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ABSTRACT
Introduction Several adipokines are implicated in the 
pathophysiology of gestational diabetes mellitus (GDM), 
however, longitudinal data in early pregnancy on many 
adipokines are lacking. We prospectively investigated the 
association of a panel of adipokines in early and mid- 
pregnancy with GDM risk.
Research design and methods Within the National Institute 
of Child Health and Human Development (NICHD) Fetal 
Growth Studies- Singletons cohort (n=2802), a panel of 10 
adipokines (plasma fatty acid binding protein-4 (FABP4), 
chemerin, interleukin-6 (IL-6), leptin, soluble leptin receptor 
(sOB- R), adiponectin, omentin-1, vaspin, and retinol binding 
protein-4) were measured at gestational weeks (GWs) 
10–14, 15–26, 23–31, and 33–39 among 107 GDM cases 
(ascertained on average at GW 27) and 214 non- GDM 
controls. Conditional logistic regression was used to estimate 
ORs of each adipokine and GDM, controlling for known GDM 
risk factors including pre- pregnancy body mass index.
Results Throughout pregnancy changes in chemerin, sOB- R, 
adiponectin, and high- molecular- weight adiponectin (HMW- 
adiponectin) concentrations from 10–14 to 15–26 GWs 
were significantly different among GDM cases compared 
with non- GDM controls. In early and mid- pregnancy, FABP4, 
chemerin, IL-6 and leptin were positively associated with 
increased GDM risk. For instance, at 10–14 GWs, the OR 
comparing the highest versus lowest quartile (ORQ4–Q1) of 
FABP4 was 3.79 (95% CI 1.63 to 8.85). In contrast, in both 
early and mid- pregnancy adiponectin (eg, ORQ4–Q1 0.14 
(0.05, 0.34) during 10–14 GWs) and sOB- R (ORQ4–Q1 0.23 
(0.11, 0.50) during 10–14 GWs) were inversely related to 
GDM risk. At 10–14 GWs a model that included conventional 
GDM risk factors and FABP4, chemerin, sOB- R, and HMW- 
adiponectin improved the estimated prediction (area under 
the curve) from 0.71 (95% CI 0.66 to 0.77) to 0.77 (95% CI 
0.72 to 0.82).
Conclusions A panel of understudied adipokines including 
FABP4, chemerin, and sOB- R may be implicated in the 
pathogenesis of GDM with significant associations detected 
approximately 10–18 weeks before typical GDM screening.

InTRoduCTIon
Gestational diabetes mellitus (GDM), a 
common pregnancy complication marked by 

glucose intolerance resulting from insufficient 
insulin secretion relative to pregnancy induced 
insulin resistance,1 is associated with both 
short- term and long- term adverse maternal 
and offspring health outcomes.2 In the USA, 
GDM is typically screened for between 24 and 
28 gestational weeks (GWs), leaving only the 
third trimester for intervention or treatment. 
Prediagnostic markers of GDM risk in early 
pregnancy are warranted and could have patho-
physiological relevance and inform efforts into 
earlier diagnoses and prevention.

Adipokines mediate crosstalk between 
adipose tissue and key organs and tissues 
involved in glucose homeostasis, such as the 

Significance of this study

What is already known about this subject?
 ► Some adipokines have been implicated in the patho-
physiology of gestational diabetes mellitus (GDM), 
however, longitudinal adipokine data beginning in 
the first trimester of human pregnancy are lacking 
and this impedes our understanding of their associ-
ation with GDM risk.

What are the new findings?
 ► We found that as early as 10-14 gestational weeks, 
understudied adipokines such as fatty acid binding 
protein-4 and chemerin were significantly associat-
ed with risk of developing GDM.

 ► Inclusion of adipokines in a predictive model im-
proved the area under the curve value beyond con-
ventional risk factors and glucose.

 ► Adipokines were prospectively correlated with car-
diometabolic markers.

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

 ► Findings from this study have the potential to im-
prove our understanding of the pathogenesis of GDM 
and inform future efforts in disease prediction.
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skeletal muscle, liver, and pancreas.3 Adipokines also 
modulate multiple pathways for insulin signaling and 
secretion, lipid metabolism, inflammatory responses, and 
endothelial function.3 Among women with pregnancies 
complicated by GDM, a disruption in these regulatory 
pathways is observed,4 suggesting that adipokines may 
play a role in the etiology of GDM.

Commonly studied adipokines such as leptin and 
adiponectin have been repeatedly associated with GDM 
risk, indicating their potential roles in the pathophysi-
ology of GDM.3 5 Accumulating data from animal and in 
vitro studies suggested that other adipokines such as fatty 
acid binding protein-4 (FABP4), chemerin, soluble leptin 
receptor (sOB- R), omentin-1, vaspin, and retinol binding 
protein-4 (RBP4) are implicated in insulin signaling3 and 
insulin sensitivity,6 however, the lack of human prospec-
tive studies focused on these adipokines and GDM risk 
with early to mid- pregnancy data have hindered our infer-
ence into their pathophysiological relevance.7–15 Further, 
there is a lack of data from studies among diverse racial/
ethnic populations, with the majority conducted among 
Asian women.8–15 Only one study was conducted among a 
diverse population, however, it included a small number 
of women with GDM (n=48).7

In the current study, we investigated the longitu-
dinal changes in a panel of 10 adipokines (ie, FABP4, 
chemerin, IL-6, leptin, sOB- R, adiponectin and high- 
molecular- weight adiponectin (HMW- adiponectin), 
omentin-1, vaspin, and RBP4) throughout pregnancy, 
and prospectively examined concentrations of them in 
early to mid- pregnancy (before the diagnosis of GDM) 
in association with the risk of GDM. To better under-
stand the pathophysiology of any observed association 
between adipokines and GDM, we further investigated 
the prospective correlations of levels of adipokines in 
the first trimester with second trimester levels of clinical 
cardiometabolic biomarkers (ie, glucose, insulin, and 
lipids) prior to GDM diagnosis.

