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Aims/Introduction: Impaired glucose tolerance (IGT) is a subtype of prediabetes, a
condition having high risk for development to diabetes mellitus, but its pathophysiology

test is not fully understood. In the present study, we examined metabolic changes in IGT by
using two types (D-glucose [Glc] and partial hydrolysate of starch [PHS]) of oral glucose
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tolerance tests (OGTTs), with emphasis on serum incretins and metabolites.

Materials and Methods: We carried out the two types of OGTT (Glc/OGTT and PHS/
OGTT) in 99 young Japanese individuals who had tested either positive (GUY; n = 48) or
negative (GU™; n = 51) for glycosuria. After OGTT, they were sub-grouped into five cate-

gories: normal glucose tolerance (NGT) in the GU™ group (GU/NGT; n = 49), NGT in the

GU™ group (GU*/NGT; n = 28), IGT (n = 12), diabetes mellitus (n = 1) and renal glycosuria
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(n = 9). Serum incretin and metabolites of GU/NGT and IGT were then measured.

Results: When the serum insulin level at each time-point during PHS/OGTT was

doi: 10.1111/jdi.12719

expressed as its ratio relative to Glc/OGTT, it was increased time-dependently in GU™/NGT,

but not in IGT. Such an increase in the ratio was also detected of serum incretin levels in
GU7/NGT, but not in IGT, suggesting a lack of deceleration of oligosaccharide absorption
in IGT. Metabolome analysis showed a difference in the serum levels of two metabolites
of unknown function in mammals, methylcysteine and sedoheptulose 1,7-bisphosphate,
between GU/NGT and IGT.

Conclusions: Comparison of PHS/OGTT and GIc/OGTT showed that oligosaccharide
absorption was accelerated in IGT. Methylcysteine and sedoheptulose 1,7-bisphosphate
could be novel markers for dysregulated glucose metabolism.

INTRODUCTION

Diabetes mellitus is a metabolic disorder characterized by
chronic elevation in blood glucose levels. The number of dia-
betes mellitus patients is rapidly increasing and has become
an urgent social burden. In addition, recent clinical studies
have shown that restoration of normal glucose regulation by
lifestyle modification and/or pharmacological intervention in
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individuals with “pre”-diabetes is required for preventing
microvascular and macrovascular complications of diabetes
mellitus"?. However, the progression to overt diabetes mellitus
from impaired glucose tolerance (IGT), a subtype of predia-
betes, can be significantly reduced by lifestyle interventions’.
Accordingly, establishment of a diagnostic marker that can
detect individuals at risk of diabetic vascular complications
and a better understanding of the pathophysiology of IGT is
essential.
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Presently, diagnosis of diabetes mellitus is made principally
on plasma glucose criteria, which requires either fasting plasma
glucose or 2-h plasma glucose levels after a 75-g oral glucose
tolerance test (OGTT) and/or glycated hemoglobin (HbA,,) cri-
teria* ©. The 75-g OGTT was initially carried out with 75 g
anhydrous D-glucose (Glc) dissolved in water. However,
another type of test solution composed of partial hydrolysate of
starch (PHS) was established in the 1960s”® that reduced the
sweetness and associated gastrointestinal symptoms. In 1983,
Heine et al’ compared OGTT with Glc (Glc/OGTT) and
that with PHS (PHS/OGTT). They found that the area under
the curve of plasma glucose and that of serum insulin for
0-15 min after ingestion were both higher in Glc/OGTT than
in PHS/OGTT, when the test solution was ingested rapidly
(over 1 min). In addition, differential responses in plasma glu-
cose and serum insulin between Glc/OGTT and PHS/OGTT
were reported in a case with possible abnormality in di- and
oligosaccharide digestion'’. Nevertheless, in general, Glc/OGTT
and PHS/OGTT have been considered to be practically
equivalent”®, without being compared thoroughly by repetitive,
two-round OGTT in a sufficient number of subjects.

