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Fatty acid binding protein 4 (FABP4) has been associated with insulin resistance. Gestational
diabetes mellitus (GDM) impairs fetal insulin sensitivity. Female newborns are more insulin
resistant thanmale newborns.We sought to evaluate the association betweenGDMand cord
blood FABP4, and explore potential sex dimorphic associations and the roles of sex
hormones. This was a nested case-control study in the Shanghai Birth Cohort, including
153 pairs of newborns in GDM vs. euglycemic pregnancies matched by infant sex and
gestational age at delivery. Cord plasma FABP4, leptin, total and high-molecular-weight
adiponectin, testosterone and estradiol concentrationsweremeasured. Adjusting formaternal
and neonatal characteristics, cord plasma FABP4 (Mean ± SD: 27.0 ± 19.6 vs. 18.8 ± 9.6 ng/
mL, P=0.045) and estradiol (52.0 ± 28.6 vs. 44.2 ± 26.6, ng/mL, P=0.005) concentrations
were higher comparing GDM vs. euglycemic pregnancies in males, but similar in females (all
P>0.5). Mediation analyses showed that the positive association between GDM and cord
plasma FABP4 in males could be partly mediated by estradiol (P=0.03), but not by
testosterone (P=0.72). Cord plasma FABP4 was positively correlated with total adiponectin
in females (r=0.17, P=0.053), but the correlation was in the opposite direction in males
(r=-0.11, P=0.16) (test for difference in r, P=0.02). CordplasmaFABP4was not correlatedwith
leptin in both sexes. The study is the first to demonstrate sex-dimorphic associations between
GDM and cord plasma FABP4 or estradiol, and between FABP4 and adiponectin in
newborns. GDM may affect fetal circulating FABP4 and estradiol levels in males only.

Keywords: gestational diabetes mellitus (GDM), fatty acid binding protein 4 (FABP4), adiponectin, testosterone,
estradiol (E2), sex dimorphism
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INTRODUCTION

Gestational diabetes mellitus (GDM) is characterized by glucose
intolerance with first recognition in the 2nd half of pregnancy,
affecting 3%-25% of pregnancies worldwide (1, 2). The offspring
of mothers with gestational diabetes are at elevated risks of
insulin resistance and type 2 diabetes (3, 4). The mechanisms
linking GDM in early life “programming” the vulnerability to
type 2 diabetes remain unclear.

A number of adipokines are involved in the regulation of
insulin sensitivity, most notably leptin and adiponectin (5).
GDM has been associated with impaired insulin sensitivity,
elevated leptin and decreased adiponectin concentrations in
the newborns (6–9). However, little is known about whether
GDM may affect circulating levels of other adipokines in
early life.

Fatty acid binding protein 4 (FABP4) is an adipokine
involved in the transport of fatty acids to specific organelles in
the cell (8). It has been shown that FABP4 deficiency ameliorates
insulin resistance and prevents atherosclerosis in apolipoprotein
E-deficient mice (10, 11). It remains unknown whether FABP4 is
correlated with leptin or adiponectin in early life. Human studies
have associated elevated circulating FABP4 levels with obesity,
insulin resistance, type 2 diabetes (12, 13). It remains unclear
whether GDM affects fetal FABP4 levels. We are aware of only
three studies on the association between GDM and fetal/cord
blood FABP4, and the findings have been inconsistent (7, 14, 15).
The discrepant results may be partly related to the small to
moderate sample sizes in these studies (GDM, all n<100), and
thus the relative vulnerability to chance findings.

Females are more insulin resistant than males at birth (16).
Clinical studies have reported higher circulating FABP4 levels in
females vs. males in adulthood (17, 18). It is unknown whether
any association between GDM and fetal circulating FABP4 may
vary by sex. Sex hormones (estradiol and testosterone) play a
critical role in fat deposition contributing to sex difference in
insulin resistance (19, 20), and have been associated with the
risks of metabolic syndrome and type 2 diabetes (21, 22). It is
unknown whether sex hormones may be related to any potential
sex dimorphic association between GDM and fetal FABP4.

