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ABSTRACT
Introduction To evaluate the single association of 
postpartum β-cell dysfunction and insulin resistance (IR), 
as well as different combinations of postpartum β-cell 
dysfunction, IR, obesity, and a history of gestational 
diabetes mellitus (GDM) with postpartum type 2 diabetes 
risk.
Research design and methods The study included 1263 
women with prior GDM and 705 women without GDM. 
Homeostatic model assessment was used to estimate 
homeostatic model assessment of β-cell secretory 
function (HOMA-%β) and homeostatic model assessment 
of insulin resistance (HOMA- IR).
Results Multivariable- adjusted ORs of diabetes across 
quartiles of HOMA-%β and HOMA- IR were 1.00, 1.46, 
2.15, and 6.25 (ptrend <0.001), and 1.00, 2.11, 5.59, and 
9.36 (ptrend <0.001), respectively. Women with IR only had 
the same diabetes risk as women with β-cell dysfunction 
only. Obesity, together with IR or β-cell dysfunction, had 
a stronger effect on diabetes risk. This stronger effect 
was also found for a history of GDM with IR or β-cell 
dysfunction. Women with three risk factors, including 
obesity, a history of GDM and β-cell dysfunction/IR, 
showed the highest ORs of diabetes.
Conclusions β-cell dysfunction or IR was significantly 
associated with postpartum diabetes. IR and β-cell 
dysfunction, together with obesity and a history of GDM, 
had the highest ORs of postpartum diabetes risk.

INTRODUCTION
Gestational diabetes mellitus (GDM) is 
paralleling the obesity epidemic and charac-
terized by any degree of carbohydrate intol-
erance with onset during pregnancy and 
without previously known diabetes among 
women. Women with a history of GDM have 
an approximately 7.4 higher risk of devel-
oping postpartum diabetes than those who 
have normal glucose tolerance during preg-
nancy.1 2 Epidemiological evidence suggests 
that the prevalence of GDM has increased in 
all ethnicity groups.3 In China, some studies 
reported that there was a dramatic increase 

in the prevalence of GDM from 2.4% in 1999 
to 8.2% in 2012.4 5

Some studies have indicated that insulin 
response to oral glucose among women with 
GDM during pregnancy is lower than that in 
women with normal glucose tolerance during 
pregnancy, while these women have signifi-
cantly higher mean values of plasma glucose. 
Furthermore, peak plasma insulin concen-
trations in women with GDM occur later 
than those in women with normal glucose 
tolerance during pregnancy and a reduced 
first- phase insulin response to intravenous 
glucose can be observed in women with 
GDM.6 7 Several epidemiological studies have 
also reported a persistent defect in β-cell func-
tion after delivery and weight gain during the 
first several years after delivery. A significantly 

Significance of this study

What is already known about this subject?
 ► Postpartum β-cell dysfunction, insulin resistance (IR) 
and obesity are all associated with postpartum type 
2 diabetes. However, very few studies have exam-
ined the joint association of β-cell dysfunction, IR, 
obesity, and a history of gestational diabetes mellitus 
(GDM) with the risk of postpartum type 2 diabetes.

What are the new findings?
 ► β-cell dysfunction or IR was significantly associated 
with postpartum diabetes. IR and β-cell dysfunction, 
together with obesity and a history of GDM, had 
stronger effects on postpartum diabetes risk.

How might these results change the focus of 
research or clinical practice?

 ► Interventions for maintaining a healthy lifestyle and 
normal weight status among women with and with-
out GDM during the early postpartum period might 
be the key point for reducing the risk of obesity, IR, 
and type 2 diabetes.
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declining β-cell compensation for insulin resistance (IR) 
after delivery results in a higher postpartum diabetes risk 
among women with a history of GDM. Evidence from 
many large studies indicates that obesity is associated 
with an increased risk of type 2 diabetes.8 9 Our recent 
study has found that prior GDM and prepregnancy or 
postpartum obesity contribute equally to postpartum 
diabetes.10 Numerous findings have solidified that obesity 
causes peripheral tissue resistance to insulin’s actions, 
which raises blood glucose levels and then stimulates 
islet β-cell insulin secretion.11 However, very few studies 
examined the joint association of β-cell dysfunction, IR, 
obesity, and a history of GDM with the risk of postpartum 
type 2 diabetes. Therefore, our study aimed to evaluate 
single effects of postpartum β-cell dysfunction and IR, 
and joint effects of postpartum β-cell dysfunction, IR, 
obesity, and a history of GDM on diabetes risk.

DESIGN AND METHODS
Tianjin GDM screening project
The study subjects were living in Tianjin, a municipality 
directly adjacent to the sea. A total of 4.3 million resi-
dents were living in six central urban districts. Since 
1999, the pregnant women living in the urban regions 
in Tianjin have been recruited into a two- step GDM 
screening program launched by Tianjin Women’s 
and Children’s Health Center. The screening rate was 
reported to be more than 91% from 1999 to 2008.5 The 
center conducted a 1- hour 50 g glucose screening test 
at 26–30 gestational weeks, and the gestational women 
who had a 1- hour glucose level over 7.8 mmol/L 
would experience another 2- hour 75 g oral glucose 
tolerance test (OGTT). According to the 1999 WHO 
criteria, women were diagnosed with GDM when the 
2- hour 75 g OGTT result confirmed either diabetes 
(fasting glucose of ≥7 mmol/L or 2- hour glucose of 
≥11.1 mmol/L) or impaired glucose tolerance (2- hour 
glucose of ≥7.8 and<11.1 mmol/L).12

Study samples
A total of 76 325 women participated in the Tianjin 
GDM screening project between 2005 and 2009; 4644 
women (6.1%) were screened for GDM, and 71 681 
women were free from GDM. During 1–5 years after 
delivery, all 4644 women with GDM were invited 
to participate in a baseline survey for the Tianjin 
Gestational Diabetes Mellitus Prevention Program 
(TGDMPP) between August 2009 and July 2011.13–15 
Finally, 1263 women with GDM completed the baseline 
survey, and 83 women were newly diagnosed with type 
2 diabetes after a 75 g OGTT. A total of 1180 women 
with GDM without baseline diabetes were randomly 
assigned to either a 4- year lifestyle intervention 
(n=586) or a control group (n=594). In year 1 or year 
2 of the TGDMPP follow- up survey, we added one non- 
GDM normal control group. We randomly selected 

580 GDM mother–child pairs who finished the year 1 
or year 2 follow- up survey and 83 children of women 
with GDM who were newly diagnosed with diabetes 
at baseline as the GDM case group. In parallel, we 
simultaneously and randomly recruited 705 non- GDM 
mother–child pairs from 71 681 women without GDM 
who finished the GDM screening at the same period 
with age and sex frequency matched to 663 children 
of the GDM case group. The clinical examination’s 
procedure, items and timing for non- GDM mother–
child pairs were almost the same as those for the GDM 
mother–child pairs.16 The flowchart was presented in 
online supplementary figure 1. In the present analysis, 
we only assessed the mothers.

