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Abstract

Objective—To analyze fetal gene expression at term using umbilical cord blood, in order to 

provide insights into the effects of maternal obesity on human development.

Design—Prospective case-control study.

Setting—Academic tertiary care center.

Population—Eight obese (BMI ≥ 30) and eight lean (BMI < 25) pregnant women undergoing 

pre-labor cesarean delivery at term.

Methods—Women were matched for gestational age and fetal sex. Cord blood RNA was 

extracted and hybridized to gene expression arrays. Differentially regulated genes were identified 

using paired t-tests and the Benjamini-Hochberg correction. Functional analyses were performed 

using Ingenuity Pathway Analysis, BioGPS, and Gene Set Enrichment Analysis with a fetal-

specific annotation. Z-scores ≥ 2.0 or p-values < 0.01 were considered significant.

Main Outcome Measure—Functions of differentially regulated genes in fetuses of obese 

women.
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Results—701 differentially regulated genes were identified, producing an expression profile 

implicating neurodegeneration, decreased survival of sensory neurons, and decreased neurogenesis 

in the fetuses of obese women. Upstream regulators related to inflammatory signaling were 

significantly activated; those related to insulin receptor signaling, lipid homeostasis, regulation of 

axonal guidance, and cellular response to oxidative stress were significantly inhibited. Of 26 

tissue-specific genes that were differentially regulated in fetuses of obese women, six mapped to 

the fetal brain.

Conclusion—Maternal obesity affects fetal gene expression at term, implicating dysregulated 

brain development, inflammatory and immune signaling, glucose and lipid homeostasis, and 

oxidative stress. This may have implications for postnatal neurodevelopment and metabolism.
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Introduction

Maternal obesity is a global epidemic. In every region of the world, obesity doubled 

between 1980 and 2008.1 More than one-third of women in the United States are now obese 

at the time of conception, representing a 70% increase in pre-pregnancy obesity in recent 

decades.2–5 The maternal obesity epidemic has coincided with an increased understanding of 

the importance of the intrauterine environment on fetal gene expression and development.6 

Human epidemiologic data demonstrate that offspring of obese parents are significantly 

more likely to be obese and to have metabolic syndrome.7,8 Maternal body mass index 

(BMI) is more strongly associated with offspring risk than paternal BMI, suggesting a 

unique maternal contribution to postnatal development.9 Although animal and human data 

demonstrate clear associations between maternal obesity and increased risk of obesity, 

metabolic syndrome, and hepatic steatosis in offspring,7–13 detailed knowledge of the 

genetic mechanisms and gene regulatory pathways involved is lacking.

Recent data suggest that the adverse impact of maternal obesity on fetal development may 

extend to the central nervous system.14–21 Epidemiologic studies suggest an association 

between maternal obesity and adverse neurodevelopmental outcomes in offspring, including 

developmental delay14 and lower general cognitive capabilities;15–18 increased incidence of 

autism spectrum disorders,19 attention deficit hyperactivity disorder (ADHD),20 and cerebral 

palsy.21 In a previous functional genomic analysis of human second trimester amniotic fluid 

supernatant samples, we identified patterns of gene expression suggesting dysregulated brain 

development, including decreased brain apoptosis, and increased estrogenic and pro-

inflammatory signaling in fetuses of obese women.22 Human data regarding the fetal 

transcriptome in the setting of maternal obesity are limited.22–25 Other studies have focused 

primarily on the inflammatory and metabolic programming aspects of maternal obesity, with 

few available insights into fetal neurodevelopment. Here, we sought to better understand the 

impact of maternal obesity on fetal development by analyzing umbilical cord blood as a 

source of fetal transcripts at term. By using a different biofluid and examining fetal gene 

expression at a different time in gestation, we aimed to gain additional knowledge of the 
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downstream effects of maternal obesity on the fetus and newborn. We hypothesized that 

maternal obesity would impact the umbilical cord blood gene expression profile at term.