In view of the above-discussed knowledge gaps, we sought to
evaluate the association between GDM and cord blood FABP4,
and explore potential sex dimorphic associations and the roles of
sex hormones.
METHODS

Study Design, Subjects, and Specimens
This was a nestedmatched case control study based on the recently
developed Shanghai Birth Cohort (SBC) (23). In the SBC cohort, a
total of 4127 pregnant women at preconception or early pregnancy
care were recruited from six urban university affiliated tertiary
Abbreviations: FABP4, Fatty acid binding protein 4; GDM, Gestational diabetes
mellitus; HMW, high-molecular-weight; IADPSG, International Association of
Diabetes and Pregnancy Study Groups; SBC, Shanghai Birth Cohort.
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obstetric care hospitals in Shanghai between 2013 and 2016. The
women were followed up at the second and third trimesters of
pregnancy and delivery. Data and specimens were collected at each
study visit. All collected cord blood samples were kept on ice,
stored temporarily in a 4°C refrigerator and centrifuged within 2
hours after the specimen collection. Serum and EDTA plasma
samples were stored in multiple aliquots at −80°C until assays. The
study was approved by the research ethics boards of Shanghai
Xinhua Hospital (the coordination center, approved on August 23,
2013, ref no. M2013-010) and all participating hospitals. Written
informed consent was obtained from all study participants.

GDM was diagnosed according to the International
Association of Diabetes and Pregnancy Study Groups
(IADPSG)criteria (24); if any one of the blood glucose values
was at or above the following thresholds in the 75 g oral glucose
tolerance test at 24-28 weeks of gestation: fasting 5.1 mmol/L, 1-
hour 10.0 mmol/L and 2-hour 8.5 mmol/L.

As part of the SBC project, we conducted a nested case control
study on the impacts of GDM on early life metabolic health
biomarkers in the offspring (25, 26). Cases were the newborns of
GDM mothers, and controls were the newborns of euglycemic
mothers. Cases (n=153) and controls (n=153) were matched
(1:1) by infant sex (the same) and gestational age at delivery
(within 1 week) (25). Here, we reported the study data on cord
blood FABP4 and sex hormones.

Biochemical Assays
In all biomarker assays, the laboratory technicians were blinded to
the clinical status (GDM or not) of study subjects. Cord plasma
FABP4 was measured by an ELISA kit (R&D systems, Minnesota,
USA). Plasma estradiol was measured by an ELISA kit (Labor
Diagnostika Nord, Germany). Plasma testosterone was measured
by a chemiluminescence immunoassay kit on a UniCel DXI 800
Access Immunoassay System (Beckman Coulter, USA). The
detection limits were 6.55 pg/mL for FABP4, 6.2 pg/mL for
estradiol, and 0.35 nmol/L for testosterone, respectively. The
intra-assay and inter-assay coefficients of variation were in the
ranges of 3.4-12.7% for FABP4, 3.1-6.4% for estradiol, and 1.7-
7.1% for testosterone, respectively.

As reported previously, cord plasma leptin was measured by
an ELISA kit from Invitrogen (Carlsbad, CA, USA), total and
high-molecular-weight (HMW) adiponectin by an ELISA kit
from ALPCO (Salem, NH, USA) (26). The intra-assay and inter-
assay coefficients of variation were in the range of 6.9-10.4% (26).

