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Abstract Tryptophan metabolites in plasma samples from
20 male subjects with type 2 diabetes mellitus (T2DM) and
20 nondiabetic reference males were analyzed by ultra high
performance liquid chromatography. Tryptophan levels in
the diabetic subjects were significantly lower than those in
nondiabetic subjects. The concentrations of 5-hydrox-
ytryptophan, 5-hydroxyindoleacetic acid, kynurenic acid,
3-hydroxykynurenine, 3-hydroxyanthranilic acid, and
xanthurenic acid were found to be higher in the diabetic
patients. When the diabetic patients were divided into
higher- and lower-tryptophan groups, the concentrations of
5-hydroxytryptophan, indole-3-acetic acid, kynurenine,
5-hydroxykynurenine, and kynurenic acid were found to be
higher in the diabetic patients with higher tryptophan
levels. However, diabetic patients with lower plasma
tryptophan levels had higher levels of 5-hydroxyin-
doleacetic acid than the patients with higher tryptophan
levels. These results suggest that tryptophan was metabo-
lized more in T2DM patients than in nondiabetic subjects.
In the kynurenine pathway, the degradation of tryptophan
seems to be accelerated in patients with higher plasma
levels of tryptophan than in patients with lower levels of
tryptophan. In the serotonin pathway, when the level of
tryptophan is low, the conversion of serotonin to
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5-hydroxyindoleacetic acid appears to be accelerated. In
conclusion, our results suggest that T2DM patients may be
exposed to stress constantly.
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Introduction

Recently, tryptophan metabolites such as kynurenic acids
were found to be linked to the risk of coronary heart dis-
ease. Eussen [1] indicated that kynurenine and 3-hydrox-
ykynurenine were associated with an increased risk of
acute coronary events, and suggested that the kynurenine
pathway is involved in the early development of coronary
heart disease. In patients with suspected stable angina
pectoris, elevated plasma Kkynurenines predicted an
increased risk of acute myocardial infarction [2].

Serotonin, another metabolite of tryptophan, has been
implicated in mediating diverse physiologic and psychi-
atric processes. Stress produces a number of changes in the
metabolism of central transmitters, particularly nora-
drenaline and serotonin [3, 4]. A number of studies have
demonstrated that increased plasma (and therefore brain)
levels of tryptophan not only augment brain levels of
serotonin, but also kynurenine synthesis [5].

We have shown that applying foot shock to rats results
in increases in not only brain serotonin levels but also
kynurenine levels in plasma, kidney, liver, and every part
of the brain [6-8].

Several tryptophan metabolites have been shown to
exhibit neuroexcitatory, convulsant, and toxic properties
[9, 10]
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In the periphery, only 1 % of dietary tryptophan was
converted to serotonin and more than 95 % was metabo-
lized to kynurenines [4, 5].

We thought that tryptophan metabolism may be altered
in diabetes mellitus (DM) patients due to the many stresses
to which DM patients are exposed, so we measured the
plasma levels of serotonin and many tryptophan metabo-
lites in DM and non-DM old men.

Methods

We asked acquaintances older than 50 years old to enrol in
the study, and checked their health carefully. We recruited
them if they had no health problems such as diabetes and
hypertension, had not suffered from any serious diseases in
the past, and had not been smokers previously. We also
asked the DM patients to provide blood samples for assays
of blood parameters and amino acids. We obtained
informed consent from the patients prior to conducting the
protocol, which had been approved by the Ethical Com-
mittee of Showa Women’s University and Saiseikai Main
Hospital.

Healthy participants were given self-administered diet
history questionnaires, and provided answers for each item
by recollecting their diets. Using the data from these
questionnaires, we calculated their energy, carbohydrate,
fat, and protein intakes. We unfortunately did not obtain
self-administered diet history questionnaire data from DM
patients.

Measurements of blood parameters

The plasma from the blood samples provided by the
patients was obtained by centrifugation, and levels of
lipids, amino acids, and insulin were measured as back-
ground information for these participants.