Methods

Recruitment and sample collection

This was a prospective study of women carrying singleton fetuses without structural 

anomalies undergoing cesarean delivery at term (≥ 37 weeks) at a single academic tertiary 

care center. This study was approved by the Tufts Medical Center Institutional Review 

Board (IRB protocol # 8908). Subjects gave written consent to participate. Women with a 

pre-pregnancy BMI of ≥ 30 or < 25 were eligible for enrollment. To rule out any 

inflammatory or other gene expression changes related to parturition, only subjects 

undergoing planned, pre-labor cesarean delivery were included. Exclusion criteria included 

diabetes; preeclampsia, chronic hypertension; premature rupture of membranes; clinical or 

laboratory evidence of active infection; abruption; smokers; prescription medications, 

including psychotropic medications, thyroid hormone replacement, and antibiotics; and 

other pregnancy complications that might affect inflammation or gene expression. Although 

subjects with gestational or pre-gestational diabetes were excluded, results of glucose 

tolerance testing were recorded. Neonates were excluded if they had structural anomalies, 

abnormal karyotype, or had birth weights < 2500 or >4500 grams. Cases and controls were 

matched one to one, and subjects were approached based on feasibility of sample attainment 

and with the goal of providing uniform delivery conditions (scheduled, non-urgent cesarean 

deliveries during daytime hours). We aimed for at least eight samples per group, given the 

fact that eight to 15 biological replicates per group are associated with near-maximal levels 

of statistical stability in microarray studies.26 We matched obese cases with lean controls for 

gestational age and fetal sex, variables known to affect fetal gene expression.27,28 A separate 

analysis by 2-way ANOVA was performed to evaluate the influence of fetal sex on gene 

expression in the setting of maternal obesity. All maternal and neonatal charts were 

reviewed and maternal BMI was verified by the primary author (A.G.E). There were no 

missing data.

RNA extraction from umbilical cord blood, processing, and hybridization to microarrays

Five milliliters of umbilical venous blood was collected from a double-clamped segment of 

the cord immediately after delivery of the placenta and was placed into two PAXgene™ 

tubes (Qiagen, Valencia, CA). Samples were kept at room temperature for 24–48 hours and 

then frozen at −80°C. RNA was extracted within 6 months of collection using the 

PAXgene™ Blood RNA Kit (Qiagen). RNA purity, integrity and quantity were then 

analyzed using the NanoDrop spectrophotometer (ThermoScientific, Waltham, MA) and the 

Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA). RNA was converted to cDNA 

and amplified using the Ovation® Whole Blood Solutions kit (NuGEN Technologies, San 

Carlos, CA), then purified using the QIAquick PCR Purification Kit (Qiagen). Five μg of 

cDNA were hybridized to a whole human genome expression array (Affymetrix GeneChip® 

Human Genome U133 Plus 2.0, Affymetrix, Santa Clara, CA) according to the 

manufacturer’s instructions. All samples were collected by one of two authors (A.G.E. and 
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L.H.), and were processed by a single individual over a continuous time period (A.G.E.), to 

limit variability in specimen handling or processing..

Gene expression data analysis

The microarray data were normalized using the affyPLM package in Bioconductor,29 with 

ideal-mismatch background-signal adjustment, quantile normalization, and the Tukey 

biweight summary method, as described in a previous publication..22,30 The mas5calls 

function was used to standardize detection calls between Bioconductor and the Affymetrix 

5.0 software. Differentially regulated genes in fetuses of obese women versus lean controls 

were identified using paired t-tests. P-values were adjusted for multiple comparisons using 

the Benjamini-Hochberg (BH) correction, to restrict the false discovery rate.31 Principal 

component analyses and gene expression heatmaps were generated using R (version 3.2.2), 

to identify dominant sources of variation in the gene expression data.