Statistical Analysis
Data are presented as Mean ± SD (standard deviation) and
median (interquartile range) for continuous variables, and
frequency (percentage) for categorical variables. Paired t-test
was used in comparisons of continuous variables, and
McNemar’s Chi-Square test was used in comparisons of
dichotomous variables between GDM and matched controls.
Log-transformed biomarker data were used in t tests, correlation
and regression analyses. Pearson partial correlation coefficients
were calculated to evaluate the correlations between biomarkers
adjusting for gestational age at delivery/cord blood sampling.
Fisher’s z test was used in comparisons of correlation coefficients
September 2021 | Volume 12 | Article 740902
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between groups. Generalized linear models were applied to assess
the differences in cord blood FABP4, estradiol and testosterone
concentrations by GDM status or infant sex controlling for
maternal and neonatal characteristics, and to assess the
predictors of cord blood FABP4, and in tests for interactions.
Maternal characteristics included age, ethnicity, education,
parity, smoking or alcohol use during pregnancy, pre-
pregnancy BMI (kg/m2), gestational hypertension, family
history of diabetes, family history of hypertension. Neonatal
characteristics included infant sex, gestational age, birth weight
z score [according to the 2015 Chinese sex- and gestational age-
specific birthweight standards (27)] and mode of delivery
(cesarean section/vaginal). Matching variables were excluded
(gestational age and infant sex) in the comparisons between
GDM and control groups. Only co-variables with P<0.2 were
included in the parsimonious final regression models to obtain
more stable effect estimates. Mediation analyses were conducted
to test whether sex hormones may mediate any relationship
between GDM and cord plasma FABP4 using the product
(“Baron and Kenney”) method (28). All statistical analyses
were performed using SAS V.9.4 (SAS Institute, Cary, NC,
USA). P value <0.05 was considered statistically significant in
testing the difference in the primary outcome (cord plasma
FABP4 concentration) between GDM and control groups.
Using an online sample size and power calculator tool (http://
powerandsamplesize.com/Calculators/), we calculated that with
the study sample sizes (153 GDM-control pairs; 70 pairs of
female newborns, 83 pairs of male newborns) and type 1 error
(alpha) at 5%, the study had a power of 99% to detect a 0.5 SD or
greater difference in a cord blood biomarker between GDM and
control groups, and a power of >84% in sex-specific analyses.
RESULTS

Maternal and Neonatal Characteristics
Maternal and neonatal characteristics of study subjects in this
matched case control study in the Shanghai Birth Cohort have
been described recently (25). Briefly, there were no significant
differences in maternal age, education, parity, family history of
diabetes, smoking or alcohol use in pregnancy. Maternal pre-
pregnancy BMI was higher (mean: 23.6 vs. 21.6 kg/m2),
gestational hypertension (5.2% vs. 0.6%) and cesarean section
(57% vs. 36%) were more frequent in GDM vs. euglycemic
pregnancies (all P<0.05). Birth weight z scores were higher in
GDM vs. euglycemic pregnancies (P=0.04). Of the 306 newborns,
166 were males (83 GDM and 83 euglycemic mothers), and 140
were females (70 GDM and 70 euglycemic mothers). There were
142 cesarean section deliveries (97 elective and 45 emergency
cesarean sections).

Cord Plasma FABP4, Testosterone, and
Estradiol Concentrations
Adjusting for maternal and neonatal characteristics, cord
plasma FABP4 and testosterone concentrations were not
significantly different between GDM and euglycemic
pregnancies overall, while estradiol concentrations (49.0 ± 25.6
Frontiers in Endocrinology | www.frontiersin.org 3
vs. 45.1 ± 23.6 ng/mL) were significantly higher in GDM
pregnancies (Table 1). Descriptive statistics on cord plasma
leptin, total and adiponectin concentrations have been reported
recently (26).

In sex stratified analyses adjusting for maternal and neonatal
characteristics, cord plasma FABP4 concentrations were higher in
GDM vs. euglycemic pregnancies inmales (27.0 ± 19.6 vs. 18.8 ± 9.61
ng/mL,P=0.045), but similar in females (23.2±16.4vs. 25.6±21.2ng/
mL, P=0.60) (test for interaction, P=0.039) (Table 2). GDM was
associatedwith higher cord plasma estradiol concentrations inmales
(P=0.005), but not in females (P=0.56) (test for interaction, P=0.052).

Therewerenosignificantdifferences incordplasma testosterone
concentrations between GDM and euglycemic pregnancies in both
males and females. There were no sex differences in cord plasma
FABP4, estradiol and testosterone concentrations in both GDM
and euglycemic pregnancies (all P>0.05, Table 3).
Correlations
Cord plasma FABP4 was negatively correlated with gestational
age at delivery (r=-0.16, P=0.01). Adjusting for gestational age at
blood sampling, cord plasma FABP4 was positively correlated to
adiponectin in females (r=0.17, P=0.053), but the correlation was
in the opposite direction in males (r=-0.11, P=0.16) (Fisher’s z
test for difference in correlation coefficients, P=0.02) (Table 4,
Figure 1). Cord plasma FABP4 was positively correlated with
birth weight z score, but was not correlated with estradiol,
testosterone and leptin in both males and females. Cord
plasma FABP4 was not correlated to leptin or adiponectin in
GDM or euglycemic pregnancies (Table 5).
Determinants of Cord Plasma
FABP4 Levels
There was a significant interaction between GDM and fetal sex
in relation to cord plasma FABP4 (P=0.039). GDM was
associated with a 22.5% (95% CI: 2.3-46.6%) increase in cord
plasma FABP4 in males (P=0.03), but there was no association
in females (Table 6). Higher cord plasma FABP4 levels were
TABLE 1 | Cord plasma FABP4, estradiol and testosterone concentrations in
the newborns of GDM vs. euglycemic (control) mothers.