In the ~50 years since the establishment of test solutions
containing PHS, knowledge of gastrointestinal carbohydrate
absorption and regulation of glucose homeostasis, especially
that by incretins, has greatly advanced'“'”>. We previously
reported that inhibition of hydrolysis of disaccharides (sucrose
or maltose) by o-glucosidase inhibitors significantly increased
secretion of glucagon-like peptide-1 (GLP-1)"*'*. In addition,
the incretin effect has been reported to be attenuated in predia-
betes". Therefore, we hypothesized that individuals with IGT
and those with normal glucose tolerance (NGT) might show
different glycemic responses to the two OGTTs. In addition to
the progress in incretin studies, the recent technique of mass
spectrometry has made measurement of a variety of molecules
in blood samples during OGTT possible'® ™. Such metabolome
analysis is becoming a powerful tool to unveil the pathophysiol-
ogy of various metabolic disorders. In the present study, we
examined metabolic alterations of IGT by the use of two types
of OGTT (Glc/OGTT and PHS/OGTT), and searched for novel
serum metabolites that might be useful as markers for IGT.

METHODS

Participants

From April 2013 to March 2015, 22,036 college students at
Chiba University underwent a routine, annual, medical checkup
including a test for glycosuria by urinary test strip (Figure 1).
A total of 129 glycosuria-positive (GU™; >1) participants were
recommended to consult a doctor for detailed examination. A
total of 52 of the 129 GU™ participants were recruited for the
present study, which was a consecutive, two-round OGTT; 48
participants completed the study (four withdrew after enroll-
ment). As controls, 55 college students who tested negative
(<1) for glycosuria (GU") were examined; 51 of them com-
pleted the study (two were withdrawn due to difficulty in
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repeated blood sampling and two withdrew from the test). The
GU™ participants with medical illnesses, taking regular medica-
tion, or having a family history of diabetes within the second
degree of kinship were excluded to minimize bias in the meta-
bolic characteristics of normal controls. Although the GU™
group did not precisely match the GU™ group, there were no
significant differences in sex, age or body mass index. The
HbA,. of the GU" group was slightly, but significantly, higher
than that of the GU™ group. To reinforce our statistical analy-
sis, we sought a sample size as large as possible. We therefore
solicited all GU" students who had participated in the health
checkup at Chiba University over a 2-year period (2013 April
to 2015 March) to participate in the study. The study protocol
was approved by the ethics committee of Chiba University, and
written informed consent was obtained from all participants.
The study conforms to the provisions of the Declaration of
Helsinki.

Study protocol

Each of the participants was subjected to the two types (75 g
anhydrous D-glucose or PHS equivalent to 75 g Glc) of OGTT
on two separate days with an interval of >4 days but
<6 months. For Glc/OGTT, 75 g anhydrous D-glucose dis-
solved in commercially available sparkling water in a volume of
225 mL was used; 225 mL TRELAN®-G75 (AY Pharmaceuti-
cals Co. Ltd., Tokyo, Japan) was used for PHS/OGTT. Blood
samples were withdrawn from a cubital vein before, and 30, 60,
90 and 120 min after ingestion of Glc or PHS.

Diagnosis of glucose tolerance (NGT, IGT and diabetes mel-
litus) was made in accordance with the current diagnostic crite-
ria established by the American Diabetes Association®. IGT and
diabetes mellitus were diagnosed when the results of either of
the two OGTTs met the diagnostic criteria. As the diagnostic
criteria of renal glycosuria have not been established, we used
the appearance of glycosuria (>50 mg/dL, at any time-point) in
the absence of hyperglycemia (>170 mg/dL, for all time-points)
during OGTT. Based on the results of the OGTTs, the partici-
pants were classified into five categories: (i) GU'/NGT (NGT
in GU" group); (ii) GU /NGT (NGT in GU™ group); (iii) IGT;
(iv) diabetes mellitus; and (v) renal glycosuria (Figure 1). Par-
ticipants with renal glycosuria or diabetes mellitus were
excluded from further evaluation, as renal glycosuria can influ-
ence glycemia in the former and, in the latter, the small sample
size (n = 1) precluded statistical analysis.