Functional genomic analysis

Our methodology has been described in detail in a previous publication.22 Briefly, 

differentially regulated genes were defined as those genes that were up- or downregulated in 

at least seven of eight pairs, and associated with BH-p values < 0.05. Affymetrix gene probe 

IDs, with corresponding median fold changes and BH-p values, were uploaded to 

Ingenuity® Pathways Analysis (IPA, Ingenuity® Systems, content version 16542223) for 

functional analyses. IPA compares the uploaded dataset of differentially expressed genes to 

its manually curated database of functional annotations, to predict dysregulated 

physiological systems or biological functions within the population of interest (in this case, 

fetuses of obese women).. IPA links directionality of gene expression within a sample or 

study group, including both up- and downregulated genes, with activation or inhibition of 

biological processes/pathways and ontological groups. These annotations incorporating 

directionality of gene expression allow for analysis in a biological context. We used the 

Upstream Regulator Analysis feature of IPA to predict the activation or inhibition of 

transcriptional regulators, based on the direction of gene expression changes in our data set. 

Statistical significance within IPA was determined according to recommended thresholds (p 

< 0.01 or bias-corrected absolute Z score ≥ 2).32–34

Functional analyses were also performed using a collection of gene sets tailored for 

interpretation of fetal datasets, called “Developmental FunctionaL Annotation at Tufts” or 

DFLAT (http://dflat.cs.tufts.edu).35,36 These gene sets were designed for use within the 

Gene Set Enrichment Analysis (GSEA).37 To perform these analyses, the java 

implementation of GSEA (version 2-2.07) was run in batch mode. GSEA was run using the 

preranked option, ranking by paired t-scores, to preserve the original matching of case and 

control samples for gestational age and fetal sex. Gene sets were considered to be 

significantly dysregulated if they were associated with false discovery rate q-values (FDR q) 

of <0.25, in accordance with recommended stringency thresholds.37

We used the BioGPS gene expression atlas (http://biogps.gnf.org) to determine whether 

significantly dysregulated genes had tissue-specific expression.38 We considered genes 

tissue-specific if they corresponded to a single organ or tissue with an expression value > 30 
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multiples of the median (MoM), and there was no unrelated tissue with an expression value 

greater than one-third of the maximum expression value, in accordance with previously-

established stringency thresholds.39

Results

Eight obese and eight lean control subjects were included. The flow of subjects through the 

study is shown in Supporting Information, Figure S1. The study groups did not differ 

significantly by maternal age, gestational age, gestational weight gain, or mean glucose 

tolerance, but did vary significantly with respect to maternal BMI and neonatal birth weight 

(both were significantly higher in the obese subjects; see Table 1). Glucose tolerance testing 

results are reported for each subject pair in Table S1. The gene expression array results are 

publicly available at the Gene Expression Omnibus (GSE60403).

Seven hundred one mapped genes were statistically significantly differentially expressed in 

fetuses of obese compared to lean women. Four hundred sixteen genes were significantly 

upregulated, and 285 were significantly downregulated (Supporting Information, Table S2). 

Two-way ANOVA testing detected no sex-specific differentially regulated probe IDs in the 

setting of maternal obesity. The top ten most up- and down-regulated genes in fetuses of 

obese women and their functions are listed in Table 2. Genes implicated in cerebral cortex, 

hippocampus, amygdala, cerebellum and olfactory bulb development; negative regulation of 

neurogenesis and neural precursor cell proliferation; regulation of myelination; and response 

to oxidative stress were among the most upregulated. Genes related to neurogenesis; glucose 

and lipid homeostasis; hypothalamus-pituitary axis programming/steroid hormone signaling; 

and oxidoreductase activity were among the most downregulated.

Of the 701 differentially regulated genes in fetuses of obese women, 26 were tissue-specific. 

Of these 26, six were highly expressed in the brain/central nervous system, including 

TSPAN7, NRGN, ENPP2, CHD5, CDC42, and C11orf95. The other dominant population of 

tissue-specific genes (13 genes) mapped to the immune system (B and T-cells, NK cells, 

dendritic cells, CD 105+ epithelial cells). The remaining genes were distributed among a 

wide variety of tissues (Figure 1).

