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ORIGINAL RESEARCH

Role of Maternal Obesity in Offspring 
Cardiovascular Development and 
Congenital Heart Defects
Ashleigh McMullan, MS*; James B. Zwierzynski , MS*; Nina Jain ; Laura S. Haneline, MD; 
Weinian Shou , PhD; Kok Lim Kua , MD; Swetansu K. Hota , PhD; Matthew D. Durbin , MD

BACKGROUND: Congenital heart disease is a leading cause of death in newborns, yet many of its molecular mechanisms remain 
unknown. Both maternal obesity and diabetes increase the risk of congenital heart disease in offspring, with recent studies 
suggesting these conditions may have distinct teratogenic mechanisms. The global prevalence of obesity is rising, and while 
maternal obesity is a known risk factor for fetal congenital heart disease, the specific mechanisms are largely unexplored.

METHODS AND RESULTS: We used a murine model of diet-induced maternal obesity, without diabetes, to produce dams that 
were overweight but had normal blood glucose levels. Embryos were generated and their developing hearts analyzed. 
Transcriptome analysis was performed using single-nucleus and bulk RNA sequencing. Global and phospho-enriched 
proteome analysis was performed using tandem mass tag–mass spectroscopy. Immunobloting and histologic evaluation 
were also performed.

Analysis revealed disrupted oxidative phosphorylation and reactive oxygen species formation, with reduced antioxidant 
capacity, evidenced by downregulation of genes Sod1 and Gp4x, and disrupted Hif1a signaling. Evidence of oxidative stress, 
cell death signaling, and alteration in Rho GTPase and actin cytoskeleton signaling was also observed. Genes involved in 
cardiac morphogenesis, including Hand2, were downregulated, and fewer mature cardiomyocytes were present. Histologic 
analysis confirmed increased cardiac defects in embryos exposed to maternal obesity.

CONCLUSIONS: These findings demonstrate that maternal obesity alone can result in cardiac defects through mechanisms 
similar to those associated with maternal hyperglycemia. This study provides valuable insight into the role of maternal obesity, 
a growing and modifiable risk factor, in the development of the most common birth defect, congenital heart disease.
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Congenital heart disease (CHD) is the most common 
birth defect, occurring in approximately 1% of live 
births. CHD is also the leading cause of birth de-

fect–related death, responsible for 4.2% of all neonatal 
deaths.1–4 Despite the prevalence and significant disease 
burden, many of the developmental pathways and mo-
lecular mechanisms contributing to CHD pathogenesis 

remain unknown.5 Approximately 30% of CHD cases 
can be attributed to direct genetic determinants includ-
ing chromosomal aneuploidy, copy number variants 
and de novo mutations.6,7 In addition to direct genetic 
causes, epidemiological studies demonstrate that CHD 
is underpinned by environmental factors, as well as 
multifactorial inheritance, including gene–environment 
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interactions during embryogenesis.8 Investigation into 
these gene–environment interactions is necessary to 
understand the pathogenesis of CHD and develop tar-
geted therapeutic and preventative strategies.

Several environmental factors are associated with 
an increased risk of CHD in offspring, including mater-
nal medications, infections, diabetes, and obesity.8 A 
number of studies demonstrate a significant associa-
tion between CHD in offspring and maternal obesity as 
a primary modifiable risk factor.9–14 Worldwide, rates of 
obesity have doubled since 1990 in the general pop-
ulation, and rates have quadrupled in adolescents, 
which is of particular concern given the proximity to re-
productive age.15 Though maternal obesity correlates 
with CHD, the mechanisms remain unknown.

Epidemiologic studies demonstrate that maternal 
obesity is associated with a range of offspring com-
plex CHDs.16–19 These studies also indicate a dose–
response relationship, with the severity of maternal 
obesity correlating to CHD risk.18,19 Maternal obesity 
and maternal diabetes are often grouped together 
and considered on the same spectrum; however, a re-
cent epidemiologic study demonstrates different risk 
profiles, with differential rates of CHD types between 
diabetes and obesity, suggesting distinct underlying 
teratogenic mechanisms.16 While studies have exam-
ined the mechanism of CHD due to maternal diabetes, 
including the role of oxidative stress and reduced an-
tioxidant capacity,20–25 the mechanism of CHD due to 
maternal obesity remains largely unexplored.

Here, we use a diet-induced maternal obesity murine 
model to investigate the associated risk of congenital 
cardiac anomalies in offspring. We use complemen-
tary multiomics and histologic analysis to examine the 
corresponding cellular, transcriptional, proteomic, and 
histologic changes in the developing murine heart.

METHODS
Material Availability
This study did not generate new unique reagents.

Data Availability
All data are deposited in data type-specific repositories; 
all transcriptomics data have been uploaded to Gene 
Expression Omnibus and all proteomics data have 
been uploaded to the ProteomeXchange Consortium 
via the PRIDE partner repository with the dataset iden-
tifier PXD062087 and 10.6019/PXD062087. All data 
are available upon request to the lead contact.

Diet-Induced Maternal Obesity Model
Wild-type C57BL/6J mice or Shroom3gt mice were ac-
quired from Jackson Laboratory (Bar Harbor, Maine; 
Nos. 000664, 003754). At 5 weeks old, mice were 
randomly assigned to either a regular chow with 18 
kcal% fat (2018SX; Inotiv, Indianapolis, IN) as a control 
or a rodent diet with 60 kcal% fat (Table S1; D12492; 
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What Is New?
•	 This study provides valuable insight into the role 

of maternal obesity in offspring development of 
the most common birth defect, congenital heart 
disease.

•	 The results highlight that maternal obesity alone 
can result in cardiac defects in offspring through 
mechanisms similar to those seen in maternal 
diabetes, including reduced antioxidant capac-
ity, oxidative stress, cell death signaling, altera-
tions in Rho GTPase and actin cytoskeleton 
signaling, and a reduced number of mature car-
diomyocytes, leading to offspring septal defects.

What Question Should Be Addressed 
Next?
•	 Obesity can be managed through lifestyle 

changes, surgical interventions, and emerging 
pharmaceuticals, and antioxidant therapies may 
hold promise for preventing congenital heart dis-
ease; however, a recent study in mice suggests 
that genetic factors may influence response to 
these therapies; future studies should focus on 
a deeper mechanistic analysis of maternal obe-
sity’s role in offspring congenital heart disease, 
potentially leading to tailored therapeutic and 
preventative strategies to reduce the occurrence 
and severity of congenital heart disease.

Nonstandard Abbreviations and Acronyms

8-OHdG	 8-hydroxy-2′-deoxyguanosine
EIF	 eukaryotic initiation factor
FDR	 false discovery rate
GTT	 glucose tolerance testing
IPA	 ingenuity pathway analysis
ITT	 insulin tolerance testing
mTOR	 mechanistic target of rapamycin
ROCK	 Rho-associated coiled-coil containing 

protein kinase
ROS	 reactive oxygen species
snRNAseq	 single-nucleus RNA sequencing
TMT-MS	 tandem mass tag–mass 

spectroscopy
WNT/PCP	 noncanonical Wnt/planar cell polarity
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Research Diets Inc., New Brunswick, NJ), to induce 
maternal obesity. We designed the study in consultation 
with the Indiana University Diabetes Core, to generate 
twice the number of high-fat dams, given that the proin-
flammatory state of obesity induces subfertility in mice, 
with the tendency of obesity to decrease the pregnancy 
rate as well as litter size.26 Female mice underwent 
EchoMRI (EchoMRI LLC, Houston, TX) body composi-
tion evaluation and nonfasting blood glucose measure-
ments at week 5 and week 9. A separate cohort of mice 
was used for model assessment and underwent fasting 
blood glucose measurement along with glucose toler-
ance testing (GTT) and insulin tolerance testing (ITT) at 
week 9. For the GTT, mice were fasted for 4 hours, then 
1 g/kg of glucose was injected intraperitoneally, and 
blood was collected via tail biopsy at 0, 10, 20, 30, 60, 
and 90 minutes. For ITT, mice were fasted for 2 hours, 
and then 0.75 U/kg of Humulin R (Elly Lilly, Indianapolis, 
IN) was administered intraperitoneally, and blood glu-
cose was measured at 0, 15, 30, 45, and 60 minutes. All 
glucose measurements were taken via tail biopsy using 
an Alphatrak II Glucometer (Zoetis Petcare, Parsippany, 
NJ). Model assessments, including EchoMRI, glu-
cose monitoring, GTT, and ITT, were completed by the 
Indiana University Diabetes Core. After measurements 
at 9 weeks, females were mated with male mice on a 
regular chow diet. Gestational age was determined by 
checking for the presence of a vaginal plug with the 
date of sperm plug observation representing embryonic 
day 0.5 of development. Pregnant females were main-
tained on respective diets throughout gestation. Animal 
handlings were carried out within the Indiana University 
School of Medicine Animal Resource Center accred-
ited by the American Association for Accreditation of 
Laboratory Animal Care. Ethical approval was granted 
by the Institutional Animal Care and Use Committee 
(Protocol Number 21159). Animals were appropriately 
housed in a temperature-controlled environment, in 12-
hour light–dark cycles, with continual access to food 
and water. We used the Animal Research: Reporting of 
In Vivo Experiments reporting checklist.27