ReseaRCH desIgn and meTHods
study population and design
This study used data from a nested case- control study 
of GDM within the prospective Eunice Kennedy Shriver 
National Institute of Child Health and Human Develop-
ment (NICHD) Fetal Growth Studies- Singletons cohort16 
which enrolled 2802 pregnant women between GWs 8 
and 13 from 12 US clinical centers from 2009 to 2013. 
Biospecimens, questionnaires, and maternal anthropo-
metric data were collected longitudinally throughout 
pregnancy. Information on prenatal care and delivery 
were abstracted from medical records following delivery. 
Blood samples were longitudinally collected at four study 
visits following a standardized protocol; 10–14 GWs, 
fasting sample at 15–26 GWs, 23–31 GWs, and 33–39 
GWs. The study was approved by the institutional review 
boards of all participating institutions. All participants 
provided written, informed consent. All methods were 

performed in accordance with the relevant guidelines 
and regulations.

A total of 107 GDM cases were identified and matched 
to 214 controls on a 1:2 ratio based on maternal age 
(±2 years), race/ethnicity, and GW of blood collection 
(±2 weeks).17 Women were classified with GDM if their 
oral glucose tolerance test results met the Carpenter- 
Coustan criteria of at least two diagnostic plasma glucose 
measurements at or above the defined thresholds (fasting 
5.3 mmol/L, 1 hour 10.0 mmol/L, 2 hours 8.6 mmol/L, 
3 hours 7.8 mmol/L)18 19 or if medication- treated GDM 
was reported on their medical record.

Biomarker assessment
For the blood samples collected before the diagnosis of 
GDM (10–14 and 15–26 GWs) biomarkers were assayed 
among all cases and controls. For blood samples collected 
at 23–31 and 33–39 GWs, biomarkers were assayed in 
all cases (n=107) and one randomly selected control 
(n=107).

Assay method and details on coefficients of varia-
tions (CV) of plasma adipokines (FABP4, chemerin, 
IL-6, leptin, sOB- R, adiponectin, HMW- adiponectin, 
omentin-1, vaspin, and RBP4), and plasma glucose 
metabolism and cardiometabolic biomarkers (ie, glucose, 
insulin, high- sensitivity c- reactive protein (hsCRP), total 
cholesterol, high- density lipoprotein (HDL) cholesterol, 
and triglycerides) can be found in online supplementary 
table 1. All CVs were ≤18.0%.

Covariates
Maternal sociodemographic characteristics were collected 
from detailed questionnaires at enrollment. Risk factors 
for GDM selected a priori as covariates included: family 
history of diabetes (yes/no), nulliparity (yes/no), and 
prepregnancy body mass index (BMI; kg/m2). Prepreg-
nancy BMI was calculated based on self- reported weight 
and measured height during enrollment. Self- reported 
prepregnancy weight was highly correlated with weight 
measured by study personnel during the enrollment visit 
(r=0.97).20 All models were adjusted for the continuous 
measures of the case/control matching factors of age 
and GW at blood draw, which were matched only within 
a range.

statistical analyses
Differences in participant baseline characteristics by 
GDM status were assessed using mixed- effect linear 
regression for continuous variables and conditional 
logistic regression for categorical variables, accounting 
for matched case- control pairs.

Adipokine profiles throughout pregnancy
Median concentrations of adipokines among cases and 
controls were plotted by study visit, and differences 
in adipokine values by GDM status at each visit were 
tested using mixed- effect linear regression models with 
log- transformed levels of adipokines to account for the 
skewed distribution. We further tested to see if changes in 
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adipokine concentrations from 10–14 GWs to 15–26 GWs 
(before GDM screening) differed by GDM status after 
adjusting for enrollment (10–14 GWs) concentrations. 
For presentation of the results, adipokine concentrations 
were back transformed to the original scale.

Prospective association between adipokines and GDM risk
Prepregnancy BMI partially reflects total subcutaneous 
and visceral adipose tissue, both of which are secretory 
sources of adipokines and contribute to their circulating 
concentrations.3 21 Adjusting for prepregnancy BMI as a 
risk factor for GDM results in a model that at least partially 
controls for the source of the exposure of interest. Models 
including prepregnancy BMI would therefore mostly 
reflect adipokine concentrations secreted primarily 
from other sources (eg, hepatic, placental). To address 
this issue, the current analysis examined multivariable 
models with, and without, adjustment for prepregnancy 
BMI. Multivariable conditional logistic regression models 
adjusting for the above- listed covariates were fitted to 
assess the associations of each adipokine at 10–14 GWs 
and 15–26 GWs with subsequent GDM risk. To ensure 
that biomarker measurements preceded the diagnosis 
of GDM, we excluded from the final analysis GDM cases 
diagnosed prior to blood sample collection (n=1 at 10–14 
GWs; n=5 at 15–26 GWs). We further excluded partici-
pants with Hemoglobin A1c≥6.5% (48 mmol/mol) at 
enrollment (n=3), as this is an indicator of undiagnosed 
overt type 2 diabetes.22

