serotonin can be further
converted to N-acetyberotonin (MAS) and melatonin, influencing control over circadian
rhythmicity to the list of hiological roles for TRP metabolites.” It is known that in mam-
mals, the majority of free TP is degraded through the kynurenine pathway (KPP} and
generates many metabolites involved in inflaimmation, immune response, and excitatory
neurotransmission,”

We have shown that foot shock applied to rats resulted in increase of not only brain
serotonin levels but also kynurenine (KM) in plasma, kidney, liver, and every part of the
brain.*

Several TR metabolites have been shown to exhibic neurocxeitatory, convalsant,
and toxic properties.”™

In the periphery, only 1% of dictary TIRP was converted to serotonin and more than
95% was metabolized to KNs. ™™

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 TR P metabolites increased in plasma of patients of type 2 diabetes
mellices (T20M),"

Hissctive Poad ar Distiry Tntenemtions e Ddabetes Copyright 8 319 Hkevier Inc.
Brpa: /et oo TOU10 1 6/RST7H-0- 12-B 13022 9.0000 7-5 All raphis reereed.
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In this chapter, we report in detail the plasma levels of TRP metabolites and also show
relationship between obesity measured by body mass index (BMI) and the plasma levels
of various TR metabolites,

2. ETHICS

This work has been approved by the Ethical Committees of Showa Women's University
and nonprofit organization (MPCY) " International Projects on Food and Health™ and has
been carried out in accordance with The Code of Ethics of the World Medical Associ-
atien (Declaration of Hebsinki) for experiments.

3. STATISTICS

The results are presented as means + SEM, Statistical significance of the differences
bEle‘L‘I’I E;I'D'LIFS WS l.:a]-l'.'u]ﬂ.'“.‘i] MlJId.iIIl.ﬂ.}' IJ'}' U‘IIL‘—WB.}' anal}'sis Ur \"aIi.H.I'IL'C
(ANOVAY. When ANOVA indicated a significant difference (< 03), the mean values
were compared using the Turkey’s least sipnificant difference test ar P<2 05, The Spear-
man's correlation tests were used to examine statistical significance.

4. METHODS

We asked male acquaintances older than 50 years 1o 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 (n =20, age; 61.5 £8.8)
acquaintances older than 50 years,

We recruited patients of T2DM (n=20, age; 65.7 + 10.4).

We obtained an informed consent prior to conducting the protocol which had been
approved by the Ethical Commitiee of Showa Women's University and Saiscikar Main
Haospital,

Plasma specimens were collected for assays of blood parameters. We obtained an
informed consent prior to conducting the protoecol which had been approved by the
Ethical Committee of Showa Women's University and Saiseikai Shibuya Satellite Clinic.

Healthy participants were given seli-administered diet history questionnaires and
described answers on cach item by recollection of diets they took (7 days dietary recall).
We used a briefrype self-administered diet history questionnaire (BIDHOG) by using
which the Japanese Ministry of Health, Labor, and Welfare reports Mational Nutrition
Surveys. From these questionnaires, we caleulated the intakes of energy, carbohydrate,
fat, and protein.

Plasma factors were measured after plasma was separated from blood. Ethylencdia-
mine tetra acetic acid (ELYTA) was used as an anticoagulant, Blood glucose levels were
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measurcd 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 thar we did not use HbAle as a marker of
glycemia.

Lipid and hipoprotein concentrations such as total cholesterol, high-density lipopro-
teim (HDL) cholesterol, low-density lipoprotein (LDL) cholesterol, and tnglyceride (TG)
were determined using a Polychem Chemistry Analyzer (Polymedeo Inc). Free
fatty acid (FFA) and the concentrations of @ fatty acids such as arachidonic acid, doco-
sahcxacnoic acid (IDHA), and cicosapentacnoic acid (EPA) were measured by a gas
chromatography.