Functional analysis of differentially regulated genes in fetuses of obese women

Ingenuity Pathways Analysis

Biofunctions and Diseases: Differentially regulated biofunctions in cord blood of fetuses of 

obese women compared to lean are described in Table S3. Significantly dysregulated 

biofunctions in fetuses of obese women included nervous system development, immune/

inflammatory response; cell cycle progression; cell death and survival; endocrine system 

development; RNA processing; and embryonic development. Significantly dysregulated 

functions related to nervous system development included decreased survival of sensory 

neurons, increased neurodegeneration, dysregulated viability of striatal neurons, generation 

of neurons, proliferation of neuroglia, self-renewal of neural stem cells, neuroendocrine cell 

hyperplasia, and brain gliosis, among others. To investigate the association between 

maternal BMI and nervous system development, a principal component analysis (PCA) was 
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performed utilizing all the genes annotated by IPA to nervous system development. The 

PCA demonstrated that genes implicated in nervous system development segregated 

primarily by maternal BMI (Figure 2A). Additional PCAs were generated utilizing all genes 

annotated to inflammatory signaling (Figure 2B), glucose and lipid homeostasis (Figure 2C), 

and reactive oxygen species metabolism (Figure 2D), all demonstrating primary segregation 

of gene expression by maternal BMI.

Upstream Regulator Analysis: Gene expression patterns suggested that upstream 

regulators related to pro-inflammatory signaling, neurodegeneration, angiogenesis, 

antioxidant activity, insulin resistance, and DNA damage response, among other functions, 

were significantly activated in fetuses of obese women at term. Upstream regulators related 

to glucose homeostasis and insulin receptor signaling, brown fat cell differentiation, lipid 

metabolism, and response to oxidative stress, among other functions, were significantly 

inhibited. The inhibited upstream regulators also included three microRNAs that have been 

implicated in the regulation of axonal guidance, cell cycle progression, and cytokine-

mediated signaling. Table S4 contains a complete list of all activated and inhibited upstream 

regulators, associated Z-scores, and putative functions. An expression heatmap of genes 

downstream from significantly dysregulated upstream regulators was created to visually 

represent expression differences between obese and lean study groups (Supporting 

Information, Figure S2). The heatmap confirms clustering of downstream gene expression 

by maternal BMI.

Gene Set Enrichment Analysis with DFLAT (developmental-specific) 
annotation—Two hundred ninety five terms in the GSEA/DFLAT analysis met our 

significance criteria with a FDR q < 0.25. The GSEA/DFLAT analysis was dominated by 

dysregulation of gene sets in three broad categories: nervous system development, immune 

and inflammatory signaling, and cell cycle regulation. Two of these categories (nervous 

system development and immune and inflammatory signaling) also figured prominently in 

the IPA analysis. Similar to the IPA analysis, the GSEA/DFLAT analysis identified 

dysregulation of gene sets related to metabolic and endocrine parameters including fat cell 

differentiation, regulation of lipid signaling, pancreatic B cell development, glucose 

transport, androgen receptor signaling, and glucocorticoid metabolism, among others. Both 

IPA and GSEA/DFLAT identified dysregulation of JAK/STAT, interferon, and other 

cytokine and growth signaling pathways, as well as dysregulation of VEGF production and 

metabolism of reactive oxygen species. The GSEA/DFLAT analysis included many more 

dysregulated gene sets related to cell cycle phase transition, checkpoint signaling, and DNA 

damage response. Gene sets related to RNA processing, splicing, and regulation of 

transcription and translation were also identified, although a smaller number of these types 

of annotations were present in the IPA analysis. GSEA/DFLAT showed dysregulated WNT, 

