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It has been widely recognized that insulin sensi-
tivity decreases as pregnancy advances, reaching the 
nadir in the third trimester [1].  When insulin secretion 
fails to compensate for the escalated insulin needs dur-
ing pregnancy, pregnant women are diagnosed to have 
gestational diabetes mellitus (GDM)[2].  To date, stud-
ies on glucose metabolism in pregnant women have 
shown impaired beta cell function in GDM [3, 4, 5].  
As a consequence, beta cell dysfunction is thought to 
be a potential etiology of GDM [6].
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Abstract.  The aim of this study is to investigate glucose metabolism longitudinally during pregnancy to explore mechanisms 
underlying gestational diabetes mellitus (GDM).  We reviewed a total of 62 pregnant Japanese women who underwent a 
75g oral glucose tolerance test (OGTT) twice during pregnancy (median: early, 13; late, 28 weeks’ gestation) because of 
positive GDM screening.  All showed normal OGTT results in early pregnancy.  Based on late OGTT, 15 had GDM (late-
onset GDM) and 47 normal glucose tolerance (NGT).  In early pregnancy, there were no significant differences in insulin 
sensitivity (insulin sensitivity index derived from OGTT [ISOGTT ] and homeostasis model assessment for insulin resistance 
[HOMA-IR]) and insulin secretion (a ratio of the total area-under-the-insulin-curve to the total area-under-the-glucose-
curve [AUCins/glu] and insulinogenic index [IGI]) between the NGT and late-onset GDM groups.  In each group, insulin 
sensitivity significantly decreased from early to late pregnancy, most in the late-onset GDM group (each p < 0.05).  The 
insulin secretion showed no significant changes with advancing pregnancy in both of the groups, although late-onset GDM 
showed significantly lower IGI compared with NGT in late OGTT (p < 0.05).  When assessed beta cell function by OGTT-
derived disposition index (i.e. Insulin Secretion-Sensitivity Index-2 and IGI/fasting insulin), the indices significantly 
decreased from early to late pregnancy in the both groups (each p < 0.05).  Women with late-onset GDM showed significantly 
lower indices compared with NGT (each p < 0.05).  The failure of beta cell to compensate for decreased insulin sensitivity 
could contribute to the development of the late-onset GDM.
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Several prospective studies in Caucasian popula-
tion have demonstrated that beta cell function could 
deteriorate from early to late pregnancy in women 
with normal glucose tolerance as well as GDM [1, 7].  
Especially, women diagnosed with GDM in late preg-
nancy (i.e. late-onset GDM) showed marked decline in 
beta cell function during pregnancy [3, 5].  This obser-
vation might be one explanation that women with 
a history of GDM are at high risk for the future glu-
cose intolerance (i.e. type 2 diabetes) on a background 
of chronic insulin resistance.  However, data on lon-
gitudinal changes in glucose metabolism of pregnant 
Japanese women are unavailable because only cross-
sectional studies have been reported [5].  

In the current study, we retrospectively examined 
the glucose metabolism of pregnant Japanese women.  
Using a cohort of pregnant women undergoing oral 
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sal screening.  If the GCT result exceeded 140 mg/dL, 
the diagnostic 75-g OGTT (i.e. late OGTT) was then 
performed.

During the study period between 2004 and 2010, 
GDM was diagnosed according to the former criteria 
defined by the Japan Diabetes Society (JDS) if two or 
more values reached or exceeded the following thresh-
olds: fasting, 100 mg/dL; 1 h, 180 mg/dL; 2 h, 150 mg/
dL [8].  Plasma glucose and insulin levels were mea-
sured by a glucose oxidase method and enzyme immu-
noassay, respectively.  The normal glucose tolerance 
(NGT) group comprised women with normal OGTT 
results in spite of positive GDM screen.