Analytical procedures

Plasma concentrations of glucose and HbA, . were measured by
the glucose oxidase method (Roche Diagnostics, Basel, Switzer-
land) and high-performance liquid chromatography method
(TSKgel® G8 His; Tosoh Corp., Tokyo, Japan). Serum levels of
insulin, total GLP-1 and total glucose-dependent insulinotropic
polypeptide  (GIP) were measured by enzyme-linked
immunosorbent assay kits (Lumipulse Presto 2 [Fujirebio Inc.,
Tokyo, Japan], EZGLP1T-36K [Merck Millipore, Darmstadt,
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Figure 1 | Study profile. Digits denote the numbers of the participants. DM, diabetes mellitus; GU*, glycosuria-positive; GU™, glycosuria-negative;
IGT, impaired glucose tolerance; OGTT, oral glucose tolerance test; NGT, normal glucose tolerance.

Germany] and EZHGIP-54K [Merck Millipore], respectively).
The area under the curve (AUC) of each of the measurements
was calculated according to the trapezoid rule. The insulino-
genic index (an index of insulin secretory capacity) and Mat-
suda index (an index of insulin sensitivity) was calculated as
previously described™.

Metabolome analysis by hydrophilic interaction
chromatography tandem mass spectrometry

Serum concentrations of 263 metabolites were analyzed using
hydrophilic interaction chromatography tandem mass spec-
trometry procedures reported previously**>. The serum levels
of 42 metabolites found to be stable under our storage condi-
tions (—20°C) were measured.

Statistical analysis

Data was presented as mean * standard error of the mean.
Difference in the measurement values (such as those for
plasma glucose, serum hormones and serum metabolites)
between the types of carbohydrate solution (PHS and Glc) or
the time-points (0 and 120 min) were evaluated using either
the two-way aNova for repeated measures with the Bonferroni
post-hoc test or by the paired t-test. For analysis of different
groups (GU/NGT, GU"/NGT and IGT), two-way repeated-
measurement ANova with Tukey’s multiple comparison or
one-way ANOVA with Tukey’s multiple comparison was used.
Orthogonal projections to latent structures discriminant analy-
sis (OPLS-DA) was carried out to investigate metabolome
profiles of different groups. Metabolites with a variable impor-
tance in projection value >1.0 were identified as potential
markers.

RESULTS

Classification of the participants with or without glycosuria
The clinical characteristics of GU" and GU™ are listed in
Table 1. Although OGTT was well tolerated in both GU" and
GU’, two GU  participants failed to complete the study
because of technical difficulties in repeated blood sampling. We
compared plasma glucose levels after PHS/OGTT and after
Glc/OGTT (Figure 2a). The plasma glucose levels at 90 and
120 min after PHS/OGTT were slightly, but significantly,
higher than those after Glc/OGTT. Serum insulin levels at 90
and 120 min after PHS/OGTT were also significantly higher
than those after Glc/OGTT (Figure 2b). AUCs (from 0 to
120 min) of plasma glucose (AUCg) and serum insulin
(AUCyys) in PHS/OGTT were both significantly higher than
those in Glc/OGTT (Figure 2c,d).

Based on the results of OGTTs, GU" participants (n = 48)
and GU™ participants (n = 51) were classified into five cate-
gories: GU'/NGT (n = 28), GU/NGT (n = 49), IGT (n = 12),
diabetes mellitus (n = 1) and renal glycosuria (n = 9; Figure 1).

Table 1 | Characteristics of participants to the study

Glycosuria® Glycosuria™ P-value
n 48 51
Male/female 35/13 4/9 NS*
Age (years) 214 %05 221402 NS
BMI (kg/m?) 208 £ 05 215 £ 04 NS
HbA, . (%) 528 + 008 508 % 004 0018

TFisher's exact test. ¥Two-tailed unpaired t-test. HbA;, glycated hemo-
globin; NS, not significant.
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Figure 2 | Comparison of plasma glucose and serum insulin between D-glucose oral glucose tolerance test (Glc/OGTT) and partial hydrolysate of
starch (PHS)/OGTT. (ab) Time-courses of (a) plasma glucose and (b) serum insulin during GIc/OGTT (filled circles) and PHS/OGTT (open circles).