The thawed samples were deproteinized with acetonitrile followed by the amino
acid analysis, Precolomn denvatization in the UF-Amino Station was automatically
performed using an automated sample injector with the regent APDSTAG (Wako
Pure Chemical Industries, Lud., Osaka, Japan). Target free amino acids as derivatized
compounds were separated under a reversed -phase ulirahigh-pressure liquid chromatog-
raphy (UHPLC) conditon and determined by the liguid chromatograph mass
spectrometer.

Bemnant lipoproteins (RLPs) were isolated from the serum o an immuncaffinity
mixed gel containing antiapolipoprotein Al and antiapolipoprotein B100 monoclonal
antibodies {Japan Immunorescarch Laboratonies, Takasaka, Japan), and the cholesterol
and TG concentrations of the unbound fraction were measured as LI cholesterol
and RLP-TG, respectively.

Measurements of TRFP 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 TR metabolites such as TP, 5-hydroxytryptophan
(B3-HTRP), scrotonin, KM, 3-hydroxykynurenine (3-HEMN), 5-hydroxytryptophol
(5-HTOL), tryprophol (TOL), kynurenic acid (KMNA), xanthurenic acid [XA),
S-hydroyindole-3-cetic acid (HIAN), indole-3-acetic acid {TAN),
J3-hydroxyanthranilic acid (HAA), anthranilic acid (AA), quinclinic acid, and indole-
Mactic acid {ILA) are special grade or biochemical grade regents purchased from the
Wako Pure Chemical Industries, Lid. (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).
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Fig.1 Tryptophan degm:lalan patlmr

Each standard mother solution was prepared as 1000 mg/L from each regent above in
water and/or 0.1 mol/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

TR.P metabolites were analyzed. Shimadzo LCMS-8060 or 8050 system consists of MNex-
era UHPLC system such as solvent delivery units, an antosampler and column oven, and
liquid chromatograph mass spectromerer LCMS- 8060 or 8050 with is electro spray
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interface (Shimadzn Corporation, Kyoto, Japan). The high-performance hiquid chroma-
tography (HPLC) columm vsed was L-column 2 008 [2.1mm > 150 mm, 3 pm, Chem-
ical Evaluation and Besearch Institute (CERL), Tokyo, Japan| with a gradient clution of
0.1% formic acid/acetonitrile system. Before analyses, the condition of multi reaction
monitoring (MEM) was optimized using cach standard solution, respectively.

Gradient elution was performed by the high-pressure binary gradient program, 5% of
0.1 formic acid aqueous solution fold in 3 min with acetonitrile, 5%—95% of 0.1% formic
acid aqueous solution in the next 6 min followed by 95% hold in another 3 min at flow
rate 4w LS min under 40°C. lonization was executed by an electrospray (EST) positive
maode 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 MM mode under
optimized transition.

4.1.3 Sample Pretreatment
The samples were stored at —80°C,

I all, 50 pL aliquot of the bloed plasma sanmple was took in 1.5 mL test tube, and then
25pL 0.1% formic acid agqueous solution, 150 pl of acctonitmile, and an additonal 75 pl.
of 0,L1% formic acid agueous solution were added, respectively, The selution was vor
texed in 30s followed b}r Slalldj.'l'lt_; i Smin under Luuli.ng termperature. Adter this, each
sample was centrifuged at 3000rpm under 4°C in 10min. After the centrifugation,
120l aliguot 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 80 pl of 0.1% formic acid aqueous solu
tiom was added followed by being vortexed in 305, respectively. The final solution was
10-fold dilution from its original blood plasma sample. Inall, 1 pl of cach final solution
weas injected into the LC/MS system by an autosampler.

5. RESULTS

Table 1 shows the backgrounds of healthy old men and patients of T2, Plasma levels
of HDDL cholesterel, TG, and arachidonic acid were higher in healthy old men than
patients of T2I2M.

