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Background: Maternal obesity is associated with unfavor-
able outcomes, which may be reflected in the as yet undiscov-
ered gene expression profiles of the umbilical cord (UC).
Methods: UCs from 12 lean (pregravid BMI < 24.9) and 
10 overweight/obese (pregravid BMI ≥ 25) women without 
gestational diabetes were collected for gene expression analy-
sis using Human Primeview microarrays. Metabolic parameters 
were assayed in mother’s plasma and cord blood.
results: Although offspring birth weight and adiposity (at 
2 wk) did not differ between groups, expression of 232 tran-
scripts was affected in UC from overweight/obese compared 
with those of lean mothers. Gene-set enrichment analysis 
revealed an upregulation of genes related to metabolism, 
stimulus and defense response, and inhibitory to insulin signal-
ing in the overweight/obese group. We confirmed that EGR1, 
periostin, and FOSB mRNA expression was induced in UCs from 
overweight/obese mothers, while endothelin receptor B, KLF10, 
PEG3, and EGLN3 expression was decreased. Messenger RNA 
expression of EGR1, FOSB, MEST, and SOCS1 were positively cor-
related (P < 0.05) with mother’s first-trimester body fat mass 
(%).
conclusion: Our data suggest a positive association 
between maternal obesity and changes in UC gene expression 
profiles favoring inflammation and insulin resistance, poten-
tially predisposing infants to develop metabolic dysfunction 
later on in life.

currently in the United States, up to 60% of all pregnancies 
occur in women who are either overweight (OW) or obese 

(OB) at conception (1). This poses a significant public health 
concern as maternal obesity adversely affects the immediate 
health of both the mother and offspring (2,3). It is hypothe-
sized that maternal obesity leads to developmental program-
ming of excessive weight and adiposity in the offspring (4). 
Epidemiological and clinical studies (5,6) strongly support this 
hypothesis, including a recent study of 37,000 individuals that 

showed greater risk of cardiovascular disease and premature 
death in those born to OW and OB women (7). Also, find-
ings from numerous animal models (8–11) show that mater-
nal obesity and obesogenic diets program obesity risk in the 
offspring. Further support for developmental programming 
imprinted by maternal obesity comes from observations that 
children born to women following weight loss after bariatric 
surgery have diminished risk of obesity compared with chil-
dren born to the same women prior to the surgery when they 
were OB (5,6). Recent studies confirm that weight loss in these 
OB women who then become pregnant is associated with 
changes in gene expression and DNA methylation of gluco-
regulatory genes in the offspring (12). Despite these findings, 
markers indicative of metabolic programming remain yet to 
be identified.

Much of the mechanistic understanding of programming has 
come from animal models of gestational obesity. Using a rat 
model of overfeeding-induced obesity, we previously demon-
strated that exposure to maternal obesity, from conception to 
birth, is sufficient to program increased obesity risk in the off-
spring (8,13–15). Offspring of OB dams are “hyper-responsive” 
to high-fat diets, gaining greater body weight, fat mass, and 
additional metabolic sequelae (8,14,15), including decreased 
fatty acid oxidation and impaired metabolic flexibility evi-
dent at weaning. These findings indicate that in a controlled 
model of maternal obesity, alterations in lipid metabolism, and 
insulin signaling precede the development of obesity in off-
spring. However, the relevance of these mechanistic findings 
to human subjects remains unclear. One limitation to clinical 
studies is access to tissues from infants and offspring. However, 
recent studies have shown that the umbilical cord (UC) may 
be an easily accessible surrogate fetal tissue (16). Unlike the 
placenta, which is chimeric for both maternal and fetal com-
partments, the UC is purely fetal in nature and is also likely 
influenced by factors in fetal circulation. Furthermore, studies 
in human subjects indicate that methylation status of specific 
CpG sites in the cord can be predictive of offspring adiposity 
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(16,17). Nonetheless, no studies have examined global gene 
expression changes in the cord, which presumably could reveal 
important mechanisms relating to maternal obesity-associated 
fetal effects.

This study was designed to examine the hypothesis that 
the effect of maternal obesity on the fetus will be reflected 
by changes in UC gene expression profiles. Using microar-
rays, we characterized global gene expression in cord tissue 
from uncomplicated pregnancies in lean and OB women. 
First, we examined inflammatory mediators and insulin sig-
naling gene expression in cord tissue from women who were 
OB at conception. Secondly, we conducted anthropometric 
and body composition assessments, in both the mother and 
infant, along with the evaluation of metabolic and endocrine 
parameters normally dysregulated with the OB phenotype. 
To gain greater mechanistic insights, we also evaluated cor-
relations between gene expression changes and maternal and 
fetal adiposity and endocrine parameters. Finally, we exam-
ined key pathways known to regulate insulin signaling in 
the cord and the contributions of circulating factors in cord 
blood (CB) in mediating UC gene expression changes in obe-
sity. Our data strongly suggest that exposure to maternal obe-
sity during fetal development, in the absence of gestational 
diabetes or any other pregnancy complications, alters fetal 
gene expression.