*p < 005, ¥*P < 001 by two-way repeated-measurement anova with the Bonferroni post-hoc test. Data are mean * SE of the mean (n = 89). (c,
d) Area under the curve from 0 to 120 min of (0) plasma glucose (AUCg) and (d) serum insulin (AUC;s). *P < 0.05, **P < 001 by two-tailed
paired-t test. (ef) Time-courses of (e) plasma glucose and (f) serum insulin in glycosuria-negative/normal glucose tolerance (GU™/NGT; circle),
glycosuria-positive (GU)/NGT (triangle) and impaired glucose tolerance (IGT: square). *P < 005, **P < 001, ****P < 00001 (GU/NGT vs IGT). P-
value was calculated by two-way repeated-measurement anova with Tukey's multiple comparison test. (g) Insulinogenic index and (h) Matsuda
index obtained during PHS/OGTT. *P < 0.05 by one-way anova with Tukey's multiple comparison test. (e—h) Results of GU™/NGT (circle, n = 49),
GU*/NGT (triangle, n = 28) and IGT (square, n = 12) are shown. NS, not significant.

We discriminated GU/NGT and GU'/NGT with an aim to  to be “normal” and escape from follow-up observation. The fre-
clarify whether they have equivalent glucose tolerance, as in  quency of abnormal glucose tolerance (IGT or diabetes melli-
clinical settings, GU"/NGT individuals are liable to be judged tus) in GU" participants (11/48, 18.6%) was significantly higher

© 2017 The Authors. Joural of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd J Diabetes Investig Vol. 9 No. 3 May 2018 515



ORIGINAL ARTICLE
Miki et al.

(P = 0.019, Fisher’s exact test) than that in GU™ participants
(2/51, 3.9%). Clinical characteristics of GU/NGT, GU"/NGT
and IGT are shown in Table 2. These participants were also
young and lean, differing only in HbA,. levels (significantly
higher in IGT vs GU /NGT).

Difference in glycemic and insulin excursion among
subgroups

The changes in plasma glucose and serum insulin levels were
compared among the GU/NGT, GU"/NGT and IGT groups
(Figure 2e,f). The plasma glucose levels after PHS/OGTT were
highest in IGT and lowest in GU /NGT (Figure 2e, left). When
assessed by AUC of plasma glucose over 120 min after OGTT
(AUCgo), the value of GU/NGT was significantly lower than
that of GU'/NGT (P <0.001), as well as that of IGT
(P < 0.001; Figure 2e, right), suggesting that glucose tolerance
in GU'/NGT is inferior to that in GU /NGT, although both
are diagnosed as normal. The same results were obtained by
Glc/OGTT (data not shown).

We then compared the insulin secretory response among
these groups. The temporal patterns of insulin secretion after
PHS/OGTT differed among GU /NGT, GU*/NGT and IGT;
the secretory response was rapid (peaking at 30 min) in GU/
NGT, but was delayed (peaking at 90 min) in GU"/NGT and
IGT (Figure 2f). The insulinogenic index (Figure 2g) and Mat-
suda index (Figure 2h) were highest in GU /NGT and lowest
in IGT.

Difference in insulin secretory profile between Glc/OGTT and
PHS/OGTT in each subgroup

We next compared plasma glucose and serum insulin levels
between PHS/OGTT and Glc/OGTT in GU /NGT, GU*/NGT
and IGT (Figure 3a,b). In accord with the higher plasma glu-
cose in the late phase of PHS/OGTT compared with that in
Glc/OGTT (Figure 2a), a very small time-dependent increase in
the plasma glucose ratio (the ratio of the value in PHS/OGTT
to that in Glc/OGTT) was noticed (Figure 3a). However, there
was not a significant difference in the ratio among GU /NGT,
GU'/NGT and IGT. By contrast, when the PHS/Glc ratio was

http://onlinelibrary.wiley.com/journal/jdi

plotted for serum insulin, there was a gradual increase in GU /
NGT, but not in IGT (Figure 3b).

Difference in time-courses of incretin secretion between Glc/
OGTT and PHS/OGTT

We then measured the serum incretin levels of total GIP (Fig-
ure 3c—e) and total GLP-1 (Figure 3f-h) in each of the groups.
As expected, serum levels of GIP and GLP-1 were increased
time-dependently in GU /NGT, but not in IGT. Interestingly,
insulin and incretin excursion after PHS ingestion differed from
that of Glc in GU /NGT, but was undistinguishable in IGT.

