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Abstract

Phthalates have been demonstrated to interfere with metabolism, presumably by interacting with peroxisome proliferator-
activated receptors (PPARs). However, mechanisms linking developmental phthalate exposures to long-term metabolic effects
have not yet been elucidated. We investigated the hypothesis that developmental phthalate exposure has long-lasting impacts
on PPAR target gene expression and DNA methylation to influence hepatic metabolic profiles across the life course. We utilized
an established longitudinal mouse model of perinatal exposures to diethylhexyl phthalate and diisononyl phthalate, and a mix-
ture of diethylhexyl phthalateþdiisononyl phthalate. Exposure was through the diet and spanned from 2 weeks before mating
until weaning at postnatal day 21 (PND21). Liver tissue was analyzed from the offspring of exposed and control mice at PND21
and in another cohort of exposed and control mice at 10 months of age. RNA-seq and pathway enrichment analyses indicated
that acetyl-CoA metabolic processes were altered in diisononyl phthalate-exposed female livers at both PND21 and 10 months
(FDR¼0.0018). Within the pathway, all 13 significant genes were potential PPAR target genes. Promoter DNA methylation was al-
tered at three candidate genes, but persistent effects were only observed for Fasn. Targeted metabolomics indicated that
phthalate-exposed females had decreased acetyl-CoA at PND21 and increased acetyl-CoA and acylcarnitines at 10 months.
Together, our data suggested that perinatal phthalate exposures were associated with short- and long-term activation of PPAR
target genes, which manifested as increased fatty acid production in early postnatal life and increased fatty acid oxidation in
adulthood. This presents a novel molecular pathway linking developmental phthalate exposures and metabolic health outcomes.
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Introduction

Metabolic disorders, including obesity, diabetes, and non-
alcoholic fatty liver disease, are increasing in prevalence and
present a major concern for public health (1). Recently, expo-
sures to environmental endocrine disrupting chemicals (EDCs),
such as phthalates, have been suggested to interfere with me-
tabolism to influence risk of metabolic disorders. Phthalates are
found in a variety of consumer products, including plastics, fur-
niture, and food packaging, resulting in ubiquitous exposure (2).
Exposure to phthalates during early development has been
linked to metabolic disruption, although the precise effects re-
main unclear. For example, some human birth cohort studies
have reported that developmental exposure to phthalates
resulted in increased body mass index and body fat percentage,
while others have reported a lack of significant effect on body
weight/composition (3–5). Insights into the molecular metabolic
pathways that are perturbed by developmental phthalate expo-
sures could provide clarity. Furthermore, the majority of animal
studies that have examined metabolic effects of phthalates
have focused on diethylhexyl phthalate (DEHP), despite the in-
creasing risk for exposure to ‘newer’ phthalates that are under-
studied, such as diisononyl phthalate (DINP) (6). Inclusion of
understudied phthalates, as well as phthalate mixtures, is
needed to understand phthalate-associated metabolic health
risks.

Several studies have indicated that phthalates interfere with
metabolism by interacting with human and mouse peroxisome
proliferator-activated receptors (PPARs) (7–11). PPARs are nu-
clear receptors that activate transcription of target genes regu-
lating a wide variety of metabolic processes, including fatty acid
biosynthesis, fatty acid oxidation, and glucose homeostasis (12–
15). PPARs are present in rodents and humans in three main iso-
forms: PPARa, PPARc, and PPARd/b. PPARa expression is highest
in the liver, PPARc expression is highest in adipose tissue, and
PPARd/b is ubiquitously expressed across all tissues at low lev-
els (16, 17). Phthalates have been demonstrated to interact with
all three isoforms (7, 8, 10). During development, PPAR signaling
is critical for programming of metabolic organs and tissues (18,
19). However, few studies have directly examined PPAR activa-
tion following developmental phthalate exposures (20, 21).

PPARs recruit ten-eleven translocation (TET) enzymes to the
promoter regions of target genes to locally de-methylate
DNA and facilitate transcription (22). DNA methylation is a
well-established epigenetic modification that influences gene
transcription and is heritable through cell division. DNA meth-
ylation consists of a methyl group bound to the 50 carbon of a
cytosine (5mC), usually preceding an adjacent guanine (CpG).
Higher levels of 5mC in the promoter region are associated with
repression while lower levels of promoter 5mC are generally as-
sociated with activation (23). TET enzymes catalyze the oxida-
tion of 5mC to 50-hydroxymethylcytosine (5hmC), and then
subsequently 50-formylcytosine (5fC) and 50-carboxylcytosine
(5caC), which is removed by base excision repair machinery and
replaced with an unmethylated cytosine (24). Contrary to 5mC,
high levels of promoter 5hmC are associated with activated
transcription (25, 26). During development, DNA methylation is
particularly sensitive to environmental cues and undergoes
reprogramming (27, 28). Specifically, TET enzymes catalyze the
conversion of 5mC to 5hmC and facilitate epigenome-wide de-
methylation, followed by methylation by DNA methyltransfer-
ases (29). While DNA methylation is relatively stable and
heritable through cell division, it is highly dynamic and respon-
sive to the environment during development (30). Thus,

modification of DNA methylation by chemical exposures during
development may result in altered DNA methylation that per-
sists into adulthood.