The OR of GDM was estimated by quartiles of adipo-
kine concentrations based on the distribution among 
controls, with the lowest quartile as the reference group. 
Tests of linear trends were performed modeling the 
median value of each quartile as a continuous variable. 
Tests for non- linear associations were performed using 
restricted cubic splines.23 We further explored effect 
modification in the association between adipokines and 
GDM by examining interactions between adipokines 
and maternal race/ethnicity (non- Hispanic white, non- 
Hispanic black, Hispanic, or Asian/Pacific Islander).

Prospective correlations between adipokines and glucose 
metabolism and cardiometabolic biomarkers
To examine the prospective correlation of adipokines and 
glucose metabolism and cardiometabolic biomarkers, we 
calculated partial Spearman's correlation coefficients 
adjusted for covariates among non- GDM controls. Non- 
GDM controls were selected to more closely represent 
the correlation among normal pregnant women without 
underlying disruptions in insulin resistance. Spearman’s 
correlations were calculated for each adipokine at 10–14 
GWs with glucose metabolism (fasting plasma glucose, 
insulin and the homeostatic model assessment of insulin 
resistance (HOMA- IR)24) and cardiometabolic markers 
(hsCRP, total cholesterol, HDL cholesterol, low- density 
lipoprotein (LDL), cholesterol, and triglycerides) at the 
subsequent visit (15–26 GWs).

Exploratory analysis of an adipokine score and GDM risk
An exploratory analysis was carried out to assess the risk of 
GDM associated with combined categories of adipokines 
that were independently associated with GDM at 10–14 
GWs and 15–26 GWs using an adipokine score.25 A 
dichotomous high- risk variable was created by setting cut- 
offs for each adipokine at the lowest quartile if levels were 
lower among cases, and at the highest quartile if levels 
were higher among cases. Each high- risk variable was 
multiplied by their respective coefficient generated from 
a conditional logistic regression model that included all 
adipokines associated with GDM in multivariable models 
and previously listed covariates (excluding prepregnancy 
BMI). The weighted score was generated by taking the 
sum of each adipokine high- risk variable and categorizing 
it, with a score of zero set as the reference category, and 
the remaining categories based on tertiles from the distri-
bution of non- zero scores within the controls. The associ-
ation of GDM with categories of the adipokine score were 
estimated by multivariable conditional logistic regression 
models adjusting for the above- listed covariates.

Comparison of adipokines for GDM prediction
At 10–14 GWs and 15–26 GWs, we compared the predic-
tive performance of a model that included conventional 
GDM risk factors (ie, maternal age, race/ethnicity, 
family history of diabetes, and plasma random glucose 
(10–14 GWs), or fasting plasma glucose (15–26 GWs)) 
to a model that included conventional GDM risk factors 
and individual adipokines. Receiver operating char-
acteristic curves were plotted and the areas under the 
curves (AUCs) were calculated26 based on analyses that 
modeled the data as if they were generated from a two- 
phase design.27 Bootstrapping was applied to correct bias 
due to potential model overfitting in estimates of statis-
tical measures for overall predictive performance for 
each model.28 29 Continuous adipokines were categorized 
as quartiles based on the distribution among controls. A 
final risk prediction model was developed by sequentially 
adding adipokines until the AUC stabilized.30 Prediction 
analyses were implemented in R V.3.5.1. All other anal-
yses were implemented using SAS V.9.4 (SAS Institute, 
Cary, North Carolina, USA), with α<0.05 as the level of 
significance.

ResulTs
Characteristics of study participants and adipokine profiles 
throughout pregnancy by gdm status
Participant characteristics are presented in table 1.

Women who developed GDM were more likely to have 
a family history of diabetes and have a higher prepreg-
nancy BMI compared with non- GDM controls. At all four 
study visits, concentrations of FABP4, chemerin, and IL-6 
were significantly higher among GDM cases, and concen-
trations of sOB- R were lower compared with controls 
(all p values<0.05) (figure 1). Prior to GDM diagnosis 
(10–14 GWs and 15–26 GWs), leptin was higher, whereas 
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Table 1 Characteristics among women with GDM and 
their matched controls, the NICHD Fetal Growth Study- 
Singletons cohort

GDM cases Controls P value*

Age (years) 30.5±5.7 30.4±5.4

Race/ethnicity     

  Non- Hispanic white 25 (23.4) 50 (23.4)

  Non- Hispanic black 15 (14.0) 30 (14.0)

  Hispanic 41 (38.3) 82 (38.3)

  Asian/Pacific 
Islander

26 (24.3) 52 (24.3)

Education     0.18

  Less than high 
school

17 (15.9) 26 (12.1)

  High school 
graduate or 
equivalent

15 (14.0) 23 (10.8)

  More than high 
school

75 (70.1) 165 (77.1)

Insurance     

  Private or managed 
care

68 (63.5) 143 (66.8)

  Medicaid, self- pay, 
other

39 (36.5) 71 (33.2) 0.50

Marital status     

  Never married 11 (10.3) 35 (16.4)

  Married/living with a 
partner

92 (86.0) 167 (78.0)