Difference in levels of serum metabolites during OGTT
between GU/NGT and IGT

To identify metabolic differences in the prediabetic condition,
we quantified serum metabolites before and 120 min after
OGTT in both GU/NGT and IGT. Using hydrophilic interac-
tion chromatography tandem mass spectrometry, we were able
to quantify the serum levels of 42 metabolites, and OPLS-DA
analysis was then carried out to identify the significant differ-
ences.

First, we searched for the metabolites showing distinct differ-
ences between PHS/OGTT and Glc/OGTT; however, no such
metabolites were found. Next, we attempted to identify metabo-
lites with different serum levels before and 120 min after
OGTT. Four sets of comparison were carried out: difference
before vs after (i) Glc/OGTT in GU /NGT, (ii)) Glc/OGTT in
IGT, (ii)) PHS/OGTT in GU /NGT and (iv) PHS/OGTT in
IGT (Figure 4a—d). Using OPLS-DA analysis, we obtained a
model with a sufficient Q*-value (>0.3) to analyze Glc/OGTT
in GU/NGT and IGT and PHS/OGTT in IGT, but not for
PHS/OGTT in GU /NGT. Therefore, the result of OPLS-DA of
PHS/OGTT in GU /NGT was used not for selecting the
metabolites, but rather for evaluating their serum levels. Vari-
able importance in projection scores was calculated for each
metabolite based on its contribution to statistical discrimination.
In total, 18 metabolites were found to meet the selection criteria
(variable importance in projection > 1.0, r > 04 or r < —0.4;
Table 3), and then were subjected to further evaluation.

Table 2 | Characteristics of the sub-grouped population according to oral glucose tolerance test

GU/NGT GU'/NGT IGT
n 49 28 12
Male/female 40/9 20/8 8/4
Age (years) 2212 £0.17 20.75 £ 052 2192 £ 1.05
BMI (kg/mz) 2133+ 034 2024 £ 030 2135+ 112
HbA; ¢ (%) 507 £ 004* 515 + 006 543 £ 0.12
Fasting PG (mg/dL) 9132 £ 076 9383 £ 093 94.79 £ 3.00
Fasting serum insulin (uU/mL) 605 £ 028 633 £ 051 633 £ 0.76

The significance was evaluated by one-way anova with Tukey's multiple comparison test. *P < 001 (vs impaired glucose tolerance [IGT]), **P < 0.05
(vs IGT). BMI, body mass index; GU*, glycosuria-positive; GU™, glycosuria-negative; HbA,, glycated hemoglobin; NGT, normal glucose tolerance; NS,
not significant; PG, plasma glucose.

516 J Diabetes Investig Vol. 9 No. 3 May 2018 © 2017 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd



ORIGINAL ARTICLE

http://onlinelibrary.wiley.com/journal/jdi Metabolic changes in young Japanese IGT

(@) 2.0 - (b) 259 O GU/NGT 5
: 209 AiGT 9
2 151 e o
o ©
% c
S 3
© 1.007‘482ﬁ2=§l £
0.51
0.5 T T T T 0.0 T T T T
0 30 60 90 120 0 30 60 90 120
Time (min) Time (min)
CNGT )
() 300+ UE/NG (d) 300+ ot @ 16+ Ratio
O GU/NGT q
1441 @ IGT
—~ 2001 -~ 2001
S S ke
S > © 2.
K= ke a
o a (U]
O 100 O 1001
O Glc/OGTT O Glc/OGTT 1.0
@ PHS/OGTT @ PHS/OGTT
04 T T T T 0+ T T T T 0.8 T T T T
0 30 60 90 120 0 30 60 90 120 0 30 60 90 120
Time (min) Time (min) Time (min)
UG/NGT IGT Ratio
40 O GU/NGT
— — @ IGT
go 40 % o 12
30 4 2
§ g E
— — a
S o] N ® 10
O Glc/OGTT 10 O GIc/OGTT
@ PHY/OGTT @ PHS/OGTT
0 T T T T 0 T T T T 0.8 1 T T T T
0 30 60 90 120 0 30 60 90 120 0 30 60 90 120
Time (min) Time (min) Time (min)