Questionnaires and examinations
All participants filled in a questionnaire about their social 
demographics (age, education, marital status, family 
income, and occupation), history of GDM (values of 
fasting and 2- hour glucose in the OGTT and treatment of 
GDM during the pregnancy), family history of diabetes, 
medical history (hypertension, diabetes, and hyper-
cholesterolemia), pregnancy outcomes (prepregnancy 
weight, gestational weight gain, and number of children), 
dietary habits (a self- administered Food Frequency Ques-
tionnaire (FFQ) to measure the frequency and quantity 
of intake of 33 major food groups and beverages during 
the past year),17 alcohol intake, smoking habits, passive 
smoking, and physical activity (the frequency and dura-
tion of leisure time and sedentary activities) at the post-
partum baseline survey. They also completed the 3- day 
24- hour food records using methods for dietary record 
collections taught by a dietician. The performance of 
3- day 24- hour food records, the FFQ17 and the aforemen-
tioned questionnaire on assessing physical activity, were 
validated in the China National Nutrition and Health 
Survey in 2002.

Anthropometric variables such as body weight and 
height were measured for all women using the stan-
dardized protocol by specially trained research doctors. 
Postpartum baseline body mass index (BMI) was calcu-
lated by current weight in kilogram divided by the 
square of height in meter. According to the Chinese 
BMI classification standard,18 BMI was classified into 
three categories: normal weight (<24 kg/m2), over-
weight (24.0–27.9 kg/m2), and obesity (≥28 kg/m2). 
Body fat was measured by using the Body Composi-
tion Analyzer (SC-240, Tanita, Tokyo, Japan), and the 
accuracy was validated as being acceptable with dual- 
energy X- ray absorptiometry.19 Fasting blood samples 
were collected after 8–12 hours of fasting overnight. 
Participants were given a standard 75 g glucose solu-
tion. The plasma glucose was measured 0 and 2 hours 
after administration during the OGTT on an auto-
matic analyzer (Toshiba TBA120FR, Japan). Insulin was 
measured with chemiluminescence using a Siemens 
ADVIA Centaur CP Immunoassay System.
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Definition of postpartum type 2 diabetes
Based on the WHO’s criteria, diabetes is defined as 
fasting plasma glucose of ≥7.0 mmol/L and/or 2- hour 
plasma glucose of ≥11.1 mmol/L.20

Markers of β-cell function and IR
The homeostatic model assessment of insulin resistance 
(HOMA- IR) index was calculated with the following 
formula: [fasting plasma insulin×fasting plasma glucose 
(mmol/L)]/22.5.21 The homeostatic model assessment 
of β-cell function (HOMA-%β) was calculated as the 
product of 20 and the basal insulin levels divided by the 
value of basal glucose concentrations minus 3.5.21 IR and 
β-cell dysfunction were defined as the upper quartile 
of HOMA- IR and lower quartile of HOMA-%β among 
women without GDM, respectively.

Statistical analyses
Means and SDs or proportions were presented among 
women with and without GDM. We used the standard 
t- test and χ2 test to compare the two groups for contin-
uous variables and categorical variables, respectively. 
Logistic regression was used to estimate ORs of diabetes 
according to single or joint effects of HOMA- IR, HOMA-
%β, obesity, and a history of GDM. HOMA- IR was cate-
gorized by quartile: <1.44 (reference group), 1.44–2.02, 
2.03–2.78, and ≥2.79; HOMA-%β was categorized by 
quartile: ≥146.3 (reference group), 103.6–146.2, 74.7–
103.5, and <74.7; BMI was assessed in three categories: 
normal weight (BMI<24 kg/m2), overweight (BMI 24.0–
27.9 kg/m2) and obesity (≥28 kg/m2) according to the 
Chinese obesity criteria.22 Different levels of HOMA- IR 
and HOMA-%β were included in the models as dummy 
variables, and the significance of the trend quartiles of 
HOMA- IR and HOMA-%β was tested in the same models 
by giving an ordinal numerical value for each dummy 
variable. All analyses were adjusted for age (model 1) 
and further for education, family income, family history 
of diabetes, current smoking, passive smoking, current 
alcohol drinking, leisure- time physical activity, sleeping 
time, energy intake, fiber, fat, protein and carbohydrate 
consumption, sweetened beverage drinking, weight gain 
during pregnancy, postpartum time, lactation duration, 
lactation intensity, GDM status, BMI, and other variables 
for stratification (model 2). A p value of <0.05 was consid-
ered statistically significant. All analyses were performed 
with IBM SPSS Statistics V.25.0.

RESULTS
In total, 1263 women with a history of GDM and 705 
women without GDM participated in the study. Of these 
women, 83 diabetes cases were identified in women with 
GDM and 10 diabetes cases were diagnosed in women 
without GDM. The baseline characteristics of the study 
participants are presented in table 1.

Compared with women without GDM, women with 
GDM were older at the delivery but slightly younger at the 

baseline survey, had less weight gain during pregnancy, 
and reported a shorter lactation duration. The post-
partum BMI, waist circumference, and body fat were all 
significantly higher among women with a history of GDM 
compared with those among women without GDM. In 
the aspect of glucose tolerance, the present study showed 
significant differences between women with and without 
GDM in fasting glucose, 2- hour glucose, glycated hemo-
globin, and HOMA-%β levels, as expected. Compared 
with women without GDM, women with prior GDM had 
lower education levels and family income.

HOMA-%β was inversely associated with postpartum 
diabetes and HOMA- IR was positively associated with 
postpartum diabetes (table 2).

