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BACKGROUND: Global and site-specific changes in DNA methylation and gene expression are associated with cardiovascular development, aging, and
disease, but how the transcriptome and epigenome of the heart change across the life course in males vs. females and how chemical exposures early
in life influence this programming have not yet been investigated.

OBJECTIVES: We used an established mouse model of developmental exposures to investigate the effects of perinatal exposure to either lead (Pb) or
diethylhexyl phthalate (DEHP), two ubiquitous environmental contaminants that are both strongly associated with cardiovascular diseases (CVDs), on
DNA methylation and gene expression across the life course in whole hearts.

METHODS: Dams were randomly assigned to receive human physiologically relevant levels of Pb (32 ppm in water), DEHP (25 mg/kg chow), or con-
trol water and chow. Exposures started 2 weeks prior to mating and continued until weaning at postnatal day 21 (3 wk of age). Approximately 1 male
and 1 female offspring per litter were followed to 3 wk, 5 months, or 10 months of age, at which time whole hearts were collected (n >5 per sex per
exposure). Enhanced reduced representation bisulfite sequencing (ERRBS) was used to assess the cardiac DNA methylome at 3 wk and 10 months,
and RNA-Seq was conducted at all three time points. MethylSig and edgeR were used to identify age-related differentially methylated regions
(DMRs) and differentially expressed genes (DEGs), respectively, within each sex and exposure group. Cell type deconvolution of bulk RNA-Seq data
was conducted using the MuSiC algorithm and publicly available single-cell RNA-Seq data.

RESULTS: Thousands of DMRs and hundreds of DEGs were identified in control, DEHP, and Pb-exposed hearts across time between 3 wk and 10
months of age. A closer look at the genes and pathways showing differential DNA methylation revealed that the majority were unique to each sex
and exposure group. Overall, pathways governing development and differentiation changed across time in all conditions. A small number of genes in
each group showed significant differences in DNA methylation and gene expression with life stage, including several that were different in toxicant-
exposed but not control mice. We also observed subtle but significant differences in the proportion of several cell types that were associated with life
stage, sex, or developmental exposure.

DiscussioN: Together these data suggest that gene expression and DNA methylation programs, as well as cellular composition, may differ across the
life course long after cessation of exposure in perinatal Pb- or DEHP-exposed mice compared to controls and highlight potential biomarkers of devel-
opmental toxicant exposures; however, additional studies are required for confirmation. Further studies are also needed to investigate how epigenetic
and transcriptional differences impact cardiovascular health across the life course, particularly in old age when the risk of cardiovascular diseases is
markedly increased. https://doi.org/10.1289/EHP15503

Introduction lifestyle, and environmental exposures.>® Among these variables,

Cardiovascular diseases (CVDs) comprise an array of conditions,
including atherosclerosis, heart failure, myocardial infarction,
hypertension, cardiac arrhythmias, congenital heart defects, and
stroke.!*? In spite of advancements in prevention, diagnosis, and
treatment, CVDs remain a leading cause of death in the United
States and around the world.>* CVD risk and pathogenesis are
strongly influenced by several factors, including sex, age, diet,
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age is the strongest risk factor.” Aging is reflected in both the pas-
sage of time since birth (chronological aging), as well as the declines
in physiological processes that occur over time (biological aging).'°
Genetic, environmental, and lifestyle factors may influence the rate
of biological aging, resulting in a biological age that is higher or
lower than one’s chronological age.'®'? Notably, several factors
that accelerate biological aging are associated with CVDs, including
genetic progeroid syndromes, diet, exercise, cigarette smoking, psy-
chosocial stress, and cancer treatments.'%!3-1> Aging in the cardio-
vascular system is characterized by widespread changes in the
epigenome, including alterations in DNA methylation and chroma-
tin organization.'® Recent work demonstrates that DNA methyla-
tion signatures of accelerated aging are associated with diminished
cardiovascular health and increased CVD.!”-!® However, despite
this evidence, it is unclear how exposure to common environmental
pollutants during critical windows of development influence epige-
netic programming and gene expression across the life course in the
heart. Moreover, although CVDs exhibit marked sexual dimor-
phism,>%!” potential sex differences in epigenetic regulation of
gene expression across the lifespan are poorly understood.

The metal lead (Pb) and the plasticizer di(2-ethylhexyl)phthal-
ate (DEHP) are chemically distinct environmental pollutants that
differ greatly in their toxicokinetics and toxicodynamics.2-!
Nevertheless, both chemicals are strongly associated with various
CVDs. In the United States, sources of human exposure to Pb
include legacy drinking water systems, contaminated household
dust and soil, imported food and consumer products, aviation fuel,
and industrial processes.?>23 In spite of numerous initiatives to ban

133(6) June 2025


https://orcid.org/0000-0002-8541-7563
https://orcid.org/0000-0002-0003-4513
https://doi.org/10.1289/EHP15503
https://orcid.org/0000-0002-8541-7563
https://orcid.org/0000-0002-0003-4513
mailto:lmyrant@umich.edu
mailto:lmyrant@umich.edu
https://doi.org/10.1289/EHP15503
https://ehp.niehs.nih.gov/about-ehp/license
https://ehp.niehs.nih.gov/about-ehp/license
http://ehp.niehs.nih.gov/accessibility/
mailto:ehpsubmissions@niehs.nih.gov
https://doi.org/10.1289/EHP15503

the use of Pb in paints, gasoline, and other consumer products
worldwide, Pb exposure remains a significant public health threat.
DEHP is a plasticizer widely used in building materials, plumbing,
toys, food packaging, pharmaceuticals, and medical tubing.?*
Although the US government and some states have set guidelines
regulating DEHP levels in air, water, and consumer products,
human exposure to this chemical is still widespread.?> Both Pb and
DEHP exposures are associated with numerous adverse cardiovas-
cular outcomes in human population studies, including congenital
heart defects, heart failure, hypertension, cardiac arrhythmias, myo-
cardial infarction, and stroke in Pb exposed individuals?¢—3° and
hypertension, atherosclerosis, coronary artery disease, decreased
heart rate variability, and increased all-cause CVD mortality in indi-
viduals exposed to DEHP and its metabolites.?' 3¢ Not surprisingly,
co-exposures to both toxicants have been reported in human popula-
tion studies,®”-*® and in vitro and animal toxicology studies suggest
that the exposures may have synergistic effects.>40

