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INTRODUCTION

ABSTRACT

Aims/Introduction: Previous studies have shown that glucose peak time during the
oral glucose tolerance test varies in type 2 diabetes patients; however, characteristics of
this heterogeneity remain unclear. This research aimed to investigate the characteristics of
delayed glucose peak time in type 2 diabetes.

Materials and Methods: A total of 178 participants who underwent the oral glucose
tolerance test were divided into five groups according to glucose peak time.

Results: A total of 25 participants with normal glucose tolerance had a glucose peak at
30 min. Among participants with type 2 diabetes, 28 had a glucose peak at 60 min, 48 at
90 min, 45 at 120 min and 32 at 150 min. With the glucose peak time delayed, glycated
hemoglobin, area under the glucose curve and homeostatic model assessment of insulin
resistance increased gradually (P = 0038, P < 00001, P < 0.0001, respectively), and oral
glucose insulin sensitivity, homeostatic model assessment of B-cell function, insulinogenic
index, modified B-cell function index and disposition indices decreased (P < 0.0001 for all).
On multinominal logistic regression, insulinogenic index (odds ratio 0.73, 95% confidence
interval 0.57-0.93, P = 0.01), modified B-cell function index (odds ratio 0.67, 95% confi-
dence interval 047-094, P = 0.023) and oral glucose insulin sensitivity (odds ratio 091,
95% confidence interval 0.87-0.96, P < 0.0001) were independently correlated with
delayed glucose peak time.

Conclusions: Delay in glucose peak time indicated an increase in blood glucose and a
decrease in insulin sensitivity and secretion. Furthermore, insulinogenic index, modified B-
cell function index and oral glucose insulin sensitivity contributed to delayed glucose peak
time.

sensitivity check index’ and the Stumvoll index". The gold stan-

The oral glucose tolerance test (OGTT) is a common method
of evaluating glucose tolerance status. The OGTT provides
information about insulin resistance and secretion assessment
both directly and indirectly through surrogate indices, such as
the homeostatic model assessment of insulin resistance
(HOMA-IR) and homeostatic model assessment of beta-cell
function (HOMA-B)', the Matsuda index®, quantitative insulin
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dard for assessing insulin secretion and sensitivity is the hyper-
insulinemic-euglycemic clamp®. Previous studies suggest that
OGTT-derived indices used for evaluating insulin resistance
and secretion are highly related to the clamp tests"*°. However,
OGTT-derived indices are difficult to implement in routine
clinical practice and epidemiological studies because they
require complicated calculations, and are not practical for dif-
ferent ethnicities, regions, ages and disease courses’ '°. Recently,
there has been increased interest in the discovery and validation
of novel markers that can evaluate insulin secretion and
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resistance™''. A marker of particular interest is the shape of the
glucose curve during an OGTT.

Limited studies have focused on the possible information
captured from the shape of the OGTT glucose curve. In 1994,
a study in Japanese (with an English abstract) classified the
curve as ‘upward, ‘domed’ or ‘biphasic, and found that the
prevalence of upward and domed curves was higher in type 2
diabetes mellitus patients'®. Subsequently, other studies offered
different classifications of OGTT curve shapes, such as
monophasic, biphasic, triphasic and unclassified, or 4/5-phases,
and showed various metabolic phenotypes of insulin secretion
and sensitivity found in the different shapes''>. Additionally,
the OGTT curve shape has been used to assess future type 2
diabetes mellitus risk in individuals with impaired fasting glu-
cose and impaired glucose tolerance'®. OGTT curve shapes
have also been investigated in adolescents, obese children and
women with gestational diabetes'” ®. In such studies, complex
shapes have been found to be related to better glucose tolerance
and metabolic status. Although there is limited research on the
monophasic curve, one of its characteristics is the delayed glu-
cose peak time, which predicts a high risk of prediabetes or
diabetes in individuals with normal glucose tolerance (NGT)>.
However, delayed glucose peak time in type 2 diabetes mellitus
requires further study.

Therefore, the present study aimed to investigate the charac-
teristics and indications of the delayed glucose peak time in
type 2 diabetes mellitus patients, and to elucidate the relation-
ship between glucose peak time and insulin secretion, insulin
sensitivity, and metabolic characteristics.