The multivariable- adjusted (age, education, family 
income, family history of diabetes, current smoking, 
passive smoking, current alcohol drinking, leisure- time 
physical activity, sleeping time, energy consumption, 
fiber, fat, protein and carbohydrate consumption, sweet-
ened beverage drinking, weight gain during pregnancy, 
postpartum time, lactation duration, lactation intensity, 
GDM status, and BMI) ORs of diabetes across quartiles of 
HOMA-%β (≥146.3, 103.6–146.2, 74.7–103.5, and <74.6) 
and HOMA- IR (<1.44, 1.44–2.02, 2.03–2.78, and ≥2.79) 
were 1.00, 1.46 (95% CI 0.59 to 3.66), 2.15 (95% CI 0.89 
to 5.22), and 6.25 (95% CI 2.86 to 13.7) (p value for 
trend <0.001), and 1.00, 2.11 (95% CI 0.83 to 5.35), 5.49 
(95% CI 2.35 to 12.9), and 9.36 (95% CI 4.08 to 21.5) (p 
for trend <0.001), respectively.

The joint effects of any two risk factors of β-cell dysfunc-
tion, IR, postpartum obesity, and a history of GDM on the 
risk of diabetes are presented in table 3.

Compared with normal- weight women with normal 
β-cell function, the multivariable- adjusted ORs of 
diabetes among normal- weight women with β-cell 
dysfunction, overweight women with normal β-cell func-
tion, overweight women with β-cell dysfunction, obese 
women with normal β-cell function, and obese women 
with β-cell dysfunction were 3.89 (95% CI 1.27 to 11.9), 
3.73 (95% CI 1.17 to 11.9), 18.9 (95% CI 6.15 to 58.5), 
12.8 (95% CI 4.14 to 39.4) and 62.5 (95% CI 18.4 to 212), 
respectively. Compared with normal- weight women with 
good insulin sensitivity, the multivariable- adjusted ORs 
of diabetes among normal- weight women with IR, over-
weight women with good insulin sensitivity, overweight 
women with IR, obese women with good insulin sensi-
tivity, and obese women with IR were 11.5 (95% CI 4.43 
to 30.0), 4.12 (95% CI 1.96 to 8.64), 7.07 (95% CI 3.10 to 
16.1), 7.09 (95% CI 2.85 to 17.7) and 18.5 (95% CI 8.68 
to 39.3), respectively. In comparison with women without 
GDM with normal β-cell function or good insulin sensi-
tivity, the OR of diabetes among women without GDM 
with β-cell dysfunction or IR were 0.62 (95% CI 0.07 to 
5.31) and 6.57 (95% CI 1.31 to 32.9), women with GDM 
with normal β-cell function or good insulin sensitivity 
had a 3.46- fold or 23.0- fold risk of diabetes, and women 
with GDM with β-cell dysfunction or IR had a 20.3- fold 
to 64.2- fold risk of diabetes. Multivariable- adjusted ORs 
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Table 1 Characteristics of women with and without GDM

Non- GDM GDM P value

Number of participants 705 1263

Age at delivery (years) 29.7±2.83 30.1±3.50 0.008

Age at baseline (years) 35.4±3.23 32.4±3.52 <0.001

Duration after delivery (years) 5.74±1.19 2.29±0.88 <0.001

Prepregnancy weight (kg) 55.8±8.21 59.4±9.14 <0.001

Weight gain during pregnancy (kg) 18.3±6.67 16.8±5.99 <0.001

Prepregnancy BMI (km/m2) 21.4±2.97 23.1±3.32 <0.001

Postpartum BMI (kg/m2) 22.9±3.68 24.2±3.93 <0.001

Waist circumference (cm) 75.8±8.26 80.6±9.47 <0.001

Body fat (%) 30.8±5.84 33.1±5.82 <0.001

Fasting glucose (mmol/L) 5.23±0.52 5.38±0.97 <0.001

2- hour glucose (mmol/L) 6.14±1.41 7.08±2.49 <0.001

Serum fasting insulin 8.86 (6.27–11.6) 6.91 (4.76–10.2) <0.001

HOMA- IR 2.03 (1.44–2.79) 1.61 (1.08–2.51) <0.001

HOMA-%β 104 (74.7–146) 81.8 (54.3–123) <0.001

HbA1c (mmol/mol) 35±3 38±8 <0.001

HbA1c (%) 5.3±0.2 5.6±0.7 <0.001

Education (%) <0.001

  <13 years 10.4 22.5

  13–16 years 75.5 70.1

  ≥16 years 14.2 7.4

Income (%) <0.001

  ¥<5000/month 5.4 27.5

  ¥5000–8000/month 15.5 36.9

  ¥≥8000 yuan/month 79.1 35.6

Family history of diabetes (%) 27.1 35.7 <0.001

Current smoking (%) 4.0 2.0 0.355

Passive smoking (%) 55.2 53.8 0.572

Current alcohol drinker (%) 32.1 21.8 <0.001

Leisure- time physical activity (%) <0.001

  0 min/day 61.7 78.8

  1–29 min/day 33.8 19.1

  ≥30 min/day 4.5 2.1

Lactation intensity (%)

  Exclusive formula 13.6 14.5

  Mixed feeding 44.4 42.6

  Exclusive feeding 42.0 42.9

Lactation duration (months) 9.88±7.06 8.70±6.23 <0.01

Sleeping time (hours/day) 7.48±0.95 7.81±1.06 <0.01

Energy consumption (kcal/day)* 1627±381 1676±436 0.01

Fiber (g/day) 11.6±4.42 12.2±4.75 0.01

Fat, % of energy 31.1±5.65 33.5±6.34 <0.001

Carbohydrate, % of energy 52.3±6.81 49.5±7.30 <0.001

Protein, % of energy 16.6±2.62 17.0±2.78 0.006

Sweetened beverage drink (%) 77.9 75.5 0.223

*Dietary intakes were assessed by 3- day 24- hour food records.
BMI, body mass index; GDM, gestational diabetes mellitus; HbA1c, glycated hemoglobin; HOMA-%β, homeostatic model assessment of β-cell 
secretory function; HOMA- IR, homeostatic model assessment insulin resistance.
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of diabetes among women with normal β-cell function 
and good insulin sensitivity, women with IR only, women 
with β-cell dysfunction only, and women with both β-cell 
dysfunction and IR were 1.00, 6.86 (95% CI 2.91 to 16.1), 
4.33 (95% CI 1.78 to 10.5), and 285 (95% CI 77.9 to 
1041), respectively. There was no difference in diabetes 
risk between women with IR only and women with β-cell 
dysfunction only.

The joint effects of three risk factors on the risk of 
diabetes are presented in table 4 (β-cell dysfunction/IR, 
postpartum obesity, and a history of GDM) and table 5 
(β-cell dysfunction, IR, and a history of GDM).