  Divorced/separated 4 (3.7) 12 (5.6) 0.12

Nulliparity 48 (44.9) 96 (44.9) 1.00

Family history of 
diabetes

40 (37.4) 48 (22.4) 0.001

Prepregnancy BMI
(kg/m2)

28.2±6.4 25.6±5.3 <0.001

  <25.0 37 (34.6) 123 (58.0)

  25.0–29.9 35 (32.7) 56 (26.2)

  30.0–34.9 20 (18.7) 17 (7.9)

  35.0–44.9 15 (14.0) 16 (7.5)

  Unknown/missing   2 (0.9) <0.001

Smoking 6 months 
before pregnancy

4 (3.7) 1 (0.5) 0.06

Alcohol consumption 
3 months before 
pregnancy

61 (57.0) 137 (64.0) 0.22

Data are presented as n (%) for categorical variables and 
mean (SD) for continuous variables
*P values for differences between case and control subjects 
were obtained by mixed- effect linear regression models 
for continuous variables and binomial/multinomial logistic 
regression with generalized estimating equations for binary/
multilevel categorical variables, accounting for matched 
case- control pairs. P values are not shown for matching 
variables (age and race/ethnicity).
BMI, body mass index; GDM, gestational diabetes mellitus; 
NICHD, National Institute of Child Health and Human 
Development.

adiponectin and HMW- adiponectin were significantly 
lower among cases than controls (all p values<0.05). 
Further, changes in concentrations of chemerin, sOB- R, 
adiponectin, and HMW- adiponectin from 10–14 GWs to 
15–26 GWs were significantly different between GDM 
cases and controls.

adipokines in relation to subsequent gdm risk
The associations of adipokines measured at 10–14 GWs 
and 15–26 GWs with subsequent GDM risk are presented 
in table 2.

After adjustment for covariates other than prepreg-
nancy BMI, at 10–14 GWs, FABP4, chemerin, IL-6, and 
leptin concentrations were significantly and positively 
associated with GDM risk, whereas sOB- R and adiponectin 
concentrations were significantly and inversely associated 
with GDM risk (p for linear trend all <0.01). For instance, 
compared with the lowest quartile, the highest quartile 
of sOB- R was associated with a 76% reduction in GDM 
risk at 10–14 GWs (OR=0.24; 95% CI 0.11 to 0.52). At 
15–26 GWs, in general, similar results were observed. 
Omentin-1, vaspin, or RBP4 were not significantly related 
to GDM risk. After further adjustment for prepregnancy 
BMI, most associations remained significant, although 
slightly attenuated (online supplementary table 2). 
Further, the associations did not differ materially by 
race/ethnicity.

Our exploratory analysis of the joint effects of multiple 
adipokines resulted in a weighted adipokine score 
including chemerin, FABP4, IL-6, leptin, sOB- R, and 
HMW- adiponectin (high- risk cut- off values and weights 
can be found in online supplementary table 3). After 
adjusting for covariates other than prepregnancy BMI, 
at 10–14 GWs, a score in the third tertile was associ-
ated with increased GDM risk (OR=7.51; 95% CI 2.87 to 
19.66) compared with a score of zero (online supplemen-
tary table 3). At 15–26 GWs scores in both the second 
tertile (OR=6.32; 95% CI 1.50 to 26.67) and third tertile 
(OR=14.87; 95 CI 4.02 to 55.02) were associated with an 
increased GDM risk compared with a score of zero.

Prospective correlation between adipokines and glucose 
metabolism and cardiometabolic biomarkers
At 10–14 GWs, IL-6 and leptin were generally posi-
tively related to subsequent fasting glucose metabolism 
markers at 15–26 GWs, while sOB- R, adiponectin, HWM- 
adiponectin, and omentin-1 were inversely related to 
glucose metabolism markers (table 3).

Further, FABP4, chemerin, and leptin were posi-
tively correlated, while sOB- R and omentin-1 were 
inversely associated with hsCRP. sOB- R, adiponectin, and 
omentin-1 were generally correlated with a favorable 
lipid profile, while chemerin and RBP4 were generally 
associated with a worse lipid profile.

Comparison of adipokines for gdm prediction
The estimated prediction accuracy for the different 
models (conventional risk factors or conventional risk 
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Figure 1 Median concentrations of adipokines, and longitudinal change from 10–14 GWs to 15–26 GWs expressed as ng/mL 
(IL-6 expressed as pg/mL) according to gestational age intervals among women with GDM (solid red line) and their matched 
control subjects (dashed black line). *P<0.05; **p<0.01; ***p<0.001 for case- control comparisons obtained by mixed- effect 
linear regression models accounting for matched case- control pairs at each gestational age interval. P∆=p < 0.05 for case- 
control comparison of change in adipokine concentrations from 10–14 GWs to 15–26 GWs obtained by mixed- effect linear 
regression models accounting for matched case- control pairs. FABP-4, fatty acid binding protein 4; GDM, gestational diabetes 
mellitus; GW, gestational week; HMW- adiponectin, high- molecularweight- adiponectin; IL-6, interleukin-6; sOB- R, soluble leptin 
receptor.