The plasma samples were sent to SRL Inc. to assay amino
acids and lipids. Thirty-eight amino acids and related sub-
stances such as taurine as well as the total amino acids, total
essential amino acids, and total nonessential amino acids
were measured. In short, the amino acids were measured by
high-speed liquid chromatography, and cholesterol was
measured by homogeneous methods. Triglycerides were
measured by GK/GPO methods. Insulin was measured by a
CLEIA (chemiluminescent immunoassay) method.

Measurements of tryptophan metabolites
Reagents

The standard materials of 15 major tryptophan metabo-
lites—tryptophan, L-5-hydroxytryptophan, serotonin, L-
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kynurenine (KYN), 3-hydroxykynurenine (3-HKYN),
5-hydroxytryptophol ~ (5-HTOL), tryptophol (TOL),
kynurenic acid (KA), quinaldic acid (QA), xanthurenic
acid (XA), 5-hydroxyindole-3-acetic acid (HIAA), indole-
3-acetic acid (IAA), 3-hydroxyanthranilic acid (HAA),
anthranilic acid (AA), and indole-3-lactic acid (ILA)—
were special-grade or biochemical-grade reagents pur-
chased from Wako Pure Chemical Industries, Ltd. (Osaka,
Japan). The formic acid and acetonitrile used were LC/MS-
grade reagents, and other major chemicals such as metha-
nol were special-grade reagents purchased from Wako
Chemicals too. Water was obtained as needed from the
installed Milli-Q water purification system (Merck—Milli-
pore, Billerica, MA, USA).

Each standard “mother” solution was prepared to a
concentration of 1000 mg/L from the specified reagent in
water and/or an aqueous 0.1 mol/L solution of sodium
hydroxide. The standard mixture solution for each con-
centration level used to construct the calibration curve was
prepared by diluting the mother solution with water.

Instrumentation and analytical conditions

Tryptophan metabolites were analyzed using a Shimadzu
(Kyoto, Japan) LCMS-8060 or 8050 system (with an
electrospray interface) coupled to a Nexera UHPLC sys-
tem, including solvent delivery units, an autosampler, and a
column oven. The HPLC column used was an L-column2
ODS (2.1 mm x 150 mm, 3 pm; CERI: Chemical Evalu-
ation and Research Institute, Tokyo, Japan) with a gradient
elution of 0.1 % formic acid/acetonitrile. Before analyses,
the multiple reaction monitoring (MRM) conditions were
optimized using a standard solution. The optimized MRM
transitions are shown in Table 1.

Gradient elution was performed using a high-pressure
binary gradient program: 5 % of an aqueous 0.1 % formic
acid solution for 3 min with acetonitrile, then 5-95 % of an
aqueous 0.1 % formic acid solution for 6 min, followed by
95 % of an aqueous 0.1 % formic acid solution for another
3 min at a flow rate of 0.4 mL/min at 40 °C. Ionization was
performed in electrospray (ESI) positive mode at 150 °C
(the desolvation line) and 400 °C (the interface) with 3
L/min nebulizing and 5 L/min drying gas. Chromato-
graphic data were obtained in MRM mode with optimized
transitions.

Sample pretreatment

The samples were stored at —80 °C.

A fifty-microliter aliquot of the blood plasma sample of
interest was placed in a 1.5-mL test tube, and then 25 pL of
a 0.1 % aqueous formic acid solution, 150 pL of acetoni-
trile, and an additional 75 pL of 0.1 % aqueous formic acid
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Table 1 Optimized MRM transitions

Compound Molecular weight Monoisotopic mass Quantitation (m/z) Qualification (m/z)
Precursor ion Product ion  Precursor ion  Product ion