Table 2 shows amino acids profiles of healthy old men and patients of T2DM. Amino
acids which were different berween healthy old men and T2DM patients were shown,
Also, plasima levels of total aminoe acids, nonessential amino acids, essential amino acids,
and branched chain amine acids were shown.

Plasma levels of some nonesential amino acids such as glutamic acid and aspartic acid
were higher in T21M paticnts. On the other hand, glotamine levels were higher in
healthy old men.
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Table 1 The background of healthy old men and patients of T2DM

Healthy old men
Subject [n=20) DM [n=20) Significance
Age (years) 615488 65,7104
Heaght {m} 1.68 40,07 1.70 40006
Weight (kg 6724129 6824115
BMI {kg/m®) 237439 237437
Energy mtake (kcal/day) 21551416
Proteim intake (g/day) 6984252
Lipid ineake {g/day) 4984203
Carbohydrate intake (g/day) 209.6-1 868
bleod glocose {myg/dL) Y254 16.4
HbATC {36) 68406
Insulin (pIU/mL) 6,234 4.08
HDL-Chol. {mg/dL) 641169 SLTA11.4 | *F
LIML-Chaol. {mg/dL) 12134265 115364259
TG {mgddL) 12714700 157. 8L 858
T-Chaol. {mg/dL} 21044341 18954284 [ *
Inhomo-gamma-linolenic acid (pg/mL) | 3764127 LS X
Archidonic acid (pg/mL) 21504601 18044363 | **
EPA (pgsmL) 91.5451.2 B2 597
DHA {pg/mL) 16334534 13944489
EPASAA 0440 40,229 04824+ 0.432
RLP-Chol. {mg/dL) 6,97 £ 6.25 6034521
RLP-TG {mg/dL) 04247 I3RAD53

Chal, clolesieral; DIFFA, docosshesaenmc acid; BPA, r.-inmlrm_tmnic acidy RILF, remnam-like ]mif.'lu; T,
wriglyceride.

Ome—way AMOVA was used for evalnating statistiecal significance.

P 06w comsidered significand.

OF interest, TIREP levels were lower in T2DM patients, and the levels of branched
chain amine acids such as leucine, isoleucine, and valine were higher in T2IDM patients.

Table 3 shows that the plasma levels of 5-HTRP, 53-hydroxyindoleacetic acid
i(5-HIAA}, kynurenic acid (KMNA), 3-HKM, and 3 HAA were higher in patients of
T2DM than healthy old men. Since S-HTRP and 5-HIAA belong to the serotonin path-
way, and KMNA, 3-HEN, and 3-HAA belong to the KN pathway of Try metabolism,
these pathways were activated more in the patients of T2ZDM, Since plasma levels of
IAA was not elevated in T2DM, that pathway was not activated more in T2,



Table 2 Main amino acids profiles of healthy old men and T2DM patients

Amine acid Healthy old men (n=20) T2DM (n=20) Significance
Trﬂ:ll:uph;m 59.04+9.2 234=+13.1 ® Aspartic acid 3.59+0.65 6.01+2.99
Isoleucine 63.1+8.9 Talx/9 e

Leucine 126.5+14.1 141.1+£14.2 "
Arginine 86.14+20.8 T2.6+16.7 b
Asparagine 46.5£5.5 41.4L78 '

Aspartic acid 3.7240.59 605330 -

Cystine 21.04+£5.3 8.7+5.4 b
Glotamic acid 52.2417.1 1545+113.4 =
Glutamine 550.7 £66.1 44901386 "

Taurine g6 16.2 48688 "

Total AA 28251225 2843187

EAA 961.4+64.3 Q958930

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 i
BCAA/Total AA 0.146+0.013 0.160£0.016 i

=P (.05, **P< 0,01, adule v DM; AdA, aromatic amine acid; BCAA, branched chain amine acid; EAA, esental amino acid

SELaINE) W) Sapoely deydopdAng (o sena BLse)

LLE
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Table 3 Plasma levels of tryptophan metabolites