RESULTS
Maternal Obesity Increases UC Plasma Leptin and Insulin Levels
A number of maternal anthropometric and metabolic param-
eters were measured before and during pregnancy (Table 1). 

As expected, there were significant differences in BMI 
(22.28 ± 0.46 vs. 31.16 ± 1.11 kg/m2; P < 0.001) and percent 
body fat (30.65 ± 0.91% vs. 43.80 ± 1.36%; P < 0.001) between 
lean and overweight/obese (OW/OB) subjects both before and 
after conception. Moreover, subjects in the OW/OB group 
continued to be heavier throughout pregnancy (P < 0.001). 
As part of the study design, all participants (lean and OW/
OB) were counseled to maintain weight gain during preg-
nancy according to the Institute on Medicine guidelines. Since 
Institute on Medicine–recommended weight gain for OW/OB 
women is lower than that for lean women, absolute gestational 
weight gain was significantly lower in OW/OB mothers (P < 
0.001) relative to their lean counterparts. Fasting plasma insu-
lin and leptin levels were significantly higher (2.0-fold and 1.5-
fold, respectively) at 30 wk of gestation in OW/OB compared 
with lean mothers, while triglycerides and interleukin-6 were 
numerically greater in OW/OB mothers, but the difference was 
not statistically significant (Table 1). OW/OB subjects showed 
greater insulin resistance, as assessed by  homeostatic model-
insulin resistance values (1.34 ± 0.2 vs. 2.03 ± 0.3; P = 0.08). 
There were no differences in fasting glucose or nonesterified 
fatty acid concentrations between the groups.

Fetal anthropometric parameters and cord plasma (CP) 
metabolic parameters were also measured (Table 2). There 
was no difference in birth weight, birth length or percent 
fat mass at 2 wk of age between offspring of lean and OW/
OB mothers. However, CP leptin levels from OW/OB moth-
ers were 2.2-fold higher (P ≤ 0.02) than that of lean moth-
ers. Also, CP insulin was ~1.5-fold higher in infants born 

table 1. Anthropometric and metabolic parameters of lean and 
overweight/obese (OW/OB) mothers

Lean OW/OB P value

Anthropometric parameters

N 12 10

Maternal age (yr) 31.0 ± 0.6 28.6 ± 0.7* 0.021

Prepregnancy BMI (kg/m2) 22.28 ± 0.46 31.16 ± 1.11* <0.001

 Body fat (%) at 4–10 wk gestation 30.65 ± 0.91 43.80 ± 1.36* <0.001

Weight at 36 wk gestation (kg) 73.63 ± 2.00 90.46 ± 3.36* <0.001

Gestational weight gain (kg) 13.23 ± 0.53 9.61 ± 0.81* <0.001

Gestational length (wk) 38.9 ± 0.2 39.3 ± 0.3 0.394

Plasma metabolic parameters

  Insulin (μU/ml, fasting) 8.61 ± 1.67 16.47 ± 2.42* 0.013

  Glucose (mg/dl, fasting) 77.76 ± 1.28 78.51 ± 2.21 0.520

  Leptin (ng/ml) 13.44 ± 1.48 20.27 ± 2.43* 0.022

  Triglycerides (mg/dl) 95.50 ± 9.61 125.03 ± 25.95 0.267

  IL-6 (pg/ml) 1.67 ± 0.26 2.16 ± 0.24 0.184

  NEFAs (nmol/l) 0.45 ± 0.04 0.41 ± 0.04 0.487

Insulin, glucose, leptin, triglycerides, IL-6, and NeFAs were measured in mother’s plasma 
collected at 30 wk gestation.
IL-6, interleukin-6; NeFAs, nonesterified fatty acids.
*P < 0.05 indicates a statistically significant difference between lean and OW/OB 
mother groups.

table 2. Anthropometric and metabolic parameters of offspring 
from lean and overweight/obese (OW/OB) mothers

Lean mother
OW/OB 
mother P value

Anthropometric parameters

 N 12 10

 Baby’s gender (male/female) 9/3 8/2

 Birth weight (kg) 3.65 ± 0.17 3.65 ± 0.12 0.987

 Birth length (cm) 51.75 ± 0.90 51.05 ± 0.80 0.576

 Body mass at 2 wk (kg) 3.83 ± 0.15 3.82 ± 0.12 0.962

 Fat mass at 2 wk (%) 13.24 ± 1.25 14.89 ± 1.22 0.361

 C-section (yes/no) 6/6 4/6

Plasma metabolic parameters

 Insulin (ng/ml) 5.81 ± 0.96 8.53 ± 1.62 0.150

 Glucose (mg/dl) 64.52 ± 3.54 71.47 ± 3.77 0.196

 Leptin (ng/ml) 2.89 ± 0.53 6.42 ± 1.38* 0.027

 Triglycerides (mg/dl) 24.96 ± 3.28 24.15 ± 4.72 0.887

 IL-6 (pg/ml) 8.88 ± 3.26 5.98 ± 2.24 0.500

 NEFAs (nmol/l) 0.22 ± 0.03 0.19 ± 0.03 0.574

Insulin, glucose, leptin, triglycerides, IL-6, and NeFAs were measured in umbilical cord 
plasma collected at the time of birth.
IL-6, interleukin-6; NeFAs, nonesterified fatty acids.
*P < 0.05 indicates a statistically significant difference between lean and OW/OB 
mother groups.
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to OW/OB mothers compared with the infants born to lean 
counterparts, though this difference did not attain statistical 
significance.