Assessment of insulin sensitivity, insulin secretion 
and beta cell function

Insulin sensitivity and insulin secretion were evalu-
ated using measurements from the diagnostic OGTT.  
The insulin sensitivity was estimated by the homeostasis 
model assessment of insulin resistance (HOMA-IR) and 
the whole-body insulin sensitivity index derived from the 
OGTT (ISOGTT).  The HOMA-IR was calculated as fast-
ing plasma glucose (mg/dL) x plasma insulin (mU/L) / 
405, and the ISOGTT was calculated by the following for-
mula: 10,000 / square root {Glu0 x Ins0 x (Glu0 + Glu60 
x 2 + Glu120) x 0.5 x (Ins0 + Ins60 x 2 + Ins120) x 0.5}, 
where Gluy and Insy represent plasma glucose (mg/dL) 
and insulin values (mU/L), respectively, at time y min 
during the OGTT[9].  Insulin secretion was assessed by 
the insulinogenic index (IGI: {Ins30 – Ins0} / {Glu30 – 
Glu0}) and the ratio of the total area under the insulin 
curve to the total area under the glucose curve (AUC 
ins/glu) during the OGTT.  To evaluate beta cell func-
tion, we calculated the OGTT-derived disposition index 
(DIo) using the following measures: Insulin Secretion-
Sensitivity Index-2 (ISSI-2: the AUC ins/glu multiplied by 
ISOGTT) and IGI/fasting insulin [5, 10-12].  

Statistical analysis
Data were presented as mean ± SD in text and tables, 

and illustrated as mean ± SEM in figures.  Continuous 
variables were tested for normality of distribution and 
were compared between the groups using the unpaired 
Student’s t test.  Changes in indices of insulin sensitiv-
ity, insulin secretion, and beta cell function between the 
early and late OGTT within each study group (i.e. the 
NGT and late-onset GDM) were assessed by the paired 
Student’s t test.  Categorical variables were presented 
as proportions and were assessed with the χ2 test or 

glucose tolerance test (OGTT) twice in early and late 
pregnancy, alterations in indices of insulin sensitivity, 
insulin secretion, and beta cell function were exam-
ined.  Furthermore, the indices in early and late preg-
nancy were compared between those with and without 
late-onset GDM.

Methods

Subjects
We conducted a retrospective cohort study of 62 

consecutive pregnant Japanese women who underwent 
the diagnostic OGTT between 2004 and 2010.  Each 
woman met the following criteria: 1) normal OGTT 
results after the universal early testing based on high-
risk characteristics (i.e. early OGTT), 2) positive GDM 
screening using glucose challenge test (GCT) between 
24 and 27 weeks of gestation.  All women were cared 
for at the perinatal unit of Keio University Hospital.  
The gestational age was confirmed in the first trimester 
by crown-rump length measurements.  Excluded from 
this study were women with multiple pregnancies and 
women whose neonates exhibited congenital anoma-
lies.  The research was performed in accordance with 
the Declaration of Helsinki and informed consent was 
obtained from patients where appropriate.  The insti-
tutional review board at Keio University School of 
Medicine approved the study.

GDM screening and glucose tolerance test
In our hospital, each woman underwent a two-step 

screening for GDM: universal testing and a standard 
1 h, 50-g GCT in early and late pregnancy, respec-
tively.  The universal early testing included the clinical 
risk factors, as follows: 1) pregestational obesity (BMI 
≥ 25), 2) past history of gestational diabetes, 3) past 
history of macrosomia (birth weight ≥ 4,000g), and 4) 
family history of diabetes.  If woman has any of the 
clinical risk factors at early prenatal visit, the diagnostic 
75-g OGTT (i.e. early OGTT) was performed as soon 
as feasible after confirming that the random plasma glu-
cose level did not exceed 200 mg/dL.  The OGTT was 
performed after a 12 h overnight fast.  Venous blood 
samples for measurement of plasma glucose levels and 
insulin concentrations were drawn in the fasting state 
and at 30 min, 1 h and 2 h after ingestion of the glu-
cose drink.  Women with the negative early testing or 
normal OGTT results underwent a standard 1 h, 50-g 
GCT between 24 and 27 weeks of gestation as a univer-
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In early OGTT, plasma glucose levels at 60 and 
120 min in the late-onset GDM group was signifi-
cantly higher than those in the NGT group (Table 2).  
With regard to late OGTT, the late-onset GDM group 
showed significantly higher levels of plasma glucose at 
all time points, compared with the NGT group.  When 
analyzed the insulin profiles, fasting insulin levels in 
late OGTT significantly increased compared with early 
OGTT in both of the NGT and late-onset GDM groups.  
In late OGTT, levels of plasma insulin concentration 
at 120 min were significantly higher in the late-onset 
GDM group than those in the NGT group.