Healthy old men
Subject (= 20) DM [n = 20) Significance
Tryptophan pid AR89 13.32 67794 15.49
S-Hydroxytryprophan nhA 1062 - 0,00 2194172 **
Serotonin nd J0E7 L0007 107022 4 213,67
Kynuremine i 16596 821 1.07 162547453978
S-Hydroxy-tryptophol nifd I'r It
Tryptophol nhdA Tr Tr
S-Hydroxyindole nhA 33154001 48 8742118 **
acetic ackd
Indole-3-acetic acid nid 243330 L 85469 308991 L 164217
Anthrambic acid nhA 16034 1206 21744801
Kynurenic acid nM 64.03:L21.65 o4 804 34 86 **
COumolinic acd i 8824776 9.0 1 10041
A-Indoleburyric acid nifd 5941478 4 887 84
3-Hydroxykynurenine nhdA 260225 4681235 *¥
3-Hydroxyanthranilic nhA 8671974 20244 13,99 ¥
acad
¥anthuremic acid nid 12374520 14874522

® P (L0 YRR N,

Table 4 Relationship between body mass index (EMI) and plasma levels of various tryptophan

metabolites

Comelation coefficients
BMiIl vs T2DM (n= 20} Healthy old men (n = 20)
Tryptophan 1N 0.153
S-Hydroxyoryprophan 0.154 0,29
Serotonin 0. 164 0.263
Kynurenine .24 146
S-Hydroxymdoleaceac acd 0.005 0.289
Indole-3-acetic acid 0.044 0.278
Anthrambic acid 0.041 0.054
Kynuremc acid 0.076 0.147
Cinalinic acid 0.263 {.394
I-Indoleburyrie acid 0.238 0111
3-Hydroxykymurening 0,123 0.044
A-Hydroxyanthranilic acid 0.020 122
Xanthurenic acid 0123 0.0:41

Mot sipnificant between BB and any ryprophen metabolive.

Although the serotonin pathway was activated more in the patients of T2IDM, the
serotonin levels were not increased, which may mean that serotonin was quickly metab
olized to 5-HIAA in the patients of T2IDM.

Table 4 indicates that there was no relationship between BMI and plasma levels of any
TP metaholite, This means that ebesity may not influecnce TR P metabolism in T212M

paticnts,
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6. DISCUSSION

TR 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.'” Serotonin is further converted to 5-HIAA, or N-acetyserotonin or melato-
nin, which controls circadian thythmicity, However, as stated in Intreduction, the
majority of free TRP is degraded through KP. The final product is nicotinamide adenine
dinucleotide (NATD r}, which s now under investigation for therapentic target of several
diseases."” KN and its metabolites are also known for their actions in the CNS. There
stimulate of suppress the functions of glia cells. Defects in KN signaling are shown in
mouse model of Alzheimer's disease or Huntington's discase.

TR.P 15 an cssential amino acid which must be taken from the food. Eggs, fish, dany
products, meat, and legumes contain higher levels of TP compared with other foods of
vegetable origin,

We first measured plasma levek of various amino acids in healthy old men and T2198
paticnts (Table Z).

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 werne lower in T2 patients, and the levels of branched
chain amine acids such as leucine, solencine, 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."* Proteolysis and associated release of amino acids
arc inhibited by insulin and insulin stimulates aminoe acid uptake and protein synthesis in
skeletal musele.™'® High insulin levels were shown to stimulate skeletal muscle protein
synthesis.'”” As to individual amine acids, the plasma levels of alanine, phenylalanine,
valine, leucine, soleucine, and tyrosine were shown to increase and the plasma levels
of histidine and glitamine were shown to decrease in hyperglycemia, ™

Ohar results shown in Table 2 partdy support these results because the plasma levels of
branched chain amino acids were higher in T2DM patienis,

The majority of TP 13 meaabolized along the serotonin, KM, or indole pathways.
After the absorption of amino acids from the intestine, TIRP is transported by large neu
tral amine acid transporters.