E12.5 Wild-Type Embryonic Heart Retrieval

At embryonic day 12.5, wild-type dams on respec-
tive diets were euthanized using carbon dioxide. 
Embryonic day 12.5 embryos were harvested; hearts 
were further micro-dissected, and flash frozen imme-
diately upon dissection. A total of 13 embryonic hearts 
were harvested respectively from high-fat (n=13) and 
control (n=13) groups for multiomic analysis including 
bulk RNA sequencing, tandem mass tag–mass spec-
troscopy (TMT-MS), single-nucleus RNA sequencing 
(snRNAseq), and immunoblot. Limb bud tissue was 
additionally harvested during each embryonic heart 
tissue retrieval for sex genotyping.

Single-Nucleus RNA Sequencing

Embryonic day 12.5 embryonic hearts were harvested 
and flash frozen from high-fat (n=5) and control (n=5) 
dams for snRNAseq analysis. Embryonic hearts were 
litter matched and sex matched, and high-fat (n=5) 
hearts were pooled in one tube and control (n=5) 
hearts were pooled in another. Nuclei isolation and sn-
RNAseq was performed by Singulomics Corporation 
(Bronx, NY). Briefly, heart tissue was homogenized 
and lysed with Triton X-100 in RNase-free water for 
nucleus isolation. Isolated nuclei were purified, cen-
trifuged, and resuspended in PBS with RNase in-
hibitor, then diluted to 700 nuclei/μL for standardized 
10x Genomics capture and library preparation pro-
tocol with 10x Genomics Chromium Next GEM 3′ 
Single Cell Reagent kits version 3.1 (10x Genomics, 
Pleasanton, CA). Libraries were sequenced with 
NovaSeq 6000 (Illumina, San Diego, CA). Raw se-
quencing files were processed with CellRanger 6.0 
(10x Genomics). Sequences were mapped to the 
Mus musculus genome (mm10), including introns to 
generate gene count matrices. Downstream analysis 
was performed with Seurat 4.0. For all samples, nu-
clei were filtered out with <200 genes and >5% mito-
chondrial genes. The final filtered matrix for samples 
contained 7015 nuclei and 23 949 genes. Cell-type 
clustering was performed using canonical markers 
for cardiac cell types.

Bulk RNA Sequencing

Embryonic day 12.5 embryonic hearts were harvested 
and flash frozen from high-fat (n=4) and control 
(n=4) dams for bulk RNA sequencing analysis. Total 
RNA was harvested from flash-frozen hearts using 
the RNeasy Plus Mini Kit (ID: 74134; Qiagen, Hilden, 
Germany). Litter-matched and sex-matched flash-
frozen embryonic hearts were used. One hundred 
nanograms of eluted RNA was prepared using KAPA 
mRNA, and sequencing libraries were generated, 
sequenced, and results were bioinformatically 
compared in collaboration with Indiana University 
Center for Medical Genomics and Bioinformatics Core 
using an Illumnia NovaSeq6000 at 2×250 bp read 
length to compare differential expression. An average 
of 42 million high-quality reads were generated for 
pooled control and an average of 39 million high-
quality reads were generated for pooled high-fat heart 
samples.

Tandem Mass Tag–Mass Spectrometry

Embryonic day 12.5 embryonic hearts were har-
vested and flash frozen from high-fat (n=4) and con-
trol (n=4) dams for TMT-MS analysis. Litter-matched 
and sex-matched flash-frozen embryonic hearts 
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were transferred using 100 μL of 8M urea, then lysed 
with mechanical disruption by pipetting. Bioruptor 
(Diagenode, Denville, NJ) sonication of 30 cycles (30 
seconds on/30 seconds off schedule) yielded ≈60 
μg of protein from each group. The peptides were 
desalted on Sep-Pak (Waters, Milford, MA), yielding 
≈50 μg of protein. Proteins were TMT-labeled using 
TMTpro (A44520, Lot WC320807; Thermo Fisher 
Scientific, Waltham, MA), using 0.5 mg of reagent for 
each global sample; after quenching, the samples 
were mixed, dried, and desalted on 100 mg Sep-Pak 
Columns (Waters). Samples were enriched for phos-
phopeptides using High Select TiO2 Phosphopeptide 
Enrichment Kit (A32993; Thermo Fisher Scientific). 
Phosophopeptides were eluted from the kit. High-pH 
solvent-based fractionation of peptides was used 
to fractionate one third of the global peptides on a 
50-mg Sep-Pak Column (Waters), followed by liq-
uid chromatography–tandem mass spectrometry. 
One fifth of each global sample and one half of each 
phosphopeptide sample was injected and run on the 
Eclipse Orbitrap Mass Spectrometer (Thermo Fisher 
Scientific). Data were analyzed against the UniProt 
Mus musculus protein database using Proteome 
Discoverer Software version 2.5 (Thermo Fisher 
Scientific). Results were filtered for high-confidence 
peptides, FASTA files with common contaminants 
were added to the protein marker node, and quantita-
tive abundances were normalized to the same total 
peptide amount per channel so that average abun-
dance per peptide and protein was 100. Sample 
preparation, protein and phosphoprotein isolation, 
mass spectrometry analysis, bioinformatics and data 
evaluation for quantitative proteomic and phospho-
proteomic experiments was performed in collabora-
tion with the Indiana University School of Medicine 
Center for Proteome Analysis similar to previously 
published protocols and more detailed methods are 
available (Data S1).28,29

Immunoblot Analysis

Embryonic day 12.5 embryonic hearts were harvested 
and flash-frozen from high-fat (n=4) and control 
(n=4) dams for immunoblot analysis. Flash-frozen 
hearts were lysed in RIPA Lysis and Extraction 
buffer (Thermo Fisher Scientific), supplemented with 
HALT Protease and Phosphatase Inhibitor (Thermo 
Fisher Scientific), and homogenized with BeadBug 
microtube tissue homogenizer (Benchmark Scientific, 
Edison, NJ). A subset of lysate was used for protein 
quantification with Pierce BCA Protein assay (Thermo 
Fisher Scientific). Equal amounts of protein lysate for 
each sample were mixed 3 to 1 with Laemmli loading 
buffer (Promega, Madison, WI), denatured, and 

electrophoresed on novex wedgewell polyacrylamide 
gels (Thermo Fisher Scientific) and transferred to 
nitrocellulose membranes (Bio-Rad Laboratories, 
Hercules, CA). Protein underwent immunoblot analysis 
using antibodies for 8-hydroxy-2′-deoxyguanosine 
(8-OHdG; Thermo Fisher; bs-1278R), total cofilin 
(Cell Signaling Technology, Danvers, MA; No. 5175) 
phosphorylated cofilin (Cell Signaling Technology; 
No. 3313) and GAPDH (Abcam, Cambridge, UK; 
ab9485). The nitrocellulose membranes were cut into 
target strips and probed with antibody for GAPDH, 
phosphorylated cofilin or 8-OHdG, followed by 
stripping the blot using Restore WB Stripping Buffer 
(Thermo Fisher Scientific), reblocking the membrane, 
and then reimmunoblotting with antibody for total 
cofilin or GAPDH and immunoblots were quantified in 
Image J and analyzed with a Mann–Whitney statistical 
analysis in Prism 10 (GraphPad Software, La Jolla, CA).