Maternal Obesity Significantly Alters Gene Expression in UC
Microarray analysis identified 232 differentially expressed 
genes in UC tissue (±1.4-fold change; P < 0.05). Hierarchical 
clustering of microarray results is shown in Figure 1a,b. Gene 
Ontology terms analysis of biological processes was performed 
with the list of differentially expressed genes and identified pro-
cesses related to insulin receptor signaling, response to insulin 
stimulus, negative regulation of glucose import and transport, 
and cellular response to fatty acids to be affected in UC tis-
sue due to maternal obesity (Figure 1c). Gene set enrichment 
analysis for biological processes identified immediate/early 
transcription factors (EGR1, FOS, and FOSB), as well as genes 
involved in cytokine signaling (SOCS1) and Wnt/β-catenin 
signaling (MEST) to be upregulated in UC from OW/OB 

mothers, while genes related to vascular reactivity (EDNRB), 
angiogenesis (VEGFα), transforming growth factor-β sig-
naling (KLF10), prolyl hydroxylase activity (EGLN3), tumor 
suppressor activity (PEG3), and Akt signaling (PDK1) were 
significantly downregulated in UCs from OW/OB mothers 
(Figure 1b).

Maternal Percent Body Fat Correlates Strongly With UC Gene 
Expression
To examine the relationship between maternal adiposity and 
UC gene expression, we carried out linear regression between 
these variables using the list of differentially expressed genes. 
Maternal pregravid percent body fat was positively correlated 
with transcript levels of SOCS1, MEST, EGR1, and FOSB 
(Figure 2a), and negatively correlated with transcript levels 
of KLF10 (Figure 3a) and PDK1 (r = −0.42; P = 0.06; data not 
shown). Quantitative real-time PCR confirmed that mRNA 
expression of EGR1, POSTN (a  cell adhesion molecule),  

Figure 1.  Maternal pregravid obesity significantly alters umbilical cord (UC) gene expression. Hierarchical clustering of (a) differentially expressed tran-
scripts and (b) selected genes regulating tissue development, immediate-early response, and inflammation in umbilical cord tissue of infants born to lean 
and overweight/obese (OW/OB) mothers. (c) Enrichment of Gene Ontology biological process terms within differentially expressed genes in UC from lean 
compared with OW/OB mothers.
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and FOSB was significantly higher in UCs from OW/OB 
mothers compared with lean mothers (Figure 2b), while 
mRNA expression of EDNRB, KLF10, EGLN3, PEG3, PDK1, 
and VEGFα was significantly lower in UCs from OW/OB 
mothers (Figure 3b). Expression of PAI-1 (an inhibitor of 
tissue plasminogen activator), NR4A1 (transcription factor 
involved in apoptosis), and NEDD9 (cytoskeletal adaptor 
molecule) tended to be higher in UCs from OW/OB moth-
ers, though the difference between groups was not statisti-
cally significant (data not shown).

Maternal and CP Plasma Metabolic Factors Correlate With EGR1, 
FOSB, PDK1, and SOCS1 Expression
We also carried out correlation analysis of UC gene expres-
sion with various maternal and CP metabolic factors. In the 
UC, expression of EGR1 and FOSB positively correlated with 
maternal fasting insulin (Figure 4a) and CP insulin levels 
(Figure 4c), while PDK1 negatively correlated with mater-
nal insulin (Figure 4a) and CP insulin levels (Figure 4c). 
Expression of SOCS1 positively correlated with maternal leptin 
levels (Figure 4b).

Basal Akt Activation, But Not Erk1/2 Activation Is Higher in UC 
From OW/OB Mothers
Since CB leptin and insulin levels were higher in OW/OB 
mothers compared with lean mothers, we next examined 
the phosphorylation of Akt, a pathway common to both 
leptin and insulin signal transduction. Western blot analysis 