Compared with normal- weight women without GDM 
and with normal β-cell function after delivery, women 
with any one risk factor (β-cell dysfunction, postpartum 
obesity, or a history of GDM) had a 0.78- fold to 7.22- fold 
risk of diabetes, women with any two risk factors had an 
8.53- fold to 27.5- fold risk of diabetes, and women with 
all three risk factors had a 45.6- fold to 172- fold risk of 
diabetes. Similarly, women with all three risk factors of 
IR, postpartum obesity, and a history of GDM were asso-
ciated with the highest risk of diabetes (OR 60.1–151), 
followed by women with any two risk factors (ORs 5.52–
114) and women with any one risk factor (ORs 5.56–
8.19), compared with non- obese women without GDM 
and with normal insulin sensitivity. In comparison with 
women with GDM who had normal β-cell function and 
good insulin sensitivity, women with GDM who had both 
β-cell dysfunction and IR showed the highest OR as 342 
(95% CI 84.7 to 1364) of diabetes, followed by women 
with GDM with β-cell dysfunction only (OR 7.60, 95% CI 
3.00 to 18.8) and women with IR only (OR 3.72, 95% CI 
1.42 to 9.81). Women without GDM with different status 

of β-cell function and IR had no significant difference in 
diabetes risk. There were no significant interactions of 
HOMA- IR, HOMA- β%, BMI, and a history of GDM with 
the risk of diabetes (all p values for interaction >0.1).

DISCUSSION
The present study demonstrated that postpartum β-cell 
dysfunction and IR were independently and significantly 
associated with an increased risk of postpartum diabetes. 
Women with IR only had the same diabetes risk as women 
with β-cell dysfunction only. Obesity with IR or with β-cell 
dysfunction had stronger effects on the development of 
postpartum diabetes. Meanwhile, a history of GDM with 
β-cell dysfunction or with IR also had stronger effects on 
the development of postpartum diabetes. Women who 
had a history of GDM and β-cell dysfunction as well as 
IR, and women who had a history of GDM and obesity 
as well as β-cell dysfunction/IR showed the highest risk 
of diabetes.

Epidemiological studies have shown that GDM is now 
becoming the most common pregnancy complication 
with the prevalence of 7%–17% worldwide,3 23 which 
makes it a public health concern. Recent studies have 
shown that a racial difference existed in the risk of post-
partum diabetes after GDM. Black women with GDM 
have the highest risk of developing diabetes,24 and Asian–
Americans with GDM are more likely to develop type 2 
diabetes than non- Hispanic Caucasians with GDM.8 25 
The mechanism may be illustrated by the fact that Asian 
women are more sensitive to metabolic derangement 
at a lower BMI level and that increased BMI levels are 

Table 2 ORs of postpartum diabetes among women according to the different status of HOMA-%β and HOMA- IR

Participants (n) Cases (n)

ORs (95% CIs)

Model 1 Model 2

HOMA-%β (quartiles)

  ≥146.3 381 9 1 1

  103.6–146.2 400 12 1.28 (0.53 to 3.07) 1.46 (0.59 to 3.66)

  74.7–103.5 443 15 1.45 (0.63 to 3.36) 2.15 (0.89 to 5.22)

  <74.7 744 57 3.44 (1.68 to 7.04) 6.25 (2.86 to 13.7)

  P for trend <0.001 <0.001

HOMA- IR (quartiles)

  <1.44 716 9 1 1

  1.44–2.02 443 11 2.03 (0.84 to 4.95) 2.11 (0.83 to 5.35)

  2.03–2.78 384 23 5.08 (2.32 to 11.1) 5.49 (2.35 to 12.9)

  ≥2.79 425 50 10.8 (5.22 to 22.2) 9.36 (4.08 to 21.5)

  P for trend <0.001 <0.001

Model 1 adjusted for age; model 2 adjusted for age, education, family income, family history of diabetes, current smoking, passive smoking, 
current alcohol drinking, leisure- time physical activity, sleeping time, energy consumption, fiber, fat, protein and carbohydrate consumption, 
sweetened beverage drinking, weight gain during pregnancy, postpartum time, lactation duration, lactation intensity, gestational diabetes 
status, and body mass index. HOMA- IR and HOMA-%β are divided by quartile among women without gestational diabetes mellitus.
HOMA-%β, homeostatic model assessment of β-cell secretory function; HOMA- IR, homeostatic model assessment insulin resistance.
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correlated with elevated fasting glucose levels and dimin-
ished insulin sensitivity.26 27

Many studies have demonstrated that weight gain, 
β-cell dysfunction, and IR could contribute to gesta-
tional diabetes during pregnancy and diabetes among 
general people.28 29 A recent study found that central 
obesity was strongly associated with IR, which was calcu-
lated by HOMA- IR, and increased the risk of gestational 
diabetes in early pregnancy.30 Alptekin et al indicated 

that in women with BMI>25.95 kg/m2 and HOMA- 
IR>2.08 during pregnancy, weight loss may help reduce 
the risk of GDM.31 An observation has demonstrated that 
during the first pregnancy trimester, HOMA- IR>2.60 can 
predict GDM.32 In addition, some studies have shown 
that during the pregnancy period, the placenta will 
secrete many cytokines and hormones, considered as 
adipokines33 34 which could lead to a state of peripheral 
IR mainly located in muscle tissue and with a relative 

Table 3 ORs of diabetes according to any two different levels of HOMA-%β, HOMA- IR, postpartum BMI, and gestational 
diabetes

Factor 1 Factor 2 Participants (n) Cases (n)

ORs (95% CI)

Model 1 Model 2

HOMA-%β* BMI (kg/m2)

  ≥74.7 <24 639 4 1 1

  <74.7 <24 537 18 5.51 (1.85 to 16.4) 3.89 (1.27 to 11.8)

  ≥74.7 24–27.9 378 12 5.21 (1.67 to 16.3) 3.73 (1.17 to 11.9)

  <74.7 24–27.9 159 22 25.6 (8.66 to 75.5) 18.9 (6.15 to 58.5)

  ≥74.7 ≥28 207 20 16.9 (5.72 to 50.2) 12.8 (4.14 to 39.4)

  <74.7 ≥28 48 17 87.2 (27.7 to 274) 62.5 (18.4 to 212)

HOMA- IR† BMI (kg/m2)

  <2.79 <24 1072 13 1 1

  ≥2.79 <24 104 9 7.81 (3.25 to 18.8) 11.5 (4.43 to 30.0)

  <2.79 24–27.9 375 20 4.54 (2.24 to 9.23) 4.12 (1.96 to 8.64)