factors plus adipokines) can be found in online supple-
mentary table 4. At 10–14 GWs a final model that 
included the conventional GDM risk factors and FABP4, 
chemerin, sOB- R, and HMW- adiponectin improved the 
estimated AUC from 0.71 (95% CI 0.66 to 0.77) to 0.77 
(95% CI 0.72 to 0.82) (online supplementary figure 1). 
At 15–26 GWs the final model with the same adipokines 
plus conventional GDM risk factors improved the esti-
mated AUC from 0.75 (95% CI 0.69 to 0.80) to 0.82 (95% 
CI 0.77 to 0.87) (online supplementary figure 1)

dIsCussIon
In this longitudinal study, we prospectively and compre-
hensively evaluated concentrations of a panel of 
adipokines over the course of pregnancy and their associ-
ations with GDM risk. Beginning in early pregnancy, levels 
and trajectories of several adipokines differed by GDM 
status. Among this racially/ethnically diverse sample of 
US women, during early and mid- pregnancy higher levels 
of FABP4, chemerin, IL-6, and leptin were significantly 
associated with increased GDM risk, whereas higher 
levels of sOB- R, and adiponectin were significantly asso-
ciated with reduced GDM risk. These adipokines were 
significantly and prospectively associated with glucose 
metabolism and cardiometabolic biomarkers, indicating 
that dysregulation in adipokines may disrupt glucose 
homeostatic processes underlying increased risk of 
GDM. To note, we found that many associations between 
adipokines and risk of GDM remained statistically signif-
icant after adjusting for prepregnancy BMI, which is a 
risk factor for hyperglycemia. However, the magnitude 
of the association was attenuated after adjusting for 
prepregnancy BMI indicating that some of the effect of 

adipokines on hyperglycemia operates through adiposity 
and thus may not be independent of obesity status.

FABP4 is a binding chaperon that regulates transport 
of lipid- based molecules.31 In the present study, higher 
concentrations of FABP4 in early and mid- pregnancy 
were significantly associated with increased GDM risk. 
Throughout pregnancy FABP4 levels were consistently 
higher among women who developed GDM compared 
with controls. Prospective studies of FABP4 and GDM are 
limited,8 25 with the majority of previous studies being 
cross- sectional or retrospective.32 In a study among 1150 
Chinese women (GDM cases n=135), FABP4 at ~6 GWs was 
positively associated with subsequent risk of developing 
GDM.8 However, in a study among 123 Australian women 
who were mostly (84%) Caucasian, and had a prior GDM 
pregnancy, there were no differences in FABP4 levels at 
approximately 14 GWs or 28 GWs between women with 
and without recurrent GDM.25 Our findings add to the 
limited prospective data by demonstrating that FABP4 
is associated with GDM risk among a diverse sample of 
pregnant women, and that higher concentrations of 
FABP4 among women with GDM persisted throughout 
pregnancy.

Although the precise molecular mechanisms are 
yet to be discovered, in vitro and animal models have 
implicated FABP4 in multiple pathways relevant to the 
pathogenesis of GDM. FABP4 promotes lipolysis, regu-
lates fatty acid uptake and inflammation, and has been 
implicated in impairing insulin action and upregulating 
hepatic gluconeogenesis.33 These findings are in line 
with our assessment of the correlations between FABP4 
and cardiometabolic markers. Specifically, we observed 
that among normoglycemic women FABP4 was positively 
correlated with subsequent fasting levels of glucose, 
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Table 2 Adjusted OR (95% CI) for the associations of GDM risk with quartiles of adipokines at gestational weeks 10–14 and 
15–26

GDM 
cases (n)

Controls 
(n)

10–14 GWs multivariable 15–26 GWs multivariable

Model I Model II* Model I Model II *

FABP4             

Q1: 11 54 1.00 1.00 1.00 1.00

Q2: 27 53 2.38 (1.05 to 5.43) 2.97 (1.17 to 7.53) 5.99 (1.88 to 19.1) 5.10 (1.37 to 19.0)

Q3: 31 54 3.14 (1.36 to 7.22) 3.74 (1.46 to 9.57) 7.42 (2.39 to 23.0) 8.35 (2.28 to 30.6)

Q4: 35 53 3.79 (1.63 to 8.85) 4.87 (1.84 to 12.9) 11.8 (3.57 to 38.9) 11.0 (2.85 to 42.7)

P for trend     0.005 <0.0001 0.004 0.001

Chemerin             

Q1: 9 53 1.00 1.00 1.00 1.00

Q2: 33 53 3.81 (1.56 to 9.29) 3.62 (1.47 to 8.91) 1.59 (0.63 to 4.02) 1.26 (0.48 to 3.33)

Q3: 22 53 2.95 (1.14 to 7.59) 2.81 (1.07 to 7.36) 2.01 (0.77 to 5.21) 1.63 (0.59 to 4.53)

Q4: 39 53 5.44 (2.05 to 14.4) 4.89 (1.83 to 13.1) 4.90 (1.97 to 12.2) 4.92 (1.88 to 12.9)

P for trend     0.003 <0.0001 0.007 <0.0001

IL-6             

Q1: 6 41 1.00 1.00 1.00 1.00

Q2: 16 40 3.26 (1.06 to 10.0) 3.74 (1.17 to 12.0) 1.62 (0.61 to 4.32) 1.75 (0.58 to 5.28)

Q3: 23 41 4.01 (1.40 to 11.5) 3.77 (1.31 to 10.9) 2.34 (0.89 to 6.13) 2.40 (0.81 to 7.08)