Figure 2. Maternal percent body fat positively correlates with meso-
derm expression transcript (MEST), suppressor of cytokine signaling 1 
(SOCS1), early growth response 1 (EGR1), and FBJ murine osteosarcoma 
viral  oncogene homolog B (FOSB) expression. (a) Correlation of maternal 
pregravid percent body fat with normalized umbilical cord (UC) micro-
array expression of MEST (r = 0.61; P < 0.01), SOCS1 (r = 0.67; P < 0.01), 
EGR1 (r = 0.46; P = 0.04) and FOSB (r = 0.45; P = 0.04). (b) Quantitative PCR 
confirmation of mRNA expression of EGR1, periostin (POSTN), and FOSB 
expression in UC from lean (black bars) and overweight/obese (OW/OB) 
mothers (gray bars). Data are represented as the mean ± SEM of relative 
mRNA quantity normalized to SRP14 mRNA expression. *P < 0.05 indicates 
a statistically significant difference between lean and OW/OB groups.
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Figure 3. Maternal percent body fat negatively correlates with 
Kruppel-like factor 10 (KLF10). (a) Correlation of maternal pregravid 
percent body fat with gene expression of KLF10 (r = −0.58; P < 0.01). 
(b) Quantitative PCR confirmation of mRNA expression of EDNRB, 
KFL10, EGLN3, PEG3, PDK1 and VEGFα expression in umbilical cord from 
lean (black bars) and overweight/obese (OW/OB) mothers (gray bars). 
Data are represented as the mean ± SEM of relative mRNA quantity 
normalized to SRP14 mRNA expression. *P < 0.05 indicates a statisti-
cally significant difference between lean and OW/OB groups. EDNRB, 
endothelin receptor B; EGLN3, egl nine homolog 3; PEG3, paternally 
expressed 3; PDK1, phosphoinositide-dependent kinase-1; SRP14, signal 
recognition particle 14 kDa; VEGFα, vascular endothelial growth factor 
alpha.
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demonstrated that phosphorylated Akt (pAkt Ser473) levels 
were greater in UCs from OW/OB mothers. Likewise, when 
pAkt was normalized to total Akt, it was significantly higher 
in UC from OW/OB mothers compared with lean mothers 
(Figure 5a). Insulin also has mitogenic effects, via activation 
of Erk1/2. However, no statistical differences were observed 
in pErk1/2 or total Erk1/2 expression in UCs between both 
groups (Figure 5a), suggesting that maternal obesity-asso-
ciated changes specifically affect certain insulin signaling 
pathways.

CP From OW/OB Mothers Alters In Vitro Endothelial Cell Gene 
Expression
As the composition of UC plasma varied between lean and 
OW/OB mothers, we hypothesized that circulating factors in 
the CP of offspring from OW/OB mothers could be driving 
changes in UC gene expression. Endothelial cells, the inner-
most layer of cells in blood vessels that are in direct contact 
with circulating blood, and smooth muscle cells of the umbili-
cal blood vessels contribute largely to total RNA isolated from 
UCs. Thus, cultured human umbilical vein endothelial cells 
and human umbilical vein smooth muscle cells were used to 
study CP/blood vessel interactions. Akin to changes seen in 
vivo, EGR1 mRNA expression was significantly increased when 
human umbilical vein endothelial cells and human umbilical 
vein smooth muscle cells were cultured in the presence of CP 
from OW/OB mothers compared with CP from lean mothers 
(Figure 5b).

DISCUSSION
The risk of obesity in adulthood is subject to programming 
in utero. Evidence from both experimental and clinical stud-
ies suggests that maternal obesity is an important determinant 
of weight gain and adiposity in offspring (4). In this study, we 
leveraged microarray-based gene expression profiling to iden-
tify the major transcriptomic differences in UC tissue at term 
associated with maternal obesity. The UC offers several distinct 
advantages, including being an easily accessible fetal tissue and 
containing cell types relevant to developmental programming 
(endothelial, smooth muscle, and mesenchymal stem cells). To 
our knowledge, this is the first report to examine global gene 
expression in the UC. Several novel findings from this study 
include: (i) maternal obesity alters global gene expression in 
the offspring at birth, despite no differences in birth weight, 
birth length, and fat-free mass in the offspring; (ii) changes in 
the UC, specifically appear to be related to insulin and cytokine 
signaling, immediate/early transcription factors, angiogen-
esis, and vascular reactivity; and (iii) identification of specific 
genes that are associated with maternal fat mass. Furthermore, 
we identified modulation of imprinted genes (MEST and 
PEG3) known to regulate fat mass and energy expenditure to 
be affected by maternal obesity. Our data suggest that gene 
expression profiles of infants born to OW/OB women differ 
significantly from those of lean women, even in the absence of 
group differences in offspring body composition.