Figure 3 | Time-courses of plasma glucose, serum insulin and serum incretins during partial hydrolysate of starch oral glucose tolerance test (PHS/
OGTT) expressed as their ratios to D-glucose (Glc)/OGTT. (ab) The ratios of (a) plasma glucose and (b) serum insulin during PHS/OGTT divided by
their corresponding data during GIc/OGTT were shown for glycosuria-negative/normal glucose tolerance (GU™/NGT; circle, n = 49), glycosuria-
positive (GUT)/NGT (triangle, n = 28) and IGT (square, n = 12). (b) TP < 005 (vs 0 min) TP < 001 (vs 0 min), 5P < 005 (vs GU/NGT). (c—h) Time-
courses of (c—e) serum glucose-dependent insulinotropic polypeptide (GIP) and (f~h) glucagon-like peptide-1 (GLP-1) in GU™/NGT (left) and IGT
(middle). (e,h) Time-courses of (cd) GIP and (f,g) GLP-1 during PHS/OGTT expressed as their ratios to GIc/OGTT are shown. The number of samples
were n =21 (GIP, GU/NGT), n = 9 (GIP, IGT), n = 24 (GLP-1, GU/NGT) and n = 11 (GLP-1, IGT), respectively. (eh) TP < 005 (vs 0 min), P < 005
(vs GU/NGT). (a—h) P-value was calculated by two-way repeated-measurement anova with the Bonferroni post-hoc test.

We found that dopamine, histidine, methylcysteine and ura-  suppression of methylcysteine requires normal glucose metabo-
cil were altered during both OGTTs in GU /NGT, but not in  lism and that it is compromised in IGT.
IGT (Table 3). Among these, we focused on methylcysteine, We also searched for metabolites differentially present in
the serum levels of which were significantly decreased in both GU/NGT and IGT, and we found that the serum level of
OGTTs (Glc/OGTT and PHS/OGTT) in GU /NGT, but not in  sedoheptulose 1,7-bisphosphate (SBP) at 120 min after PHS/
IGT (Figure 4e,f). These results suggest that glucose-induced ~OGTT was lower in IGT than that in GU /NGT. After
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Figure 4 | Changes in serum metabolites before and 120 min after oral glucose tolerance test (OGTT). (a—d) Orthogonal projections to latent
structures discriminant analysis scores plots of data of (a) D-glucose (Glo)/OGTT in glycosuria-negative/normal glucose tolerance (GU™/NGT;

R% = 0610, @* = 0354), (b) GIc/OGTT in impaired glucose tolerance (IGT; R?Y = 0721, @* = 0405) and () partial hydrolysate of starch (PHS)/OGTT
in GU/NGT (RY = 0509, @° = 0.098). (d) PHS/OGTT in IGT (R?Y = 0909, @° = 0.370). (e~h) Changes in serum methylcysteine and sedoheptulose
1,7-bisphosphate (SBP) levels before and 120 min after OGTT. (ef) Changes in serum methylcysteine at O (open columns) and 120 min (filled
columns) during (e) GIc/OGTT and (f) PHS/OGTT. *P < 0.05, ***P < 0001. NS, not significant by two-tailed paired t-test. (g,h) Changes in serum
SBP at 0 (open columns) and 120 min (filled columns) during (g) GIc/OGTT and (h) PHS/OGTT. *P < 005, **P < 001 by two-way repeated-
measurement anova with the Bonferroni post-hoc test. (e-h) n = 11 for all groups. AU, arbitrary unit.

analyzing the other sets of comparison, we found that serum
SBP levels were significantly lower in IGT compared with those
in GU/NGT (Figure 4gh).

DISCUSSION

Although Glc/OGTT is safe and is essential for diagnosing IGT,
it has been recognized that it can cause discomfort as a result of
too much sweetness and gastrointestinal symptoms (e.g., nausea
and diarrhea) because of its high osmolality. To address these

drawbacks, test solutions composed of partial hydrolysate of
starch were established in the 1960s in the USA (Glucola®, 1965)
and in Japan (TRELAN®-G75, 1967), independently7’8, and the
results of Glc/OGTT and PHS/OGTT have been considered to
be equivalent’; both Glc and PHS are authorized for use in
OGTT in Japan®. However, considering the less-frequent gas-
trointestinal adverse reactions during PHS/OGTT, we hypothe-
sized that the dynamics of glucose absorption of the two OGTTs
might differ. In the ~50 years since the introduction of Glucola®
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Table 3 | List of metabolites that varied before and 120 min after oral glucose tolerance