For this study, we aimed to study developmental exposures
of multiple phthalates that span both high-molecular weight
(DEHP and DINP) and low-molecular weight (DBP) classes of
phthalates that represent human exposure risk (6). DEHP and
DBP have large bodies of toxicological and epidemiological liter-
ature, but health effects following DINP exposure are relatively
under studied, despite increasing exposure risks as it began to
replace DEHP in many products (6). We previously found that
perinatal exposure to DEHP alone, DINP alone, and a combina-
tion of DEHPþDINP resulted in increased relative liver weights
in weanling female mice at postnatal day 21 (PND21) (31), which
may be indicative of PPARa activation (32, 33). Longitudinally,
female mice perinatally exposed to DEHP-only had increased
body fat percentage and those perinatally exposed to DINP-only
had impaired glucose tolerance (34). Building upon these find-
ings, we hypothesized that early life exposures to phthalates
resulted in long-lasting impacts on PPAR target gene expression
in the liver by decreasing promoter region DNA methylation to
influence metabolism across the life course. To investigate this
hypothesis, we utilized liver tissue collected from a previously
established mouse model of perinatal human-relevant expo-
sures to DEHP-only, DINP-only, and DEHPþDINP. We used tran-
scriptomics (RNA-seq) in liver collected in early postnatal life
(PND21), immediately at the end of the exposure period, as well
as at 10 months of age, long after the exposure had ceased, to
screen for PPAR target genes that were persistently activated by
developmental phthalate exposures. We then measured pro-
moter region DNA methylation levels of candidate PPAR target
genes to elucidate the role of DNA methylation. Finally, we in-
vestigated whether hepatic metabolic function was impacted by
perinatal phthalate exposures via measurement of metabolites
involved in central metabolism and fatty acid oxidation in the
liver.

Materials and Methods
Animals and Exposures

The overall experimental design is laid out in Fig. 1 and is de-
scribed in detail in previous studies (31, 34). Animals were
obtained from a colony of viable yellow agouti (Avy) mice, main-
tained for over 220 generations with sibling mating and forced
heterozygosity for the Avy allele through the male line (35). For
this study, we utilized tissues from only the ‘wild-type’ a/a off-
spring, which are isogenic and 93% similar to C57BL/6 (36).

The exposure window captured the entire perinatal period
spanning from preconception (2 weeks prior to mating) through
gestation and lactation until weaning at PND21. Two weeks
prior to mating, virgin a/a dams aged 6–8 weeks were randomly
assigned to one of four exposure groups: (i) Control, (ii) DEHP-
only, (iii) DINP-only, and (iv) DEHPþDINP. Phthalates (Sigma)
were administered through the chow on a background 7% corn
oil phytoestrogen-free diet (Teklad diet TD-95092; ENVIGO,
Madison, WI). Controls were given 7% corn oil chow without
phthalates added. Phthalates were mixed into corn oil from
Envigo to create a stock solution, and the stock solution was
sent back to Envigo where it was mixed with the corn oil used to
produce custom 7% corn oil chow to achieve uniform distribu-
tion of phthalates within the chow. Exposure levels for the three
exposure groups were as follows: DEHP-only ¼ 25 mg DEHP/kg
chow; DINP-only ¼ 75 mg DINP/kg-chow; DEHPþDINP ¼ 25 mg
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DEHP þ 75 mg DINP/kg chow. These exposure levels were se-
lected based on a target maternal dose of 5 mg/kg-day for DEHP
and 15 mg/kg-day for DINP, assuming that pregnant and nurs-
ing female mice weigh �25 g and eat �5 g of chow per day.
These target doses were selected based on literature demon-
strating obesity-related phenotypes in offspring that were de-
velopmentally exposed to 5 mg/kg-day of DEHP (37, 38). A higher
exposure level of DINP was chosen based on previous studies
that have indicated it is three times less potent than DEHP with
respect to antiandrogenic effects (39). We assumed that relative
potencies would be similar for metabolic effects since there are
currently no potency estimates or animal literature for meta-
bolic effects following developmental DINP exposure. The
resulting exposure levels are estimated to fall within the range
of exposures experienced by humans (31). This is based on am-
niotic fluid levels of phthalates found in humans (ranging from
<LOD to 100.6 ng/ml) and a study in rodents that orally ingested
11 mg/kg-day of phthalates resulting amniotic fluid levels of
68 ng/ml (40–47). Since we used similar target doses of 5 and
15 mg/kg-day, we estimate that this results in similar amniotic
fluid levels to 68 ng/ml which is within the range of human am-
niotic fluid levels.