Obesity is associated with dysregulation of a number of met-
abolic pathways, most notably by the insulin signaling pathway 

Figure 4. Maternal and cord plasma (CP) metabolic factors correlate with early growth response 1 (EGR1), FBJ murine osteosarcoma viral oncogene 
homolog B (FOSB), phosphoinositide-dependent kinase-1 (PDK1), and suppressor of cytokine signaling 1 (SOCS1) expression. (a) Correlation of maternal 
plasma insulin levels at 30 wk of pregnancy with gene expression of EGR1 (r = 0.54; P = 0.01), FOSB (r = 0.60; P < 0.01), and PDK1 (r = −0.55; P = 0.01). (b) 
Correlation of maternal, fasted leptin levels at 30 wk of pregnancy with gene expression of SOCS1 (r = 0.61; P < 0.01). (c) Correlation of cord plasma insulin 
levels with gene expression of EGR1 (r = 0.52; P = 0.01), FOSB (r = 0.52; P = 0.02), and PDK1 (r = −0.63; P < 0.01).
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(18). This is thought to be due in a large part to the chronic 
low-grade inflammation present both systemically and in insu-
lin-sensitive tissues like skeletal muscle and adipose tissue. As 
anticipated, maternal plasma insulin and  homeostatic model-
insulin resistance was higher in OW/OB mothers compared 
with lean mothers as expected, while fasting plasma glucose 
did not differ. While OW/OB women did not meet the clinical 
criteria of gestational diabetes, insulin resistance was evident. 
Consequently, CP insulin levels tended to be higher for infants 
of OW/OB mothers, compared with that of lean mothers. 
These effects did not attain statistical significance, possibly due 
to the small sample size. Nevertheless, the increase of CP insu-
lin levels in OW mothers is consistent with a previous report in 
a larger cohort (53 lean and 68 OB participants), which consid-
ers more pronounced gestational obesity (2). Consistent with 
our findings, these researchers also observed that OW/OB 
mothers were more insulin resistant than lean mothers, and at 
birth, offspring from OW/OB mothers were insulin resistant 
compared with offspring from lean mothers. Since maternal 
insulin does not cross the blood/placental barrier (19), the 
fetal pancreas is the primary source of fetal insulin, suggesting 

that maternal obesity is driving dysregulation of insulin signal-
ing in utero.

Another important obesity-related peptide is leptin, which 
is a proinflammatory cytokine involved in the regulation of 
food intake and energy balance, and is mainly produced in 
white adipose tissue and, to a lesser extent, in the placenta 
(20). Leptin levels correlate with adiposity and increase during 
the first two trimesters of pregnancy (20). Similar to insulin, 
leptin does not cross the blood/placental barrier (21), suggest-
ing that CP leptin levels are indeed a marker of fetal adipocyte 
function. Maternal leptin levels in late pregnancy are positively 
correlated with infant birth weight (22); however, higher CP 
leptin levels correspond with less weight gain in the first 6 mo 
of life and lower BMI at the age of 3 years (23). Not surpris-
ingly, in our cohort, maternal leptin was significantly higher in 
OW/OB mothers compared with lean mothers. Interestingly, 
even though fat mass of 2-wk-old offspring was not differ-
ent between OW/OB and lean mothers, CP leptin levels were 
higher in offspring of OW/OB mothers which suggests altera-
tions in adipocyte function in offspring of OW mothers at 
birth. We also observed that UC mRNA expression of SOCS1, a 
protein downstream of inflammatory cytokine receptor activa-
tion, positively correlates with maternal fat mass and maternal 
leptin levels. SOCS1 expression is induced by both cytokines 
and insulin (24) and functions as a negative regulator of cyto-
kine signal transduction. The correlation of SOCS1 expression 
with maternal leptin levels may reflect a fetal response to limit 
the actions of increased leptin and insulin signaling.

Chronic subclinical inflammation is an important recur-
ring feature in obesity that affects insulin sensitivity. Studies 
in animal models of obesity and in pregnant women with obe-
sity have clearly shown that a proinflammatory milieu extends 
to the maternal–fetal interface in the early periimplantation 
period and in the placenta in late gestation. Likewise, mater-
nal obesity in sheep and nonhuman primates has been shown 
to induce inflammation in the placenta, fetal liver, heart, and 
intestine (25–27). The placenta in OB women is likewise char-
acterized by inflammation and associated with increased sys-
temic lipopolysaccharide  levels (28–31). Our previous studies 
demonstrated activation of c-Jun N-terminal kinase and NF-κB 
pathways in placenta from OB women (32). Obesity is associ-
ated with several physiological changes (hyperinsulinemia, ele-
vated acute phase proteins, and subclinical endotoxemia) that 
could potentially contribute to placental inflammation. Also, 
in OB pregnancies it has been reported elevated levels of fatty 
acids and cytokines that induce pro-inflammatory responses 
in a variety of cellular contexts (28,33). Recently, we identi-
fied c-Jun N-terminal kinase/EGR1 signaling as a key pathway 
through which lipotoxicity induces inflammation in placenta 
cells and in term placenta from OB women (32). Early growth 
response-1 is a proinflammatory transcription factor activated 
by numerous signals, including cytokines, hypoxia, growth fac-
tors, and hormones (34). In the context of obesity and metabolic 
syndrome, insulin stimulates EGR1 expression and reduces 
insulin sensitivity by altering PI3K/Akt and Erk/MAPK signal-
ing (35). In humans, EGR1 expression positively correlates with 