Offspring can be exposed to both Pb and DEHP via placental
transfer as well as in breast milk.*!~** Developmental exposures
to both Pb and DEHP have been shown to impact the epigenome
in noncardiac tissues in human*>*® and animal studies,*’>° and
we recently demonstrated that perinatal exposure to these chemi-
cals also impacts sex-specific DNA methylation in the heart in
adolescence and early adulthood in mice.’'>2 However, the
effects of environmental contaminant exposures during early de-
velopment on epigenetic regulation of gene expression across the
life course, and potential differences by sex, have not been inves-
tigated to our knowledge. To address this knowledge gap, in this
study, we build upon our previous work by examining the effects
of exposure to Pb and DEHP during gestation and lactation on
normal DNA methylation and gene expression across time in the
heart in both male and female mice, in puberty/adolescence,
young adulthood, and middle adulthood.

Materials and Methods

Mice and Exposure Paradigm

The work outlined here was part of a larger developmental expo-
sure study conducted by the National Institute of Environmental
Health Sciences (NIEHS) Toxicant Exposures and Responses by
Genomic and Epigenomic Regulators of Transcription (TaRGET
IT) Consortium, which sought to determine how developmental envi-
ronmental exposures impact the epigenome in multiple tissues and
time points across the life course.>* Mouse Pb and DEHP exposures
were performed as outlined previously.33* Mice utilized for these
experiments were wild-type a/a nonagouti mice derived from a col-
ony of the viable yellow agouti (A"Y) strain maintained in the male
line for more than 230 generations (colony maintained in-house at
the University of Michigan). This results in forced heterozygosity on
an invariant genetic background and mice that are 93% identical to
the C57BL/6] strain.>>~° The exposure period began in periconcep-
tion (2 wk prior to mating), continued through gestation and lacta-
tion, and stopped at weaning at 3 wk of age. Two weeks prior to
mating with virgin a/a males, 8- to 10-wk-old virgin females were
randomly assigned to control, DEHP (via chow), or Pb (via drinking
water) exposure groups. DEHP (Sigma, catalog number 07-3083,
98% purity) was dissolved in 7% corn oil and administered via chow
(25 mg per kg chow). Mixing of DEHP into the chow (AIN-93G,
TD95092, Harlan Teklad) was carried out by the manufacturer. This
results in an estimated maternal DEHP dose of 5 mg/kg/day,
assuming that pregnant and lactating female mice weigh ~ 25 g and
eat 5 g of chow per day.’” The doses used here have been used in
other rodent studies, resulting in an amniotic fluid DEHP level of
68 ng/mL.>® This is comparable to the range of levels reported in
human studies of DEHP in amniotic fluid (1.6 to 22.1 ng/mL, and a
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maximum level of 100 ng/mL).>%3 Likewise, it is within or below
the range of no observed adverse effect levels (NOAELSs) reported
by US and European agencies, between 3 and 23 mg/kg/day.04%°
Pb IT acetate trihydrate (Sigma Aldrich, >99% purity) was dissolved
in distilled water to create a 50 mM stock solution, which was then
diluted into drinking water at a concentration of 32 ppm. This
resulted in a blood lead level of 16-60 pg/dL in the pregnant
dams, based on our previously published study.®® This blood Pb
level is comparable to historical human exposures in the US (5 to
>30 pg/dL)®7 and current Pb exposures worldwide (~4 to
45 pg/dL reported in Chinese and Mexican cohorts).5%° Pb con-
centrations in water were verified using inductively coupled plasma
mass spectrometry (ICPMS) with a limit of detection of 1.0 pg/L
(conducted at NSF International). Exposures were stopped at wean-
ing, and mice from all exposure groups were administered standard
chow and drinking water for the duration of the study. Mice were
housed with three to four animals per cage. There were five to seven
mice in each experimental group. Seven mating pairs per exposure
group were utilized for the study, for a total of 21 mating pairs. All
matings resulted in pregnancies, with the exception of one DEHP-
exposed dam, which was injured by the male mate. The exposure
paradigm and sample sizes are outlined in Figure 1.

Animal Monitoring, Euthanasia, and Tissue Collection

Animals were monitored daily for signs of illness or distress and were
weighed weekly. Approximately one male and one female offspring
per litter was sacrificed at three time points: at weaning on postnatal
day 21, at 5 months of age, and at 10 months of age. These time points
represent infancy, early adulthood, and middle age, respectively, in
humans.” Thus, this period spans early childhood and the pubertal
transition and extends through midlife. Animals were sacrificed via
CO, asphyxiation and bilateral pneumothorax per protocols approved
by the University of Michigan Institutional Animal Care and Use
Committee.”! At sacrifice, a final weight measurement was collected,
and mice were euthanized according to protocols established by the
NIEHS TaRGET II Consortium.”! Hearts were extracted, weighed,
snap frozen in liquid nitrogen, and stored at —80°C until further proc-
essing. RNA and DNA were extracted using the AllPrep kit (Qiagen)
according to manufacturer instructions.