Histological Analysis

Embryos were collected at embryonic day 14.5, after 
the intraventricular septum had closed during nor-
mal development. Genotyping was carried out using 
genomic DNA extracted from ear punches, embry-
onic tissue, or yolk sacs. The genotyping for Shroom3 
was performed using polymerase chain reaction for 
β-galactosidase (5′-AACTTAATCGCCTTGCAGCA-3′ 
and 5′-GTAACCGTGCATCTGCCAGT-3′) and a wild-
type allele (5′-GGCCCCAGACTCACCATAATC-3′ and 
5′-GCAACCACATGGTGGCTCACAAGC-3′). Following 
fixation in 4% (v/v) paraformaldehyde, the embryos 
were dehydrated, paraffin embedded, and transversely 
sectioned at 5 μm. The sections were stained with he-
matoxylin and eosin (Sigma-Aldrich, Burlington, MA) 
and examined under a microscope to identify cardiac 
defects. Each slide was reviewed by 2 independent, 
blinded reviewers, and any discrepancies in identify-
ing cardiac defects were resolved by a third blinded 
party. The resulting genotypes and cardiac defects 
were compared with expected Mendelian ratios and 
between high-fat and control diet groups, using χ2 
analyses. Figures were created with the assistance of 
Biorender.

Statistical Analysis

Single time-point measurements assessing body 
composition data between groups used a Student’s 
2-tailed t test. We performed pathway enrichment 
using ShinyGo30 and ingenuity pathway analysis (IPA) 
(Qiagen) for differentially expressed genes, proteins, 
and phosphoproteins (P<0.05). Statistical analyses 
were performed using Prism 10. P values <0.05 were 
considered statistically significant.
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RESULTS
Body Composition Analysis Via EchoMRI 
Confirmed Diet-Induced Maternal Obesity 
Model Establishment
We used diet-induced maternal obesity to investigate 
the impact of maternal obesity on offspring cardiac 
development. Female mice were placed on a high-fat 
or control diet at 5 weeks of age (Figure 1). Model es-
tablishment was confirmed by body composition anal-
ysis via EchoMRI at week 5 for baseline readings and 
then again at week 9 for assessment of obesity estab-
lishment in the respective diet cohorts (Figure  1A). At 
week 9, we observed that female mice on a high-fat 
diet gained significantly more weight compared with 
mice on a control diet (20.6 g versus 18.6 g, P=0.016; 
Figure 1B) Additionally, to confirm model establishment, 

we observed a significant difference in body fat per-
centage between high-fat and control cohorts at week 
9 (2.5% versus 1.5%, P=0.017; Figure 1C). Further, in line 
with model establishment, we observed that lean body 
mass remained consistent between diet cohorts at both 
week 5 (P=0.672) and week 9 (16.5% versus 15.7%, 
P=0.076) on respective diets (Figure  1D). These data, 
in relation to a significant difference in total body weight 
between high-fat versus control females at week 9, in-
dicates that overall maternal weight gain is secondary 
to a significant increase in body fat percentage. Further, 
this is supported by a significant difference observed in 
the measured fat-to-lean ratio between respective co-
horts at week 9 (0.15 versus 0.094, P=0.019; Figure 1E). 
Following model establishment, blood glucose readings 
between diet cohorts taken at week 5 and week 9 dis-
played no significant change. At week 9, diet cohorts 

Figure 1.  Diet-induced maternal obesity mouse model establishment (A).
Schematic timeline of experimental set up. EchoMRI body composition analysis comparison of maternal high-fat (n=25) and control 
(n=10) mice concerning (B). Total body weight at week 5 (P=0.82) and week 9 (P=0.016); (C) body fat (%), at week 5 (P=0.7) and week 
9 (P=0.017); (D) lean body mass at week 5 (P=0.69) and week 9 (P=0.076); (E) fat:lean ratio at week 5 (P=0.69) and week 9 (P=0.019); 
and (F) blood glucose (mg/mL) at week 9 (P=0.21). HF indicates high-fat. *P<0.05; ns, P>0.05; and not significant.
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had no significant difference in blood glucose readings 
taken in a fed state (243 mg/mL versus 230 mg/mL, 
P=0.21; Figure 1F). In a In a fasting state, diet cohorts 
had slight but significant differences in GTT and ITT 
measurements at some time points but no difference 
in fasting blood glucose (fasting blood glucose: 170 
versus 169, P=0.9203; GTT: 170 versus 169 at 0 min-
utes, 267 versus 304 at 10 minutes, 282 versus 341 at 
20 minutes, 232 versus 327 at 30 minutes, 190 versus 
233 at 60 minutes, and 169 versus 184 at 90 minutes, 
and ITT: 158 versus 161 at 0 minutes, 93 versus 113 at 
15 minutes, 47 versus 71 at 30 minutes, 30 versus 49 
at 45 minutes, 33 versus 48 at 60 minutes; Figure S1). 
Overall, primary body composition analysis and glucose 
readings taken between the 2 cohorts confirmed the 
establishment of diet-induced obesity, in line with pre-
vious publications,31,32 with a demonstration of obesity, 
indicated by increased body weight and body fat com-
position, and despite some developing glucose intoler-
ance, without glucose levels in the diabetic range, and 
with no significant difference in blood glucose levels in a 
fasting or fed state.

snRNAseq Analysis Reveals Significant 
Differences in the Abundance of Cardiac 
Cell Types Between Obesity Exposed and 
Control Embryo Hearts
To better understand maternal obesity–related tran-
scriptional changes in the embryo heart, with single-
cell resolution, we used in vivo 10x snRNAseq analysis 
(Figure 2). Wild-type C57BL/6J dams were placed on a 
high-fat or control diet from 5 weeks of life onward, and 
set up in timed mating after reaching 9 weeks of life, with 
a wild-type C57BL/6J male. We focused our assess-
ment at embryonic day 12.5, at a time of active atrial, 
ventricular, and outflow tract septation, as offspring 
septal defects and outflow tract defects are attributed 
to maternal obesity in humans.33 Embryos were har-
vested at embryonic day 12.5; the hearts were dissected 
and single nuclei isolated (Figure 2A). Single-cell librar-
ies were obtained from the 10x Genomics Chromium 
system. Analysis from high-fat (n=5) and control (n=5) 
embryonic hearts captured a total of 7015 single nuclei 
with 3634 nuclei and 3381 nuclei captured, respec-
tively (Figure 2B). Expression variability of all genes was 

subjected to nonlinear dimensionality reduction through 
uniform manifold approximation and projection, and 10 
cell clusters were recognized (Figure 2C). Clusters were 
identified using expression of genes, including cardio-
myocyte genes Ryr2, Myocd, and Mhrt (Figure 2D); en-
docardial genes Nrg1 and Emc (Figure  2E); fibroblast 
genes Postn, Robo2, and Unc5c (Figure 2F); and epicar-
dial genes Tbx18 and Wt1 (Figure 2G); additional genes 
were used to identify each cluster (Figure 2C). A shift in 
the distribution of cells in the obesity exposed compared 
with control embryo hearts was observed (Figure  2B 
and 2H). In obesity-exposed hearts, a decrease in car-
diomyocyte cluster 1 and an increase in cardiomyocyte 
cluster 4 was detected. Cluster 1 represents more ma-
ture cardiomyocytes, expressing maturation markers 
such as Ryr2, Slc8a1, Tnni3k, Fgf13, Myocd, Ttn, Palld, 
Dmd, and Myh6, while cluster 4 cardiomyocytes are en-
riched in Nppa, Tnni1, Acta2, and Myl4, suggesting that 
these cells are immature, stressed, or developmentally 
delayed.

In addition, snRNAseq analysis found a decrease 
in fibroblasts and an increase in epicardial cells. There 
was also an increase in blood and immune cells. There 
was an upregulation of Hba-a2 and Hbb-bs in obesity-
exposed hearts, which were likely due to the presence 
of contaminating blood cells. Overall, this analysis sug-
gests that maternal obesity disrupts embryo cardiac 
development, with changes in the distribution of multi-
ple cell types important to cardiogenesis. Genes related 
to cardiac development were downregulated (Figure 2I) 
and upregulated (Figure 2J) in the total cell pool of devel-
oping hearts of embryos in the obesity-exposed group; 
however, given that the analysis used 1 pooled sam-
ple for each group, we did not have statistical power 
to identify differences in expression of individual genes. 
Therefore, we next performed bulk RNA sequencing 
analysis to identify differences in the expression of indi-
vidual genes and identify pathways impacted (Figure 3).