METHODS

Participants

Individuals with monophasic OGTT glucose curves were
included in the present study. The NGT participants were
confirmed on the basis of OGTT results (fasting plasma glu-
cose [FPG] <5.6 mmol/L [100 mg/dL] and 2-h plasma glu-
cose [2hPG] <7.8 mmol/L [140 mg/dL])ZI. Type 2 diabetes
mellitus patients underwent OGTT for classification of glu-
cose curve shape. All diabetes patients previously received
oral hypoglycemic agents and discontinued the antihyper-
glycemic treatments for 3 days before OGTT to control the
variation. The study population comprised 153 type 2 dia-
betes mellitus patients and 25 individuals with NGT from
the Endocrinology Internal Medicine Ward and Clinic of the
Affiliated Hospital of Nantong University, Nantong, China,
between February 2009 and January 2010. The exclusion cri-
teria were hepatic disease, kidney disease, cardiac disease,
pregnancy, infection, injury, surgery, progressive muscular
atrophy and acute diabetic complications. Before participation,
all participants provided informed consent. The study proto-
col was approved by the ethics committee of the hospital,
and was carried out in line with the ethical rules of the Hel-
sinki Declaration.
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Anthropometric measurements

Height and weight were measured before the OGTT. Waist cir-
cumference was determined at the narrowest part of the torso,
and participants were weighed wearing only underwear. Body
mass index (BMI) was calculated by dividing weight by the
square of height (BMI = kg/m?). Blood pressure was measured
by an electronic sphygmomanometer (Omron®, Omron
Healthcare, IL, USA).

Blood sampling and OGTT, insulin and C-peptide release test
Participants reported to the clinic at 07.00 h after a 10-12-h
overnight fast. Fasting blood samples were collected for mea-
surement of total cholesterol (TC), triglycerides (TG) and gly-
cated hemoglobin (HbA1Ic). Blood lipids were measured using
the enzyme method (ADVIA® 2400; Siemens, Berlin, Ger-
many). HbAlc was measured by high-performance liquid chro-
matography (VARIANT™ II; Bio-Rad, Hercules, CA, USA),
and presented consistent with the recommendations of the
National Glycohemoglobin Standardization Program. Inter-
assay and intra-assay variations were <5%.

Oral glucose tolerance test was carried out with a 75-g glu-
cose load, and blood samples were collected from an antecu-
bital vein through a small polyethylene catheter at baseline, 30,
60, 90, 120, 150 and 180 min for measurements of glucose,
insulin and C-peptide. Plasma glucose was measured using the
glucose oxidation method (ADVIA® 2400; Siemens), insulin
and C-peptide concentrations were measured using the chemi-
luminescence method (Cobas e411 analyzer; Roche, Basel,
Switzerland).

Classification of glucose peak time

A glucose threshold of 0.25 mmol/L (4.5 mg/dL) has been
reported to minimize fluctuations in blood glucose concentra-
tions; therefore, the fluctuations could be attributed to the
method of glucose analysis rather than physiological reasons'.
The glucose curve was defined by plotting glucose concentra-
tions during the 3-h OGTT. A monophasic curve was charac-
terized by a gradual rise in plasma glucose concentrations until
a maximum value was reached followed by a subsequent
decline in glucose of >0.25 mmol/L (4.5 mg/dL). A second rise
in the glucose concentrations of >0.25 mmol/L (4.5 mg/dL)
after the decline in glucose, or the glucose concentrations after
glucose load continuously increased until 180 min, were
defined as the biphasic or unclassified curve, which were
excluded in our study">'®*,

Based on different OGTT glucose peaks at 60, 90, 120 and
150 min, the monophasic glucose curves of the type 2 diabetes
mellitus patients were classified as P60, P90, P120 and P150,
respectively.