DL-tryptophan 204.225 204.090 205.10 198.10 205.10 146.10
L-5-hydroxytryptophan 220.225 220.085 221.10 204.05 221.10 162.00
Serotonin 176.715 176.095 177.10 160.10 177.10 115.05
L-kynurenine 208.214 208.085 209.10 192.00 209.10 94.05
5-hydroxytryptophol 177.200 177.079 178.10 160.10 178.10 115.05
Tryptophol 161.200 161.084 162.10 144.05 162.10 117.10
5-Hydroxyindole-3-acetic acid ~ 190.176 190.051 192.10 146.05 192.10 110.00
Indole-3-acetic acid 175.184 175.063 176.10 130.05 176.10 77.05
Anthranilic acid 136.129 136.040 138.10 120.05 138.10 65.05
Kynurenic acid 189.107 189.043 190.10 144.05 190.10 89.10
Quinaldic acid 172.161 172.040 174.10 128.05 174.10 156.05
Indole-3-lactic acid 202.230 202.037 204.10 136.10 204.10 130.10
3-Hydroxykynurenine 224213 224.080 225.15 203.20 225.15 162.15
Hydroxyanthranilic acid 152.128 152.035 154.15 136.20 154.15 80.15
Xanthurenic acid 205.107 205.038 206.15 160.20 206.15 132.20

solution were added, respectively. The solution was vor-
texed for 30 s and then left to stand for 5 min at a cooling
temperature. After this, the sample was centrifuged at
3000 rpm at 4 °C for 10 min. Following the centrifugation,
a 120-pL aliquot of the resulting supernatant in the 1.5-mL
test tube was transferred to another 1.5-mL test tube and an
additional 80 pL of 0.1 % aqueous formic acid solution
were added before the sample was vortexed for 30 s. The
final solution was diluted tenfold with respect to the orig-
inal blood plasma sample. One microliter of the final
solution was injected into the LC/MS system by an
autosampler.

Statistics

The standard ANOVA methodology was used, and
p < 0.05 was considered to indicate a significant differ-
ence. In the figures, bars represent standard deviations.

Results

Table 2 lists the values of basic parameters for the healthy
adults and DM patients. Patients were treated by either
diet alone or with drugs such as biguanide and sulfonylurea
and with a minimum dose of insulin as BOT (basal sup-
ported oral therapy). The patients had not taken any drugs
for hypertension or high lipidemia when the research was
carried out.

Plasma levels of HDL cholesterol and total cholesterol
were higher in healthy adults than in DM patients.
Arachidonic acid levels were also higher in healthy adults
than in DM patients.

Table 3 provides the amino acid profiles of the healthy
adults and DM patients. Plasma levels of amino acids such
as isoleucine, leucine, aspartic acid, glutamic acid, and
aspartic acid were significantly higher in the DM patients.
Levels of tryptophan, cystine, arginine, aspargine, and
glutamine were lower in the DM patients.

Although there were no differences in AA (all amino
acids) and EAA (essential amino acids) levels between the
healthy adults and DM patients, BCAA (branched-chain
amino acids) levels were higher in the DM patients than in
the healthy adults.

Table 4 shows that the concentrations of various tryp-
tophan metabolites such as L-hydroxytryptophan, 5-hy-
droxyindoleacetic acid, kynurenic acid,
3-hydroxykynurenine, and 3-hydroxyanthranilic acid were
higher in the DM patients than in the healthy adults.
Although serotonin levels tended to be higher in the DM
patients than in the healthy adults, the difference was not
statistically significant. Levels of L-5-hydroxytryptophan,
5-hydroxytryptophol, tryptophol, and anthranilic acid in
the two groups were too low to compare.

We divided the DM patients into those with higher than
the mean level of tryptophan and those with lower than the
mean level of tryptophan. Plasma levels of L-5-hydrox-
ytryptophan, indole-3-acetic acid, kynurenic acid, 3-hy-
droxykynurenine, and xanthurenic acid were higher in the
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Table 2 Values of basic

parameters for the participants

Subject Normal (n = 20) DM (n = 20) Remarks
Age (years) 61.5 £+ 8.8 65.7 £ 104

Height (m) 1.68 £ 0.07 1.70 £ 0.06

Weight (kg) 67.2 £ 129 682 £ 11.5

BMI (kg/m?) 237+ 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 (uIU/mL) 6.23 £+ 4.08 -

HDL-Chol. (mg/dL) 64.1 £169 507 £ 114 wx
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) 2104 + 34.1 189.5 + 28.4 *
Dihomo-vy-linolenic acid (pg/mL) 37.6 £ 12.7 35.0 £ 8.6

Arachidonic acid (pg/mL) 215.0 £ 60.1 180.4 £+ 36.3 ok
EPA (pg/mL) 91.5 £51.2 82.1 £ 59.7