Transcriptome Analysis Reveals 
Significant Differential Expression of 
Genes in Embryo Hearts Exposed to 
Maternal Obesity
To investigate transcriptome profiles of maternal obe-
sity–exposed embryonic hearts, we used bulk RNA 

Figure 2.  SnRNAseq analysis of maternal obesity exposed and control embryo hearts.
A, Experimental design, with C57BL/6J females placed on high-fat or control diet from week 5 of life to week 9 of life, followed by a timed 
mating, embryo harvest at embryonic day 12.5, heart dissection from high-fat (n=5) and control (n=5) dams, followed by snRNAseq 
analysis. B, UMAP plot of 7015 single cells, with 3634 cells and 3381 cells captured for high-fat and control hearts, respectively. C, 
Ten cell types were identified. D, Feature plots with expression of cardiomyocyte genes, Ryr2, Myocd, and Mhrt. E, Expression of 
endocarial genes, Nrg1 and Emcn. F, Expression of fibroblast genes, Postn, Robo2, and Unc5c. G, Expression of epicardial genes 
Tbx18 and Wt1. H, Quantification of the number of cell types in high-fat and control embryonic hearts. I, Selected downregulated 
genes. J, Selected upregulated genes. I and J represent expression levels. The analysis used 1 pooled sample for each group and 
does not represent statistical differences in expression of the individual genes. HF indicates high-fat; snRNAseq, single-nucleus RNA 
sequencing; and UMAP, uniform manifold approximation and projection.
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sequencing analysis on the obesity-exposed and con-
trol embryo hearts at embryonic day 12.5. Analysis 
of obesity-exposed embryonic hearts (n=4) versus 

control embryonic hearts (n=4) revealed 552 differ-
entially expressed genes (false discovery rate [FDR] 
<0.05; Figure 3A and 3B), with the majority of genes 
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being downregulated (524; FDR <0.05; (Figure  3A 
and 3B). Transcriptomic analysis revealed significant 
downregulation of numerous oxidative phosphoryla-
tion components, including 15 genes encoding the 
cytochrome c oxidase enzyme complex: Cox7c (FDR, 
3.5 E-38), Cox5b, (FDR, 8.1 E-22), Cox17, (FDR, 1.8 E-
15), and Cox6b1 (FDR, 3.6 E-10) and a series of 30 
NADH dehydrogenase genes: Ndufa3 (FDR, 1.1 E-36), 
Ndufa1 (FDR, 1.3 E-26), Ndufa2, (FDR, 2.3 E-18), and 
Ndufa5 (FDR, 6.0 E-16). Oxidative phosphorylation in 
the mitochondrion generates energy for the cell but 
also produces reactive oxygen species (ROS) as a by-
product. Imbalance of ROS formation causes oxidative 
stress, which is a primary cause of embryopathy,34 in-
cluding diabetic embryopathy. To protect against ROS, 
the cell uses ROS scavenging enzymes. Interestingly, 
we observed significantly downregulated expression 
of 2 major ROS scavenging enzymes, Sod1 (FDR, 3.8 
E-5) and Gpx4 (FDR, 0.02). These findings suggest a 
reduction in the cellular antioxidant capacity of devel-
oping hearts exposed to maternal obesity. Reduced 

antioxidant capacity, specifically due to downregulated 
Sod1 and Gpx4, are similarly implicated in cardiac de-
fects due to maternal diabetes.23 Finally, in obesity-
exposed hearts, RNA sequencing analysis displayed 
downregulation of several genes critical to cardiac 
development and maturation, including Hand2 (FDR, 
0.038) and a trend in Myl2 (FDR, 0.073; P=0.0034).35–39

To further investigate the transcriptome profile of 
obesity exposed versus control embryonic day 12.5 
embryonic hearts, with unbiased relation to biological 
processes, we used ShinyGO version 0.80 (Figure 3C, 
Table  S2). The pathway analysis further highlighted 
a mechanism of oxidative phosphorylation and ROS 
imbalance, leading to oxidative stress, cell death, and 
cardiac damage. Top pathways included ribosome 
(fold enrichment, 28.34; FDR, 8.70 E-103), oxidative 
phosphorylation (fold enrichment, 20.02; FDR=3.96 E-
61), diabetic cardiomyopathy (fold enrichment, 12.18; 
FDR, 2.23 E-42), chemical carcinogenesis–ROS (fold 
enrichment, 12.10; FDR, 4.11 E-46), and cardiac mus-
cle contraction (fold enrichment, 8.67; FDR, 1.20 E-10) 

Figure 3.  Transcriptome analysis of maternal obesity exposed and control embryonic hearts.
(A) RNA sequencing analysis of obesity-exposed (n=4) versus control (n=4) embryonic day 12.5 wild-type embryonic hearts, with a 
volcano plot depicting 552 significant differentially expressed genes observed between obesity-exposed versus control embryonic 
hearts (FDR <0.05). B, Heat map depicting top 100 significant differentially expressed gene between obesity-exposed and control 
groups with a random selection of 35 genes displayed (FDR <0.05). C, ShinyGO significant biological processes highlighted for all 
differentially expressed genes (FDR <0.05). D IPA enrichment analysis for all differentially expressed genes (FDR <0.05). EIF indicates 
eukaryotic initiation factor; FC, fold change; FDR, false discovery rate; GO, gene ontology; and IPA, ingenuity pathway analysis.
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(Figure 3C, Table S2). Additionally IPA for differentially 
expressed genes also indicated altered pathways, in-
cluding oxidative phosphorylation (−log P=57.3), eu-
karyotic initiation factor (EIF) 2 signaling (−log P=53.8), 
mitochondrial dysfunction (−log P=37.3), granzyme A 
signaling (−log P=27.5), sirtuin signaling (−log P=27.5), 
Regulation of EIF4 and p70S6K signaling (−log P=16.1), 
mechanistic target of rapamycin (mTOR) signaling (−log 
P=13.3), necroptosis signaling pathway (−log P=4.69) 
and protein ubiquitination pathway (−log P=2.8) 
(Figure  3D, Table  S3). Notably, disrupted sirtuin sig-
naling further indicates reduced antioxidant capacity 
due to maternal obesity, given that sirtuin signaling, like 
Sod1 and Gpx4, plays a primary role in ROS scaveng-
ing and the cell’s antioxidant capacity to reduce oxida-
tive stress.40 Together, these data show clear activation 
of the cell’s primary stress response, involving mTOR, 
EIF2, and EIF4 and resulting cell death, with activation 
of the granzyme pathway, necroptosis, and ubiquiti-
nation signaling. Of note, the top pathways impacted 
were oxidative phosphorylation and EIF2 signaling. 
EIF2 is the central hub of the cellular response to oxi-
dative stress and drives global translation of proteins.41 
Therefore, we proceeded to analyze maternal obesity’s 
impact on the global proteome of the developing em-
bryonic heart.

Proteome Analysis Reveals Significant 
Translational Changes in Embryonic 
Hearts Exposed to Maternal Obesity
To investigate proteomic profile changes of maternal 
obesity–exposed day 12.5 embryonic hearts (n=4) ver-
sus control day 12.5 embryonic hearts (n=4), we used 
TMT-MS (Figure 4A.) Following global protein normali-
zation and data filtering, a total of 7146 protein groups, 
76 473 peptide groups, and 21 158 peptide-spectrum 
matches were identified. Initial TMT-MS data analysis 
revealed a total of 109 differentially expressed global 
proteins between maternal obesity and control embry-
onic hearts, specifically 40 upregulated (P<0.05) and 
68 downregulated proteins (P<0.05) (Figure  4B and 
4C). Further, to evaluate differential global protein ex-
pression between groups in relation to relative gene 
networks, we again used gene enrichment analysis 
using ShinyGO version 0.80 for biological processes. 
Similar to transcriptome studies, proteome analysis 
elucidated oxidative phosphorylation with ROS for-
mation, oxidative stress, and cardiac damage, with 
significant processes of interest, including dilated car-
diomyopathy (fold enrichment, 10.92; FDR, 4.03 E-03), 
arrhythmogenic right ventricular cardiomyopathy (fold 
enrichment, 10.70; FDR, 9.92 E-03), Hypertrophic 
cardiomyopathy (fold enrichment, 9.03, FDR=1.52 E-
02), Oxidative phosphorylation (fold enrichment, 7.72; 
FDR=9.92 E-03), Cushing syndrome (fold enrichment, 

6.34; FDR, 1.62 E-02), diabetic cardiomyopathy (fold 
enrichment, 6.04; FDR, 9.92 E-03), and chemical car-
cinogenesis–ROS (fold enrichment, 5.60; FDR, 1.20 
E-02) (Figure  4D, Table  S4). Similarly, IPA analysis 
revealed disrupted oxidative phosphorylation: mito-
chondrial dysfunction (−log P=3.84), oxidative phos-
phorylation (−log P=2.83); cellular stress response: 
regulation of EIF4 and p70S6K signaling (−log P=1.34); 
and cell death: necroptosis signaling pathway (−log 
P=1.5), granzyme B signaling (−log P=1.17), and ataxia 
telangiectasia mutated protein signaling (−log P=1.14) 
(Figure 4E, Table S5).