Figure 5. Basal Akt phosphorylation is altered in umbilical cord (UC) from 
overweight/obese (OW/OB) mothers and cord plasma (CP) from OW/OB 
mothers alters endothelial cell gene expression. (a) Western blot (right 
panel) and densitometric analysis (left panel) of Akt and Erk proteins in 
UC lysates from lean and OW/OB mothers. Black bars represent UC from 
lean mothers, while gray bars represent UC from OW/OB mothers. Data 
are represented as the mean ± SEM of arbitrary densitometric values of 
pAkt/total Akt or pErk/total Erk. *P < 0.05 indicates a statistically significant 
difference between lean and OW groups. (b) Quantitative PCR analysis 
of EGR1 expression in cultured human umbilical vein endothelial cells 
(HUVECs) and human umbilical vein smooth muscle cells (HUVSMCs) after 
treatment with cord blood from lean (black bars) and OW/OB mothers 
(gray bars). Data are represented as the mean ± SEM of relative mRNA 
quantity normalized to SRP14 mRNA expression. *P < 0.05 indicates a sta-
tistically significant difference between lean and OW groups. EGR1, early 
growth response; SRP14, signal recognition particle 14 kDa.
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BMI and is highly expressed in adipocytes (36). Our report is 
the first to observe that UC EGR1 expression is strongly cor-
related with maternal fat mass, maternal insulin levels, and fetal 
insulin levels, suggesting that maternal obesity per se drives the 
increases in maternal and fetal insulin, which in turn up-regu-
lates EGR1 expression, and possibly contributing to alterations 
in fetal inflammatory markers and insulin sensitivity. Moreover, 
CP from OW/OB mothers increased EGR1 expression in endo-
thelial and smooth muscle cell cultures, demonstrating the 
presence of factor(s) that can induce changes in gene expression 
in cells present in the UC. Interestingly, in mature adipocytes 
made insulin resistant with TNFα, a number of genes remained 
insulin-responsive, including EGR1 (37). Thus it is possible to 
envision that EGR1 transcriptional activity is maintained even 
in the face of elevated maternal and fetal insulin levels associ-
ated with maternal obesity.

There are a number of limitations to our study. First, we used 
a relatively small sample size. Nevertheless, we were able to 
identify significant differences in gene expression as a function 
of maternal body composition. Second, the validity of using 
the UC as a measure of offspring gene expression is not well 
established. However, recent reports suggest that the cord is a 
suitable surrogate for fetal tissue (16). While our results pro-
vide a unique snapshot of offspring gene expression at birth, 
it is unclear whether UC gene expression correlates with gene 
expression and function in metabolically important tissues 
such as liver, adipocytes, and skeletal muscle. However, mesen-
chymal stem cells present in Wharton’s jelly of the UC are able 
to differentiate into all mesoderm-derived tissues, including 
the aforementioned metabolically relevant cell types (38,39). 
Further, recent studies have shown that methylation status of 
specific CpG sites in the cord can be predictive of offspring adi-
posity, suggesting that alterations in the cord may be reflective 
of meaningful changes in metabolic tissues. A third limitation 
is that we used UC samples that likely contained all cell types 
within the UC and thus we are unable to determine changes 
in gene expression for specific cell subtypes. Despite these 
limitations, this study identifies specific mechanistic targets 
in offspring at birth that are affected by maternal obesity. We 
demonstrate that maternal obesity alters global gene expres-
sion in the offspring at birth, despite no differences in birth 
weight and fat-free mass in the offspring, and these changes in 
UC gene expression specifically appear to be related to insu-
lin and cytokine signaling, immediate/early transcription fac-
tors, angiogenesis, and vascular reactivity. Lastly, we identified 
specific genes that are associated with maternal fat mass. Our 
findings suggest that maternal obesity is responsible for devel-
opment changes that may contribute to the offspring’s risk of 
becoming OB and provide a starting point for identifying key 
pathways important in the development of obesity.

METHODS
Sample Collection and Processing
The study protocol was approved by the Institutional Review 
Board at the University of Arkansas for Medical Sciences (UAMS) 
(NCT01131117) and informed consent was obtained from all par-
ticipants. We studied participants enrolled in an ongoing longitudinal 

study of lean and OB pregnant women and their term infants (the 
Glowing study) designed to investigate the effect of maternal obesity 
on offspring metabolism, adiposity, and growth. For this report, UC 
and CB were collected from 12 lean (pregravid BMI < 25 kg/m2) and 
10 OW/OB (BMI ≥ 25 kg/m2) mothers. All study visits were conducted 
at the Arkansas Children’s Nutrition Center, UC and CB were collected 
at delivery in one of five local area hospitals. All subjects were either 
recruited prepregnancy or <10 wk of pregnancy and were second par-
ity (because multiparity is a risk factor for obesity) nonsmoking moth-
ers, without preexisting or gestational diabetes, preeclampsia, or other 
pregnancy complications. Maternal body composition was assessed 
between 4 and 10 wk of pregnancy (Bodpod; Cosmed, Rome, Italy), 
and blood was collected at 30 wk of pregnancy for measurement of 
various metabolic parameters in plasma. Infant body composition was 
determined 2 wk after birth using Peapod (Cosmed). After collection, 
UCs were rinsed three times in PBS, snap frozen in liquid nitrogen, 
and stored at −70 °C. While still frozen, the outer membrane of the 
UC was removed with a sterile blade, leaving UC arteries, vein, and 
Wharton’s jelly. Venous CB was collected in heparinized tubes, and CP 
was isolated by centrifugation and stored at −70 °C.