Enhanced Reduced Representation Bisulfite Sequencing

Enhanced reduced representation bisulfite sequencing was per-
formed at the University of Michigan Epigenomics Core as outlined
previously.”? Unless otherwise specified, all enzymes and reagents
were purchased from New England Biolabs (NEB). Fifty nanograms
of genomic DNA was utilized for each sample (to which 0.5% unme-
thylated lambda DNA was added as bisulfite conversion control
spike-in), digested overnight with Mspl, purified using phenol:chlo-
roform extraction, and resuspended in 10mM Tris pH 8.0. The
digested DNA was prepared for adapter ligation in two steps each
followed by cleanup using Qiagen Qiaquick PCR purification kit.
The DNA fragments were first repaired and phosphorylated using
T4 DNA polymerase, Klenow DNA polymerase, and T4 polynucle-
otide kinase. The second stop involved addition of a single adenine
nucleotide to the 3’ end of the fragments using Klenow fragment
enzyme. Ligation of methylated stubby adapters was done with the
T4 DNA ligase during an overnight incubation at 16°C. The adapter
ligated fragments were cleaned using two rounds cleanup using
AMPure XP magnetic beads. The first elution was done in 50 pL of
10 mM Tris pH 8.0, while the second was done in 20 pL of the same
buffer. Size selection was done on a 1.8% agarose (BioRad catalog
number 161-3106)-ethdium bromide gel run at 65 V for 115 min
to separately enrich fragments in the range of 100-200bp and
200400 bp. Each enriched fragment was separately processed in
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Figure 1. (A) Diagram depicting the exposure paradigm and overall experimental design. Dams were exposed to control, DEHP, or Pb beginning 2 wk prior to
mating, and exposure continued through gestation and lactation. Exposures ceased at weaning, and separate cohorts of male and female mice were sacrificed at
three time points: weaning, 5 months of age, and 10 months of age. ERRBS was conducted in hearts from offspring at 3 wk and 10 months of age, and RNA-
seq was conducted in hearts from all thee time points. (B, C) Number of animals in each sex/exposure group. Note: Ctrl, control; DEHP, diethylhexyl phthal-
ate; ERRBS, enhanced reduced representation bisulfite sequencing; F, female; M, male; Pb, lead.

the following steps. Purification from agarose was done using the
Qiagen QIAquick Gel extraction kit according to the manufacturer’s
protocol. The DNA fragments were treated with the Zymo EZ DNA
methylation kit (Zymo Research) using the following PCR incuba-
tion program: 55 cycles of 95°C for 30 s and 50°C for 15 min fol-
lowed by an incubation at 4°C for 10 min to 1 h. Bisulfite-converted
DNA was cleaned according to the manufacturer’s instructions, and
products were dual indexed by PCR using NEB Dual Index Primer
Pair primers in the presence of HiFi Polymerase (Roche) for a total
of 18 cycles. The final libraries were cleaned up with AMPure XP
beads (product number A63880, Beckman Coulter). DNA quantity
was measured using the Qubit (ThermoFisher), and library size was
assessed using the 2200 TapeStation High Sensitivity D1000 kit
(Agilent Technologies). Sequencing was conducted at the UM
Advanced Genomics Core on the Illumina NovaSeq 6000 using an
S1 100-cycle flow cell, with an average sequencing depth of
~49 M. Bisulfite conversion efficiencies (calculated from unme-
thylated Lambda spike-in) for all samples were at least 98.4% (aver-
age 99.3%), and the average mapping efficiency was 65.3%. Quality
control (QC) criteria are outlined in Excel Table S1. On average, this
method captured 5% of genomic CpGs.

RNA-Seq

RNA processing, library preparation, and sequencing were car-
ried out at the University of Michigan Advanced Genomics Core.
RNA quantity and quality were first verified using Qubit and
Agilent 2200 TapeStation, respectively. Library preparation was
conducted using the KAPA mRNA Hyper Prep Kit (Roche) with
dual indexing adapters. Library quality was verified using the
Agilent 2200 TapeStation. Sequencing was performed using the
Illumina NovaSeq 6000 using an S2 flow cell and paired end,
50bp reads. Average sequencing depth was ~ 60 M.

Quality Control of ERRBS and RNA-Seq Data

For quality control of enhanced reduced representation bisulfite
sequencing (ERRBS) and RNA-Seq data, FastQC (version 0.11.8;
Babraham Bioinformatics) was used to assess the overall quality of
each sequenced sample. TrimGalore (version 0.4.5; Babraham
Bioinformatics) was applied to remove adaptor sequences and
trim low-quality bases. After trimming, reads with a length < 20
nucleotides were removed from further analysis for both ERRBS
and RNA-Seq. Bismark (version 0.22.1) with Bowtie2 (version
2.3.4)7>7* as backend was used for reads alignment and methylation
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calling for the ERRBS data with default settings (multiseed length
of 20 bp with 0 mismatches). The unmethylated lambda phage DNA
was used to calculate the bisulfite conversion rates. STAR (version
2.7.1a)"> was used to perform reads alignment for RNA-Seq data.
HtSeg-count (version 0.11.2)’%77 with Python (version 3.7.3;
python.org) was applied to generate the final reads count. Genome
Reference Consortium Mouse Build 38 (mm10) was used as the ref-
erence genome for both ERRBS and RNA-Seq data.

DEG and DMR Analysis

The Bioconductor packages RUVSeq (version 1.32.0)’" and
edgeR (version 3.40.2)"® were used to correct the batch effects and
identify the differentially expressed genes, respectively. The RUVr
function with k=3 was applied to remove any potential batch
effects among the three time points of the RNA-Seq data within
each treatment group. Genes with at least five reads counted in at
least 12 animals were kept for further differentially expressed gene
(DEG) analysis. To identify DEGs across time, three comparisons,
i.e., PND21 vs. 5 month, 5 month vs. 10 month, and PND21 vs.
10 month, were performed within each treatment group. Male data
and female data were analyzed separately. Significant DEGs were
defined for all comparisons, as those genes with false discovery
rate (FDR) < 0.05 and absolute log fold change > 2. In addition,
using limma (version 3.54.2),”° we ran a combined model with two
different interaction terms separately: ~sex + age + exposure +
W1 + W2 + W3 + endothelial + smooth muscle cells + ventricular
cardiomyocyte + age X exposure and ~sex + age + exposure +
W1 + W2 4+ W3 + endothelial + smooth muscle cells + ventricular
cardiomyocyte + age X sex (W1, W2, and W3 are covariates for
batch correction). This analysis aimed to identify genes that were
significantly different between life stages, regardless of sex or ex-
posure. The same significance cutoffs were applied to identify
DEGs using the combined model. Comparative Toxicogenomics
Database®® (release 17204) was used to examine the chemical
interactions of certain DEGs.