Evaluation for insulin sensitivity, resistance and secretion
The areas under the curve for glucose (AUCgg 180 min)> insulin
(AUCNs0-180 min) and C-peptide levels (AUCC—peptide(FmO min)
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were calculated by the trapezoid rule. Oral glucose insulin sen-
sitivity (OGIS)® was calculated (see http://webmet.pd.cnr.it/ogis/
index.php) to measure insulin sensitivity. The homeostatic
model assessment of insulin resistance (HOMA-IR)" was calcu-
lated using the following equation to measure insulin sensitivity:
fasting glucose (mmol/L) x fasting insulin (mIU/L)/22.5. Insu-
lin secretion was defined by the HOMA of B-cell function
(HOMA-B)', insulinogenic index (IGI)*, and modified B-cell
function index (MBCI)*. The following formulas were used to
calculate the insulin secretion parameters: HOMA-
B = (20 x fasting insulin [mIU/L])/(fasting glucose [mmol/
L] — 3.5), IGI was calculated as the ratio of the increment of
insulin to that of glucose at 30 min after glucose ingestion.
MBCI = (fasting insulin [mIU/L] x fasting glucose [mmol/L])/
(2-h plasma glucose [mmol/L] + 1-h plasma glucose [mmol/
L] - 7).

Disposition indices

To evaluate the relationship between pancreatic B-cell function
and insulin sensitivity, the disposition indices were calculated as
IGI x OGIS and MBCI x OGIS™.

Statistical analysis

Statistical analyses were completed in SPSS version 20.0 (IBM,
Chicago, IL, USA) and SAS version 9.2 (SAS Institute, Cary,
NC, USA). Data were presented as mean * standard error.
Data that did not meet the normal distribution were log;,
transformed. The means were compared using one-way analysis
of variance (anova). The post-hoc Student-Newman—Keuls test
was used for multiple comparisons. Univariate analysis was
used to investigate the association between glucose peak time
and variables such as age, sex, disease course, family history,
BMI, waist-to-height ratio, systolic blood pressure, diastolic
blood pressure, FPG, TC, TG, HbAlc, HOMA-B, IGI, MBCI,
HOMA-IR and OGIS. Variables significantly associated with
glucose peak time were entered into a multinominal logistic
regression model, including age, HbAlc, IGI, MBCI and OGIS.
Statistical significance was considered at P < 0.05.

RESULTS

Prevalence of glucose peak time

During the OGTT, 25 participants with NGT had a glucose
peak at 30 min. For the type 2 diabetes mellitus patients, 28
(18.30%) showed a glucose peak at 60 min (P60), 48 (31.37%)
at 90 min (P90), 45 (29.41%) at 120 min (P120) and 32
(20.92%) at 150 min (P150; Figure la).

Clinical characteristics

The participants’ clinical characteristics are presented in
Table 1. HbAlc increased progressively in the five groups
(NGT, P60, P90, P120, P150; P = 0.038). Weight and FBG
were statistically significant, but had no tendency for increase
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Figure 1 | (a) Glucose, (b) insulin and (c) C-peptide response curve
during the oral glucose tolerance test of five groups. NGT, normal
glucose tolerance; P60, glucose peak at 60 min; P90, glucose peak at
90 min; P120, glucose peak at 120 min; P150, glucose peak at 150 min.
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Table 1 | Clinical characteristics of the five groups of participants
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NGT P60 P90 P120 P150 P

Total (male/female) 25 (10/15) 28 (16/12) 48 (35/13) 45 (23/22) 32 (16/16) -
Age (years) 5308 £ 277 5511 £ 216 53.77 £ 162 5101 £ 197 5362+ 1.86 0689
Disease course (years) - 541 £0.10 519+ 013 633+ 015 6.22 + 049 0112
Weight (kg) 6322 £ 153 7178 £ 190 721 £ 133 7019 + 161 6667 + 157 0.003
WHR 082 + 0004 091 £+ 0009 092 + 0007 091 + 0009 090 + 0012 0201
SBP (mmHg) 12150 £ 3.04 12950 £+ 334 13000 £ 246 13500 £ 293 13000 £ 341 046
DBP (mmHg) 7000 + 163 7800 = 198 80.00 £ 1.58 83.00 £ 130 8000 £ 192 097
BMI (kg/m?) 2501 +£123 2498 £ 205 2527 £ 248 2522 £ 264 2502 £ 254 097
FBG(mmol/L) 521 £ 008 810+ 033 806 + 0.25 817 £ 029 834 + 030 <0.0001
TC (mmol/L) 463 £ 075 5.18 £ 0.86 510 £ 058 519072 492 £ 059 0.176
TG (mmol/L) 138 £ 026 229+ 073 204 £ 077 198 + 039 186 + 033 0383
HbATc (%) 510+ 009 798 £ 037 959+ 035 1004 £ 0.25 1024 £ 040 0038

Data are presented as mean + standard error. Parameters among the five groups were compared with anova. BMI, body mass index; DBP, diastolic
blood pressure; FBG, fasting blood glucose; HbATc, glycated hemoglobin; NGT, normal glucose tolerance; P60, glucose peak at 60 min; P90, glucose
peak at 90 min; P120, glucose peak at 120 min; P150, glucose peak at 150 min; SBP, systolic blood pressure; TC, total cholesterol; TG, triglyceride;

WHR, waist-to-hip ratio.