At PND21, one male and one female a/a offspring per litter
were weaned onto control chow and followed to 10 months of
age while the rest of the a/a mice were euthanized at PND21 for
tissue collection. Study mice that were followed to 10 months
were co-housed with one same-sex, same-age, non-study litter-
mate that was used as a companion only. Full litter parameters
and outcomes are reported in previous work (31). There were no
significant differences in number of pups per litter across expo-
sure groups. Throughout the duration of the study, animals
were given food and water ad libitum and remained on a 12-
hour light/dark cycle. Health checks were carried out daily by

lab personnel and the University of Michigan Unit for
Laboratory Animal Medicine. The guidelines for the use and
care of laboratory animals were followed and mice were treated
humanely. The University of Michigan Institutional Animal
Care and Use Committee approved all animal procedures used
for this project.

Tissue Collection and Nucleic Acid Isolation

At PND21, mice were fasted for 4 hours prior to euthanasia. At
10 months, mice were fasted for 6 hours prior to euthanasia.
Estrus testing was performed on females at 10 months of age
and synchronized so that all females were sacrificed during es-
trus. Euthanasia was carried out via inhalation of carbon diox-
ide (CO2), followed by cardiac puncture exsanguination and
whole-body perfusion with cell culture grade 0.9% sodium chlo-
ride saline (Sigma-Aldrich). Liver tissue was excised and
weighed, then flash frozen in liquid nitrogen and stored at
�80�C.

RNA and DNA were extracted from flash frozen livers of off-
spring aged PND21 and 10 months using Universal All-Prep kits
(Qiagen Cat No. 80224). Approximately 10–15 mg of tissue from
each liver was homogenized in lysis buffer using a TissueLyser
II (Qiagen). Kit protocols were followed exactly. DNA and RNA
quantity were measured using a NanoDrop2000 spectropho-
tometer. Isolated RNA and DNA were stored at �80�C.

RNA-seq Library Preparation and Sequencing

RNA-seq library preparation and sequencing were carried out at
the University of Michigan Advanced Genomics Core in Ann
Arbor, MI. RNA libraries from liver of PND21 and 10-month mice
were sequenced (N¼ 5–6/sex/age). We excluded samples from
mice that had gross liver tumors, then selected 5–6 samples for

Figure 1: Experimental design. Two weeks prior to mating, virgin a/a female mice (F0) were randomly assigned to one of four exposure groups containing different com-

binations of phthalates. Phthalates were administered through chow, on a background diet of 7% corn oil (phytoestrogen-free). Exposure spanned preconception, ges-

tation, and lactation, and at weaning on PND21, one male and one female F1 offspring per litter were weaned onto control chow and followed until 10 months of age. A

cohort of mice were euthanized at PND21 and another were euthanized at 10 months of age, and livers were collected for analysis via RNA-seq, RT-qPCR, pyrosequenc-

ing of BSC DNA, and targeted metabolomics

Perinatal phthalate exposures & hepatic metabolism | 3



each sex and each exposure group based on the highest RNA
Integrity Numbers (RIN) as assessed by Agilent 2200
TapeStation analysis. Electropherograms indicated that the
RINs ranged from 6.0 to 9.4 for RNA isolated from liver tissue.
Library preparation for RNA isolated from liver was carried out
using the Illumina TruSeq stranded mRNA Library Prep Kit fol-
lowing manufacturer instructions. Quantity and quality of the
prepared libraries were confirmed with the Agilent 2200
TapeStation. Sequencing was carried out on the Illumina HiSeq
4000. Liver libraries were multiplexed across 8 sequencing lanes
and were sequenced on one full flow cell to eliminate batch
effects. Paired-end 50 bp reads were sequenced.