The Bioconductor package methylSig (version 0.5.2)8! was
used to identify differentially methylated regions. A tiling window
with 100 nucleotides was applied for differentially methylated
region (DMR) detection. CpG sites with < 10 and more than 500
reads covered were removed from further analysis. Tiling windows
with required coverage in at least four samples per comparison
group were used for DMR detection. DMRs were identified using
the methylSigDSS function between PND21 and 10 months within

)77
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each treatment group and sex. An FDR < 0.05 and methylation
change larger than 10% were used to select significant DMRs. The
Bioconductor package annotatr (version 1.24.0)%? was used to anno-
tate the DMRs to different genomic regions, including CpG islands,
CpG shores, CpG shelves, CpG intervals, promoters, exons, introns,
5’ untranslated regions (UTRs), 3'UTRs, enhancers, and 1-5kb
upstream of transcription start sites (TSSs), and criteria for each
annotation are described in the supplemental material for refer-
ence.’? The genomic annotations are originally from the
AnnotationHub R package.®? Furthermore, we combined ERRBS
data from all samples and ran a combined model with two different
interaction terms separately (~age + exposure + sex + age X expo-
sure and ~age + exposure + sex + age X sex) with limma (version
3.54.2)7° to identify any genomic regions that were significantly
enriched between 3 wk and 10 months, regardless of sex or expo-
sure. The same significance cutoffs were applied to identify DMRs
using the combined model.

Gene Ontology analysis of DEGs and DMRs. The Bioconductor
packages clusterProfiler (version 4.6.2)%* and ChipEnrich (ver-
sion 2.22.0)%° were used to perform Gene Ontology (GO) analy-
sis with DEGs and DMRs, respectively. The enrichGO function
in clusterProfiler with DEGs as input was used to identify related
GO terms. For DMRs, the chipenrich function with locus defini-
tion nearest_tss (the region spanning the midpoints between the
TSSs of adjacent genes) was applied to discover enriched GO
terms. All three ontologies, biological process (BP), cellular com-
ponent (CC), and molecular function (MF), were used in both
DEG- and DMR-related GO analysis. An FDR < 0.05 cutoff was
used to select significantly enriched GO terms.

Cell Type Deconvolution of Bulk RNA-Seq Data

To quantify whether transcriptional differences with exposure or
aging were associated with alterations in cell type composition of
heart tissues, we used a bioinformatic deconvolution method
based on a single-cell atlas of the normal heart, based on data
generated as part of the Human Cell Atlas.®¢ Sample-specific
counts matrices of single-cell RNA-Seq profiling of hearts were
downloaded from the Human Cell Atlas Data Explorer and
loaded into Seurat (version 4.3.0).87 These data were down-
sampled to 25,000 cells via the “subset” function, and we then
used these single-cell gene expression data to predict the cellular
composition of our tissues based on their bulk RNA-Seq profiles.
For this deconvolution, we used the multi-subject single-cell
(MuSiC) deconvolution method (version 1.0.0),%% which predicts
cell type proportions in bulk RNA-Seq data based on a reference
multisubject single-cell RNA-Seq dataset. Mouse-to-human gene
alignment occurred with BioMart,3° and then MuSiC uses a non-
negative least squares regression-based method based on the cell
type—specific gene expression signatures from the single-cell
data, with constraints that individual cell type proportions must
be a positive value and their sum cannot exceed 1. The cell pro-
portion differences over time or exposure were tested for statisti-
cal significance by one-way analysis of variance (ANOVA).

Results

Effects of Pb and DEHP Exposure on Heart Weights

Mice were exposed to Pb or DEHP beginning 2 wk prior to mat-
ing through weaning. Pups were evaluated at 3 wk, 5 months, or
10 months. No significant differences in heart weight of mice
exposed perinatally to Pb to that of control mice were observed at
either 3 wk or 5 months of age.’'>* In this study, we evaluated
this end point in additional cohorts of mice: 3-wk-old mice
exposed to DEHP and 10-month-old mice exposed to either Pb or
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Table 1. Number of significantly differentially methylated regions (DMRs)
between 3 weeks and 10 months.

Male Female
Exposure Hypo Hyper Hypo Hyper
Control 797 2,879 720 2,935
DEHP 647 2,849 329 1,697
Pb 769 3,336 530 2,817

Note: Significance was based on an FDR < 0.05 and absolute methylation difference
>10%. n=>5-7 mice per condition, as outlined in Figure 1. DEHP, diethylhexyl phthal-
ate; Pb, lead.

DEHP. No significant differences in heart weight to body weight
ratio were observed for any condition (Figure S1).

DNA Methylation Differences between PND21 and 10 Months
of Age in Mice Perinatally Exposed to Control, Pb, or DEHP

To examine how Pb and DEHP exposure affected DNA methyla-
tion during the period from early development and into adult-
hood, we conducted ERRBS in whole hearts at weaning and
10 months of age, with each treatment group having 5-7 animals
per sex (Figure 1B). We determined the number of differentially
methylated regions (i.e., between weaning and 10 months of age)
in each treatment group, which is summarized in Table 1 and
Figure S2. In each group, we observed several thousand DMRs,
with the majority (78%—-84%) being hypermethylated (Table 1).
In both sexes, mice exposed to either Pb or DEHP demonstrated
slightly greater percentage of DMRs showing hypermethylation
compared to control (Table 1). We next annotated the DMRs in
each condition to the mouse mml0 genome and found that
enrichment of DMRs between the two time points differed based
on the direction of methylation change. Compared to all genomic
regions tested, hypomethylated DMRs were less likely to be
found in CpG islands, shelves, exons, introns, 3'UTRs, and
enhancers. In contrast, hypermethylated DMRs were slightly
enriched for several of these regions, including CpG islands,
exons, introns, and enhancers (Figure 2). These patterns were
qualitatively similar across sex and exposure group. Lists of
annotated, age-related DMRs for each sex and exposure group
are included in Excel Table S2. To increase statistical power and
identify life stage DMRs that were present across all conditions,
we utilized a combined model including all samples from two
time points, both sexes, and all exposure groups. Using this
model with the interaction term of age X exposure, we found
1,612 significantly enriched DMRs corresponding to life stage;
1,385 (86%) of these DMRs were also detected in the sex- and
exposure-specific analysis. With the interaction term of age X
sex, there were 1,848 significantly enriched DMRs corresponding
to life stage; 1,535 (83%) of these DMRs were also detected in
the sex- and exposure-specific analysis (Excel Table S3).