DHA (pg/mL) 163.3 £ 534 139.4 £ 48.9

EPA/AA ratio 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 £253

Mean £+ SEM values are shown. p < 0.05 was considered to indicate a significant difference

DHA docosahexaenoic acid, EPA eicosapentaenoic acid, RLP remnant-like particle, Chol cholesterol, TG

triglyceride
*p <0.05, ** p < 0.01

DM patients with higher tryptophan levels than in those
with lower tryptophan levels, and levels of 3-hydroxyan-
thranilic acid appeared to be almost the same in the DM
patients with higher and lower tryptophan levels. Levels of
5-hydroxyindoleacetic acid were higher in DM patients
with lower tryptophan levels than in DM patients with
higher tryptophan levels.

Discussion

It has been shown that dysregulation of the kynurenine
pathway may be involved in the pathogenesis of cardio-
vascular disease [11] and DM [12]. Tryptophan metabolites
are involved in balancing the activation and inhibition of
the immune system [13].

Since the metabolism of tryptophan is a complicated
process, Fig. 1 shows the kynurenine and serotonin path-
ways for tryptophan catabolism.

Tryptophan metabolites are not only involved in the
regulation of the immune system but they also exert many
neurotoxic activities. One such neuroactive metabolite is
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3-hydroxykynurenine [10], the synthesis of which is cat-
alyzed by kynurenine 3-hydroxylase. Highly increased
levels of 3-hydroxykynurenine may lead to nerve dys-
function [14]. Kynurenic acid has been shown to be an
endogenous antagonist of an excitatory amino acid recep-
tor, and may serve to modulate excitatory nerve transmis-
sion [5, 15]

Although there are several reports of the involvement of
tryptophan metabolites such as kynurenine or kynurenic
acid in disease, there has been no systematic research into
the role of tryptophan metabolites in the pathogenesis of
DM.

In the present study, we found that tryptophan levels
were decreased in plasma from DM patients and that levels
of tryptophan metabolites such as 5-hydroxytryptophan,
5-hydroxyindoleacetic acid, kynurenic acid, 3-hydrox-
ykynurenine, and 3-hydroxyanthranilic acid were increased
in plasma from DM patients, indicating that the metabo-
lism of tryptophan is accelerated in DM patients.

We recently obtained data indicating that plasma sam-
ples from patients with acute coronary syndrome that
showed low tryptophan levels also had high levels of
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Table 3 Amino acid profiles of x5 7 i Normal (n = 20) DM (n = 20) Remarks
the participants

Histidine 80.4 £ 6.1 79.4 £+ 8.0 EAA, AAA

Lysine 191.2 £ 252 201.6 &+ 27.2 EAA

Methionine 27.1 £3.2 26.5 + 49 EAA

Phenylalanine 624+ 173 62.2 + 10.7 EAA, AAA

Threonine 127.8 £ 21.0 120.2 £+ 24.5 EAA

Tryptophan 59.0 £9.2 534 + 13.1 EAA, AAA

Isoleucine 63.1 £ 8.9 75.1 £ 7.9%* EAA, BCAA

Leucine 126.5 £+ 14.1 141.1 £ 14.2%* EAA, BCAA

Valine 224.0 £ 21.5 236.3 £+ 28.6 EAA, BCAA

Tyrosine 65.9 + 104 61.0 + 12.5 EAA

Alanine 398.9 £ 93.5 428.3 + 109.2

o-Aminobutyric acid 229+ 69 189 £ 5.8

Arginine 86.1 £ 20.8 72.6 £ 16.7*

Asparagine 46.5 £ 5.5 414 + 7.8*

Aspartic acid 3.72 + 0.59 6.05 &+ 3.30%*

Citrulline 27.1 £ 6.0 29.2 + 15.0

Cystine 21.0 £53 8.7 + 5.4%*

Glutamic acid 522 +£17.1 154.5 & 113.4%*

Glutamine 550.7 + 66.1 449.0 £ 138.6%*

Glycine 203.1 £ 30.1 204.1 £+ 26.4

Monoethanolamine 854 £ 1.25 8.73 £ 1.64

Ornithine 66.8 + 13.9 589 + 139

Proline 155.5 £50.3 178.5 £ 34.7

Serine 101.5 £ 19.2 99.5 £ 193

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%*

Mean 4+ SEM values are shown. P < 0.05 was considered to indicate a significant difference. Concen-

trations are expressed in uM

AA amino acids, EAA essential amino acids, NEAA nonessential amino acids, BCAA branched-chain amino
acids, AAA aromatic amino acids