Bioinformatics Pipeline and Differential Expression

Sequenced reads were trimmed via Cutadapt (48), quality con-
trol assessed with FastQC (49), aligned using STAR (51), and ex-
pression quantification performed using RSEM (51), all with
default parameters. The following quality parameters were
assessed for each library: (i) number of unique reads, (ii) ratio of
unique reads to duplicates, (iii) number of reads covering gene
bodies, and (iv) area under the curve (AUC) for gene body reads.
One liver sample had substantially lower reads (2.4 million
unique reads and 2.1 million unique reads in gene bodies) than
the others and was removed from downstream analyses. After

removal of this sample, the number of unique reads ranged
from 15.2 million to 74.4 million, the ratio of unique reads to
duplicates ranged from 74.9% to 87.8%, the number of unique
reads in gene bodies ranged from 12.5 million to 62.8 million,
and the AUC for gene body reads ranged from 56.9% to 79.4%.
Differential expression was analyzed using the quasi-likelihood
function (QLF) of edgeR (52, 53) in R (www.r-project.org) between
each exposure group compared to controls, stratified by age and
sex. Genes with false discovery rates (FDRs) of < 0.10 were con-
sidered statistically significant. Another package in R, DESeq2
(54), was used to obtain normalized read counts for each gene
for plotting purposes.

Pathway Analysis

Pathway enrichment analyses for Gene Ontology (GO) Biological
Processes (BP) were carried out via RNA-Enrich using the LRpath
website (55, 56). RNA-Enrich accounts and adjusts for potential
bias in gene set enrichment testing due to increased statistical
power to detect differential expression for genes that have
larger read counts. In addition, RNA-Enrich utilizes information
from all genes included in differential expression analyses and
utilizes P-values to detect relevant gene pathways. Pathway en-
richment analyses were also carried out using LISA (epigenetic
Landscape In Silico deletion Analysis) from cistrome.org which
leverages publicly available chromatin accessibility and
Chromatin Immunoprecipitation Sequencing (ChIP-seq) data to
identify transcriptional regulators of gene sets obtained from
differential expression analyses (57). To perform a pathway
analysis on differential gene expression from both PND21 and
10-month time points together, we applied Fisher’s method (58)
for data fusion on the P-values from PND21 and 10-month dif-
ferential expression analyses. For example, we combined the P-
values from differential expression between control females
and DINP-only females at PND21 and P-values between control
females and DINP-only females at 10 months. We utilized the
mean reads of controls in RNA-Enrich and LISA.

RT-qPCR

Reverse transcription-quantitative PCR (RT-qPCR) was carried
out for three candidate genes in liver collected from PND21
(N¼ 7–10/group/sex) and 10-month mice (N¼ 8–9/group/sex).
RNA was converted to cDNA using iScript cDNA Synthesis Kits
(Bio-Rad Cat No. 1708891) following manufacturer instructions.
We utilized a reference gene panel (PrimePCR H384 Reference
Gene Panels, Bio-Rad) to test for reference genes that were sta-
ble in liver tissue across exposure groups and sex using pooled
samples with eight mice per pool. This was carried out for RNA
collected from livers at PND21 and 30 reference genes in tripli-
cate were analyzed using geNorm (59). The most stable genes
based on geNorm M values were Hmbs, Actb, and Psmc4
(Supplementary Fig. S1A). We also used geNorm to calculate V
values, which is defined as systematic variation for repeated
RT-qPCR experiments on the same gene and reflects the varia-
tion in the machine, enzymes, and pipetting. Our analyses indi-
cated that using two reference genes would provide reliable
results, with a geNorm V value of <0.15, and we therefore
elected to use two reference genes: Hmbs and Psmc4
(Supplementary Fig. S1B). We excluded samples from the analy-
sis if melt curve data indicated poor sample integrity or if Cq
values were larger than 38, which is indicative of very low cop-
ies of the mRNA being amplified, and therefore would be
unreliable.

Quantitative PCR reactions were set up using PrimePCR
assays for ATP-citrate lyase (Acly), citrate synthase (Cs), and
fatty acid synthetase (Fasn) (Bio-Rad) and SsoAdvanced
Universal SYBR Green Supermix (Bio-Rad) via the manufac-
turer’s instructions. PrimePCR assays have been designed and
experimentally validated to meet MIQE guidelines. Reactions
were set up in 384-well plates so that all samples from PND21
mice were on one plate and all samples from 10-month mice
were on a second plate. Samples were run in triplicate, and con-
trols included a no template control, positive PCR control, and
genomic DNA control. We analyzed one gene per plate using
the CFX384 Real-Time PCR Detection System (Bio-Rad). The cy-
cling protocol was as follows: (i) 2 minutes at 95�C � 1 cycle, (ii)
5 seconds at 95�C and 30 seconds at 60�C � 40 cycles, and (iii)
melt curve with 0.5�C 5-second increments from 65 to 95�C.
Relative expression was carried out via calculating delta Cq,
comparing Cq values of each target gene to Cq values of the ref-
erence genes. The 2�ddCq method was used to estimate fold-
change.