Type of OGTT GIc/OGTT PHS/OGTT
Subject group (Q%) GU™/NGT (0.354) IGT (0405) GU™/NGT (0.098) IGT (0.370)
VIP r VIP r VIP r VIP r
Acethyl-carnitine O 1.558 -0673 O 1.224 —0435
Adenine O 1.061 -0518 O 1.299 —0651 O 1.545 -0518
Allantoate O 1.061 —0.600
Asparagine O 1.000 —0454
Betaine-aldehyde O 1.147 0460
Carbamoy! aspartate O 1.109 —0605 O 1446 —0499
Dimethyl-arginine O 1.138 -0612
Dopamin O 1.363 -0.737 O 1.259 —-0669
Ethanolamine O O 1.110 -0507
Histidine O 1170 -0.584 O 1.105 -0.509
Luecine/Isoluecine O 1.338 -0697 O 121 -0.593 O 1.369 —0450
Methylcysteine O 1.191 -0584 O 1.299 —0651
N-acetyl-glutamine O 1285 —0435
Quinolinate O 1077 -059%
Phenylpropiolic acid O 1.384 0565
Pipecolic acid O 1531 0681
Taurine O 1.363 -0.737
Uradil O 1170 -0.584 O 1.058 -0.525

All' molecules selected as “altered by oral glucose tolerance test (OGTT) by orthogonal projections to latent structures discriminant analysis” in any
of four sets of comparison (marked by circles [O]) are shown. The values of variable importance in projection (VIP) and correlation coefficient are
given for comparisons that met the selection criteria (VIP > 1.0, r > 04 or r < —04). The metabolites are shown in alphabetical order. GU™, glyco-

suria-negative; NGT, normal glucose tolerance.

and TRELAN®-G, there has been a great advance in understand-
ing incretin physiology and in techniques for measuring metabo-
lites using mass spectrometry. We therefore compared
metabolites during OGTT in GU /NGT and IGT with special
emphasis on changes in incretins and serum metabolites.

As expected, excursions of plasma glucose and serum insulin
of Gle/OGTT and PHS/OGTT were found not to be equal
when all data (n = 99) were combined; they were significantly
higher in PHS/OGTT than those in GIc/OGTT in the late
phase (at 90 and 120 min). Because of the small difference seen
between the two tests, this dissimilarity is unlikely to result in
an erroneous diagnosis of individual cases in a clinical setting.
Nevertheless, these results show a clear difference between
mono- and oligosaccharide ingestions in terms of the kinetics
of glucose metabolism after glucose loading,

Interestingly, we found that the serum levels of insulin, GIP
and GLP-1 during PHS/OGTT expressed as the ratio to Glc/
OGTT showed a time-dependent increase in GU /NGT, but
not in IGT, suggesting that retardation of gastrointestinal
absorption of oligosaccharides occurs in GU/NGT, but is lost
in IGT. Horowitz et al>> reported that plasma glucose and
serum insulin levels at 120 min after OGTT are related to gas-
tric emptying in humans. In addition, levels of GLP-1 and GIP
were reported to be related to the gastric load of glucose*, and
the existence of glucose in gut lumen was reported to be

required for sustained GLP-1 secretion'®. Considering that
nutrient digestion/absorption is minutely regulated®, it is
tempting to hypothesize that undigested nutrients might slow
the digestion/absorption process in NGT, and that this system
becomes dysregulated in IGT. Regardless of the cause for the
lack of delay in gastric absorption of oligosaccharide in IGT, our
present study suggests that the dynamics of insulin and incretin
secretions becomes dysregulated early in IGT.

We noticed an apparent difference in insulin secretory profiles
during OGTT between GU"/NGT and GU /NGT, despite their
both being classified as NGT according to the diagnostic criteria.
Hayashi et al.”® classified the temporal patterns of insulin secre-
tion during OGTT in non-diabetic individuals into five cate-
gories, the participants were monitored for 10-11 years for the
development of diabetes. According to their classification system,
the patterns of insulin secretion of GU /NGT, GU'/NGT, and
IGT in our group are classified as pattern 1, 3 and 4, respectively.
They reported that the incidence of diabetes mellitus 10-11 years
later was 3.2% in pattern 1, 15.4% in pattern 3 and 47.8% in pat-
tern 4. Accordingly, GU"/NGT and GU /NGT cannot be con-
sidered equivalent, and positive glycosuria at medical checkup, as
well as the high (>180 mg/dL) plasma glucose level at 1 h during
OGTT", might represent a risk factor for diabetes mellitus.