IPA global protein analysis interestingly revealed 
significant relation to several cell morphology and cy-
toskeleton arrangement pathways including: integrin-
linked kinase signaling (−log P=1.92) and integrin 
signaling (−log P=1.17). Specifically, the pathway anal-
ysis implicated the actin cytoskeleton and cytoskele-
ton modifying Rho GTPase signaling pathway: actin 
cytoskeleton signaling (−log P=1.64), regulation of 
actin-based motility by Rho (−log P=2.77), Signaling 
by Rho family GTPases (−log P=2.92), actin nucleation 
by actin-related protein–Wiskott–Aldrich syndrome 
protein complex (−log P=2.09), RhoA signaling (−log 
P=1.76), Rac signaling (−log P=1.64), RhoGDI signaling 
(−log P=4.26), and Gαq signaling (−log P=1.4). Notably, 
the actin modifying Rho GTPase signaling pathway is 
critical to cardiac development.42,43

Phospho-Enriched Proteomic Analysis 
Reveals Significant Translational Changes 
in Embryonic Hearts Exposed to Maternal 
Obesity
Given the dysregulation of multiple kinases, includ-
ing Rho kinases, in the global proteome analysis, we 
next performed phospho-enrichment followed by 
TMT-MS analysis (Figure 5). We identified 4647 pho-
sophopeptides with 96% enrichment between high-fat 
and control–exposed embryonic day 12.5 embryonic 
hearts. Initial, TMT-MS data analysis revealed 62 dif-
ferentially expressed (P<0.05) phosophoproteins, 52 
of which were upregulated and 10 were downregu-
lated (Figure  5A and 5B). IPA was used, again high-
lighting pathways relating to oxidative stress and the 
cytoskeleton. Hif1 signaling was altered, (Hif1α signal-
ing [−log P=1.9]), which is also involved in the balance 
of oxidative stress, and has been shown to contribute 
to the pathogenesis of cardiac defects due to diabe-
tes.23 Furthermore, IPA revealed a significant relation 
to cell stress and death, including mTOR signaling  
(−log P=3.85), 14–3-3 mediated signaling (−log 
P=2.49), regulation of EIF4 and p70S6K signaling (−log 
P=2.06), granulocyte-macrophage colony-stimulating 
factor signaling (−log P=1.94), chemokine signaling (−
log P=1.81), EIF2 signaling (−log P=1.8), AMP-activated 
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protein kinase signaling (−log P=1.72), nerve growth 
factor signaling (−log P=1.49), cold shock domain 
containing E1 signaling pathway (−log P=2.12), and 
extracellular signal-regulated kinase 5 signaling (−log 
P=1.89) (Figure  5C, Table  S6). Pathway analysis also 
indicated cytoskeleton signaling was altered, includ-
ing integrin signaling (−log P=1.88) and integrin-linked 
kinase signaling (−log P=1.94). Rho GTPase signaling 

was again implicated, with altered RhoA signaling (−log 
P=1.47).

Pathway Enrichment Overlap
Integrating the transcriptomics and proteomics data 
demonstrates substantial areas of overlap, reveal-
ing insight into the mechanism for obesity-associated 

Figure 4.  Global protein analysis of maternal obesity exposed and control embryonic hearts.
A, Schematic of diet exposure to establish obesity, followed by timed mating, embryo harvest at embryonic day 12.5, and heart 
dissection for TMT-MS, obesity exposed (n=4) versus control (n=4) embryonic day 12.5 wild-type embryonic hearts. B, One hundred 
nine significant differentially expressed global proteins observed between obesity-exposed versus control embryonic hearts (P<0.05). 
C, Heat map depicting significant differentially expressed global proteins (109) between obesity-exposed and control groups (P<0.05), 
with a random selection of 19 proteins displayed. D, ShinyGo significant biological pathways highlighted in enrichment analysis of all 
global proteins (P<0.05). E, IPA significant biological processes highlighted in enrigchment analysis of all global proteins (P<0.05). GO 
indicates gene ontology; HF, high-fat; IPA, ingenuity pathway analysis; and TMT-MS, tandem mass tag–mass spectroscopy.
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CHD (Table S7). There were disease-related pathways, 
including cardiac disease pathways, with diabetic car-
diomyopathy pathways, commonly enriched in both 
the transcriptome and proteome analysis of maternal 
obesity-exposed developing hearts (Table S7). In addi-
tion to diabetic cardiomyopathy, hypertrophic cardio-
myopathy, and dilated cardiomyopathy were also top 
altered pathways in our proteome analysis.44,45

The overlapping pathways also reveal insight into 
mechanism. There is enrichment of a cascade of fun-
damental cellular processes implicated in embryopathy 
and birth defects, starting with oxidative phosphoryla-
tion and ROS formation, reduced antioxidant capacity, 
oxidative stress, cell death, and cytoskeletal signaling 
disruption. These mechanisms are implicated in infant 
birth defects including the heart defects associated 

Figure 5.  Phospho-proteomic analysis and immunoblot analysis of maternal obesity exposed and control embryonic hearts.
Phospho-enriched TMT-MS from obesity-exposed (n=4) versus control (n=4) embryonic day 12.5 wild-type embryonic hearts. 
(A) Significant differentially expressed phosphoproteins (62) (P<0.05). B, Heat map depicting significant differentially expressed 
phosphoproteins (62) between obesity exposed and control groups (P<0.05), with a random selection of phosphoproteins displayed 
C, IPA significant biological processes highlighted for phosphoproteins (P<0.05). D, Immunoblot analysis of whole heart lysates from 
embryonic day 12.5 embryos, harvested from both high-fat diet–exposed and control dams, revealed a significant increase in the 
oxidative stress marker 8-OHdG in high-fat exposed embryonic hearts compared with controls (P=0.02 by Mann–Whitney test, with 
abundance ratio of 8-OHdG to GAPDH loading control, quantified in ImageJ). E, Additionally, there was an increase in the downstream 
Rho protein and Actin cytoskeletal regulator, cofilin, accompanied by a reduction in its activated, phosphorylated form in high-fat–
exposed embryonic hearts compared with controls (P=0.02 by Mann–Whitney test, with abundance ratio of phosphorylated cofilin, to 
total cofilin, to GAPDH loading control, quantified in ImageJ). 8-OHdG indicates 8-hydroxy-2′-deoxyguanosine; FC, fold change; GO, 
gene ontology; HF, high-fat; IPA, ingenuity pathway analysis; and TMT-MS, tandem mass tag–mass spectroscopy.
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with maternal diabetes.23 Every pathway analysis, in-
cluding both the altered transcriptome and proteome 
data sets, demonstrated enrichment of oxidative phos-
phorylation (Table S7). In the cell, oxidative phosphory-
lation generates ROS, and sirtuin signaling has a pivotal 
role in cellular handling of antioxidant function and 
ROS balance.40 Sirtuin signaling was also significantly 
altered in both transcriptome and proteome analysis 
due to maternal obesity (Table S7). Evidence of ROS 
burden was present, with chemical carcinogenesis–
ROS indicated in transcriptome and proteome analy-
ses (Table  S7). There was also evidence of resulting 
oxidative stress, with key markers of the cellular stress 
response enriched, including mTOR, EIF2, and EIF4-
related signaling pathways (Table S7). EIF2 signaling is 
the central hub of the cell’s integrated stress response, 
and EIF2 signaling was a top pathway altered in both 
the transcriptome and proteome. There was evidence 
of cell death pathways, including granzyme signaling 
and necroptosis signaling, commonly altered in both 
the transcriptome and proteome (Table S7).