DNA Methylation

We measured DNA methylation using bisulfite conversion of
DNA and subsequent PCR and pyrosequencing assays on liver
from PND21 (N¼ 7–12/group/sex) and 10-month mice (N¼ 8–10/
group/sex). We bisulfite converted (BSC) DNA isolated from liver
tissue using Zymo EZ-96 DNA Methylation kits (Zymo Cat No.
D5004) following manufacturer instructions, and then used tar-
geted PCR and pyrosequencing to measure DNA methylation at
individual CpGs in the promoter regions of three target genes:
Cs, Acly, and Fasn. Supplementary Table S1 describes the pyrose-
quencing assay parameters, including chromosomal location,
primer sequences, annealing temperatures, sequence to ana-
lyze, and amplicon length. Primers were designed using
PyroMark Assay Design software 2.0 and the mm10 mouse ge-
nome. Pyrosequencing assays were designed to capture CpGs in
the promoter regions of PPAR target genes. Publicly available
data from Cistrome (cistrome.org) (60) was used to select
regions that were adjacent to PPAR-binding sites
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(Supplementary Fig. S2). DNA methylation levels were mea-
sured using the PyroMark Q96 ID instrument (Qiagen). All
bisulfite-converted DNA from PND21 mice were run on one
plate and samples from 10-month mice were run on another
plate to reduce plate-to-plate batch effects. A subset of samples
were run in duplicate to ensure that the coefficient of variation
was <10% for each assay. Each PCR and pyrosequencing plate
included BSC 0%, 25%, 50%, 75%, and 100% methylated DNA
control reactions and a no template negative control reaction to
ensure that the assay was functioning properly.

Targeted Metabolomics

Targeted metabolomics assays were carried out on a roughly
50 mg section of frozen liver tissue at the Molecular
Phenotyping Core, Michigan Nutrition and Obesity Center. Two
targeted assays were carried out: (i) a central metabolism profile
and (ii) an acylcarnitine profile (61). The central metabolism as-
say included 61 analytes involved in multiple metabolic path-
ways, including the citric acid cycle (TCA cycle), glycolysis, and
the pentose-phosphate shunt. Samples underwent solvent ex-
traction and were subsequently separated on a 1 mm � 150mm
hydrophilic interaction liquid chromatography-specific column
using a 35-minute cycle. Analytes were measured on a quadru-
pole time of flight mass spectrophotometer. The acylcarnitines
assay was carried out to measure 30 acylcarnitine species sub-
sequent to solvent extraction. The samples were separated via
20-minute RPLC cycle and measured on a liquid chromatogra-
phy triple quadrupole mass spectrometer with multiple reac-
tion monitoring methods. Both assays included internal
standards. Measurements for all analytes were normalized to
tissue weight and log-transformed prior to statistical analysis.
Even-numbered C4–C20 acylcarnitines were summed as a read-
out for fatty acid oxidation (62). A full list of analytes included in
the central metabolism profile and acylcarnitine profile can be
found in Supplementary Table S2.

Statistical Analyses

All statistical analyses were carried out using R version 3.5.2
(www.r-project.org, last accessed 9/29/20). All analyses were
stratified by age and sex. Multiple ANOVA analyses were carried
out to compare metabolites measured in the central metabo-
lism profile with a Bonferroni correction factor applied to calcu-
late FDRs; metabolites with FDRs< 0.10 were considered signals
and evaluated with additional post hoc linear regression analy-
ses comparing exposure groups to controls. Comparisons of rel-
ative expression as measured via RT-qPCR and DNA
methylation levels were carried out via linear mixed effects
models for PND21 mice and linear regression for 10-month mice
comparing each exposure group to controls. Since a large por-
tion of PND21 mice had littermates included in the RT-qPCR
and DNA methylation studies, we used linear mixed effects
models with litter-specific random effects to account for
within-litter correlation. This was not an issue for 10-month
mice because only one male and one female per litter were used
and all analyses were stratified by sex. For the bisulfite-
converted DNA methylation assay at CpGs in the promoter of
Cs, there were several values of 0% methylation and therefore
distributions were not normal. Therefore, we used generalized
linear models with a zero inflation compound Poisson distribu-
tion available via the cplm package in R (63) to analyze differen-
ces between exposure groups and controls for data generated
from this assay. A Bonferroni correction factor was applied to

RT-qPCR, DNA methylation, C4–C20 acylcarnitines, and post hoc
targeted metabolomic analyses to account for multiple compar-
isons; three comparisons were made per analysis since there
were three exposure groups and each were compared to the
control group. For these analyses, we considered comparisons
with adjusted P-values of < 0.05 as significantly different, and
those < 0.10 to be marginally significant. Pearson correlation
coefficients were used to examine relationships between rela-
tive expression as measured by RT-qPCR, DNA methylation, and
metabolite levels in the liver.