Changes in insulin sensitivity, insulin secretion and 
beta cell function during pregnancy

In early OGTT, the ISOGTT and HOMA-IR were 
comparable between the NGT and late-onset GDM 
groups.  The ISOGTT significantly decreased from early 
to late OGTT in the NGT as well as late-onset GDM 

Fisher’s exact test.  Statistical analysis was performed 
using the SPSS (version 19.0, IBM, Chicago, IL, USA).  
p <0.05 was considered as statistically significant. 

Results

Maternal demographic characteristics and 75g-
OGTT profiles

Of 62 women, 15 were diagnosed to have GDM 
with late OGTT (i.e. the late-onset GDM group) and 47 
showed the normal OGTT results (i.e. the NGT group).  
There were no significant differences in maternal age, 
a history of GDM, family history of diabetes, and ges-
tational weeks at OGTT between the NGT and late-on-
set GDM groups (Table 1).  Maternal body weight gain 
was comparable between the two groups, although pre-
gravid body weight and BMI in the late-onset GDM 
group were significantly lower than those in the NGT 
group (p < 0.05).  

Table 1  Maternal demographic characteristics
NGT

(n = 47)
Late-onset GDM

(n = 15)
Age (years) 37 ± 5 38 ± 4
Parous (%) 25.5 33.3
Prior GDM (%) 6.8 7.1
Family history of diabetes (%) 31.1 40.0
Pregravid body weight (kg) 63.5 ± 11.1 50.6 ± 11.3*
Pregravid BMI 25.2 ± 4.4 20.3 ± 4.6*
Gestational weeks at early OGTT (weeks) 14 ± 4 14 ± 4
Gestational weeks at late OGTT (weeks) 28 ± 3 29 ± 3
Body weight at late OGTT (kg) 68.5 ± 9.9 56.4 ± 9.9*
Body weight gain by late OGTT (kg) 5.2 ± 4.4 4.3 ± 1.9

NGT; normal glucose tolerance; GDM; gestational diabetes mellitus. * p < 0.05 vs. the NGT group.

Table 2  Plasma glucose and insulin profiles of early and late OGTT
NGT (n = 47) Late-onset GDM (n = 15)

early OGTT late OGTT early OGTT late OGTT
Plasma glucose (mg/dL)

0 min 84 ± 7 84 ± 7 85 ± 7 91 ± 9*#
30 min 141 ± 18 140 ± 17 150 ± 13 156 ± 12*
60 min 143 ± 25 155 ± 20§ 159 ± 12* 189 ± 11*#
120 min 129 ± 21 130 ± 17 150 ± 23* 176 ± 26*#

Insulin (mU/L)
0 min 8.0 ± 4.7 9.2 ± 3.8§ 8.7 ± 8.1 11.7 ± 8.8#
30 min 64.8 ± 26.2 65.7 ± 27.2 60.7 ± 33.4 53.1 ± 23.8
60 min 72.9 ± 37.5 79.8 ± 34.5 69.2 ± 39.3 77.5 ± 42.4
120 min 69.3 ± 54.2 72.2 ± 42.0 75.3 ± 48.5 104.4 ± 64.9*#

NGT; normal glucose tolerance, GDM; gestational diabetes mellitus, * p < 0.05 vs. the NGT group, § p 
<0.05 for late vs. early OGTT of the NGT group, # p < 0.05 for late vs. early OGTT of the GDM group. 
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There were no significant differences in AUCins/glu 
and IGI between NGT and late-onset GDM in early 
OGTT.  The AUCins/glu was comparable between early 
and late OGTT in the NGT as well as late-onset GDM 
groups (Fig. 1C).  The IGI showed no significant differ-
ences between early and late OGTT in both of the NGT 
and late-onset GDM groups, although the late-onset 
GDM group showed significantly lower IGI compared 
with the NGT group in late OGTT (Fig. 1D).  