Cord plasma GDM (n=153) Control (n=153) Crude P* Adjusted P*

FABP4 25.4 ± 18.3 22.0 ± 16.4 0.12 0.19
(ng/mL) 20.2 (12.3, 30.5) 16.7 (12.6, 24.1)
Estradiol 49.0 ± 25.6 45.1 ± 23.6 0.10 0.002
(ng/mL) 41.2 (32.6, 59.4) 38.3 (30.6, 52.7)
Testosterone 5.1 ± 1.1 5.0 ± 1.1 0.45 0.24
(nmol/L) 5.0 (4.5, 5.6) 4.9 (4.3, 5.5)
Se
ptember 2021 | Vo
lume 12 | A
Data presented are mean ± SD and median (inter-quartile range).
GDM, gestational diabetes mellitus; FABP-4, fatty acid binding protein 4;
*Crude P values were from paired t-tests in log-transformed biomarker data. Adjusted P
values were from generalized linear models in the comparisons of log-transformed
biomarker data adjusting for maternal (pre-pregnancy BMI, family history of diabetes,
family history of hypertension, gestational hypertension) and neonatal (cesarean section)
characteristics; other factors were excluded since they were similar and did not affect the
comparisons between the two groups (all P>0.2). P values in bold, P<0.05.
rticle 740902

http://powerandsamplesize.com/Calculators/
http://powerandsamplesize.com/Calculators/
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Liu et al. GDM, Fetal FABP4 and Estradiol
associated with family history of hypertension, cesarean section
delivery and higher birth weight z scores. Cord plasma FABP4
concentrations were higher in either elective cesarean sections
(27.7 ± 19.2 ng/mL, P<0.001) or emergency cesarean sections
(31.1 ± 24.2 ng/mL, P<0.001) as compared to vaginal deliveries
(18.8 ± 10.6 ng/mL). Higher gestational ages at delivery were
associated with lower cord plasma FABP4 concentrations. Other
factors were not associated with cord plasma FABP4, including
family history of diabetes, maternal age, pre-pregnancy BMI,
parity, education, smoking, alcohol use and fetal sex (all P>0.2).
There were no significant interactions between GDM and pre-
Frontiers in Endocrinology | www.frontiersin.org 4
pregnancy BMI or maternal age in relation to cord plasma FABP4
(all P>0.05).

Mediation Analyses
The positive association between GDM and cord plasma FABP4
in males was partly mediated by estradiol; the mediation effect
was a 7.0% (95% CI: 0.6-13.7%, P=0.03) increase in cord plasma
FABP4. In contrast, there was no mediation effect by testosterone
(P=0.72). The positive relationship between cord plasma FABP4
and total adiponectin in females was not mediated by estradiol
(P=0.35) or testosterone (P=0.98).
TABLE 2 | Cord plasma FABP4, testosterone and estradiol concentrations in the newborns of GDM vs. euglycemic (control) mothers stratified by infant sex.