Q4: 35 40 7.53 (2.53 to 22.4) 9.44 (2.92 to 30.5) 3.31 (1.33 to 8.24) 3.44 (1.28 to 9.28)

P for trend     <0.0001 0.007 <0.001 0.01

Leptin             

Q1: 18 54 1.00 1.00 1.00 1.00

Q2: 10 53 0.65 (0.27 to 1.55) 0.60 (0.24 to 1.49) 0.83 (0.36 to 1.90) 0.85 (0.36 to 2.00)

Q3: 28 54 2.01 (0.90 to 4.49) 1.86 (0.80 to 4.31) 1.54 (0.67 to 3.56) 1.44 (0.59 to 3.50)

Q4: 48 53 3.56 (1.66 to 7.64) 3.39 (1.52 to 7.55) 3.13 (1.43 to 6.88) 3.45 (1.43 to 8.32)

P for trend     <0.0001 0.001 <0.0001 0.001

sOB- R             

Q1: 56 54 1.00 1.00 1.00 1.00

Q2: 21 53 0.43 (0.22 to 0.81) 0.37 (0.19 to 0.74) 0.25 (0.12 to 0.55) 0.20 (0.09 to 0.48)

Q3: 14 54 0.31 (0.16 to 0.63) 0.28 (0.13 to 0.59) 0.17 (0.07 to 0.40) 0.11 (0.04 to 0.31)

Q4: 13 53 0.23 (0.11 to 0.50) 0.24 (0.11 to 0.52) 0.15 (0.06 to 0.35) 0.14 (0.06 to 0.33)

P for trend     <0.0001 <0.0001 <0.0001 <0.0001

Adiponectin             

Q1: 43 54 1.00 1.00 1.00 1.00

Q2: 29 53 0.59 (0.31 to 1.14) 0.63 (0.32 to 1.25) 0.47 (0.24 to 0.92) 0.52 (0.25 to 1.07)

Q3: 24 54 0.51 (0.25 to 1.03) 0.45 (0.22 to 0.95) 0.26 (0.12 to 0.57) 0.26 (0.11 to 0.59)

Q4: 8 53 0.14 (0.05 to 0.34) 0.13 (0.05 to 0.35) 0.17 (0.07 to 0.42) 0.15 (0.06 to 0.40)

P for trend     <0.0001 <0.0001 <0.0001 <0.0001

HMW- adiponectin           

Q1: 45 54 1.00 1.00 1.00 1.00

Q2: 30 53 0.59 (0.31 to 1.12) 0.56 (0.28 to 1.08) 0.59 (0.30 to 1.17) 0.71 (0.34 to 1.51)

Q3: 18 54 0.34 (0.16 to 0.70) 0.31 (0.14 to 0.66) 0.26 (0.12 to 0.55) 0.25 (0.11 to 0.58)

Q4: 11 53 0.20 (0.09 to 0.46) 0.20 (0.08 to 0.48) 0.20 (0.08 to 0.48) 0.20 (0.08 to 0.50)

P for trend     <0.0001 <0.0001 <0.0001 <0.0001

Omentin-1             

Q1: 24 54 1.00 1.00 1.00 1.00

Continued
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GDM 
cases (n)

Controls 
(n)

10–14 GWs multivariable 15–26 GWs multivariable

Model I Model II* Model I Model II *

Q2: 37 53 1.63 (0.79 to 3.35) 1.69 (0.80 to 3.58) 1.25 (0.63 to 2.45) 1.39 (0.69 to 2.79)

Q3: 19 54 0.71 (0.32 to 1.57) 0.77 (0.33 to 1.79) 0.71 (0.33 to 1.53) 0.89 (0.40 to 2.01)

Q4: 24 53 1.00 (0.44 to 2.25) 0.95 (0.40 to 2.26) 0.80 (0.36 to 1.77) 0.80 (0.35 to 1.87)

P for trend     0.47 0.37 0.44 0.44

Vaspin             

Q1: 19 52 1.00 1.00 1.00 1.00

Q2: 22 52 1.25 (0.58 to 2.71) 1.66 (0.72 to 3.81) 1.26 (0.59 to 2.67) 1.17 (0.52 to 2.62)

Q3: 39 52 2.13 (1.04 to 4.37) 2.37 (1.09 to 5.16) 1.49 (0.73 to 3.05) 1.67 (0.78 to 3.55)

Q4: 22 51 1.21 (0.58 to 2.52) 1.50 (0.70 to 3.22) 1.63 (0.78 to 3.39) 1.92 (0.87 to 4.26)

P for trend     0.96 0.23 0.71 0.09

RBP4             

Q1: 22 54 1.00 1.00 1.00 1.00

Q2: 27 53 1.27 (0.64 to 2.55) 1.31 (0.63 to 2.69) 1.09 (0.54 to 2.22) 1.29 (0.60 to 2.79)

Q3: 22 54 1.00 (0.48 to 2.10) 1.13 (0.52 to 2.45) 1.14 (0.55 to 2.36) 1.28 (0.58 to 2.83)

Q4: 33 53 1.54 (0.78 to 3.03) 1.69 (0.83 to 3.45) 0.85 (0.40 to 1.80) 0.99 (0.44 to 2.28)

P for trend     0.28 0.65 0.18 0.91

Model I adjusted for matching factors matched within a range (maternal age and gestational week of blood collection).
*Model II further adjusted for parity, family history of diabetes, and parity.
FABP4, fatty acid binding protein-4; GDM, gestational diabetes mellitus; GW, gestational week; HMW- adiponectin, high- molecular 
weight- adiponectin; IL-6, interleukin-6; Q, quartile; RBP4, retinol binding protein-4; sOB- R, soluble leptin receptor.