Beta cell function was assessed by validated DIo 
(i.e. ISSI-2 and IGI/fasting insulin, Fig. 1E and F).  
The ISSI-2 and IGI/fasting insulin at late OGTT signif-

groups (p < 0.05, Fig. 1A).  Consistent with this obser-
vation, HOMA-IR significantly increased in late OGTT 
compared with early OGTT in both of the groups (p 
< 0.05), most in the late-onset GDM group (Fig. 1B).  
In the NGT group, pregravid obese women (n = 27) 
showed significantly lower levels of ISOGTT and higher 
levels of HOMA-IR compared with non-obese subjects 
in early and late OGTT (each p < 0.05).  With regard to 
early and late OGTT results of late-onset GDM, levels 
of ISOGTT and HOMA-IR in pregravid obese women (n 
= 5) were significantly lower and higher than those in 
non-obese subjects, respectively (each p < 0.05).

Fig. 1	 Insulin sensitivity (A and B), insulin secretion (C and D) and beta cell function (E and F) of early and late OGTT in women 
with normal glucose tolerance (NGT) and those with late-onset gestational diabetes (late-onset GDM). * p <0.05 vs. the NGT 
group, + p <0.05 for late vs. early OGTT of the NGT group, # p <0.05 for late vs. early OGTT of the late-onset GDM group.
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lower levels of IGI compared with those with NGT at 
late OGTT.  In the Caucasian population, studies on 
insulin secretion using the intravenous glucose toler-
ance test revealed that a decrease in early-phase insulin 
response contributes to the development of late-onset 
GDM [15].  The IGI is one of the OGTT-derived mea-
sures for the early-phase insulin secretion [10].  Similar 
to the Caucasian population, defective early phase of 
insulin response could be associated with late-onset 
GDM in Japanese women.

The beta cell function assessed by DIo significantly 
decreased from early to late OGTT in the NGT and late-
onset GDM groups, with greater deterioration in the 
late-onset GDM group.  In our previous investigation, 
beta cell dysfunction was demonstrated in Japanese 
women with late-onset GDM [5], which is similar to 
Caucasian population [6].  However, alterations in beta 
cell function during pregnancy in women with late-on-
set GDM were not investigated.  Therefore, we exam-
ined the longitudinal changes in ISSI-2 and IGI/fasting 
insulin in the current study.  In this investigation, both 
of two measures of beta cell function significantly dete-
riorated during pregnancy in late-onset GDM.  As was 
found in the assessment of insulin secretion, women 
with late-onset GDM showed lower levels of IGI com-
pared with NGT.  Both of the defective initial insulin 
response and impaired beta cell function seemed asso-
ciated with late-onset GDM, as are reported in type 2 
diabetes [16].  Additionally, we found beta cell dys-
function in women with GDM detected early pregnancy 
using DIo (unpublished data).  Taken all together, beta 
cell dysfunction seems characteristic of early- and late-
onset GDM.

Similar to women with late-onset GDM, those with 
NGT showed decline in beta cell function from early to 
late OGTT.  In this study, the NGT group comprised of 
women with normal OGTT results in early and late preg-
nancy.  However, those have positive screen for GDM.  
It has been reported that a milder degree of glucose 
intolerance in pregnancy (i.e. abnormal GCT with nor-
mal OGTT) is related with the future risk of pre-diabetes 
or diabetes [17].  Our results suggest that those with pos-
itive GDM screen are at risk of beta cell dysfunction on 
a background of decreased insulin sensitivity.

The main limitation of this study is that the number 
of women examined was small.  Since we reviewed 
clinical data of women who underwent the diagnos-
tic OGTT twice during pregnancy because of posi-
tive GDM screening, the number of subjects was lim-

icantly decreased compared with those at early OGTT 
in the NGT as well as late-onset GDM groups (p < 
0.05).  Women with late-onset GDM showed signifi-
cantly lower levels of ISSI-2 and IGI/fasting insulin 
compared with NGT (p < 0.05).  

Discussion

The present study demonstrated that 1) beta cell 
function evaluated using DIo significantly decreased 
from early to late pregnancy, most in women with late-
onset GDM, 2) the possible mechanism of decline in 
beta cell function during pregnancy could be ascribed 
to insufficient compensatory increase in insulin secre-
tion against marked decrease in insulin sensitivity.  To 
date, no studies on longitudinal assessment of glucose 
metabolism during pregnancy in Japanese women have 
been reported.