Male newborns Crude P* Adjusted P* Female newborns Crude P* Adjusted P*

GDM Control GDM Control

FABP4 27.0 ± 19.6 18.8 ± 9.6 0.007 0.045 23.2 ± 16.4 25.6 ± 21.2 0.71 0.60
(ng/mL)
Testosterone 5.2 ± 1.3 5.0 ± 0.9 0.45 0.37 4.9 ± 0.8 4.9 ± 1.2 0.81 0.20
(nmol/L)
Estradiol 52.0 ± 28.6 44.2 ± 26.6 0.02 0.005 45.3 ± 20.8 46.0 ± 19.7 0.59 0.56
(ng/mL)
September 2021
 | Volume 12 | A
Data presented are Mean ± SD. There were 166 male newborns (of 83 GDM and 83 euglycemic mothers) and 140 female newborns (of 70 GDM and 70 euglycemic mothers).
GDM, gestational diabetes mellitus; FABP4, fatty acid binding protein 4.
*Crude P values were from paired t-tests in log-transformed data. Adjusted P values were from generalized linear models in the comparisons of log-transformed biomarker data between
the two groups adjusting for maternal (pre-pregnancy BMI, family history of diabetes, family history of hypertension, gestational hypertension) and neonatal (cesarean section)
characteristics; other factors were excluded since they were similar and did not affect the comparisons (all P>0.2). P values in bold, P<0.05.
Tests for interaction between fetal sex and GDM: P=0.039 in the association with FABP4, P= 0.052 in the association with estradiol.
TABLE 3 | Cord plasma FABP4, testosterone and estradiol concentrations comparing male vs. female newborns in GDM and euglycemic (control) pregnancies.

GDM P* Control P*

Male newborns Female newborns Male newborns Female newborns

FABP4 27.0 ± 19.6 23.2 ± 16.4 0.21 18.8 ± 9.6 25.6 ± 21.2 0.10
(ng/mL)
Testosterone 5.2 ± 1.3 4.9 ± 0.8 0.41 5.0 ± 0.9 4.9 ± 1.2 0.40
(nmol/L)
Estradiol 52.0 ± 28.6 45.3 ± 20.8 0.15 44.2 ± 26.6 46.0 ± 19.7 0.18
(ng/mL)
rticle 74
GDM, gestational diabetes mellitus; FABP4, fatty acid binding protein 4.
Data presented are mean ± SD. There were 153 newborns (83 boys and 70 girls) of GDM and 153 newborns (83 boys and 70 girls) of euglycemic (control) mothers in the analyses.
*Crude P values in the comparisons of log-transformed biomarker data between male and female newborns; no adjustments were made since all co-variables (maternal and neonatal
characteristics) were similar in male and female newborns (all P>0.2) and did not affect the comparisons.
TABLE 4 | Cord blood FABP4 in correlations with testosterone, estradiol, leptin, adiponectin and birth weight (z score) in males and females.

All Males Females *P for difference

r P r P r P

Testosterone -0.07 0.25 -0.07 0.39 -0.07 0.44 1.00
Estradiol 0.07 0.22 0.10 0.20 0.04 0.69 0.58
Leptin 0.09 0.15 0.045 0.58 0.14 0.12 0.44
Total adiponectin 0.03 0.61 -0.11 0.16 0.17 0.053 0.02
HMW adiponectin 0.02 0.76 -0.12 0.12 0.14 0.12 0.03
Birth weight z score 0.20 <0.001 0.22 0.01 0.19 0.03 0.80
FABP4, fatty acid binding protein 4; HMW, high molecular weight.
Data presented are Pearson partial correlation coefficients in log-transformed biomarker data adjusting for gestational age at delivery/cord blood sampling.
*P values in Fisher’s z tests for differences in correlation coefficients in males and females. P values in bold, P<0.05.
0902
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DISCUSSION

Main Findings
The study is the first to demonstrate sex dimorphic associations
between GDM and cord plasma FABP4 or estradiol, and between
cord plasma FABP4 and adiponectin. GDM was associated with
Frontiers in Endocrinology | www.frontiersin.org 5
elevated cord plasma FABP4 and estradiol concentrations in
males only, and FABP4 was positively correlated with
adiponectin in females only. The positive association between
GDM and cord plasma FABP4 in males appears to be partly
mediated by estradiol.