Table 2 | Glucose and insulin metabolism of the five groups of participants

NGT P60 P90 P120 P150 P

AUCco 180 min 39.14 + 082* 7653 + 3.17% 9101 + 239* 9935 + 2.82%%* 10407 £ 206 <0.0001
AUCiso 180 min 20342 + 574% 28278 + 667 21406 + 4894 15804 + 34750 13597 £ 529 <00001
AUCC peprice0-180 min 4128 + 219 4116 + 232% 3220 + 1.92%% 2558 £ 1.59%%% 2049+ 156 <0000
HOMA-B 64.92 + 496* 4959 + 345 4569 + 225 4223 £ 235 3546 £312 <0000
Gl 1157 + 055* 414 £ 0] 310 £ 0.13%% 182 + 008 121+ 011 <00001
MBC 2274 + 1.12% 6.59 + 0,5]%%xx 498+ 0.16 42+ 019 3224026 <0000
HOMA-IR 176 + 0.11* 272016 309 £ 011 342 £ 012 393+009 <0000
0GIS 43836 + 841* 34093 + 875 31881 + 640" 20592 + 634%* 27262 + 657  <00001
Gl x OGIS 503601 + 21906* 127684 + 70.78** 102487 + 50.15%* 58144 + 2392 32649+ 2835 <0000
MBCI x OGIS 093738 + 18146 222671 £ 6299 152776 + 5728 1263.19 + 1558 87675+ 1440 <0000]

Data are presented as mean = standard error. Parameters among five groups were compared with anova. Post-hoc SNK test was used in multiple
comparison. *P < 0.05, normal glucose tolerance (NGT) vs glucose peak at 60 min (P60), glucose peak at 90 min (P90), glucose peak at 120 min
(P120), glucose peak at 150 min (P150). **P < 0.05, PE0 vs P90, P120, P150. **P < 0,05, P90 vs P120, P150. ****P < 005, P120 vs P150. ****p <
0.5, P60 vs P120, P150. AUC, area under the curve; HOMA-B, homeostatic model assessment of B-cell function; IGI, insulinogenic index; MBC|, mod-
ified B-cell index; HOMAAR, homeostatic model assessment of insulin resistance; OGIS, oral glucose insulin sensitivity.

or decrease. No statistically significant differences were found
for age, disease course (comparison between four diabetes
groups), systolic blood pressure, systolic blood pressure, BMI,
waist-to-height ratio, TC and TG.

Glucose tolerance, insulin and C-peptide variation trends

The present results showed that the glucose peak of the NGT
group occurred at 30 min, and the glucose peak times of the
four diabetes groups (P60, P90, P120, P150) gradually increased
compared with those of the control group. Furthermore,
AUCGo 180 min increased (P < 0.0001), whereas AUCpyso-
180 min ANd AUCC peptideo-180 min decreased gradually in the five
groups (NGT, P60, P90, P120, P150; P < 0.0001 for both;
Table 2). As shown in Figure 1, the peak times of insulin and

C-peptide were all delayed, and lagged behind their own glu-
cose peak times in P60, P90, P120 and P150.

The peak glucose values of five groups (NGT, P60, P90,
P120, P150) gradually increased (P < 0.0001; Figure la). The
peak glucose values of P60, P90 and P150, when compared
with their own groups 2hPG, were statistically significant
(P < 0.0001 for all).

Insulin sensitivity, resistance and secretion

Homeostatic model assessment of insulin resistance was lowest
in the NGT participants and presented an increasing trend in
the five groups (NGT, P60, P90, P120, P150; P < 0.0001).
However, OGIS showed an opposite trend and decreased grad-
ually (P < 0.0001). The indices of insulin secretion, HOMA-f,
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IGI and MBCI tended to decrease in the five groups
(P < 0.0001). However, only OGIS and IGI were statistically
significant according to the results of the anova post-hoc Stu-
dent-Newman—Keuls test (Table 2).