Metabolic and Cytokine Measurements in Plasma
Insulin, leptin, and interleukin-6 were measured in maternal and CP 
using ELISA (EMD Millipore, Boston, MA). Plasma glucose and tri-
glycerides were assayed using colorimetric reagents (Fisher Scientific, 
Waltham, MA). Nonesterified fatty acids were quantitated with non-
esterified fatty acid-C reagents (Wako Chemicals USA, Richmond, 
VA). Homeostatic model-insulin resistance values were calculated 
using the HOMA Calculator (Diabetes Trials Unit, The University of 
Oxford, Oxford, UK)(40). Cytokine and metabolite measurements 
were performed in duplicate for all CP samples.

UC RNA Isolation and Microarray Analysis
Total UC RNA was isolated from 100 mg of dissected cord tissue using 
TRI reagent (Molecular Research Center, Cincinnati, OH) and puri-
fied using RNeasy Mini columns including DNase digestion (Qiagen, 
Valencia, CA). For gene expression profiling, individual microarrays 
(GeneChip Primeview Human Gene Expression Array; Affymetrix, 
Santa Clara, CA) were used for each UC sample. Briefly, 0.5 μg of purified 
RNA was used to synthesize cDNA. Biotin-labeled aRNA was synthe-
sized from double-stranded cDNA using the GeneChip 3′ IVT labeling 
kit (Affymetrix). The wash and staining protocols were performed with 
GeneChip Scanner 3000 according to the manufacturer’s instructions, 
and the probe arrays were scanned directly after hybridization.

Microarray Data Normalization and Analysis
Microarray data analysis was carried out using GeneSpring v11 soft-
ware (Agilent Technologies, Santa Clara, CA). CEL files containing 
the probe level intensities were processed using the robust multiarray 
analysis algorithm, for background adjustment, normalization, and log2 
transformation of perfect match values. Subsequently, the data were 
subjected to normalization by setting measurements less than 0.01 to 
0.01 and by per-chip and per-gene normalization using GeneSpring 
normalization algorithms. The normalized data were used to gener-
ate lists of differentially expressed genes between UCs from lean and 
OB mothers. Genes were filtered based on minimum ±1.4-fold change 
(lean vs. OW/OB) and P ≤ 0.05 using Student’s t-test. A list of tran-
scripts that were differentially expressed as a function of treatment 
was generated, and correlation-based hierarchical clustering between 
groups was performed. Enrichment of Gene Ontology terms for bio-
logical processes was performed using GeneSpring and GoRilla. 
Finally, gene-set enrichment analysis was utilized to identify molecular 
functions and transcription factors enriched in UC from OB mothers. 
Gene-set enrichment analysis does not rely on an arbitrary cutoff (such 
as fold change between groups) and is a computational method that 
determines whether an a priori-defined set of genes shows statistically 
significant and concordant differences between two biological states.

Cell Culture
Human umbilical vein endothelial cells and human umbilical 
vein smooth muscle cells were purchased from Cell Applications 
(San  Diego, CA), grown in Endothelial Cell Growth Medium or 
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Smooth Muscle Growth Medium (Cell Applications), respectively, 
and used between passages 2 and 8. Cells were switched to serum-free 
growth medium (Cell Applications, supplemented with 0.25% heat-
inactivated bovine serum albumin) upon reaching ~80% confluency 
in six-well plates and treated with either lean or OW/OB CP (1%) for 
48 h. Pooled plasma from each group (lean and OW/OB) was utilized 
for cell treatment experiments. After 48 h of treatment, human umbil-
ical vein endothelial cells and human umbilical vein smooth muscle 
cells were washed once with PBS and then RNA was isolated using the 
RNeasy Mini kit (Qiagen) with oncolumn DNase treatment.