Notch, MAPK, and platelet-derived growth factor signaling. Table S5 contains a complete 

list of all dysregulated gene sets identified in the GSEA/DFLAT analysis, with 

corresponding gene set sizes, FDR q-values, and raw and corrected p-values.
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Discussion

Main Findings

In this study, we utilized microarray-based analyses to identify major transcriptomic 

differences in umbilical cord blood associated with maternal obesity. Using umbilical cord 

blood to assess the term fetus, we demonstrated that maternal obesity is associated with a 

consistent and distinct fetal gene expression profile. To our knowledge, this is the only 

human study that has characterized the obese cord blood transcriptome, and the only study 

to report dysregulated neurodevelopmental gene expression in fetuses of obese women at 

term. These gene expression patterns point to altered brain development, immune and 

inflammatory signaling, glucose and lipid homeostasis, and metabolism of reactive oxygen 

species in neonates of obese women. Our findings suggest that an obesogenic in utero 

environment has an impact on fetal gene expression related to brain development and 

metabolic programming. While few studies have examined the fetal transcriptome in the 

setting of maternal obesity,40–43 even fewer have done so in human subjects.22–25 The 

patterns of dysregulated gene expression described may help elucidate molecular 

mechanisms underlying neurodevelopmental and metabolic morbidity noted in offspring.

Strengths and Limitations

A whole transcriptome, “discovery-driven” approach does not preselect for specific 

pathways or gene transcripts based on prior knowledge. This method revealed the impact of 

maternal obesity on fetal gene expression related to brain development. The few studies in 

the literature that have focused on human fetal gene expression in the setting of maternal 

obesity have primarily had a metabolic focus,23–25 while this study and our prior analysis of 

the obese amniotic fluid transcriptome22 expand the focus to gene expression related to 

neurodevelopment, an important area of future research. The use of multiple bioinformatics 

resources to analyze the data, including a resource annotated specifically for the fetus/

neonate (GSEA/DFLAT), allowed for comprehensive functional analysis.35,36 Another 

strength is the prospective sample collection with rigorous inclusion/exclusion criteria; we 

were able to isolate maternal obesity as the primary variable likely influencing fetal gene 

expression. The collection of samples during unlabored cesarean deliveries suggests that any 

dysregulated gene expression related to inflammatory/cytokine signaling is not due to labor.

A limitation of this study is its relatively small sample size. However, given the well-

characterized neurodevelopmental and metabolic morbidities of offspring of obese women, 

and the knowledge gap regarding underlying mechanisms of in utero programming, we 

believe these data will expand the limited literature in this area and will help investigators 

formulate questions for future studies. In addition, there is very little additional statistical 

stability to be gained from including more than eight matched pairs in microarray 

experiments,26 and our sample size is well above the five subjects per group considered to 

be an acceptable minimum for microarray experiments.44 Another limitation is that we were 

not able to standardize gestational weight gain or neonatal birth weight across subjects or 

groups. While both are factors that might influence fetal/neonatal gene expression, only 

neonatal birth weight was significantly different between obese and lean study groups 

(although no neonates had macrosomic birth weights). Because the study was designed 
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primarily to examine the effects of maternal obesity on fetal gene expression, we 

intentionally paired subjects by fetal sex. However, post-hoc 2-way ANOVA testing was 

performed to investigate sex-specific effects of maternal obesity on fetal gene expression, 

and did not reveal any significant sex effect on fetal gene expression in the setting of 

maternal obesity. This lack of significance could be because there are no sex-specific effects 

of maternal obesity on fetal gene expression in umbilical cord blood, or because more than 

four males and four females per study group are needed to adequately examine sex-specific 

effects of maternal obesity on fetal gene expression.