Pathways Undergoing Differential Methylation between
PND21 and 10 Months of Age in Mice Perinatally Exposed
to Control, Pb, or DEHP

In order to understand the biological pathways undergoing differen-
tial DNA methylation, we conducted pathway analysis using ChIP-
Enrich, stratifying by sex, exposure, and direction of methylation
change. The results of this analysis are shown in Figure 3 and in
Excel Table S4. Figure 3A summarizes significant Gene Ontology
biological process (GOBP) terms for each combination of sex, expo-
sure, and direction of methylation change, which are relevant to car-
diovascular development and disease. An upset plot depicting
overlaps among all of the enriched GO terms (GOBP, GOCC: Gene
Ontology Cellular Component, GOMF: Gene Ontology Molecular
Function) is shown in Figure S3 and demonstrates that the majority
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Figure 2. Genomic regions of significantly enriched DMRs comparing 3 wk
to 10 months of age within each exposure group. Percentage of DMRs map-
ping to the mouse reference genome (mml0) compared to what would be
expected in a random distribution, stratified by sex and direction of methyla-
tion change. Hyper indicates higher DNA methylation levels in 10-month
samples compared to 3-wk samples, while hypo means higher DNA methyl-
ation levels in 3-wk samples compared to 10-month samples. Data for this
figure can be found in Table S2, and genomic regions were defined using the
Bioconductor package anatotr. n=5-7 mice per condition, as outlined in
Figure 1. Note: Ctrl, control; DEHP, diethylhexyl phthalate; DMR, differen-
tially methylated region; UTR, untranslated region.
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of enriched GO terms fall within a single condition. Overall, differ-
ential DNA methylation occurred in pathways associated with dif-
ferentiation, disease, and development (Figure 3A; Excel Table S4).
A closer examination of the significant pathways specifically related
to cardiovascular development and disease showed that the majority
of enriched pathways occurred within a single sex/exposure combi-
nation, although pathways related to embryonic development, pat-
tern specification, response to vascular endothelial growth factor
stimulus, animal organ regeneration, and cardiac hypertrophy were
enriched in multiple conditions (Figure 3A). Enriched pathways
also differed based on the direction of DNA methylation change,
underscoring the importance of stratifying on the basis of hyper vs.
hypomethylated DMRs. Notably, a few pathways were enriched in
exposed animals but not in control or vice versa. For example, the
hypomethylated DMRs in DEHP-exposed males and females were
enriched for cardiac muscle hypertrophy, while hypo and hyperme-
thylated control females, but not exposed animals, showed enrich-
ment for animal organ regeneration (Figure 3A). Figure 3B-E
illustrates the total number of significantly enriched GOBP path-
ways for each condition. The numerator of each fraction represents
the number of pathways containing heart-specific terms (muscle,
ventricular, atrial, cardiac, aorta, and heart) and the denominator all
other pathways, and the data show that the number of total and heart-
specific pathways differed across exposure groups.

Temporal Gene Expression Differences in Mice Perinatally
Exposed to Control, Pb, or DEHP

We next examined how the cardiac transcriptome differed across
the life course in males vs. females and the effects of chemical
exposures on this process. To this end, we conducted RNA-Seq on
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samples of RNA from the same hearts utilized for ERRBS (5-7
animals per condition) (Figure 1C) at weaning and 10 months of
age, as well as an additional cohort of animals at 5 months of age.
Volcano plots depict the number, magnitude, and direction of dif-
ferences in gene expression for each sex and exposure, comparing
weaning and 10 months of age (Figure S4A-F). Volcano plots
depicting comparisons between weaning vs. 5 months of age and
5 months vs. 10 months of age are shown in Figure S4G-R.
Numbers of differentially expressed genes (DEGs) are also sum-
marized in Table 2, and the full lists of DEGs can be found in Excel
Tables S5-S7. We found several hundred DEGs between weaning
and 10 months of age in all exposures/sexes, with the largest num-
ber of DEGs (933) occurring in control female hearts (Table 2).
Within each exposure group, the majority of differences in gene
expression between time points were sex specific; however, there
were several genes in common across sexes (Figure 4A). When
we compared gene expression differences across exposure groups,
we found that the majority of differentially expressed genes were
unique to each exposure (Figure 4B). To identify DEGs associated
with life stage across all conditions, we again performed a com-
bined model including samples from all three time points, both
sexes, and all three exposure groups, which revealed fewer DEGs.
With the interaction term of age X exposure, only 70 and 141 DEGs
were identified for the comparisons of 3 wk vs. 5 months and 3 wk
vs. 10 months, respectively (Excel Table S8). Sixty-eight (97%) of
70 DEGs from the 3 wk vs. 5 month comparison were also identified
in the sex- and exposure-specific analysis, while 133 (94%) of the
141 DEGs from the combined model were also identified in the sex-
and exposure-specific analysis. With the interaction term of age X
sex, 45 and 95 DEGs were identified for 3 wk vs. 5 months and 3 wk
vs. 10 months, respectively. Forty-three (96%) of 45 DEGs from 3
wk vs. 5 months and 89 (94%) of 95 DEGs from 3 wk vs. 10 months
were also found in the sex- and exposure-specific analysis (Excel
Table S8). No DEGs were found corresponding to any of the two
interaction terms. We next conducted RNA-enrich pathway analysis
to assess the gene pathways differentially expressed between wean-
ing and 10 months of age in each group. Full lists of enriched GO
pathways can be found in Excel Tables S9-S11. Figure 4C illus-
trates the number of significantly enriched GOBP pathways for each
group, as well as the number of pathways overlapping multiple con-
ditions. This analysis revealed little overlap in differentially
expressed pathways across the different conditions. A single path-
way (extracellular matrix organization) was significantly altered in
all sexes and exposure groups, while Pb-exposed males and females
had the largest number of overlapping pathways (11 pathways total).
Two pathways (tissue remodeling and muscle contraction) were sig-
nificantly differentially expressed in all exposed groups but not in
control, and there was one pathway unique to both male and female
control groups (protein kinase B signaling).