  ≥2.79 24–27.9 162 14   7.74 (3.5716.8） 7.07 (3.10 to 16.1)

  <2.79 ≥28 96 10 9.46 (4.03 to 22.20 7.09 (2.85 to 17.7)

  ≥2.79 ≥28 159 27 17.0 (8.55 to 33.9) 18.5 (8.68 to 39.3)

HOMA-%β GDM

  ≥74.7 No 530 9 1 1

  <74.7 No 175 1 0.33 (0.04 to 2.65) 0.62 (0.07 to 5.31)

  ≥74.7 Yes 694 27 2.35 (1.10 to 5.04) 3.46 (1.03 to 11.6)

  <74.7 Yes 569 56 6.36 (3.11 to 13.0) 20.3 (6.15 to 66.9)

HOMA- IR GDM

  <2.79 No 531 2 1 1

  ≥2.79 No 174 8 12.8 (2.70 to 61.0) 6.57 (1.31 to 32.9)

  <2.79 Yes 1012 41 11.1 (2.67 to 46.0) 23.0 (4.19 to 126)

  ≥2.79 Yes 251 42 53.3 (12.8 to 222) 64.2 (11.1 to 370)

HOMA-%β HOMA- IR

  ≥74.7 <2.79 826 7 1 1

  <74.7 <2.79 717 36 6.13 (2.71 to 13.9) 6.86 (2.91 to 16.1)

  ≥74.7 ≥2.79 398 29 9.28 (4.02 to 21.4) 4.33 (1.78 to 10.5)

  <74.7 ≥2.79 27 21 414 (128 to 1342) 285 (77.9 to 1041)

Model 1 adjusted for age; model 2 adjusted for age, education, family income, family history of diabetes, current smoking, passive smoking, 
current alcohol drinking, leisure- time physical activity, sleeping time, energy consumption, fiber, fat, protein and carbohydrate consumption, 
sweetened beverage drinking, weight gain during pregnancy, postpartum time, lactation duration, lactation intensity, gestational diabetes 
status, and body mass index, other than the variables for stratification.
*The lowest quartile of HOMA-%β (<74.7) was defined as β-cell dysfunction.
†The highest quartile of HOMA- IR (≥2.79) was defined as insulin resistance.
BMI, body mass index; GDM, gestational diabetes mellitus; HOMA-%β, homeostatic model assessment of β-cell secretory function; HOMA- 
IR, homeostatic model assessment insulin resistance.
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attenuation of insulin secretion.35 36 Moreover, obesity 
is correlated with some inflammation markers that also 
play an important role in IR. The expression of some 
adipokines such as ENPP1 (ectonucleotide pyrophos-
phate phosphodiesterase-1) in obese pregnant women 
was higher than that in lean women without GDM.37 
Although most of the women with a history of GDM 
return to normal glucose, about 20%–50% women with 
GDM develop type 2 diabetes within 5 years of the index 
pregnancy.38 Several previous studies demonstrated that 
β-cell function declined in the 1–3 years of postpartum 
among women with a history of GDM, which contributed 
to a higher risk of future diabetes.39 40 In Hispanic women, 
GDM represents detection of a chronic disease process 
characterized by falling β-cell function compensation 
for chronic IR, and weight gain during the first several 
years after delivery with significantly declining β-cell 
compensation for IR.41 It is also suggested that β-cell 
function is the most critical factor of the progression to 
future diabetes.39–41 Our previous study has concluded 
that β-cell dysfunction contributed more to postpartum 
diabetes among non- obese women with prior GDM, and 
IR contributed more to postpartum diabetes among 
obese women with GDM.13 Moreover, a study has found 
that IR and β-cell dysfunction were more pronounced 

among lean women with prior GDM than those in obese 
women without GDM.42 Another study identified that IR 
appeared to be the major contributor among Chinese 
women with a history of GDM.43 The authors concluded 
that IR and obesity are very important on the etiology of 
type 2 diabetes after GDM.43 Since IR and β-cell dysfunc-
tion are not separate physiological changes during the 
postpartum period, the mechanism for postpartum 
diabetes should be inadequate β-cell compensation for 
peripheral IR. The present study found that postpartum 
β-cell dysfunction and IR were independently and signifi-
cantly associated with an increased risk of postpartum 
diabetes. There was no significant difference in diabetes 
risk between women with IR only and those with β-cell 
dysfunction only. Moreover, we found that obesity and 
IR or obesity and β-cell dysfunction had stronger effects 
on the development of postpartum diabetes; a history 
of GDM and β-cell dysfunction or a history of GDM and 
IR also had stronger effects on the development of post-
partum diabetes; women who had a history of GDM, 
β-cell dysfunction and IR, or women who had a history 
of GDM and obesity and also had β-cell dysfunction/IR, 
showed the highest risk of diabetes. The study provided 
insights into future prevention methods to reduce the 
risk of postpartum diabetes by prevention and control of 

Table 4 ORs of postpartum diabetes according to different levels of GDM, BMI, HOMA-%β and HOMA- IR

Non- GDM GDM

BMI<24 BMI 24.0–27.9 BMI≥28 BMI<24 BMI 24.0–27.9 BMI≥28

HOMA-%β
  ≥74.7 1 1.44 (0.23 to 9.17) 7.22 (1.48 to 35.2) 0.78 (0.07 to 9.24) 8.53 (1.71 to 42.7) 27.5 (5.64 to 134)

  <74.7 0.78 (0.08 to 7.74) –* –* 9.45 (2.63 to 44.0) 45.6 (9.40 to 221) 172 (34.1 to 869)

HOMA- IR

  <2.79 1 –* –* 8.19 (1.37 to 48.8) 38.8 (6.68 to 226) 65.6 (10.6 to 407)

  ≥2.79 5.56 (0.74 to 41.8) 5.52 (0.69 to 44.2) 18.3 (3.06 to 109) 114 (16.9 to 772) 60.1 (9.69 to 373) 151 (25.6 to 898)

All analyses adjusted for age, education, family income, family history of diabetes, current smoking, passive smoking, current alcohol drinking, 
leisure- time physical activity, sleeping time, energy consumption, fiber, fat, protein and carbohydrate consumption, sweetened beverage drinking, 
weight gain during pregnancy, lactation duration, lactation intensity, and postpartum time. All p values for interaction are >0.1.
*No incident cases were found.
BMI, body mass index; GDM, gestational diabetes mellitus; HOMA-%β, homeostatic model assessment of β-cell secretory function; HOMA- IR, 
homeostatic model assessment insulin resistance.