Disposition indices

The disposition indices of IGI x OGIS and MBCI x OGIS
were highest in the NGT group, and decreased gradually in the
four diabetes groups (P60, P90, P120, P150; P < 0.0001). How-
ever, IGI x OGIS was statistically significant according to the
results of the ANova post-hoc Student—Newman—Keuls test
(Table 2).

Multinominal logistic regression

All variables included age, sex, disease course, family history,
BMI, waist-to-height ratio, systolic blood pressure, diastolic
blood pressure, FPG, TC, TG, FPG, HbAlc, HOMA-B, IGI,
MBCI, HOMA-IR and OGIS. On the multinominal logistic
regression, glucose peak time was considered as a dependent
variable. IGI (odds ratio [OR] 0.73, 95% confidence interval
[CI] 0.57-0.93, P = 0.01), MBCI (OR 0.67, 95% CI 0.47-0.94,
P = 0.023) and OGIS (OR 0.91, 95% CI 0.87-0.96, P < 0.0001)
were found to be independent negative predictors after adjust-
ment for age, disease course and blood pressure. Age was the
only covariate associated with delayed glucose peak time (OR
1.05, 95% CI 1.02-1.08, P < 0.0001).

DISCUSSION

The present study aimed to evaluate the characteristics and
indications of the delay in OGTT glucose peak time in type 2
diabetes mellitus patients. Analysis showed that the peak times
of glucose, insulin and C-peptide were significantly different
between NGT and type 2 diabetes mellitus participants. NGT
participants had glucose, insulin and C-peptide peaks at
30 min. Type 2 diabetes mellitus patients had glucose peaks at
60, 90, 120 and 150 min, whereas insulin and C-peptide peak
times did not synchronize with the glucose variation trend (Fig-
ure la—). Takahara et al described an inverted U-shape of
delayed peak insulin levels indicating glucose intolerance in the
Japanese population. The results of the present study showed
similar characteristics existing in type 2 diabetes mellitus
patients.

Studies have shown that OGTT glucose curve shapes are cor-
related with glucose tolerance status, insulin sensitivity and
pancreatic B-cell function'> . Kim et al* investigated the
non-diabetic obese adolescents, wherein monophasic and bipha-
sic groups were categorized according to a 120-min OGTT.
Although the two groups had similar fasting and 2-h glucose
and insulin concentrations, the monophasic group had signifi-
cantly larger AUCs for glucose, insulin, C-peptide and free fatty
acid, lower insulin sensitivity, and more impaired insulin secre-
tion, compared with the biphasic group?. Hence, the
monophasic OGTT glucose curve was the predictor of lower
glucose tolerance, insulin sensitivity and insulin secretion in

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

individuals without diabetes. To investigate the significance of
the monophasic OGTT glucose curve in type 2 diabetes melli-
tus patients, we studied the delay in glucose peak time, a char-
acteristic of the monophasic curve. Consistent with the results
of Kim et al?, the delayed glucose peak time in type 2 dia-
betes mellitus in the present study was also caused by increas-
ing insulin resistance and failure of pancreatic B-cell function.
A study investigating patients with early type 2 diabetes melli-
tus showed similar results, and glucose peak time appeared to
have reliable reproducibility and was found to be associated
with pancreatic B-cell function”. The B-cell function was lower
in patients with early type 2 diabetes mellitus with a glucose
peak at >90 min than in those with a peak at <60 min, consis-
tent with the present findings. However, the OGTT duration
was 120 min, and the present study prolonged the test duration
to 180 min, wherein a glucose peak at 150 min was observed
and compared. We analyzed the relationships between the dif-
ferent glucose peak times and HOMA-IR, OGIS, HOMA-B,
IGI, MBCI and disposition indices in participants with NGT
and type 2 diabetes mellitus patients with an average disease
course of 4-6 years, and found that IGI, MBCI and OGIS con-
tributed to the delay of glucose peak time. Therefore, we not
only clarified the definition of delayed of glucose peak time in
diabetes patients with an average disease duration of 46 years,
but also elucidated the more profound pathophysiological
implications of the different glucose peak times in our research.