The majonity of TRP is imported into the gut, where only a fraction is used. The
remaining TR is imported to the liver and then ransported to tissues such as the brain,
heart, and skeletal muscle.

Although TRP metabolites play important roles in the intestine, pancreas, skeletal
muscle, iver, 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 scrotonin 1s reported to be related to pathogenesis
of diabetes,"” Our results, however, show that plasma levels of seratonin were not sig
nificantly increased in T2DM patients {Table 3). TR hydrosxylase which converts TR
to 5-HTRP iz known to be a mte-limiting factor™” The increased plasma levels of
5-HILPP and 5-HIAA may mean that serotomin was rapadly formed from TP and also
rapidly metabolized to 5-HIAA in patients of T212M,

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 KMNA, both by activating tryptophan 2,3 dioxygenase (T1O)/indoleamine
2.3 dioxygenase (10O} and by reducing the availability of pyridoxal-5-phosphate, a nec-
cssary cofactor for many KP enzymes.

Ihabenc paticnts show increased levels of XA and KMNA i unne, which have been
consequently suggested as biomarkers for T2DM.*"™ Our resuls, however, show that
although plasma levels of KNA were increased, those of XA were not elevated in patients
of T2ZDM. Morcover, TP metabolites inhibit both proinsulin synthesis and glucose-
and leucine-induced insulin release from rat pancreatic islets, and XA in particular binds
tor circulating insulin and prevents its action on target cells.™ Recently, KN-aryl hydro
carbon receptor (AL signaling in mice has been suggested to play a role in the etiology
of obesity.

In the present rescarch, we report that the degradation of T into the serotonin and
KPP was increased in T2DM patients, but that plasma levels of not all the metabolives
increased in patients of T2IM.

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.”® Our results show that the plsma levels of KNA was
increased in paticnts of T2IMM. So, it is possible that the balance of nerve agonist and
antagonist is impaired in diabetes,

In fact, TP metabolives were shown to be increased in patients of acute coronary
discases, of which the etiology acute or chronie stress is implicated. In patients with sus-
proted stable angina pectons, elevated levels of plasma KNs predicted increased nsk of
acute myocardial infarction, and risk estimates were generally stronger in subgroups of
impaired glucose homeastasis.™ 1120 activation was shown to be associated with depres
sive symptoms of coronary artery disease. ™ These results may suggest that stress may acti-
vate TR degradation and cause thrombosis in the artery.

As indicated before, we applied electric foot shock to rats and measured TR metab
olites in the plasma, the CMS, and pcripht:ml tissues. Plasma levels of TR increased
sigmificantly immediately after the foot shock and retumed to normmal values wathin
24h. TRP levels also increased in all the brain areas immediately after siress application.
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Foot shock clevated the levels of KM in the plasma, liver, kidney, and every part of the
brain, 3HKN and KMNA levels increascd in the brain. These results indicate that stress
activates not only serotonergic pathway bur also KIN pathway in the CNS and periphery.
Some metabolites of KN pathway, such as 3-HKN are neurotoxic while other metabolite
such as KMNA s nevroprotective. Increase in serotonin levels i the hypothalamuos and
midbrain stabilizes emotion and prevents mood disorders, Therefore, some brain dys-
function resulting from stress may be prevented by the metabelites of TP, 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 T21M.

We also examined relationship between BMI and various TP metabolites. We have
already shown that intake of various foods (carbohydrate, lipid, and protein) or BMI had
little to do wath vanous plasma factors such as amino aods, hpids, glucose, or 1'1'1|su|1'1'1|}.zj
we wanted to know ifBMI has anything to do with plasma levels of TIU® metabolites. As
shown in Table 4, changes in BMI had nothing to do with plasma levek of any TRP
metabolite, which suggest that increase in body weight do not casse change in TRP
metaholism.
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