Table 5 ORs of postpartum diabetes according to different GDM, HOMA-%β and HOMA- IR

Non- GDM GDM

HOMA- IR <2.79 HOMA- IR ≥2.79 HOMA- IR <2.79 HOMA- IR ≥2.79

HOMA-%β
≥74.7 0.22 (0.06 to 2.20) 1.46 (0.36 to 6.37) 1 3.72 (1.42 to 9.81)

<74.7 0.52 (0.06 to 5.26) - * 7.60 (3.00 to 18.8) 342 (85.6 to 1360)

All analyses adjusted for age, education, family income, family history of diabetes, current smoking, passive smoking, current alcohol 
drinking, leisure- time physical activity, sleeping time, energy consumption, fiber, fat, protein and carbohydrate consumption, sweetened 
beverage drinking, weight gain during pregnancy, lactation duration, lactation intensity, postpartum time, and body mass index. All p values 
for interaction are >0.1.
*No incident cases were found.
GDM, gestational diabetes mellitus; HOMA-%β, homeostatic model assessment of β-cell secretory function; HOMA- IR, homeostatic model 
assessment insulin resistance.
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GDM, weight loss or weight control, improving IR, and 
β-cell function.

A major strength of our study is that the diagnoses of 
GDM at 26–30 gestational weeks were based on the whole 
population’s GDM universal screening by using the 1999 
WHO’s criteria after a 2- hour 75 g OGTT, and the diag-
nosed postpartum diabetes was based on the WHO’s 
criteria after a 2- hour 75 g OGTT. Furthermore, our study 
is a large population- based survey among women with and 
without GDM. Thus, the present study could provide a 
comprehensive and robust evaluation of the single effects 
of postpartum β-cell function and IR, and joint effects of 
postpartum β-cell function, IR, obesity, and a history of 
GDM on the risk of consequent diabetes among women 
with and without a history of GDM. Several limitations 
inevitably exist in the present study. First, the present 
study is a cross- sectional design; thus, the temporal and 
causal association cannot be assessed. Second, women 
with GDM were not screened immediately postpartum 
(1–3 months); thus, the time to diabetes after GDM was 
not systematic but encompassed a wide variation in testing 
rather than natural progression. This may be the expla-
nation of why the baseline HOMA- IR of women without 
GDM was higher than that in women with GDM. Third, 
diabetes cases were only 10 among women without GDM; 
the limited cases may reduce statistical power in joint 
analyses. Fourth, we used homeostatic model assessment 
(HOMA) models to assess the IR and β-cell function. 
HOMA model was used to describe steady- state insulin 
secretion that is a late marker of β-cell dysfunction, which 
may influence the final results. However, HOMA models 
are very cost- effective and have been widely used in clin-
ical and epidemiological studies. Finally, the postpartum 
diabetes cases of women without prior GDM were not 
enough, which may influence the final results.

In conclusion, the present study found that β-cell 
dysfunction and IR were all significantly associated with 
an increased risk of postpartum type 2 diabetes. Obesity 
and IR, obesity and β-cell dysfunction, as well as a history 
of GDM and IR, a history of GDM and β-cell dysfunction, 
had stronger effects on the development of postpartum 
diabetes. Interventions such as maintaining a healthy life-
style and normal weight status among women with and 
without GDM during the early postpartum period might 
be the key point for reducing the risk of obesity, IR, and 
type 2 diabetes.

Author affiliations
1Department of Endocrinology and Metabolism, Tianjin Medical University General 
Hospital, Tianjin, China
2Chronic Disease Epidemiology Laboratory, Pennington Biomedical Research 
Center, Baton Rouge, Louisiana, USA
3Tianjin Women’s and Children’s Health Center, Tianjin, China
4Department of Endocrinology and Metabolism, Shanghai Jiao Tong University 
Affiliated Six People’s Hospital, Shanghai, China
5Department of Public Health, University of Helsinki, Helsinki, Finland
6Population Cancer Research Program, Dalhousie University, Halifax, Nova Scotia, 
Canada
7Department of Epidemiology, School of Public Health, Tianjin Medical University, 
Tianjin, China

Contributors LW, HL, SZ and HT researched data. YF, ML and GH conceptualized 
and designed the study, performed the statistical analyses, interpreted the results, 
and drafted the manuscript. LW, HL, SZ, HT, YS, JT, ZY and XY reviewed and revised 
the manuscript. All authors critically reviewed the scientific content and approved 
the final manuscript. GH is the guarantor of this work and, as such, has full access 
to all the data in the study and takes responsibility for the integrity of the data and 
the accuracy of the data analysis.

Funding This work was supported by the European Foundation for the Study 
of Diabetes/Chinese Diabetes Society/Lilly program for Collaborative Research 
between China and Europe. GH was partly supported by the grant from the National 
Institute of Diabetes and Digestive and Kidney Diseases (R01DK100790) and the 
National Institute of General Medical Sciences (U54GM104940) of the National 
Institutes of Health. YF and ML were partly supported by the grants from the 
National Key R&D Programme of China 2019 (YFA 0802502), National Natural 
Science Foundation of China (81 830 025 and 81620108004), and the Tianjin 
Municipal Science and Technology Commission (17ZXMFSY00150).

Competing interests None declared.

Patient consent for publication Not required.

Ethics approval The Tianjin Gestational Diabetes Mellitus Prevention Program was 
approved by the Human Subjects Committee of the Tianjin Women’s and Children’s 
Health Center and the reference numbers are 2009–01 and 2013-03-01. Each 
participant signed the informed consent form.

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement Data are available upon reasonable request.

Open access This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY- NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non- commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the 
use is non- commercial. See: http:// creativecommons. org/ licenses/ by- nc/ 4. 0/.

ORCID iDs
Gang Hu http:// orcid. org/ 0000- 0002- 6172- 8017
Ming Liu http:// orcid. org/ 0000- 0003- 2665- 4072

REFERENCES
 1 Bellamy L, Casas J- P, Hingorani AD, et al. Type 2 diabetes mellitus 

after gestational diabetes: a systematic review and meta- analysis. 
Lancet 2009;373:1773–9.

 2 Dornhorst A, Rossi M. Risk and prevention of type 2 diabetes in 
women with gestational diabetes. Diabetes Care 1998;21 Suppl 
2:B43–9.

 3 Ferrara A. Increasing prevalence of gestational diabetes mellitus: a 
public health perspective. Diabetes Care 2007;30 Suppl 2:S141–6.