*p <0.05, ¥ p <0.01

almost all tryptophan metabolites (paper submitted for
publication). We hypothesized that the metabolism of
tryptophan is accelerated in patients with lower plasma
tryptophan levels. We were therefore interested to deter-
mine if more tryptophan is consumed in DM patients,
leading to lower levels of tryptophan and higher levels of
tryptophan metabolites in plasma from these patients. We
found that, in DM patients, tryptophan appears to be
degraded more when plasma tryptophan levels are high
(Table 5), except in the degradation to serotonin pathway.
5-Hydroxyindoleacetic acid levels were found to be higher
in DM patients with lower plasma levels of tryptophan that
in those with higher tryptophan levels (Table 5). This
suggests that the conversion of serotonin to

Table 4 Concentrations of various tryptophan metabolites in plasma
of healthy adults and DM patients

Metabolite NA DM
L-5-hydroxytryptophan 0622 £ 1.323 2.186 £ 1.723%%*
Serotonin 3087 £ 683 101.2 &+ 2137
5-Hydroxyindoleacetic acid 33.15 £ 12.57 48.87 + 21.18%*
Kynurenic acid 64.03 & 21.65 94.80 £ 34.86%*
3-Hydroxykynurenine 2.600 £ 2.246 4.679 £ 2.355%*
3-Hydroxyanthranilic acid 8.669 £ 9.739 20.24 £ 13.99%*

Mean £ SEM values are shown. P < 0.05 was considered to indicate
a significant difference. Concentrations are expressed in nM

** p < 0.01 for NA vs. DM
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Fig. 1 Tryptophan degradation
pathways
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Table 5 Concentrations of

. . Metabolite
various tryptophan metabolites

Normal

DML

DMH

in plasma samples from healthy
adults and from DM patients
with high tryptophan levels
(DMH) and low tryptophan
levels (DML)

L-5-hydroxytryptophan
5-Hydroxyindoleacetic acid
Indole-3-acetic acid
Kynurenic acid
3-Hydroxykynurenine
3-Hydroxyanthranilic acid
Xanthurenic acid

0.622 + 1.323*
33.15 £ 12.57*
2433 + 855°

64.03 £ 21.65*
2.600 + 2.246*
8.669 + 9.739*
12.37 £ 5.29*

1.671 &+ 1.801%°
56.10 + 24.20°
2417 + 1249°

85.92 + 34.22%
4.072 & 2.796*
20.33 + 12.74°
12.29 + 5.49%

2702 +£1.561°
41.64 + 15.66°
3761 + 1769°
103.7 & 34.9°

5.285 + 1.753°
20.14 + 15.83°
17.44 + 3.56°

Mean 4+ SEM values are shown. P < 0.05 was considered to indicate a significant difference. Concen-

trations are expressed in nM
avsb; p<0.05

a or b vs ab; no significance

5-hydroxyindoleacetic acid is enhanced when the plasma
tryptophan level is low.

There have been many papers describing a relationship
between stress and tryptophan degradation. Chronic stress
increased blood and brain kynurenine pathway activity in
mouse [16], and acute psychological stress has been shown
to change tryptophan metabolite levels in mouse [17]. We
also showed that stress increases the metabolism of tryp-
tophan in rats [6-8]. However, all of those results were
obtained using animal models.
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We previously found that sucrose or glucose uptake
does not influence fasting glucose levels, insulin levels, and
BMI [18]. These results suggest that factors other than food
intake may be involved in the pathogenesis of diabetes
mellitus. We believe that stress may be one of these factors,
and that the relationship between changes in the kynur-
enine pathway and the pathogenesis of metabolic syndrome
such as DM is worthy of further investigation.

Finally, the present results imply that DM patients are
constantly exposed to stress.
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