Results
RNA-seq

To identify PPAR target genes that were persistently altered by
perinatal phthalate exposures, we utilized transcriptomics via
RNA-seq to screen for PPAR target genes and/or biologically-
relevant metabolic pathways that were altered at an early-life
time point when offspring were still directly exposed (PND21)
and a later-life time point when offspring had not been exposed
for several months (10 months; >9 months after exposure had
ceased). Differential expression analyses comparing hepatic
gene expression in exposed groups versus controls, stratified by
age and sex, revealed that PND21 females perinatally exposed
to DINP-only had the most differentially expressed genes (61
genes) with FDR< 0.10 (Table 1). PND21 females perinatally ex-
posed to a combination of DEHPþDINP had one differentially
expressed gene with FDR< 0.10, while PND21 females perina-
tally exposed to DEHP-alone did not have any with FDR< 0.10.
Females at 10 months of age did not exhibit any differentially
expressed genes at FDR< 0.10 by exposure group, nor did males
at either PND21 or 10 months.

The top 10 differentially expressed genes in DINP female liv-
ers at PND21 are presented in Table 2, and the full list can be
found in Supplementary Table S3. The top ten differentially
expressed genes were Atp2a1, Myh1, Fabp3, Tnni2, Acta1, Dsg1c,
Pgam2, Ryr1, Clip4, and Tpm2. A majority of the 61 differentially
expressed genes were up-regulated; out of 61 differentially
expressed genes (FDR< 0.10), 56 were up-regulated and only
five were down-regulated (Fig. 2).

Pathway Enrichment Analysis

Since a primary objective of this study was to identify long-
lasting alterations in gene expression in metabolic pathways
influenced by perinatal phthalate exposures, we utilized path-
way enrichment analyses to determine whether there were

Table 1: Differentially expressed genes in the livers of mice perina-
tally exposed to phthalates

No. of Differentially expressed genes
(FDR< 0.10)

PND21
females

10-month
females

PND21
males

10-month
males

DEHP vs. Control 0 0 0 0
DINP vs. Control 61 0 0 0
DEHPþDINP vs. Control 1 0 0 0

Differential gene expression was determined by the QLF in edgeR comparing

each exposure group to controls. The number of differentially expressed genes

in this table was determined by FDR<0.10.
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biologically relevant gene pathways that may have been im-
pacted at both PND21 and 10 months. Although we did not ob-
serve differential gene expression by exposure at 10 months
with FDR< 0.10, we considered the possibility that sets of bio-
logically relevant genes may have been differentially expressed
at relatively small effect sizes that were not detected via differ-
ential gene expression and FDR< 0.10. Thus, we utilized the
RNA-Enrich function in LRpath to carry out gene set enrichment
analysis for GO BP terms to examine BPs that may have been
impacted by developmental phthalate exposures, and used
LISA to examine transcriptional regulators that may be respon-
sible for perturbation of hepatic gene expression by develop-
mental phthalate exposures. To identify pathways and
transcriptional regulators that were enriched at both PND21 and
10 months, we used Fisher’s method to combine raw P-values
from differential expression analyses for all measured genes at
PND21 and at 10 months, and the resulting Fisher P-values were
used as input for gene set enrichment.

Pathway analyses revealed several metabolic pathways in
the liver that were potentially reprogrammed by perinatal
phthalate exposures. The top 10 pathways for DEHP females,
DINP females, and DEHPþDINP females are presented in
Table 3; a list of the top ten enriched pathways in males is
located in Supplementary Table S4. Females and males perina-
tally exposed to DINP had the largest number of enriched
pathways at FDR< 0.05, with 12 and 15 pathways,
respectively. Notable pathways that were in enriched in PND21
and 10-month females perinatally exposed to DINP included
acetyl-CoA metabolic process (OR¼ 2.42, FDR¼ 0.0018), acyl-CoA
metabolic process (OR¼ 2.10, FDR¼ 0.0018), and thioester meta-
bolic process (OR¼ 2.10, FDR¼ 0.0018), which are processes reg-
ulated by PPARs. DINP males also had several enriched
metabolic pathways, including alpha-amino acid metabolic pro-
cess (OR¼ 2.49, FDR¼ 0.0006), organic acid metabolic process
(OR¼ 1.69, FDR¼ 0.003), dicarboxylic acid metabolic process
(OR¼ 2.50, FDR¼ 0.012), and small molecule metabolic process
(OR¼ 1.50, FDR¼ 0.019) (Supplementary Table S4).