Real-Time Reverse-Transcriptase PCR
One microgram of total RNA was reverse transcribed using the 
iScript cDNA synthesis kit (Biorad, Hercules, CA), and subse-
quent real-time PCR analysis was performed using the ABI Prism 
7500 sequence detection system (Applied Biosystems, Foster 
City, CA). Gene-specific primers were designed using Primer 
Express Software (Applied Biosystems) for endothelin receptor B 
(EDNRB, Fwd: 5′-CAGATATCGAGCTGTTGCTTCTTG-3′, Rev: 
5′-GAACCACAGAGACCACCCAAAT-3′), egl nine homolog 3  
(Caenorhabditis elegans) (EGLN3, Fwd: 5′-AGAAAGGGCAGAA 
GCCAAAAAG-3′, Rev: 5′-AGAAAGGGCAGAAGCCAAAAAG-3′),  
early growth response 1 (EGR1, Fwd: 5′-AGGCCGAGATGCAG 
CTGAT-3′, Rev: 5′-CATCTCCTCCAGCTTAGGGTAGTT-3′), FBJ  
murine osteosarcoma viral oncogene homolog B (FOSB, Fwd:  
5′-GTCCTACGGAGCCTGCACTTT-3′, Rev: 5′-AACGTCCCGTT 
CCAACAATG-3′), Kruppel-like factor 10 (KLF10, Fwd: 5′-AATGAAA 
GCAGCCAGCATCCT-3′, Rev: 5′-CAGCGGCACATGGTATGTT 
CT-3′), mesoderm expression transcript (MEST, Fwd: 5′-CCATCC 
TCACACGACTGATGAA-3′, Rev: 5′-CATGTCCCACAGCTCACT 
CTCA-3′), neural precursor cell expressed, developmentally downregu-
lated 9 (NEDD9, Fwd: 5′-CTTATGGCAAGGGCCTTATATGA-3′, Rev: 
5′-CCCCCTGTGTTCTGCTCTATG-3′), nuclear receptor subfamily 4 
group A member 1 (NR4A1, Fwd: 5′-AAGGCCGCTGTGCTGTGT-3′, 
Rev: 5′-GCACTGTGCGCTTGAAGAAG-3′), plasminogen activator 
inhibitor-1 (PAI1, Fwd: 5′-ATGTTCATTGCTGCCCCTTATG-3′, Rev: 
5′-CTGGTCATGTTGCCTTTCCA-3′), phosphoinositide-dependent  
kinase-1 (PDK1, Fwd: 5′-CTGGCTGGTTTTGGTTATGGAT-3′, Rev:  
5′-GCATCTGTCCCGTAACCCTCTA-3′), paternally expressed 3  
(PEG3, Fwd: 5′-GACCCTGATCAAACTCCGAAAC-3′, Rev: 5′-TCA 
GGTACTGCTCAAGGACCAA-3′), periostin (POSTN, Fwd: 5′-TGG 
AAGAGACGGTCACTTCACA-3′, Rev: 5′-AAGCCACTTTGTCT 
CCCATGAT-3′), suppressor of cytokine signaling 1 (SOCS1, Fwd:  
5′-AGCTCCTTCCCCTTCCAGATT-3′, Rev: 5′-CCACATGGTTCC 
AGGCAAGTA-3′), signal recognition particle 14 kDa (SRP14, Fwd:  
5′-TGACGGAGCTGACCAGACTTT-3′, Rev: 5′-CTTCTTTGGAAT 
GGGTTTGGTT-3′), and vascular endothelial growth factor α 
(VEGFα, Fwd: 5′-TCTACCTCCACCATGCCAAGT-3′, Rev: 5′-GCG 
CTGATAGACATCCATGAAC-3′). The relative amounts of mRNA 
were quantified using a standard curve and normalized to the expres-
sion of human SRP14 mRNA.

Western Blot Analysis
Total cell and tissue lysates were prepared in radioimmunoprecipi-
tation assay buffer (25 mmol/l Tris–HCl; 150 mmol/l NaCl; 1.0% 
NP-40; 1.0% deoxycholic acid; 0.1% sodium dodecyl sulfate; and 2 
mmol/l EDTA; Cell Signaling, Danvers, MA) containing 1 mmol/l 
phenylmethanesulfonyl fluoride, protease inhibitor cocktail, and 
phosphatase inhibitor cocktail. Proteins were resolved by sodium 
dodecyl sulfate PAGE and immunoblotting was carried out using 
standard procedures. Membranes were incubated with primary anti-
bodies against pAkt, Akt, pErk1/2, and Erk1/2 (Cell Signaling), and 
α-tubulin (Active Motif, Carlsbad, CA) overnight at 4 °C. Horseradish 
peroxidase-conjugated secondary antibodies against rabbit and mouse 
IgG (GE Healthcare, Pittsburgh, PA) were used for protein detection. 
Densitometric analysis of immunoblots was performed using ImageJ 
software (v 1.47t, National Institutes of Health, Bethesda, MD).

Data Analysis
Data are presented as mean ± SEM. Real-time reverse-transcriptase 
PCR data are expressed as mean fold change from lean ± SEM and west-
ern blot data are expressed as mean ± SEM. As the data were normally 

distributed, correlations were calculated using Pearson’s correlation 
coefficient (r). Statistical differences between UC from lean and OW/
OB mothers were determined using a two-tailed student’s t-test. In 
cases where three or more groups were compared, a one-way ANOVA 
followed by all-pair wise comparison by the Student–Neuman–Keuls 
method was performed. P ≤ 0.05 was considered statistically signifi-
cant. Statistical analyses were performed using GraphPad Prism 6 (v 
6.02; La Jolla, CA).
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