To investigate oxidative stress in developing 
hearts, we performed immunoblot assays for the 
well-established oxidative stress biomarker, 8-OHdG, 
which is a product of oxidative damage to nuclear and 
mitochondrial DNA and has been used to quantify ox-
idative damage in humans due factors ranging from 
tobacco smoke to heavy metals, and its presence has 
been linked to birth defects.46,47 Our analysis revealed 
significantly increased levels of 8-OHdG in the high-
fat–exposed embryo hearts (Figure 5D, Figure S2).

Finally, both the global protein and phosphoprotein 
analysis revealed numerous altered pathways that are 
related to the actin cytoskeleton including numerous 
factors related to the actin cytoskeleton–modifying 
Rho GTPase signaling pathway, which is critical to car-
diac development42,43 and oxidative stress is known 
to impact Rho GTPase signaling in the heart.48 Rho 
GTPase signaling is a key regulator of semaphorin sig-
naling, and semaphorin signaling is also critical for car-
diac development and neural crest cell migration.49,50 
Semaphorin signaling emerged as a top pathway in 
the global proteome analysis, ranking first and eighth 
among the most significantly altered pathways by −log 
P value (Table S5). It was also prominently featured in 
the phosphoproteome analysis, ranking as the sixth 
most significantly altered pathway by −log P-value 
(Table  S6). Rho GTPase and semaphorin signaling 
regulate the phosphorylation of cofilin, a key regula-
tor of the actin cytoskeleton in the cell.51 In cardiomy-
ocytes, oxidative stress causes aggregation of cofilin 
and loss of cofilin phosphorylation.52 We assessed 
cofilin phosphorylation in the developing heart by im-
munoblot analysis. Immunoblotting for total and phos-
phorylated cofilin revealed a visible increase in total 
cofilin, possibly indicating upregulation or aggregation 

under oxidative stress conditions. Conversely, phos-
phorylated cofilin was notably decreased in obesity-
exposed embryos. The ratio of phosphorylated to total 
cofilin was significantly decreased in obesity-exposed 
embryos (Figure 5E, Figure S2), confirming disruption 
to actin cytoskeleton related pathways.

Previous studies have demonstrated that there is 
generally little overlap between transcriptomic and 
proteomic data sets at the gene/protein level, due to 
differences in the half-lives of mRNA and proteins, 
posttranscriptional modifications, and posttransla-
tional modifications, in addition to biases in data col-
lection and statistical methodology inherent to the 
technologies.53 However, we identified 5 overlapping 
genes/proteins. We performed pathway analysis of 
the 5 overlapping genes/proteins, which again high-
lighted oxidative phosphorylation as the top Kyoto 
Encyclopedia of Genes and Genomes pathway im-
pacted (P=0.033), and the ShinyGO analysis similarly 
identified oxidative phosphorylation and other interest-
ing pathways related to cardiac pathology, including 
dilated cardiomyopathy (Table S7).

Maternal Obesity Exposure During 
Development Causes Cardiac Defects in 
Mice
Both the global proteome and phosphoproteome anal-
ysis indicated disruption to the actin cytoskeleton and 
to the actin-modifying Rho GTPase signaling pathway. 
We recently identified a novel CHD candidate gene 
called Shroom3, which is required for the function of 
Rho kinase signaling. SHROOM3 binds actin, Rho 
associated kinase 1 and 2.54–59   SHROOM3 loss-of-
function implicated neural tube defects are influenced 
by gene–environment interaction, including maternal 
folic acid diet60 and maternal diabetes.61 SHROOM3 
loss-of-function CHDs62 phenocopy CHDs implicated 
in maternal obesity. Therefore, we hypothesized the 
partially penetrant cardiac defects due to SHROOM3 
loss-of-function would be modifiable with obesity. To 
test this hypothesis, we placed Shroom3+/gt females 
on a high-fat diet or control diet from weeks 5 onward 
(Figure S3). We confirmed diet-induced obesity model 
establishment in Shroom3gt dams by body compo-
sition analysis via EchoMRI at week 5 for baseline 
readings and then again at week 9, along with a glu-
cose check, for assessment of obesity establishment 
in the respective diet cohorts. We again observed a 
significant change in weight and body fat, without a 
significant change in glucose. Notably, there was a 
more pronounced change in weight and body fat and 
significantly decreased lean body mass in the obesity-
exposed dams compared with the controls, which 
differed from wild-type dams (Figure  S3). We then 
set the females up in timed mating with Shroom3+/gt  
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males. This yielded litters of SHROOM3 null embryos, 
Shroom3gt/gt (25%), in addition to heterozygous litter-
mates, Shroom3+/gt (50%), and wild-type littermate 
controls, Shroom3+/+ (25%). There were trends related 
to pregnancy, where obese females were less likely 
to get pregnant than controls (frequency, 0.57 versus 
0.83) and obese females had slightly smaller litters than 
controls (litter size, 6.4 versus 7.5), as demonstrated 
in previous studies.26 We analyzed 109 embryos, and 
there was no impact on embryo survival, with no sta-
tistically significant differences in the distribution of 
embryo genotypes between diet cohorts (Figure 6D). 
However, there was a significant increase in the fre-
quency of cardiac defects after obesity exposure. 
Across the entire cohort, compared with controls, the 
frequency of membranous ventricular septal defects 
(VSDs) more than doubled in the high-fat diet–exposed 
embryos (frequency, 0.1 versus 0.26; P=0.04). Within 
genotypes, the trend persisted, where compared with 
controls, the obesity-exposed embryos had a higher 
frequency of VSDs in every genotype analyzed, with 
a significant increase in wild-type littermates (0 versus 
0.27, P=0.01), and a trend of increased VSDs, doubling 
in Shroom3gt/gt embryos (frequency, 0.2 versus 0.42) 
and increasing in Shroom3+/gt embryos (0.1 versus 
0.13; Figure 6E). The data within the Shroom3 embryo 
groups was not statistically significant, and revealed 
only an additive number of cardiac defects. However, 
overall, the data show that obesity-exposed embryos 
exhibit a significant increase in the frequency of embry-
onic membranous VSDs.

Collectively, all of the data presented indicate that 
maternal obesity exposure disrupts embryonic cardiac 
development.

DISCUSSION
Using a clinically relevant diet-induced maternal obe-
sity murine model, we observed significant transcrip-
tome, proteome, and cellular changes, with resulting 
cardiac defects, in developing embryonic hearts, due 
to maternal obesity. These data offer insight into the 
poorly understood molecular mechanisms and devel-
opmental programming involved in embryonic cardio-
genesis, which is disrupted under maternal obesity.

In our study, we used a murine model of maternal 
obesity, which attempts to mirror the conditions of 
obesity seen in human patients. While models used to 
investigate maternal diabetes and obesity have often 
used genetic modifications, streptozocin injection to 
destroy pancreatic cells, or high-carbohydrate diets, 
with resulting extreme elevations in blood glucose,63 
our model strictly uses a high-fat diet to induce ma-
ternal obesity. The high-fat diet–induced maternal 
obesity model is well established, and is increasingly 

being used to generate obesity without diabetes.32 The 
model has been shown to avoid gestational diabetes, 
with normal blood glucose persisting through gesta-
tion, up to embryonic day 17, where physiologic insulin 
resistance peaks during pregnancy32; therefore, in our 
study, we avoided glucose rechecks between mating 
and our analyses at embryonic days 12.5 and 14.5, 
given that they have been shown to induce inflamma-
tion and spontaneous abortions,64 which would impact 
our findings. In our study, we observed some expected 
variable penetrance of the obesity phenotype due to 
pleiotropy.65 However, overall, there was a significant 
increase in body weight and body fat composition with 
no significant difference in glucose levels. There was a 
slight difference in GTT and ITT, at certain time points, 
likely indicating a state of developing insulin resistance, 
despite normal fasting and fed blood glucose levels 
(Figure 1, Figure S1). Overall, the model accurately re-
flects the condition of obesity seen in human patients.