As mentioned, on multinomial logistic regression, IGI, MBCI
and OGIS were independently correlated with delayed glucose
peak time. IGI represents early-phase insulin secretion”>**, Pre-
vious research suggests that enhancing early-phase insulin
secretion improves glucose tolerance status, not only existing in
NGT and impaired glucose tolerance, but also in type 2 dia-
betes mellitus*°. Studies have reported that early-phase insulin
secretion related to hepatic glucose output and accompanied by
disturbed glucagon secretion is responsible for postprandial
hyperglycemia®*2, MBCI is an OGTT-derived index that com-
prehensively assesses the overall postprandial reaction of pan-
creatic B-cells®. Meanwhile, we administered the 3-h OGTT
version of OGIS, which shows the insulin sensitivity after glu-
cose tolerance’. OGIS is highly linked to peripheral insulin
sensitivity””, including insulin sensitivity in the liver, muscle
and adipocytes. With delayed glucose peak time indicating
decreased insulin sensitivity and secretion, slower rates of
decrease in glucose and increase in insulin and C-peptide thus
indicate impaired pancreatic B-cell function and aggravated
insulin resistance. Therefore, early-phase insulin secretion, pan-
creatic B-cell reaction to postprandial glucose tolerance, and
peripheral insulin sensitivity play an important role in delaying
glucose peak time and gradually increasing 2hPG during
OGTT.

Otherwise, age was the only covariate correlated with the
delayed glucose peak time in our research. Studies have shown
that first- and second-phase insulin secretion stimulated by glu-
cose decrease with aging, not only in individuals with NGT
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and impaired glucose tolerance®, but also in type 2 diabetes
mellitus patients*. Thus, the failure of pancreatic B-cell func-
tion caused by aging contributed to the delayed glucose peak
time.

In the present study, the AUC of glucose and HbAlc
increased gradually with delayed glucose peak time. The peak
times of glucose and 2hPG of the four diabetes groups (P60,
P90, P120, P150) also gradually increased, implying that glucose
toxicity and excursion increased in severity in the four diabetes
groups along with the delay in glucose peak time. Glucose toxi-
city is a glucose metabolism disorder that affects insulin sensi-
tivity and secretion, and contributes to type 2 diabetes mellitus
development™*>*°, Hyperglycemia is associated with chronic
diabetic complications® . Postprandial hyperglycemia and
glucose excursion, which lead to inflammation, oxidative stress
and endothelia dysfunction, are predictors of microvascular and
macrovascular complications*®*. Based on these and our find-
ings, we speculated that delayed glucose peak time might be
associated with the occurrence of chronic diabetic complica-
tions. Therefore, we plan to study the relationship further in a
follow-up visit of the participants.

Studies have shown that poorly controlled glucose levels in
diabetes are associated with changes in gastric emptying®*’.
Diabetic gastroparesis and accelerated gastric emptying occur in
early or long-term diabetes**. Dedik et al*> reported that gas-
tric emptying influences the shape of the glucose curve. In their
study, disturbances in glucose metabolism increased in severity
along with delayed glucose peak time. Furthermore, incretin
secretion can amplify early-phase insulin secretion after OGTT,
but this effect is reduced in diabetes patients*®. Thus, diabetic
gastroparesis, accelerated gastric emptying and decreased incre-
tin secretion are likely correlated with delayed glucose peak
time. However, the study did not investigate the influence of
gastric emptying and endogenous incretin. Therefore, further
research is required to elucidate the association between gastric
emptying and the different glucose peak times of the monopha-
sic curve.

The present study had some limitations. First, this is a cross-
sectional study, future longitudinal studies should be carried
out to confirm our findings. Second, the study’s sample size
was relatively small. Finally, the biphasic and unclassified curves
were not observed. Thus, we plan to investigate this further in
a follow-up study.

In conclusion, the delay in glucose peak time in individuals
with NGT and type 2 diabetes mellitus patients showed gradual
aggravations in glucose metabolism, and a decrease in insulin
sensitivity and secretion. Furthermore, the differences in early-
phase insulin secretion and insulin sensitivity and secretion
after glucose tolerance in type 2 diabetes mellitus patients con-
tributed to the delayed glucose peak time.
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