Acetyl-CoA was the most significantly enriched hepatic
pathway for DINP females. 13 genes drove enrichment of this
pathway, all of which are potential PPAR target genes (Table 4),
as indicated by PPARgene.org and cistrome.org by publicly avail-
able expression and ChIP-seq data, respectively. Of these 13
genes, 10 were up-regulated in DINP females compared to con-
trol females (unadjusted P-value� 0.05) at either PND21 or
10 months: Fasn, Acaca, Pdk4, Pdha1, Acacb, Acly, Acss2, Pdk2, Cs,

and Dlat. Three of 13 genes were down-regulated in DINP
females (unadjusted P-value� 0.05) at either PND21 or
10 months: Mpc1, Mlycd, and Mpc2. Of the 10 up-regulated genes,
four were up-regulated at both PND21 and 10 months (unad-
justed P� 0.05 vs. controls): Fasn, Pdk4, Acacb, and Cs (Table 4).
Out of the genes driving the acetyl-CoA metabolic process path-
way, eight were potential PPARa targets, 11 were potential
PPARc targets, and five were potential PPARd/b targets. Notably,
females perinatally exposed to DEHP-only and DEHPþDINP also
exhibited differences in PPAR target gene expression, although
these differences were less consistent than those observed in
DINP-only females (Fig. 3A–L).

The most enriched pathway in males perinatally exposed to
DINP across the PND21 and 10-month time points was alpha-
amino acid metabolic process. Within this pathway, two of 15
significant genes were identified as potential PPAR target genes
with experimental evidence, and another two were identified as
potential PPAR target genes only due to putative PPAR response
element (PPRE)-binding sites located flanking the transcription
start site (TSS). However, in the second most enriched pathway
in DINP males, organic acid metabolic process, 13 out of 33 sig-
nificant genes in the pathway were identified as PPAR target
genes with experimental evidence and two genes had PPREs
flanking the TSS (Supplementary Table S5). Despite the rela-
tively large number of PPAR target genes that were significant
in this pathway, there was only one gene that had the same di-
rectional change to a degree of at least modest statistical signifi-
cance (unadjusted P< 0.10) at both PND21 and 10 months:
Cyp2e1. Furthermore, there was a mixture of up- and down-
regulated genes at both PND21 and 10 months.

Since we hypothesized that developmental phthalate expo-
sures exerted persistently altered changes in gene expression
through activation of PPARs, we utilized LISA [cistrome.org (57)]
as an unbiased approach to identify transcriptional regulators
of genes perturbed by developmental phthalate exposures. The
top transcriptional regulator of PND21 and 10-month DINP
females was RXRa (P¼ 5.89 E�24; Supplementary Table S6), the
obligate heterodimer partner of PPARs. Further supporting a
role of PPARs in developmental DINP exposure, PPARa and
PPARc were also both identified as potential transcriptional reg-
ulators in DINP females (P¼ 8.07 E�22 and 2.2E�17, respectively;
Supplementary Table S6). In addition, CEBPA and CEBPB were
top hit transcriptional regulators in DINP females (P¼ 4.05 E�23,
P¼ 1.8 E�22, respectively), and are critical hepatic transcription

Table 2: Top 10 differentially expressed genes in PND21 DINP female
livers versus controls

Gene symbol LFC P-value FDR

Atp2a1 11.77168701 7.49E�06 0.038647
Myh1 11.30810269 8.60E�06 0.038647
Fabp3 11.58658065 1.68E�05 0.038647
Tnni2 10.72416927 1.69E�05 0.038647
Acta1 11.22848784 1.87E�05 0.038647
Dsg1c �1.989642518 2.04E�05 0.038647
Pgam2 9.268813642 2.22E�05 0.038647
Ryr1 8.62230757 2.24E�05 0.038647
Clip4 7.161814544 2.50E�05 0.038647
Tpm2 4.626968688 2.67E�05 0.038647

Differential gene expression was determined by the QLF in edgeR comparing

each exposure group to controls.

Figure 2: Mean-difference plot of differential gene expression in PND21 DINP

Females. Log-fold-change of gene expression for each gene (dots) in PND21-ex-

posed females compared to PND21 control females is on the y axis, with average

log CPM (counts per million reads mapped) on the x axis. Differentially

expressed genes with FDR< 0.10 are colored red in genes that are up-regulated

and blue in genes that are down-regulated in PND21 DINP females
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factors that also occupy many of the same binding sites as
PPARs in the liver (64). PPARa, PPARc, RXRa, CEBPA, and CEBPB
were also implicated as transcriptional regulators in DEHP and
DEHPþDINP females (all P< 0.05), though to a lesser extent
(Supplementary Table S6). Transcriptional regulators identified
in the livers of males perinatally exposed to phthalates exhib-
ited similar patterns to those seen in females. PPARa, RXRa,
CEBPA, and CEBPB were all also within the top 10 transcrip-
tional regulators of genes perturbed in PND21 and 10-month
males perinatally exposed to DINP (P< 1.21 E�8), and PPARc was
also a potential transcriptional regulator (P¼ 6.13 E�6,
Supplementary Table S6). These transcription factors were also
potential transcriptional regulators of genes perturbed in males
perinatally exposed to DEHP and DEHPþDINP, but to a lesser ex-
tent (Supplementary Table S6).