Our study did not collect information about maternal diet in pregnancy, and the only 

available data regarding maternal metabolic status are glucose tolerance testing results. The 

heterogeneous phenotype associated with maternal obesity, and the difficulty in 

distinguishing the fetal effects of maternal obesity from those of maternal diet in pregnancy, 

remain a challenge in studies of the fetal programming effects of maternal obesity. Finally, it 

is important to recognize that the gene expression changes observed in cord blood are only 

indirect evidence of changes in fetal tissue. However, human data from both fetal and adult 

studies support the cautious use of peripheral blood gene expression as a reflection of central 

nervous system development, 45–47 and analysis of our own cord blood gene expression 

suggests substantial representation of CNS-specific genes as defined by BioGPS (see 

“Interpretation” below).

Interpretation

This study adds to the limited body of human data that has provided potential insights into 

gene expression related to fetal neurodevelopmental programming in the setting of maternal 

obesity. While gene expression changes observed in cord blood are only indirect evidence of 

changes in fetal tissue, there are human data that support the use of umbilical cord blood as a 

reflection for fetal neurodevelopment. A study of umbilical cord blood gene expression in 

women with unspecified BMIs found that genes related to nervous system development 

constituted approximately half (48%) of all developmental genes expressed.45 Sullivan and 

colleagues evaluated the comparability of gene expression in brain and blood using datasets 

from BioGPS, and found significant overlap between gene expression in whole blood, and 

gene expression in multiple CNS tissues.46 They concluded that gene expression in blood “is 

neither perfectly correlated and useful nor perfectly uncorrelated and useless with gene 

expression in multiple brain tissues. This suggests that the cautious and thoughtful use of 

peripheral gene expression may be a useful surrogate for gene expression in the CNS.” A 

recent review of 18 studies addressed the correlation between peripheral blood and brain 

tissue across several domains of high-throughput –omics analysis, including eight 

transcriptomic studies. These studies reported a range of 35 to 80% of known transcripts 

present in both brain and peripheral blood.47 Within our own samples, of the 594 CNS-

specific probes within the BioGPS gene expression atlas, 207 were expressed in ≥ 9/16 

samples, and 128 were expressed in all 16 samples. Thus, 22% of all CNS-specific probes in 

the BioGPS atlas were expressed in all 16 umbilical cord blood samples, suggesting good 

coverage of CNS-specific genes in the cord blood samples included in this study.
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It is biologically plausible that maternal obesity could predispose offspring to 

neurodegeneration and decreased neurogenesis. Recent work has linked adult obesity and 

overnutrition with brain inflammation, defective neurogenesis, impaired neural stem cell 

regeneration, and increased risk for neurodegenerative diseases including Alzheimer’s and 

Parkinson’s disease.48–51 Two other studies have performed gene expression profiling of the 

human placenta in obese pregnancies at term,23,25 and one other study has performed gene 

expression profiling of umbilical cord cells at term.24 These studies differed from ours in 

key ways. All three studies focused on inflammation, insulin sensitivity, and other metabolic 

parameters, but did not report results pertaining to neurodevelopmental programming. Our 

results demonstrating gene expression patterns consistent with dysregulated brain 

development in term fetuses of obese women may therefore address a knowledge gap in this 

area.

Our findings regarding dysregulation of genes and pathways implicated in inflammatory 

signaling, glucose and lipid homeostasis, and response to oxidative stress complement 

existing literature. Obesity is known to be associated with both systemic and local chronic 

low-grade inflammation.52 Such inflammation in insulin-sensitive tissues such as skeletal 

muscle and adipose tissue contributes to insulin resistance.53 Evidence from humans and 

animal models suggests that maternal systemic inflammation is transmitted to the placenta 

and is reflected in examination of the fetal organs and cells.54–59 This pro-inflammatory 

environment for the developing fetus may also lead to dysregulation of insulin production by 

the fetal pancreas,60 and disturbed insulin signaling in utero,54 both of which are suggested 

by two bioinformatics modalities (IPA and GSEA/DFLAT) in our functional gene 

expression analysis. In this regard, our findings are consistent with gene expression profiling 

of umbilical cord cells in neonates of overweight and obese women, which demonstrated 

expression profiles favoring inflammation and insulin resistance.24

The results shown here have some commonality with two studies that performed 

transcriptomic profiling of umbilical cord blood in women whose BMIs were unknown/

unreported.45,61 A genomic analyses of ten umbilical cord whole blood samples at term (no 

controls) demonstrated high expression of genes involved in oxidative stress pathways.61 