The present results on altered insulin secretory kinetics in IGT
in response to oligosaccharide prompted us to explore

© 2017 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd

519

J Diabetes Investig Vol. 9 No. 3 May 2018



ORIGINAL ARTICLE
Miki et al.

physiological abnormalities of glucose and energy metabolism in
IGT using hydrophilic interaction chromatography tandem mass
spectrometry. By analyzing the metabolome in the serum before
and 120 min after OGTT, we identified methylcysteine and SBP
as showing a significant difference between GU/NGT and IGT.

Serum methylcysteine levels were significantly reduced in both
PHS/OGTT and Gl¢/OGTT in GU /NGT, but not in IGT.
Methylcysteine is a sulfur-containing amino acid that is present
in urine and blood at a low concentration in humans®, but its
physiological function and dynamics in the blood remain largely
unknown. In the protozoan parasite, Entamoeba histolytica,
metabolome analysis showed an intracellular concentration of
S-methylcysteine that was markedly increased on deprivation
of L-cysteine, which is essential for the structure and stability of
various proteins in the protozoa®. Methylcysteine is classified
into S- and L-methylcysteine, but we could not distinguish these
forms in our present analysis. Entamoeba histolytica lives in
anaerobic or microaerophilic conditions, and lacks aerobic meta-
bolic pathways, such as the tricarboxylic acid cycle and oxidative
phosphorylation, and generates energy by glycolysis*. To cope
with the oxidative stress during infection to the host, Entamoeba
histolytica has been shown to elicit a drastic change in energy
metabolism, including an increase in S-methylcysteine™.

SBP has been known as a sugar phosphate intermediate
involved in the Calvin cycle, the carbon fixation pathway in pho-
tosynthetic eukaryotes®'. Although it was reported previously that
SBP can be generated from hexose 6-P, triose 3-P and sedoheptu-
lose 7-P using rat liver cytosolic enzyme preparation®’, the physi-
ological role of SBP in mammals remains unknown. Husain
et al”™ reported that sedoheptulose 7-P and DHAP (dihydroxy-
acetone phosphate), both of which can be generated from SBP,
were increased in Entamoeba histolytica by treatment with para-
quat, a widely-used inducer of oxidative stress.

While metabolome analysis is a powerful tool, such analyses
of IGT during OGTT have been carried out only in a few
studies, so far'®****, Although the physiological role of
methylcysteine and SBP in mammals is not elucidated in the
present study, serum levels of methylcysteine and SBP may
well reflect an early abnormality in glucose metabolism in
prediabetes. However, it is difficult to determine a clear cut-
off value to discriminate IGT from GU /NGT, as these values
in GU/NGT and IGT overlap considerably. Accordingly,
these metabolites might not serve as diagnostic indicators of
IGT, but rather be useful markers for subclinical glucose intol-
erance.

A limitation of the present study was the relatively small
sample size of IGT. We wish to duplicate a similar analysis in
a larger group in the future. In addition, to generalize our
observation, we must examine whether the same results occur
in an older population in which the incidence of diabetes melli-
tus is higher, and also in other ethnic groups. Furthermore, the
participants in the present study were not obese, which has
been shown to be critical in developing diabetes mellitus in the
Japanese population®>°,

http://onlinelibrary.wiley.com/journal/jdi

In conclusion, the present study shows that glycemic excur-
sion after Glc/OGTT and PHS/OGTIT is similar, but is not
identical. By focusing on the specific differences in insulin and
incretin secretion between the two OGTTs, we were able to
identify dysregulation of oligosaccharide absorption in IGT.
Currently, only plasma glucose levels and serum insulin levels
are used for diagnosis of diabetes mellitus and for calculating
subsidiary diagnostic parameters. However, the present study
shows that OGTT evokes drastic changes in various serum
metabolites and that some of them, including methylcysteine
and SBP, might be clinically and/or pathophysiologically useful
biomarkers of dysregulated glucose metabolism.
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