Concordant Differences in Gene Expression and DNA
Methylation across the Life Course

We next examined the extent to which the observed differences
in DNA methylation and gene expression across time in control
and exposed animals occurred at the same genes. To this end, we
identified all related DEGs occurring between any of the three
time point comparisons (weaning vs. 5 months, 5 months vs.
10 months, and weaning vs. 10 months) and determined whether
they also showed differential DNA methylation between weaning
and 10 months of age. As shown in Figure 5A, several genes in
each group showed concomitant differences in DNA methylation
and gene expression. Full lists of these genes, as well as separate
Venn diagrams for each of the three time point comparisons, can
be found in Excel Table S12 and Figure S5. Notably, a subset of
genes showed significant differential methylation and expression
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process (GOBP) terms for each combination of sex, exposure, and direction of methylation change, which are relevant to cardiovascular development and dis-
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found in Table S4. n=5-7 mice per condition, as outlined in Figure 1. Note: Ctrl, control; DEHP, diethylhexyl phthalate; DMR, differentially methylated

region; F, female; FDR, false discovery rate; M, male.

across time in exposed but not control hearts (25 and 20 genes in
males and females, respectively). Several of these genes exhib-
ited expression differences across time that differed by sex and
exposure, including Krt/8 (found in DEHP male, Pb male, and
Pb female), Atp8a2 (found in DEHP- and Pb-exposed females),
Ston2 (found in DEHP- and Pb-exposed females, Pb male), and
Pou3fl (found in DEHP- and Pb-exposed males) (Figure SB—E).

Shifts in Cell Type across Life Stage in Mice Perinatally
Exposed to Control, Pb, or DEHP

To examine whether observed differences in gene expression and
DNA methylation were due to age- or exposure-related shifts in cel-
lular composition, we conducted cell type deconvolution of the
RNA-Seq data using a published algorithm and publicly available
single-cell transcriptomic data®®88 and quantified the relative pro-
portions of atrial and ventricular cardiomyocytes, endothelial cells,
smooth muscle cells, fibroblasts, adipocytes, lymphoid and myeloid
cells, neuronal cells, pericytes, and mesothelial cells. Endothelial
and smooth muscle cells were present in the largest proportions, fol-
lowed by atrial and ventricular cardiomyocytes, while neuronal
and mesothelial cells comprised the smallest proportions of cells
(Figure S6). Summary statistics for all of the comparisons by age
and exposure can be found in Excel Table S13. Overall, age-related

Environmental Health Perspectives

067014-6

trends in cell composition were generally consistent across sexes
and exposure groups. The proportions of atrial cardiomyocytes
remained consistent with age in all conditions (Figure S6A).
Proportions of ventricular cardiomyocytes were higher at 10 months
of age compared to weaning across all conditions (p > 0.05) (Figure
S6B). However, in males exposed to Pb and DEHP, the higher pro-
portion of ventricular cardiomyocytes was present at 5 months of
age in contrast to controls which did not show differences until
10 months of age (Figure S6B). In mice from both sexes, there was a
decline in the proportion of smooth muscle cells in control and
DEHP-exposed mice across time (p < 0.05) but no change in Pb-
exposed mice (Figure S6C). Temporal trends in the proportions of
endothelial cells did not differ across exposure groups (Figure S6D).
In control and exposed males, fibroblast proportions were signifi-
cantly lower between weaning and 10 months of age (p > 0.05), a
trend that was only present in Pb-exposed females (Figure SO6E).
The proportions of adipocytes across time were higher in all condi-
tions (p <0.05), with no differences by exposure (Figure S6F).
Pericyte proportions were significantly higher with age in control
males (p <0.05), but this difference was not observed in exposed
males or in females under any condition (Figure S6G). Proportions
of neuronal cells did not significantly differ by time point, except in
Pb-treated males and females (p <0.05), where they were lower
compared to baseline between weaning and 10 months of age
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Table 2. Number of significantly differentially expressed genes (DEGs)
between 3 weeks and 5 months of age, between 5 months and 10 months of
age, and between 3 weeks and 10 months of age.

3 weeks vs. 5 months vs. 3 weeks vs.
5 months 10 months 10 months
Exposure Male Female Male Female Male Female
Control 461 825 48 569 421 933
DEHP 535 365 552 133 787 468
Pb 575 612 166 382 591 765

Note: Significance was based on an FDR < 0.05 and absolute log2(fold change)
>2. n=>5-7 mice per condition, as outlined in Figure 1. DEHP, diethylhexyl phthal-
ate; Pb, lead.

(Figure S6H). Lymphoid cell proportions trended up across time, a
pattern that reached statistical significance in Pb-exposed females as
well as control and DEHP-exposed males (Figure S6I). Myeloid
cells were significantly higher at 10 months of age compared to
weaning in all conditions except Pb-exposed females, which exhib-
ited a trend toward significance (Figure S6J). No temporal differen-
ces in mesothelial cells were observed in any of the conditions
(Figure S6K).

Discussion

Cardiac development begins in early embryogenesis, and growth
and maturation continue during the postnatal period and adoles-
cence.”® Although development is largely complete by adolescence,
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the heart continues to undergo normal age-related changes in
physiology, at a rate which varies based on the individual.®!
Cardiac development and aging are characterized by widespread
transcriptional, epigenetic, and metabolic changes,”>~* but how
chemical exposures may interfere with these processes and the
potential health effects are unknown. Studies showing widely di-
vergent age-related epigenetic patterns in pairs of twins under-
score the influence of environmental factors on the epigenome
across time.”>=7 Such environmental deflection of the normal
aging process, as we have previously defined it,°® may have im-
portant implications for long-term disease risk.