 4 Leng J, Shao P, Zhang C, et al. Prevalence of gestational diabetes 
mellitus and its risk factors in Chinese pregnant women: a 
prospective population- based study in Tianjin, China. PLoS One 
2015;10:e0121029.

 5 Zhang F, Dong L, Zhang CP, et al. Increasing prevalence of 
gestational diabetes mellitus in Chinese women from 1999 to 2008. 
Diabet Med 2011;28:652–7.

 6 Homko C, Sivan E, Chen X, et al. Insulin secretion during and after 
pregnancy in patients with gestational diabetes mellitus. J Clin 
Endocrinol Metab 2001;86:568–73.

 7 Byrne MM, Sturis J, O'Meara NM, et al. Insulin secretion in insulin- 
resistant women with a history of gestational diabetes. Metabolism 
1995;44:1067–73.

 8 Shai I, Jiang R, Manson JE, et al. Ethnicity, obesity, and risk of type 
2 diabetes in women: a 20- year follow- up study. Diabetes Care 
2006;29:1585–90.

 9 Bragg F, Tang K, Guo Y, et al. Associations of general and central 
adiposity with incident diabetes in Chinese men and women. 
Diabetes Care 2018;41:494–502.

 10 Fan Y, Li W, Liu H, et al. Effects of obesity and a history of 
gestational diabetes on the risk of postpartum diabetes and 
hyperglycemia in Chinese women: obesity, GDM and diabetes risk. 
Diabetes Res Clin Pract 2019;156:107828.

 11 Kim SH, Reaven GM. Insulin resistance and hyperinsulinemia: you 
can't have one without the other. Diabetes Care 2008;31:1433–8.

 12 Wang T, Bi Y, Xu M, et al. Serum uric acid associates with the 
incidence of type 2 diabetes in a prospective cohort of middle- aged 
and elderly Chinese. Endocrine 2011;40:109–16.

 on O
ctober 19, 2020 by guest. P

rotected by copyright.
http://drc.bm

j.com
/

B
M

J O
pen D

iab R
es C

are: first published as 10.1136/bm
jdrc-2019-001060 on 7 S

eptem
ber 2020. D

ow
nloaded from

 

http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0002-6172-8017
http://orcid.org/0000-0003-2665-4072
http://dx.doi.org/10.1016/S0140-6736(09)60731-5
http://www.ncbi.nlm.nih.gov/pubmed/http://www.ncbi.nlm.nih.gov/pubmed/9704226
http://dx.doi.org/10.2337/dc07-s206
http://dx.doi.org/10.1371/journal.pone.0121029
http://dx.doi.org/10.1111/j.1464-5491.2010.03205.x
http://dx.doi.org/10.1210/jc.86.2.568
http://dx.doi.org/10.1210/jc.86.2.568
http://dx.doi.org/10.1016/0026-0495(95)90106-X
http://dx.doi.org/10.2337/dc06-0057
http://dx.doi.org/10.2337/dc17-1852
http://dx.doi.org/10.1016/j.diabres.2019.107828
http://dx.doi.org/10.2337/dc08-0045
http://dx.doi.org/10.1007/s12020-011-9449-2
http://drc.bmj.com/


9BMJ Open Diab Res Care 2020;8:e001060. doi:10.1136/bmjdrc-2019-001060

Epidemiology/Health services research

 13 Li W, Zhang S, Liu H, et al. Different associations of diabetes 
with β-cell dysfunction and insulin resistance among obese and 
nonobese Chinese women with prior gestational diabetes mellitus. 
Diabetes Care 2014;37:2533–9.

 14 Liu H, Zhang S, Wang L, et al. Fasting and 2- hour plasma glucose, 
and HbA1c in pregnancy and the postpartum risk of diabetes among 
Chinese women with gestational diabetes. Diabetes Res Clin Pract 
2016;112:30–6.

 15 Liu H, Zhang C, Zhang S, et al. Prepregnancy body mass index 
and weight change on postpartum diabetes risk among gestational 
diabetes women. Obesity 2014;22:1560–7.

 16 Shen Y, Wang P, Wang L, et al. Gestational diabetes with diabetes 
and prediabetes risks: a large observational study. Eur J Endocrinol 
2018;179:51–8.

 17 Li Y- ping, He Y- na, Zhai F- ying, et al. [Comparison of assessment of 
food intakes by using 3 dietary survey methods]. Zhonghua Yu Fang 
Yi Xue Za Zhi 2006;40:273–80.

 18 Wang Y, Mi J, Shan X- Y, et al. Is China facing an obesity epidemic 
and the consequences? The trends in obesity and chronic disease in 
China. Int J Obes 2007;31:177–88.

 19 Barreira TV, Staiano AE, Katzmarzyk PT. Validity assessment of a 
portable bioimpedance scale to estimate body fat percentage in 
white and African- American children and adolescents. Pediatr Obes 
2013;8:e29–32.

 20 Mills KT, Bundy JD, Kelly TN, et al. Global disparities of hypertension 
prevalence and control: a systematic analysis of population- based 
studies from 90 countries. Circulation 2016;134:441–50.

 21 Wallace TM, Levy JC, Matthews DR. Use and abuse of HOMA 
modeling. Diabetes Care 2004;27:1487–95.

 22 Zhou B- F, Cooperative Meta- Analysis Group of the Working Group 
on Obesity in China. Predictive values of body mass index and 
waist circumference for risk factors of certain related diseases in 
Chinese adults--study on optimal cut- off points of body mass index 
and waist circumference in Chinese adults. Biomed Environ Sci 
2002;15:83–96.

 23 Guariguata L, Linnenkamp U, Beagley J, et al. Global estimates of 
the prevalence of hyperglycaemia in pregnancy. Diabetes Res Clin 
Pract 2014;103:176–85.

 24 Xiang AH, Li BH, Black MH, et al. Racial and ethnic disparities 
in diabetes risk after gestational diabetes mellitus. Diabetologia 
2011;54:3016–21.

 25 Oza- Frank R, Ali MK, Vaccarino V, et al. Asian Americans: diabetes 
prevalence across U.S. and world Health organization weight 
classifications. Diabetes Care 2009;32:1644–6.

 26 Chan JCN, Malik V, Jia W, et al. Diabetes in Asia: epidemiology, risk 
factors, and pathophysiology. JAMA 2009;301:2129–40.