Data Interpretation and Comparisons to
Findings in Previous Studies
Adipokines may be involved in the pathophysiology of GDM and
its post-partum consequences (29). FABP4 has been associated
with insulin resistance (13, 30). Studies have reported
inconsistent findings on cord blood FABP4 levels in GDM (7,
14, 15). Two studies reported higher cord blood FABP4 levels
(14, 15), while another study reported lower cord blood FABP4
levels in GDM vs. euglycemic pregnancies (7). Sample sizes in
GDM pregnancies were 98, 50 and 26 in the three studies,
respectively (7, 14, 15). In contrast, our study with a much
larger sample size (153 GDM pregnancies) showed that GDM
was associated with higher cord plasma FABP4 concentrations in
males only. We could not reconcile our data against previous
studies which did not report sex specific data. It should be noted
that the difference would not be detected in the pooled total
sample (males+females). Our comparisons were adjusted for
FIGURE 1 | Scatter plots illustrating the different correlations of cord plasma FABP4 with total adiponectin in female and male newborns; the interpolation represents
the regression line. P=0.02 in Fisher’s z test for difference in the correlation coefficients in males and females.
TABLE 5 | Cord blood FABP4 in correlations with testosterone, estradiol, leptin,
adiponectin and birth weight z score in GDM and euglycemic (control) pregnancies.

GDM Control *P for difference

r P r P

Testosterone -0.14 0.11 0.02 0.81 0.19
Estradiol 0.02 0.82 0.12 0.16 0.41
Leptin 0.08 0.35 0.11 0.19 0.79
Total adiponectin -0.06 0.46 0.16 0.052 0.06
HMW adiponectin -0.05 0.52 0.15 0.07 0.08
Birth weight z score 0.22 0.01 0.15 0.06 0.55
GDM, gestational diabetes mellitus; FABP4, fatty acid binding protein 4; HMW, high
molecular weight.
Data presented are Pearson partial correlation coefficients adjusting for gestational age at
delivery/cord blood sampling. Log-transformed biomarker data were used in the analyses.
*P values in Fisher’s z tests for differences in the correlation coefficients in GDM and
control groups.
TABLE 6 | Determinants of cord plasma FABP4 concentrations.

All P Males P Females P
b (95% CI) b (95% CI) b (95% CI)

GDM 9.4 (-4.8, 25.7) 0.21 22.5 (2.3, 46.6) 0.03 -5.4 (-24.0, 17.8) 0.62
FH of hypertension 17.5 (2.2, 35.2) 0.02 17.8 (-1.8, 41.3) 0.08 19.6 (-3.9, 48.8) 0.11
Gest. hypertension -17.0 (-43.4, -21.7) 0.34 -2.6 (-36.0, 48.4) 0.90 -54.3 (-80.2, 5.5) 0.07
Cesarean section 28.8 (12.3, 47.7) <0.001 22.3 (2.7, 45.6) 0.02 35.6 (8.6, 69.2) 0.01
Gestational age -7.0 (-11.8, -1.9) 0.01 -6.8 (-12.8, -0.5) 0.04 -6.6 (-14.6, 2.1) 0.13
Birth weight z score 8.2 (1.7, 15.2) 0.01 9.2 (0.7, 18.5) 0.03 6.0 (-3.8, 16.8) 0.24
September 2
021 | Volume 12 | Article 74
GDM, gestational diabetes mellitus; FABP4, fatty acid binding protein 4; FH, family history; Gest., gestational.
Data presented are the percentage change (95% CI) from generalized linear models, based on the regression coefficients for the outcome (FABP4 concentration) in log-transformed data.
Only predictors with P<0.2 in predicting the outcome in at least one sex (male or female) group were retained in the final models. For consistency, the same set of predictors were retained
in the final models for both sexes. Test for interaction with infant sex was significant for GDM only (P=0.04). Therefore, the primary effect estimates should be sex-specific for GDM, and be
the effect estimates in the pooled total sample for other predictors.
P values in bold, P<0.05.
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maternal and neonatal characteristics, while two previous studies
did not adjust for these characteristics (14, 15), and the other
study adjusted for pre-pregnancy BMI and infant sex only (7).
GDM has been associated with lower cord plasma adiponectin
concentrations in females only (26). The current study adds new
evidence suggesting a sex dimorphic impact of GDM on
circulating levels of certain adipokines in early life.