In this study, we demonstrated that in controls and upon de-
velopmental exposure to two chemically distinct and ubiquitous
environmental contaminants, marked differences in DNA methyl-
ation and expression of various gene pathways occurred between
weaning and middle age in mice. In humans, development and
aging are associated with altered DNA methylation at various
stages across the life course, including in childhood,”>**° between
early childhood and adolescence,!?%1! and during adulthood and
old age.'%%!93 Temporal changes in DNA methylation have been
characterized in numerous human tissues, including peripheral
blood and various blood cell types, buccal epithelium, brain, kid-
ney, skeletal muscle, prostate, liver, adipose, and cervix,®>:103-106
and similar profiling studies have been conducted in rodent tis-
sues.'719 To our knowledge, no investigations into the effects
of normal development and aging on DNA methylation and gene
expression in the heart have been conducted in humans to date.
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Figure 4. Sex and exposure specificity of transcriptomic differences between time points. (A) Venn diagrams showing sex overlap in differential gene expres-
sion for each time bracket comparison and exposure. (B) Venn diagram showing exposure overlap in differential gene expression for each time bracket compar-
ison and sex. (C) UpSet plot showing the number of intersecting GOBP pathways for each exposure and sex combination. The data for this figure can be found
in Excel Tables S5-S7, and S15. n=5-7 mice per condition, as outlined in Figure 1. Note: Ctrl, control; DEHP, diethylhexyl phthalate.
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Figure 5. Genes with differential expression and DNA methylation. (A) Venn diagrams showing the number of genes in each sex exhibiting differential expres-
sion in any of the three time point comparisons (weaning vs. 5 months of age, 5 months of age vs. 10 months of age, and weaning vs. 10 months of age) and
differential methylation. (B—E) RNA-Seq read count data for four genes showing that the age-related gene expression trajectory differs by exposure and/or sex.
Each of the four genes were differentially expressed and methylated with one or both exposures but not in control. The boxplot shows the natural log-trans-
formed read counts of each gene at each time point. Each of the boxplots represents five values: the median, the first quartile, the third quartile, and the two
whiskers represent the largest or smallest values at most 1.5 times the interquartile range. The regression line is calculated using a generalized linear model in
R (version 4.2.2; R Development Core Team). The data for panels B to E can be found in Table S14. n=5-7 mice per condition, as outlined in Figure 1. Note:
Ctrl, control; DEHP, diethylhexyl phthalate; PND, postnatal day.

Although one study did profile age-related changes in DNA
methylation the mouse heart, females were not included.'®® This
study is therefore impactful, as we examined how age affects the
epigenome and gene expression in the heart in both males and
females at baseline and in response to two toxicants of high rele-
vance to humans.

Environmental Factors and Regulation of Gene Expression
across the Life Course

Although studies in twins or nontwin family members®®-97-110

strongly suggest that environmental factors impact the aging pro-
cess, the influence of specific chemicals on the epigenome across
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the life course is poorly understood. However, a number of recent
studies have begun to shed light on this. In humans, these studies
are largely restricted to blood, with few studies reporting effects on
tissues targeted by the chemical exposures. Benzene, trichloroeth-
ylene, organochlorine pesticides, and PFAS, as well as air pollu-
tants such as tobacco smoke, particulate matter, sulfate, and
ammonium have all been associated with accelerated aging as
measured via well-established DNA methylation clocks in
blood.! =115 Tnvestigation of human liver samples showed that
alcohol dependence is associated with increased DNA methylation
age in the liver.''® Animal studies have provided additional evi-
dence that bisphenol A, Pb, and trichloroethylene can impact epi-
genetic aging of various tissues, through DNA methylation and
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other epigenetic factors.'!7~12° Mouse studies of Pb exposure and
epigenetic aging to date have examined age-related DNA methyla-
tion of several loci in tail tissue''® or expression of specific
microRNAs (miRNAs) in the brain.'?° Few studies, however, have
investigated how chemical exposures impact programming of the
transcriptome and epigenome in the critical period between child-
hood and middle age. Moreover, little is known about how epige-
netic regulation of gene expression in the heart changes across any
stage of life. Our study thus addresses an important knowledge gap
in this area.

Direction of DNA Methylation Differences across Time

In this study, we observed that the majority of age-related DMRs
were hypermethylated, irrespective of age, sex, or exposure. This
finding is in keeping with our previous work, which showed a gen-
eral trend toward DNA hypermethylation in longitudinal mouse
blood samples between 2 and 10 months of age.!?! In contrast,
numerous studies demonstrate that aging is associated with genome-
wide hypomethylation.'?>~'2* However, the period between wean-
ing and 10 months of age analyzed in our study encompassed the
early perinatal phase, puberty/adolescence, and adulthood. Effects
of developmental exposure to these chemicals on old age will be an
important area for future investigation. Previously published work
in human blood has shown that global DNA methylation increases
during early postnatal life, remains stable during adulthood, and
then only declines with old age.?>!9%:122:123 We also observed hyper-
methylation of CpG islands and promoters across the life course in
both sexes and in all three exposure groups, in accordance with pre-
vious work.!??=124 Thus, our findings are consistent with temporal
trends observed in other studies.

Differentially Expressed Genes and Associated Pathways in
Mice Exposed to Pb and DEHP

We found that age-related DNA methylation occurred to a large
extent in pathways related to tissue development and cell fate com-
mitment. This aligns with work from others showing that age-
related DNA methylation occurred at pathways related to develop-
ment, obesity, longevity, and cancer across multiple species.!?
Although we observed differences in pathways related to develop-
ment and differentiation across all conditions in general, the specific
pathways enriched within each sex and exposure group were largely
unique, suggesting that differences in cardiac DNA methylation
across time exhibited sex specificity in unexposed animals, and
were altered in distinct ways by developmental exposure to Pb or
DEHP. Our transcriptional analysis revealed similar sex-specific
differences in gene expression across the life course. Notably, path-
way analysis of these data showed that Gene Ontology pathways
related to tissue remodeling and muscle contraction were signifi-
cantly altered between weaning and 10 months of age in males and
females exposed to Pb or DEHP. As defects in both processes are
implicated in a variety of CVDs, 2127 it will be important to inves-
tigate the long-term effects of Pb exposure on cardiac function, an
important future direction of this work.