Previous studies demonstrate that after exposure to 
diet-induced maternal obesity, offspring have no dif-
ference in body weight or body composition, even in 
pups up to 8 weeks of age; however, maternal obesity 
resulted in changes to the offspring’s heart, including 
increased offspring cardiac mass and evidence of hy-
perinflammation in the postnatal myocardium.66 In our 
study, we extended these findings to the embryonic 
heart and showed an impact on cardiac development. 
We demonstrate that despite normal blood glucose, 
obesity-exposed embryos display cardiac defects 
similar to those attributed to maternal hyperglycemia. 
This indicates maternal obesity, due to either lipotoxic-
ity or possibly an inappreciable level of hyperglycemia, 
may be sufficient to disrupt cardiac development and 
lead to cardiac defects.

Pathway analysis of the altered transcriptome and 
proteome revealed mechanistic insight into the cardiac 
defects related to maternal obesity. There was sub-
stantial overlap in cardiac disease–related signaling 
pathways, including diabetic cardiomyopathy, which 
was significantly enriched in both transcriptome and 
proteome analyses, as well as hypertrophic and dilated 
cardiomyopathy. Oxidative phosphorylation was sig-
nificantly altered in every pathway analysis performed 
from both transcriptome and proteome studies of de-
veloping hearts. Oxidative phosphorylation is the final 
step in ATP generation by the mitochondrion, and also 
generates ROS that causes cellular damage due to 
oxidative stress. Disruption to oxidative phosphoryla-
tion itself causes cardiac dysfunction,67,68 and oxida-
tive stress from ROS is a primary cause of chemical 
carcinogenesis and embryopathies, including cardiac 
defects.69 Indeed, the pathway “chemical carcinogen-
esis ROS” was a top gene ontology pathway in both 
the transcriptome and proteome analysis of affected 
genes and proteins due to maternal obesity. Prior 



J Am Heart Assoc. 2025;14:e039684. DOI: 10.1161/JAHA.124.039684� 14

McMullan et al� Maternal Obesity and Newborn Heart Defects

studies have demonstrated maternal obesity results 
in altered oxidative phosphorylation and oxidative 
stress,70,71 and our data indicate that these processes 
alter the transcriptome, proteome, and morphology of 
the developing heart.

The developing embryo balances oxidative stress 
due to ROS with antioxidant factors, including ROS 
scavenging enzymes, comprising Sod1 and Gpx4,23 
activation of the sirtuin signaling pathway,40 and induc-
ing the Hif1 pathway. Exposure to maternal teratogens, 

Figure 6.  Assesment of maternal obesity-exposed and control embryos for cardiac defects.
A, Shroom3gt female mice were placed on a high-fat diet or control diet from 5 weeks of life to 9 weeks of life to 
generate obesity. Obese and control Shroom3+/gt females were then placed in timed mating with Shroom3+/gt males. 
Embryos were harvested at embryonic day 14.5 and hematoxylin and eosin–stained sections of the entire heart 
were reviewed. B, The membranous ventricular septum generally closes at embryonic day 14.5, here in a Shroom3+/

gt embryo, from a control dam. C, A membranous VSD occurs where the ventricular septum fails to close, here in a 
Shroom3gt/gt embryo from an obese dam (asterisk). (D) Analysis of 121 embryos revealed no significant difference in 
embryo genotypes between control and high-fat diet exposed embryos (by χ2 analysis of the observed to expected 
genotype ratios.) E, In wild-type littermates, there were significantly increased VSDs (0 versus 0.27, P=0.016), and 
a trend of increased VSDs, in Shroom3gt/gt embryos, (frequency, 0.2 versus 0.42) and in Shroom3+/gt embryos (0.1 
versus 0.13). Across the entire cohort, the frequency significantly increased (0.096 versus 0.26, P=0.016) (by χ2 
analysis of septal defects, comparing control with maternal obesity–exposed embryos within each genotype and 
within the whole cohort.) *Ventricular septal defect. HF indicates high-fat; gt, gene trap; ivs, intraventricular septum; 
la, left atrium; lv, left ventricle; ra, right atrium; rv, right ventricle; and VSD, ventricular septal defect.
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including that of maternal diabetes, reduces the antiox-
idant capacity in embryos and in the heart, this mecha-
nism has been implicated in cardiac defects, including 
VSDs and persistent truncus arteriosus.72 In obesity-
exposed embryo hearts, we noted a similar significant 
reduction in the antioxidant capacity of developing 
embryo hearts. Transcriptome profiling displayed sig-
nificant dysregulation of Sod1 and Gpx4. Sirtuin sig-
naling was impacted in both the transcriptome and 
proteome pathway analysis. The phosphoproteome 
also indicated significant disruption to Hif1a signaling 
in the maternal obesity–exposed embryonic day 12.5 
embryo hearts. Sod1 and Gpx4 are also specifically 
implicated in cardiac defects due to maternal diabe-
tes,23 with Sod1 and Gpx4 activity being decreased 
in malformed embryos of Sprague–Dawley rats.73,74 
Overexpression of Sod1 rescues maternal diabetes-
induced cardiac phenotypes, including VSDs, by 
mitigating activity of oxidative stress markers in devel-
oping cardiac structures.72,75,76 Maternal diabetes also 
inhibits Hif1a, and this mechanism is implicated as a 
primary mechanism leading to the cardiac defects in 
maternal diabetes.23 Together, these data suggest that 
disrupted cardiogenesis due to maternal obesity likely 
results from aberrant processes of ROS homeostasis 
and antioxidant capacity, enabling embryonic suscep-
tibility to oxidative stress, with subsequent teratogenic 
effects in the developing heart.

Our data suggest oxidative stress as a primary mo-
lecular teratogen in maternal obesity exposure, and IPA 
analysis revealed stress-related pathways, including 
EIF2 and EIF4, impacted in both the transcriptome and 
proteome. Of note, EIF2 was a top pathway impacted 
and serves as the regulatory hub of the cell’s integrated 
stress response,77 driving protein translation response, 
and EIF2 is specifically implicated as a mediator in car-
diac and vascular cardioprotective homeostasis.78,79 
Previous literature has also shown that inhibition of the 
sirtuin pathway exacerbates endoplasmic reticulum 
stress-induced apoptosis in cardiomyocytes, directly 
triggering EIF2 pathway hyperactivation.80 In human 
and animal models, maternal obesity exposure is as-
sociated with oxidative stress, leading to increased 
expression of endoplasmic stress markers in placen-
tal tissue68,81–83 and caspase-dependent apoptosis 
activity in developing cardiac structures.73 Conversely, 
exposure to maternal obesogenic feeding decreases 
placental EIF2α phosphorylation in rats and triggers 
increased expression in proapoptotic markers.84–86 
We demonstrated that embryo hearts exposed to ma-
ternal obesity had elevated levels of 8-OHdG, which 
is a by-product of oxidative damage to nuclear and 
mitochondrial DNA and is commonly used as a bio-
marker to quantify oxidative stress caused by envi-
ronmental teratogens and has been linked to birth 
defects.46,47 Overall, these data support a mechanism 

of obesity-related cardiac defects resulting from oxi-
dative stress and promoting teratogenic effects in the 
embryo.

The transcriptome and proteome analysis of em-
bryonic hearts exposed to maternal obesity had 
numerous disrupted pathways related to the actin cy-
toskeleton, with several pathways directly related to the 
modulation of actin by Rho GTPase signaling. The Rho 
GTPase signaling pathway is critical for cardiac devel-
opment,42,43 and oxidative stress is known to impact 
this pathway in the heart.48 Rho GTPase signaling is 
a key regulator of semaphorin signaling, which is also 
essential for cardiac development, driving neural crest 
cell migration to the outflow tract and ventricular sep-
tum.49,50 Semaphorin signaling emerged as the top 
pathway altered in the global proteome analysis and 
was also implicated in the phosphoproteome analysis. 
Rho GTPase and semaphorin signaling regulate the 
phosphorylation of cofilin, a key regulator of the actin 
cytoskeleton.51 Oxidative stress causes cofilin aggre-
gation and a loss of cofilin phosphorylation,52 and we 
demonstrated a decrease in activated, phosphor-
ylated cofilin in obesity-exposed embryonic hearts 
(Figure 5D).