Studies in adults have reported higher circulating FABP4 levels
in women vs. men (17, 18). Androgen may contribute to such a sex
difference through affecting body fat content as fat mass is positively
correlated with circulating FABP4 levels (18). Circulating
testosterone and FABP4 concentrations are negatively correlated
in men, but positively correlated in women (18). However, we did
not observe any association between cord plasma testosterone and
FABP4 in newborns. Higher cord plasma FABP4 concentrations
were observed in GDM vs. euglycemic pregnancies in males only,
suggesting that GDM may up-regulate FABP4 expression/secretion
in males during fetal life. Mediation analyses indicate that this male
specific positive association between GDM and cord plasma FABP4
might be partly mediated by estradiol, but not related to
testosterone. A study in muscle (myotube) cells suggested that
estradiol could up-regulate FABP4 expression (31). This might
explain the mediation effect of estradiol on higher FABP4 levels
associated with GDM in male newborns. Further studies are
warranted to validate whether this is a phenomenon unique to
males, and to elucidate the underlying mechanisms.

Adipose tissue produces a number of adipokines that modulate
insulin response (29). There is a lack of data on the relationship
between FABP4 and other adipokines in early life. Our study is the
first to reveal a sex dimorphic association between cord plasma
FABP4 and adiponectin. Cord plasma FABP4 and adiponectin
were positively correlated in females only, and the association was
unrelated to sex hormones. This novel observation requires
confirmation in more independent studies.

Elective cesarean delivery is a less stressful procedure to the
fetus than vaginal delivery. Cord blood cortisol levels are lower in
elective cesarean deliveries compared to vaginal deliveries (32).
About 50% cesarean deliveries are elective cesarean sections in
Shanghai (33). Such high rates of elective cesarean sections are
common in China due to maternal preference and financial
incentives for hospitals (34). A study in mice reported that
dexamethasone (a synthetic glucocorticoid) injection increased
FABP4 mRNA expression (35), and there have been no data in
humans. We observed that cord plasma FABP4 levels were
higher in cesarean deliveries (elective or not) vs. vaginal
deliveries, even though fetal cortisol levels should be lower in
elective cesarean deliveries. Further studies in other independent
cohorts are required to confirm this new finding.

Elevated circulating FABP4 levels have been associated with a
family history of hypertension (36). Consistent with this report,
we observed higher cord plasma FABP4 concentrations in
subjects with a family history of hypertension. Maternal and
cord blood FABP4 concentrations were not correlated,
suggesting fetal tissues might be the main source of FABP4 in
cord blood (7). Consistent with our data, birth weight z score was
positively correlated with cord blood FABP4 levels, while
Frontiers in Endocrinology | www.frontiersin.org 6
gestational age was negatively correlated with cord blood
FABP4 levels in previous studies (37, 38). Fetal FABP4 may be
expressed at higher levels in earlier gestational ages.

Elevated circulating estrogen levels have been related to insulin
resistance in pregnancy (39). After binding to the estrogen receptor,
estradiol may decrease insulin sensitivity through reducing the
expression of the insulin sensitive membrane transporter - glucose
transporter 4 in adipose tissue and muscle (40, 41). Two studies on
cord blood estradiol levels in GDM showed inconsistent findings
(42, 43). Qi et al. reported decreased cord blood estradiol levels in
GDM pregnancies (n=204) (42), while Jin et al. observed no
significant changes in GDM pregnancies (n=48) (43). In contrast,
our data showed that GDM was associated with higher cord blood
estradiol concentrations in males only. The reasons for these
inconsistent findings are unclear, and may be partly due to the
differences in sample size and GDM diagnostic criteria. More
studies in larger cohorts are warranted to clarify the association.

Strengths and Limitations
The study was based on a large birth cohort. Biochemical assays
were of high quality, and study subject’s clinical status was blinded
to assay technicians. The study has some limitations. We could not
draw conclusions regarding causality due to the observational
nature of the study. The study subjects were all Chinese. More
studies in other populations are required to determine the
generalizability of the study findings to other ethnic groups.
CONCLUSION

Our study data suggest a sex dimorphic impact of GDM on
FABP4 and estradiol levels in early life in the offspring. The male
specific positive association between GDM and FABP4 appears
to be partly mediated by estradiol. There may be a sex dimorphic
association between FABP4 and adiponectin in early life. These
new findings suggest the need for more research to illuminate the
sex specific metabolic “programming” impact targets and long-
term consequences that could guide the development of targeted
programming interventions to reduce the vulnerability to insulin
resistance and type 2 diabetes.
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