Although the majority of age-related differential DNA methyl-
ation and gene expression did not occur in the same genes, we
observed several genes that were both differentially methylated
and expressed with age in each exposure group. Several genes,
including Atp8a2, Krtl8, Pou3fl, and Ston2, showed temporal
gene expression differences that varied by sex and/or exposure.
Although cardiovascular functions for Ap8a2 and Ston2 have not
yet been reported, the Krt/8 gene was recently reported to play a
protective role in heart failure in mice.'?® Pou3fI is a neurogenic
factor that has been shown to be upregulated upon epigenetic dys-
regulation of normal cardiac differentiation of mouse embryonic
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stem cells.'?® Interrogation of the Comparative Toxicogenomics
Database®® revealed that all four genes are differentially expressed
and/or methylated in response to numerous chemicals with diverse
mechanisms of toxicity, including bisphenol A and benzo(a)py-
rene, suggesting that these genes may represent biomarkers of
chemical exposure. As we were statistically underpowered to
detect quantitative changes in methylation and expression of indi-
vidual genes, additional studies are needed to validate our findings.

Differences in Cellular Composition across Life Stage and
Health Implications

The heart is comprised of several different cell types, including car-
diomyocytes, fibroblasts, endothelial cells, pericytes, smooth mus-
cle cells, adipocytes, immune cells, and neuronal and glial cells.
Shifts in cardiac cellularity across the life course have been reported,
including increased fibrosis in old age'*® as well as changes in the
composition of epicardial fat tissue,!*! but the effects of develop-
mental exposures on changes in cellularity between weaning and
middle adulthood are unknown. Age- and exposure-related epige-
netic differences in whole tissue samples may be due to cell intrinsic
changes, but they may also reflect alterations in cell type composi-
tion.'3? Because cellular composition of the heart is known to be
influenced by age, disease, and sex,'3%-131:133 we utilized cell type
deconvolution to examine the extent to which the observed differen-
ces in DNA methylation and gene expression across time were due
to altered cellular composition. We observed subtle but statistically
significant differences in cell type proportions based on age, sex,
and exposure. Thus, the differences in gene expression and DNA
methylation over time observed in this study were likely due to both
cell intrinsic transcriptional and epigenetic alterations, as well as
alterations in cellular composition in the heart. Future studies using
single-cell approaches will shed further light on this question.

The health implications of Pb- or DEHP-mediated changes in
DNA methylation and gene expression in the heart are unclear, but
several lines of evidence suggest that age-related changes in DNA
methylation may impact long-term cardiovascular health. In mice,
age-related DNA methylation is associated with more severe injury
following an ischemia-reperfusion event.!3* Several human stud-
ies have also linked epigenetic age acceleration with an increased
risk of various markers of cardiovascular disease in both white and
black populations,'”-!35-137 though sex differences and contribu-
tions of environmental factors are unclear.

Potential Molecular Mechanisms

The molecular mechanisms underlying age-related DNA methyla-
tion by Pb or DEHP exposure in control and exposed heart are cur-
rently unclear. Methylation of DNA is carried out by DNA
methyltransferases (DNMT1, DNMT3A, DNMT3B), using S-
adenosylmethionine (SAM) as a cofactor. DNA hydroxymethyla-
tion, the first step in the process of active DNA demethylation, is
catalyzed by TET dioxygenases (TET1, TET2, TET3) with alpha
ketoglutarate (a-KG), iron, and vitamin C as cofactors.'?® DNA
methylation differences may thus result from altered expression or
function of these enzymes or depletion of their cofactors. Studies
in various cellular and animal models show that both DEHP and Pb
can alter expression of DNMTs and/or TETs.!3%~!143 There is some
evidence that both Pb and DEHP may alter levels of SAM, but
there is otherwise little known about how these toxicants impact
other cofactors for epigenetic modifying enzymes.!#*!45 Pb and
DEHP both have been shown to cause oxidative stress in multiple
contexts! 4147 and given that DNA methylation is sensitive to cel-
lular redox status,'*® this is another plausible mechanism of epige-
netic programming by these chemicals. It is important to note that
numerous other cellular targets are also sensitive to oxidative stress
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and altered levels of cofactors such as SAM and o-KG.!49-151
Thus, the toxic effects of these chemicals may be independent of
alterations to the epigenome altogether.

Study Limitations

This study has a few key limitations. First, these data represent a rel-
atively small sample size in one mouse strain, and further experi-
ments will be necessary to confirm our findings. In addition,
to measure DNA methylation, we utilized a sodium bisulfite
conversion-based method, which does not discriminate between
5-methylcytosine and other, more-oxidized modifications such as
5-hydroxymethylcytosine.!>> Thus, the differentially methylated
cytosines and regions reported here reflect a combination of all of
these modifications. Although 5-hydroxymethylcytosine is approxi-
mately an order of magnitude less abundant than 5-methylcyto-
sine,'> recent studies suggest that the modification has its own
distinct molecular functions and plays an important role in cardiac
development and disease.'>* Identifying age- and exposure-induced
changes in 5-hydroxymethylcytosine is an important future direc-
tion of this research. Second, we examined DNA methylation differ-
ences using enhanced reduced representation bisulfite sequencing
(ERRBS). Compared to classical reduced representation bisulfite
sequencing (RRBS), which covers >70% of promoter regions and
>75% of CG-rich regions, ERRBS improves coverage to >80%
and >85%), respectively.”? Despite this improved coverage, a limita-
tion of ERRBS is that, compared to whole-genome bisulfite
sequencing (WGBS), it covers GC-rich loci,”? which, in our hands,
encompassed ~ 5% of the whole genome. Last, as the age—exposure
and age—sex interaction terms were not significant in our models, we
were statistically underpowered to detect quantitative changes in
DNA methylation and expression of individual genes. Validation
studies looking at transcript and protein expression of individual
genes are therefore necessary to make more definitive conclusions
about specific targets.

Conclusion

In summary, we demonstrated herein that developmental expo-
sure to Pb or DEHP altered DNA methylation and expression of
various pathways in the heart of mice in a sex-specific manner,
long after cessation of exposure. Given that the risk of cardiovas-
cular disease increases markedly with age, future studies should
investigate how these differences may impact long-term cardio-
vascular health.
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