The authors hypothesized that such gene expression likely reflects the increased oxidative 

stress burden associated with transitioning to ambient air. While our study also demonstrated 

dysregulation of genes, pathways, and upstream regulators implicated in oxidative stress 

response, the pairing of cases with controls suggests that such differential expression may be 

attributed primarily to maternal obesity. A study utilizing maternal and fetal whole blood to 

identify fetal biomarkers circulating in maternal blood also identified many immune-related 

and neurodevelopmental transcripts in term fetuses.45 Only one of the neurodevelopmental 

and none of the immune-related genes identified by these investigators were significantly 

differentially regulated here in fetuses of obese women, suggesting that although term 

fetuses may be upregulating immune-related and neurodevelopmental transcripts, there is a 

distinct fetal gene expression signature related to maternal obesity.
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Conclusion

As maternal obesity increases globally, there is an urgent need to better understand the 

interplay between an obesogenic intrauterine environment and fetal programming effects, in 

order to prevent childhood obesity, metabolic syndrome, and neurodevelopmental morbidity 

from becoming equally prevalent. These data suggest that maternal obesity may affect fetal 

nervous system and metabolic programming. Ultimately, we hope this work will lead to the 

development of targeted therapies that will improve long-term outcomes in children of obese 

women.
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Figure 1. Tissue-specific Gene Expression in Fetuses of Obese Women*
*Tissue-specific gene expression was defined using BioGPS with established stringency 

thresholds

Central nervous system genes: tetraspanin 7 (TSPAN7), neurogranin (protein kinase C) 

(NRGN), ectonucleotide pyrophosphatase/phosphodiesterase 2 (ENPP2), chromodomain 

helicase DNA binding protein 5 (CHD5), cell division cycle 42 (CDC42), chromosome 11 

open reading frame 95 (C11orf95); Small intestine: defensin, alpha 6, Paneth cell-specific 

(DEFA6); Immune system: regulator of G-protein signaling 2 (RGS2), Ras association 

(RalGDS/AF-6) domain family member 1 (RASSF1), carboxypeptidase A3 (CPA3), maltase-

glucoamylase (alpha-glucosidase) (MGAM), chemokine (C-C motif) receptor 6 (CCR6), O-

linked N-acetylglucosamine (GlcNAc) transferase (OGT), chemokine (C-C motif) receptor 2 

(CCR2), caspase 4, apoptosis-related cysteine peptidase (CASP4), toll-like receptor 1 

(TLR1), nucleoporin 107kDa (NUP107), decapping enzyme, scavenger (DCPS), membrane-

spanning 4-domains, subfamily A, member 6A (MS4A6A), LIM domain binding 1 (LDB1); 

Placenta: calpain 6 (CAPN6); Smooth muscle: fibroblast growth factor 2 (FGF2); Kidney: 

chloride channel, voltage-sensitive Ka (CLCNKA); Liver: coagulation factor X (F10); 

Tongue: small proline-rich protein 1A (SPRR1A); Lung: S100 calcium binding protein A2 

(S100A2)
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Figure 2. 
Principal Component Analysis of Genes Implicated in Central Nervous System 

Development (A), Inflammatory Signaling (B), Glucose and Lipid Metabolism (B), and 

Reactive Oxygen Species Metabolism (D) Figure caption: Obese subjects are represented in 

red and lean subjects in black. Gene expression segregates on the basis of maternal BMI. On 

the x-axis is principal component (PC) 1, maternal body mass index (BMI), which accounts 

for the greatest proportion of variance in the gene expression data (17.3% for CNS 

development, 24.6% for Inflammatory Signaling, 28.1 % for Glucose and Lipid Metabolism, 

25.0% for Reactive Oxygen Species Metabolism). On the y-axis is PC 2, which accounts for 

the second greatest proportion of variance (13% for CNS development, 9.8% for 

Inflammatory Signaling, 10.9% for Glucose and Lipid Metabolism, 12.7% for Reactive 

Oxygen Species Metabolism).