In RhoGTPase signaling, cofilin is directly down-
stream of Rho-associated coiled-coil–containing pro-
tein kinases (ROCKs).42 ROCKs consist of 2 isoforms, 
ROCK1 and ROCK2, which act as major downstream 
effectors of Rho GTPase and play a central role in 
actin cytoarchitecture.42,87 ROCK1 and ROCK2 are 
known to play a role in cardiac cell physiology88,89 and 
cardiac development, with deletion in either cardiac 
or neural crest lineages leading to embryonic lethal-
ity.42,43 ROCK1 and ROCK2 are downstream effectors 
of noncanonical WNT/planar cell polarity (WNT/PCP) 
signaling,90 a fundamental pathway that drives cell 
polarization, shape, and movement, and WNT/PCP 
dysregulation causes CHD.91–101 Multiple prior studies 
show that obesity impacts WNT/PCP signaling,102–105 
and further studies are needed to explore whether 
obesity-related cardiac defects are due, in part, to 
WNT/PCP dysregulation.

In parallel to oxidative stress and Rho GTPase sig-
naling, our data highlighted several pathways related 
to cell death, including the activation of the gran-
zyme pathway, necroptosis, and ubiquitination sig-
naling. Previous studies demonstrate that ROCK1 
and ROCK2 play a vital role in the regulation of cell 
death processes,106,107 mediating cell survival,108 and 
apoptosis-mediated cell death,109,110 via actin cytoskel-
eton regulation. In particular, after exposure to oxida-
tive stress, Rho kinase signaling and ROCK1/2 play a 
fundamental role in cell survival by modulating actin 
stability.111 However, other studies have noted that Rho 
GTPase signaling mediates a positive feedback loop 
of ROS generation, where ROS activate Rho kinase 



J Am Heart Assoc. 2025;14:e039684. DOI: 10.1161/JAHA.124.039684� 16

McMullan et al� Maternal Obesity and Newborn Heart Defects

signaling, exacerbating oxidative stress.112 Further in-
sight is required to elucidate how these pathways may 
concomitantly interact to induce cardiac anomalies in 
offspring.

The function of ROCK1 and ROCK2 are dependent 
on a protein called SHROOM3, which binds ROCK1/2 
and F-ACTIN, recruits them to the cell membrane, 
and facilitates activation of their kinase domian.55 
SHROOM3 is implicated in patients with CHD113–115 and 
has a role in the heart after myocardial infarction.115 We 
recently showed that Shroom3gt/gt mice display cardiac 
defects, and we implicated dysregulated WNT/PCP 
signaling.62 Interestingly, gene–environment interaction 
play an important role in Shroom3 loss-of-function im-
plicated neural tube defects, being modulated by folic 
acid60 and impacted by maternal diabetes.61 Here, we 
tested the hypothesis that maternal obesity would sim-
ilarly increase the penetrance of cardiac defects due 
to Shroom3 loss of function. The diet-induced obesity 
model was successful in the Shroom3gt dams, and no-
tably, the impact seemed to be more pronounced, with 
a greater increase in weight and body fat, and a sig-
nificantly decreased lean body mass. However, while 
there was a trend of increased membranous VSDs in 
the obesity-exposed embryos, compared with con-
trols, more than doubling in Shroom3gt/gt embryos, 
the differences were not statistically significant in the 
SHROOM3 groups. Furthermore the additional VSDs 
appeared to be additive in the SHROOM3 group, sug-
gesting that SHROOM3 and maternal obesity may not 
interact. However, the sensitized genetic background 
of the Shroom3+/gt dam heightened the maternal re-
sponse to the high-fat diet, as indicated, and this 
may have impacted cardiac development, even the 
wild-type embryos in the litter that did reach statisti-
cal significance. Future studies should involve more 
in-depth and mechanistic exploration at the interface 
of SHROOM3, ROCK1/2, Rho GTPase, the actin cy-
toskeleton, WNT/PCP, oxidative stress, and cell death 
during heart development. In the current study, in-
volving analysis of >100 embryos, the most substan-
tial finding was a doubling of cardiac defects in every 
genotype, including a significant increase in the pen-
etrance of cardiac defects in the wild-type embryos 
exposed to maternal obesity.

In our analysis of embryonic cardiac defects, we 
demonstrated that obese females were less likely to get 
pregnant than controls and obese females had slightly 
smaller litters compared with controls, similar to previ-
ous studies. However, most importantly, in embryos, 
there was significantly increased penetrance of mem-
branous VSDs in obesity-exposed embryos (Figure 6). 
This shows that the altered developmental programs, 
indicated by the transcriptome and proteome anal-
ysis, disrupts cardiac development sufficiently to re-
sult in embryonic cardiac defects. Previous studies in 

murine models of maternal obesity have demonstrated 
programming impacting the heart, including offspring 
cardiac hypertrophy66 and dysfunction,116,117 and have 
also provided mechanistic insight.70,71 Our data sup-
port these studies and build upon their findings using 
single-cell and multiomics analysis, demonstrating 
overlapping mechanisms, including oxidative stress. 
Offspring cardiac septal defects have been identified 
in murine models of maternal diabetes. However, this 
study is the first, to our knowledge, to use a murine 
model of maternal obesity to identify offspring septal 
defects. The findings reflect the septal defects asso-
ciated with maternal obesity in human patients and 
begin to shed light on their pathogenesis.

The snRNAseq data were limited by small sample 
size. Despite this limitation, quantifying the total num-
ber of cells in each cluster provided valuable insight into 
cardiomyocyte differences between control and high-
fat diet embryos. They demonstrated a shift in the car-
diomyocyte population with a decrease in the number 
of mature cardiomyocytes and an increase in imma-
ture cardiomyocytes in the obesity-exposed embryos. 
Oxidative stress significantly impacts cardiomyocyte 
maturation, with DNA damage from oxidative stress 
affecting cardiomyocyte proliferation and differentia-
tion potential.118 Confirmatory transcriptomic analysis 
with bulk RNA sequencing supports this mechanism 
with downregulation of the cardiomyocyte matura-
tion marker Myl2 as well as Hand2. Hand2 is a basic 
helix–loop family transcription factor, which is ubiqui-
tously expressed within second heart field cardiac pro-
genitor cells to aid outflow tract and cardiac looping 
formation.119,120 Previous systemic Hand2 knockout 
models display embryonic lethality due to cardiac mal-
formation. Recently, single-cell transcriptomic profiling 
revealed that maternal diabetes exposure impedes sec-
ond heart field–derived cardiomyocyte differentiation, 
which was attributed to impaired and downregulated 
function of cell lineage specifying transcription factors, 
including Hand2.24 WNT/PCP is required in the sec-
ond heart field during cardiac development.121 Studies 
have also demonstrated that antioxidant capacity and 
ROS scavenging machinery are reduced in the right 
ventricle and second heart field.122 Collectively, these 
findings could also suggest that maternal obesity dis-
rupts the second heart field, through oxidative stress, 
WNT/PCP dysregulation, or both, and future studies 
should explore this mechanism further, possibly using 
expanded snRNAseq, multiomics analysis, and spatial 
transcriptomics.

Obesity is a modifiable environmental risk factor 
that can be addressed through lifestyle changes, sur-
gical interventions, and pharmaceuticals, with recent 
advances in glucagon-like peptide 1 agonists and 
sodium–glucose cotransporter 2 inhibitors increasing 
promise.123 Furthermore, one of the primary findings 
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in our study is increased oxidative stress associated 
with cardiac defects, suggesting that antioxidant ther-
apy may be a useful to reduce maternal obesity–in-
duced CHD. Antioxidant therapy has been used to 
reduce oxidative stress due to diabetes.124 However, 
a recent report demonstrated that a sensitized genetic 
background impacted the response of embryos to an-
tioxidant therapy, mitigating the effect in reducing the 
cardiac defects due to maternal diabetes.125 These im-
portant findings indicate that further analysis of gene–
environment interactions is needed to help understand 
pathophysiology and help guide therapy for CHD, the 
most common birth defect.

In conclusion, these data demonstrate that ma-
ternal obesity exposure disrupts the transcriptome, 
proteome, and phosphoproteome in the developing 
heart. Specifically, our data revealed disrupted ex-
pression of genes related to oxidative phosphoryla-
tion, reduced antioxidant capacity, oxidative stress, 
Rho GTPase signaling, and cytoskeletal signaling dis-
ruption in developing hearts. We also show cardiac 
defects in a murine model. These findings begin to 
assess the underlying complex pathology of maternal 
obesity exposure and direct impact on cardiac de-
velopment. Further research is required to fully un-
derstand causal molecular mechanisms, and guide 
therapy, as maternal obesity rates continue to in-
crease among the global population along with the 
conferred risk of CHD in offspring.
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