Table 2 Continued

Table 3 Spearman partial correlations among controls: adipokine concentrations at 10–14 GWs with glucose metabolism 
and cardiometabolic markers at 15–26 GWs

HOMA- IR Glucose Insulin C- peptide hsCRP HDLD LDLD TGs

FABP4 0.16 0.25** 0.17* 0.27** 0.32*** −0.24** 0.05 0.13

Chemerin 0.02 0.09 0.03 0.10 0.26** −0.05 0.08 0.17*

IL-6 0.30*** 0.08 0.31*** 0.29*** 0.16* 0.08 −0.02 −0.02

Leptin 0.30*** 0.22** 0.33*** 0.39*** 0.48*** −0.13 0.10 0.07

sOB- R −0.27*** −0.27** −0.30*** −0.36*** −0.24** 0.25** 0.09 −0.13

Adiponectin −0.22** −0.29*** −0.24** −0.28** −0.12 0.36*** −0.01 −0.27***

HMW- adiponectin −0.23** −0.31*** −0.24** −0.29** −0.11 0.34*** −0.01 −0.30**

Omentin-1 −0.19* −0.06 −0.21* −0.21* −0.01 0.13 0.00 −0.14*

Vaspin 0.03 0.10 0.03 0.03 −0.07 −0.12 0.03 0.07

RBP4 0.00 0.07 0.00 0.07 −0.08 −0.02 0.14* 0.25**

*P<0.05; **p<0.01; ***p<0.001; adjusts for age, GW of blood collection, nulliparity, and family history of diabetes.
FABP4, fatty acid binding protein-4; GW, gestational week; HDLD, high- density lipoprotein; HMW- adiponectin, high- molecular weight- 
adiponectin; HOMA- IR, homeostatic model assessment of insulin resistance; hsCRP, high- sensitivity C- reactive protein; IL-6, interleukin-6; 
LDLD, low- density lipoprotein; RBP4, retinol binding protein-4; sOB- R, soluble leptin receptor; TGs, triglycerides.

insulin, and hsCRP, suggesting a role of FABP4 in glucose- 
insulin homeostasis and inflammatory pathways which 
may contribute to the subsequent risk of GDM.

Chemerin is a chemoattractant protein implicated 
in regulating adipogenesis and lipolysis and promotes 
the migration of a variety of immune cell types.34 In the 
current study, higher concentrations of chemerin in early 
and mid- pregnancy were significantly associated with 
increased GDM risk, and throughout pregnancy levels were 

consistently higher among women who developed GDM 
compared with controls. To date, most studies of chemerin 
and GDM have been cross- sectional, with limited data from 
prospective studies.7 9 25 One study among native Scandi-
navians reported higher levels of chemerin at four time 
points throughout pregnancy (14–38 GWs) among women 
who developed GDM,7 although differences were not statis-
tically significant. The relatively small number of GDM 
cases (n=48) in the previous study may have impeded their 
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ability to detect statistical differences in chemerin levels, 
which were observed in our study with a larger number of 
GDM cases.

Our observed positive association between chemerin and 
GDM is biological plausible, although the precise mecha-
nistic role is yet to be discovered. Data indicate that chem-
erin has both anti- inflammatory and proinflammatory 
properties, and has been correlated with IL-6 and tumour 
necrosis factor alpha (TNFα),3 both of which suppress 
insulin receptor substrate-1 (IRS1).35 Chemerin regulates 
adipogenesis, with increased expression in adipose tissue 
resulting in insulin resistance in adipocytes.34 In our data, 
chemerin was correlated with triglycerides and hsCRP, 
which align with previous data implicating disruptions in 
lipid metabolism and inflammation in the pathogenesis of 
GDM.4

IL-6 is a traditional cytokine involved in inflammatory 
responses.35 We observed that higher IL-6 concentrations 
in early and mid- pregnancy were associated with GDM 
risk, and throughout pregnancy levels were consistently 
higher among women who developed GDM compared 
with controls. Prospective studies of IL-6 and GDM in early 
pregnancy are sparse and have included a limited number 
of GDM cases (n=14–40). Two prior studies have reported 
significantly higher IL-6 concentrations at 11–15 GWs 
among women who subsequently developed GDM.36 37 
However, in other small studies with less than 30 GDM cases 
the higher IL-6 concentrations among GDM cases were not 
statistically significant.38–40 Our data provide the first report 
of longitudinal profiles of IL-6 throughout pregnancy by 
GDM status among a larger racially/ethnically diverse 
sample.