CNS: Central Nervous System; ROS: Reactive Oxygen Species
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Table 1

Subject Demographic Characteristics

Demographic characteristic Obese Lean p-value

BMI, mean (SD), kg/m2, 40.96 (9.38) 20.33 (2.46) <0.001

Maternal age, mean (SD), years 31.13 (6.83) 30.00 (6.12) 0.73

Gestational age at delivery, mean (SD), weeks 39.29 (0.43) 39.04 (0.07) 0.15

Gestational weight gain, mean (SD), pounds 28.13 (34.06) 34.63 (7.75) 0.61

Neonatal birth weight, mean (SD), grams 3780.38 (433.05) 3348 (264.21) 0.03

Fetal Sex (number of males, number of females) 4, 4 4, 4 N/A

Maternal glucose tolerance testing, mean (SD), mg/dL 114.60 (24.39) 116.1 (35.76) 0.83
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Table 2

Top Ten Most Up- and Downregulated Genes in Fetuses of Obese Women

Symbol Gene name Fold change Gene Functiona

OCLN Occludin 7.26 Cytokine-induced regulation of paracellular permeability barrier; apoptosis. 
Mutations associated with neurologic disorder

NR2E1 Nuclear receptor subfamily 2, 
group E, member 1 7.04

Cell cycle progression, proliferation, transcription regulation. Implicated in 
anterior commissure, cerebral cortex, amygdala, dentate gyrus, visual system 

and olfactory bulb development; neurogenesis/differentiation of neurons; 
negative regulation of astrocyte and neural precursor cell proliferation; 

aggressive behavior; fear response

ZNF41 zinc finger protein 41 6.41 Zinc finger family transcription factor; KRAB-A and -B domains act as 
transcriptional repressors; DNA-dependent transcription

PLS3 plastin 3 5.03 Encodes an actin binding protein. Implicated in auditory receptor cell 
differentiation and bone development

KIF14 kinesin family member 14 4.91

Kinesin superfamily of microtubule-associated motors. Involved in 
intracellular transport and cell division. Implicated in forebrain cell 

proliferation; cerebellum, hippocampus, cerebral cortex, olfactory bulb 
development; negative regulation of neuron apoptosis; regulation of 

myelination

NUMA1 nuclear mitotic apparatus protein 
1 −6.01

Encodes a protein involved in formation and organization of mitotic spindle 
during cell division. Implicated in cell division, cell cycle transition, lung 

epithelial cell differentiation.

CHDH choline dehydrogenase −4.48
Encodes an enzyme localized to the mitochondrion. Regulates choline, an 

essential micronutrient implicated neurodevelopment and HPA-axis 
programming. Involved in oxidoreductase activity

NPAS3 neuronal PAS domain protein 3 −3.83

Encodes a transcription factor localized to the nucleus involved in regulation 
of neurogenesis. Implicated in locomotory behavior, maternal behavior, startle 

response, DNA-dependent regulation of transcription. Gene abnormalities 
associated with intellectual disability and schizophrenia

RNF145 ring finger protein 145 −3.46 Implicated in metal ion binding, zinc ion binding

HNF4A hepatocyte nuclear factor 4, 
alpha −3.27

Encodes nuclear transcription factor involved in liver, kidney and intestinal 
development. Implicated in glucose and lipid homeostasis, steroid hormone 

mediated signaling, negative regulation of cell growth and proliferation

a
Gene functions from UniProt, Entrez Gene, and Ingenuity Knowledge Base. Descriptions modified due to space constraints
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