Insulin sensitivity decreases with advancing gesta-
tion, especially in late pregnancy [1].  It has also been 
reported that women with GDM have lower insulin 
sensitivity than those with body weight-matched nor-
mal glucose tolerance [2, 3, 5].  In this study, insulin 
sensitivity assessed by ISOGTT and HOMA-IR signifi-
cantly deteriorated in late OGTT compared with early 
OGTT in both of the late-onset GDM and NGT group.  
There were no significant differences in maternal base-
line characteristics between the late-onset GDM and 
NGT groups, except that pregravid BMI in the late-
onset GDM group were significantly lower than those 
in the NGT group.  However, body weight gain from 
early to late OGTT was comparable between the two 
groups.  Peripheral tissues, probably skeletal muscle, 
are primarily responsible for disposal of glucose [13, 
14].  Therefore, the reduced skeletal muscle mass could 
be possible contributors to decreased insulin sensitivity.  
This might be associated with our findings that insulin 
sensitivity in early pregnancy was comparable between 
the NGT and late-onset GDM groups, although women 
with late-onset GDM were leaner than those with NGT.  
Further studies will be needed to clarify factors related 
to alterations in insulin sensitivity in late-onset GDM.

Albeit decreased insulin sensitivity in late pregnancy, 
insulin secretion assessed by AUCins/glu and IGI did not 
change from early to late OGTT in the NGT as well 
as late-onset GDM groups.  Consistent with our find-
ings, several studies have shown the minimal increase 
in insulin secretion from early to late pregnancy[1, 2, 
7].  Of interest, women with late-onset GDM showed 
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dinal study of 553 normal pregnancies. Eur J Endocrinol 
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women [20, 21].  Consistent with previous findings 
[10, 12], the relationship between IGI and fasting insu-
lin was also hyperbolic in a study cohort of our previ-
ous report, although ISSI-2 showed more satisfactory 
results about the hyperbolic criteria (unpublished data).  
The hyperbolic relationship of ISSI-2 was reproducible 
in this study population (i.e. β: NGT, -0.8, 95% CI -0.6 
to -0.9; GDM: -0.8, 95% CI -0.5 to -0.9).  Nonetheless, 
because of the small sample size of this study, further 
investigation using a larger cohort is needed.

To our knowledge, this is the first report on longi-
tudinal alterations in glucose metabolism during preg-
nancy in Japanese women.  We have demonstrated a 
marked decline in beta cell function in women who 
developed the late-onset GDM, with the underlying 
mechanism of inadequate increase in insulin secre-
tion against decreased insulin sensitivity.  Additionally, 
adaptive increase in insulin secretion was minimal and 
beta cell function could deteriorate during pregnancy 
in women with positive screen for GDM.  Our data 
imply that women with gestational glucose intolerance 
are likely to develop beta cell dysfunction on a back-
ground of chronic insulin resistance.
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ited.  To confirm our findings, studies using a larger 
cohort of pregnant Japanese women should be per-
formed.  The second limitation was that this study was 
conducted using a cohort of tertiary hospital patients in 
urban area of Japan.  Therefore, most women examined 
were over the age of 35.  Since beta cell function could 
decline with advancing age [18, 19], some may argue 
that advanced maternal age could have influence on the 
results.  With regard to analysis performed in this study, 
maternal age was comparable between those with NGT 
and late-onset GDM.  However, we should be cautious 
in interpreting absolute values of index examined.  It 
might be of interest to investigate changes in meta-
bolic phenotype of younger pregnant women.  Finally, 
beta cell function (i.e. ISSI-2 and IGI/fasting insulin) at 
early OGTT was not associated with the development 
of GDM at late OGTT in our study population (data 
not shown).  Because of the observational nature of this 
study, it is difficult to determine whether beta cell dys-
function is a cause or consequence of the development 
of late-onset GDM.

The DIo is valid when the relationship between insu-
lin sensitivity and insulin secretion is expressed as a 
hyperbolic curve [12].  Using a model of log (secre-
tion measures) = constant + β × log (sensitivity mea-
sures), a hyperbolic relationship can be established if 
β is approximately equal to -1, with 95% CI excluding 
0.  In our previous study cohort including a part of the 
present study population, mathematical measures have 
shown the hyperbolic relationship between insulin secre-
tion (AUCins/glu) and sensitivity (ISOGTT) in both of the 
NGT and late-onset GDM groups in pregnant Japanese 
women [5, 11], as was found in pregnant Caucasian 
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