Interestingly, we observed that the association of IL-6 
at 15–26 GWs and GDM was attenuated after adjustment 
for prepregnancy BMI indicating that during this phase 
of pregnancy other tissues, such as placenta, may be the 
primary source of IL-6. This finding is consistent with 
a prior null study of IL-6 measured at roughly the twen-
tieth week of pregnancy and GDM risk which adjusted for 
prepregnancy BMI.41 IL-6 directly inhibits insulin sensitivity 
by inhibiting tyrosine phosphorylation of IRS1, and it stim-
ulates the release of other hormones that contribute to 
insulin resistance.35 In the current study, IL-6 was positively 
correlated with subsequent insulin. It is plausible that IL-6 
suppression of IRS1 results in higher circulating insulin but 
lower sensitivity to insulin action and thus the positive asso-
ciation with GDM risk.

sOB- R is the primary binding protein for leptin.42 The 
current study is the first to longitudinally examine sOB- R 
profiles throughout pregnancy by GDM status. Consistently 
lower levels were observed among GDM cases. We found 
that in early and mid- pregnancy sOB- R was associated 
with a roughly 75% lower likelihood of developing GDM, 
whereas higher leptin was associated with increased GDM 
risk. Studies on sOB- R and GDM are limited, with only 
one prospective study in early pregnancy. Consistent with 
our findings they reported an inverse association between 
sOB- R and GDM risk.15 Most previously reviewed studies5 

reported that higher leptin was associated with increased 
GDM risk, although three studies reported no associa-
tions.25 43 44

Previous data indicate that low concentrations of sOB- R 
reflect reduced leptin sensitivity and membrane expres-
sion of the leptin receptors.42 We observed that higher 
leptin, and lower sOB- R concentrations were associated 
with greater GDM risk which may represent resistance 
to leptin. Animal and epidemiological studies indicate 
that leptin resistance and impaired leptin signaling in 
energy homeostasis impacts insulin resistance through 
decreasing insulin sensitivity in adipose tissue and skel-
etal muscle,45 and by upregulating acute phase inflamma-
tory markers.46 In the current study, leptin was positively 
correlated with markers of glucose metabolism and 
inflammation, which aligns with previous data impli-
cating leptin in these pathways.

In the current study, we confirmed the association 
between reduced adiponectin in early to mid- pregnancy 
and GDM risk.5 Adiponectin has different binding affin-
ities, and HMW- adiponectin is thought to represent the 
most active isoform of adiponectin and account for most 
of the insulin- sensitizing effects.47 Despite this, we found 
that the strength of the associations with reduced GDM 
risk were similar for adiponectin and HMW- adiponectin. 
Adiponectin stimulates glucose uptake in skeletal muscle 
and reduces hepatic glucose production through activating 
AMP- activated protein kinase, and therefore is an insulin- 
sensitizing hormone.48 Proinflammatory cytokines such as 
TNF-α and IL-6 suppress the transcription of adiponectin 
in adipocytes,49 which has been suggested to explain the 
lower levels of serum adiponectin in GDM.50

Our study has several unique strengths. First, the 
prospective and longitudinal data collection allowed us to 
examine the temporal association of adipokine levels in 
early and mid- pregnancy with subsequent development of 
GDM. Second, with the measurement of adipokines four 
times throughout pregnancy, we had the unique ability to 
profile the physiologic trends of a comprehensive panel 
of adipokines throughout pregnancy while distinguishing 
between women with and without GDM. Third, the longi-
tudinal measures of glucose metabolic markers and the 
estimated correlations with adipokines were analyzed and 
provided insight into the interpretation of observed asso-
ciations between adipokines and GDM. Lastly, the current 
study examined a panel of adipokines (some of which have 
been underexplored; FABP4, chemerin, sOB- R, omentin-1, 
vaspin, and RBP4), which provided insight to the value of 
novel markers of adipose tissue function and inflamma-
tion in GDM. The inclusion of multiple adipokines such 
as FABP4, chemerin, sOB- R, and HMW- adiponectin at 
10–14 GWs and 15–26 GWs improved the prediction of 
GDM over conventional risk factors resulting in a signifi-
cant increase in the AUC. Our study also explored the 
combined influence of this panel of adipokines, based on 
an adipokine score, on GDM risk. The use of an adipokine 
score which represents the amount of high- risk adipokine 
levels within an individual, captures both the magnitude 
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of the association with GDM risk and at least some of the 
complexity by which these adipokines are related. The OR 
for the association was significant even after adjusting for 
other risk factors. However, the 95% CI of the OR was wide 
and therefore we suggest caution in regard to the precision 
of the estimate.

Several limitations to our data should be considered. 
Although our sample was drawn from a larger cohort, the 
number of participants in the current analysis (107 GDM 
cases and 214 non- GDM controls) prevented us from 
creating training and validation data sets. Despite this, 
we used leave- one- out cross- validation to minimize model 
overfitting. The NICHD Fetal Growth Studies inclusion 
criteria were selected to create a sample of participants 
without major chronic conditions and therefore may not 
be generalizable to high- risk populations; nevertheless, 
our study is one of the first to examine these adipokines 
among participants from a diverse racial/ethnic back-
ground which increases the generalizability of our find-
ings. Although we have controlled for known major 
confounders, similar to other observational studies these 
do not represent causal effects, and we cannot completely 
exclude the possibility for residual confounding by 
unmeasured factors or measurement errors.

In summary, in the current study, a panel of adipokines 
as early as 10–14 GWs, which is approximately 10–18 
weeks earlier than when GDM is typically screened for, 
were significantly related to GDM risk. The novel find-
ings on lower levels of sOB- R and higher levels of FABP4 
and chemerin in both first and second trimesters in asso-
ciation with an elevated risk of subsequent GDM suggest 
a pathophysiologic role of these adipokines in GDM 
etiology. Future studies are warranted to investigate the 
underlying molecular mechanisms.
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