 27 Bozkurt L, Göbl CS, Pfligl L, et al. Pathophysiological characteristics 
and effects of obesity in women with early and late manifestation 
of gestational diabetes diagnosed by the International association 
of diabetes and pregnancy study groups criteria. J Clin Endocrinol 
Metab 2015;100:1113–20.

 28 Poola- Kella S, Steinman RA, Mesmar B, et al. Gestational diabetes 
mellitus: post- partum risk and follow up. Rev Recent Clin Trials 
2018;13:5–14.

 29 Law KP, Zhang H. The pathogenesis and pathophysiology of 
gestational diabetes mellitus: deductions from a three- part 
longitudinal metabolomics study in China. Clin Chim Acta 
2017;468:60–70.

 30 Zhu Y, Hedderson MM, Quesenberry CP, et al. Central obesity 
increases the risk of gestational diabetes partially through increasing 
insulin resistance. Obesity 2019;27:152–60.

 31 Alptekin H, Çizmecioğlu A, Işık H, et al. Predicting gestational 
diabetes mellitus during the first trimester using anthropometric 
measurements and HOMA- IR. J Endocrinol Invest 
2016;39:577–83.

 32 Ozcimen EE, Uckuyu A, Ciftci FC, et al. Diagnosis of gestational 
diabetes mellitus by use of the homeostasis model assessment- 
insulin resistance index in the first trimester. Gynecol Endocrinol 
2008;24:224–9.

 33 Pantham P, Aye ILMH, Powell TL. Inflammation in maternal obesity 
and gestational diabetes mellitus. Placenta 2015;36:709–15.

 34 Kang YE, Kim JM, Joung KH, et al. The roles of adipokines, 
proinflammatory cytokines, and adipose tissue macrophages in 
obesity- associated insulin resistance in modest obesity and early 
metabolic dysfunction. PLoS One 2016;11:e0154003.

 35 Lacroix M, Kina E, Hivert M- F. Maternal/Fetal determinants of insulin 
resistance in women during pregnancy and in offspring over life. 
Curr Diab Rep 2013;13:238–44.

 36 Damm P. Gestational diabetes mellitus and subsequent 
development of overt diabetes mellitus. Dan Med Bull 
1998;45:495–509.

 37 Tumurbaatar B, Poole AT, Olson G, et al. Adipose tissue insulin 
resistance in gestational diabetes. Metab Syndr Relat Disord 
2017;15:86–92.

 38 Kim C, Newton KM, Knopp RH. Gestational diabetes and the 
incidence of type 2 diabetes: a systematic review. Diabetes Care 
2002;25:1862–8.

 39 Kramer CK, Swaminathan B, Hanley AJ, et al. Each degree of 
glucose intolerance in pregnancy predicts distinct trajectories of 
β-cell function, insulin sensitivity, and glycemia in the first 3 years 
postpartum. Diabetes Care 2014;37:3262–9.

 40 Xiang AH, Kjos SL, Takayanagi M, et al. Detailed physiological 
characterization of the development of type 2 diabetes in 
Hispanic women with prior gestational diabetes mellitus. Diabetes 
2010;59:2625–30.

 41 Xiang AH, Kawakubo M, Trigo E, et al. Declining beta- cell 
compensation for insulin resistance in Hispanic women with 
recent gestational diabetes mellitus: association with changes 
in weight, adiponectin, and C- reactive protein. Diabetes Care 
2010;33:396–401.

 42 Kautzky- Willer A, Prager R, Waldhausl W, et al. Pronounced insulin 
resistance and inadequate beta- cell secretion characterize lean 
gestational diabetes during and after pregnancy. Diabetes Care 
1997;20:1717–23.

 43 Ma Y, Wang N, Gu L, et al. Postpartum assessment of the beta cell 
function and insulin resistance for Chinese women with previous 
gestational diabetes mellitus. Gynecol Endocrinol 2019;35:174–8.

 on O
ctober 19, 2020 by guest. P

rotected by copyright.
http://drc.bm

j.com
/

B
M

J O
pen D

iab R
es C

are: first published as 10.1136/bm
jdrc-2019-001060 on 7 S

eptem
ber 2020. D

ow
nloaded from

 

http://dx.doi.org/10.2337/dc14-0573
http://dx.doi.org/10.1016/j.diabres.2015.11.007
http://dx.doi.org/10.1002/oby.20722
http://dx.doi.org/10.1530/EJE-18-0130
http://www.ncbi.nlm.nih.gov/pubmed/http://www.ncbi.nlm.nih.gov/pubmed/17097008
http://www.ncbi.nlm.nih.gov/pubmed/http://www.ncbi.nlm.nih.gov/pubmed/17097008
http://dx.doi.org/10.1038/sj.ijo.0803354
http://dx.doi.org/10.1111/j.2047-6310.2012.00122.x
http://dx.doi.org/10.1161/CIRCULATIONAHA.115.018912
http://dx.doi.org/10.2337/diacare.27.6.1487
http://www.ncbi.nlm.nih.gov/pubmed/http://www.ncbi.nlm.nih.gov/pubmed/12046553
http://dx.doi.org/10.1016/j.diabres.2013.11.003
http://dx.doi.org/10.1016/j.diabres.2013.11.003
http://dx.doi.org/10.1007/s00125-011-2330-2
http://dx.doi.org/10.2337/dc09-0573
http://dx.doi.org/10.1001/jama.2009.726
http://dx.doi.org/10.1210/jc.2014-4055
http://dx.doi.org/10.1210/jc.2014-4055
http://dx.doi.org/10.2174/1574887112666170911124806
http://dx.doi.org/10.1016/j.cca.2017.02.008
http://dx.doi.org/10.1002/oby.22339
http://dx.doi.org/10.1007/s40618-015-0427-z
http://dx.doi.org/10.1080/09513590801948416
http://dx.doi.org/10.1016/j.placenta.2015.04.006
http://dx.doi.org/10.1371/journal.pone.0154003
http://dx.doi.org/10.1007/s11892-012-0360-x
http://www.ncbi.nlm.nih.gov/pubmed/http://www.ncbi.nlm.nih.gov/pubmed/9850811
http://dx.doi.org/10.1089/met.2016.0124
http://dx.doi.org/10.2337/diacare.25.10.1862
http://dx.doi.org/10.2337/dc14-1529
http://dx.doi.org/10.2337/db10-0521
http://dx.doi.org/10.2337/dc09-1493
http://dx.doi.org/10.2337/diacare.20.11.1717
http://dx.doi.org/10.1080/09513590.2018.1512094
http://drc.bmj.com/