RT-qPCR
We next carried out RT-qPCR to examine relative expression for
three genes that are involved in acetyl-CoA metabolic processes
and were identified as being altered in the liver by perinatal ex-
posure to phthalates in females: Acly, Cs, and Fasn. Analyses of
RT-qPCR for relative expression of these three genes were con-
firmatory of the RNA-seq expression patterns at PND21.
Females perinatally exposed to DINP-only and DEHPþDINP had
increased relative expression of Cs (adjusted P¼ 0.033 and 0.040,
respectively) (Fig. 4A). Females perinatally exposed to
DEHPþDINP also had increased relative expression of Acly and
Fasn in the liver at PND21 (adjusted P¼ 0.015 and 0.007, respec-
tively) (Figs 3E and 4C). Females perinatally exposed to DINP-
only also showed increased Fasn expression relative to controls
at a degree nearing statistical significance (adjusted P¼ 0.081)
(Fig. 4C). Although there was not a statistically significant differ-
ence in hepatic expression of Acly at PND21 via RNA-seq reads,
the trends in Acly expression at PND21 across exposure groups
was similar between RNA-seq (Fig. 3C) and RT-qPCR data
(Fig. 4C).

In livers collected from females at 10 months, RT-qPCR
relative expression data were less consistent with RNA-seq ex-
pression data than they were for PND21 livers. In contrast to
RNA-seq results, there were no statistically significant differen-
ces in relative expression of Cs or Fasn at 10 months via RT-
qPCR (adjusted P> 0.10; Fig. 4B and F). Relative hepatic Acly ex-
pression, however, was increased in 10-month females perina-
tally exposed to DINP-only (adjusted P¼ 0.012), and was
increased to a degree nearing statistical significance in
DEHPþDINP females compared to controls (adjusted P¼ 0.097)
(Fig. 4D). RNA-seq data indicated similar trends in hepatic Acly
expression across exposure groups (Fig. 3D).

RT-qPCR assays for Acly, Fasn, and Cs were also carried out
in livers collected from males at PND21 and 10 months. Males
perinatally exposed to DINP had decreased relative expression
of Cs in the liver at 10 months (adjusted P¼ 0.028). However,
there were no other statistically significant relationships be-
tween relative hepatic expression of Fasn, Acly, or Cs and peri-
natal exposures to phthalates at PND21 or 10 months of age in
males.

DNA Methylation
Since PPARs can recruit TET enzymes to de-methylate promoter
region DNA of PPAR target genes (22), we measured CpG meth-
ylation levels in the promoter regions of Acly, Fasn, and Cs in
the livers collected from mice at PND21 and 10 months of age.
To do this, we utilized bisulfite conversion of DNA coupled with
PCR and pyrosequencing. Pyrosequencing assays were designedT

ab
le

3:
T

o
p

10
en

ri
ch

ed
G

O
B

Ps
p

at
h

w
ay

s
ac

ro
ss

PN
D

21
an

d
10

-m
o

n
th

fe
m

al
e

li
ve

rs

D
EH

P
D

IN
P

D
EH

Pþ
D

IN
P

Pa
th

w
ay

N
o

.
o

f
ge

n
es

O
d

d
s

ra
ti

o
P-

va
lu

e
FD

R
Pa

th
w

ay
N

o
.

o
f

ge
n

es

O
d

d
s

ra
ti

o
P-

va
lu

e
FD

R
Pa

th
w

ay
N

o
.

o
f

ge
n

es

O
d

d
s

ra
ti

o
P-

va
lu

e
FD

R

Ep
it

h
el

ia
lc

el
la

p
o

p
to

ti
c

p
ro

ce
ss

27
3.

44
4

3.
46

E�
05

0.
21

A
ce

ty
l-

C
o

A
m

et
ab

o
li

c
p

ro
ce

ss
35

2.
41

7
6.

02
E�

07
0.

00
1

A
cu

te
-p

h
as

e
re

sp
o

n
se

17
6.

50
3

4.
05

E�
06

0.
02

4
V

as
cu

la
r

en
d

o
th

el
ia

lg
ro

w
th

fa
ct

o
r

si
gn

al
in

g
p

at
h

w
ay

7
6.

74
1

6.
81

E�
05

0.
21

A
cy

l-
C

o
A

m
et

ab
o

li
c

p
ro

ce
ss

60
2.

10
3

8.
76

E�
07

0.
00

1
B

ce
ll

h
o

m
eo

st
as

is
3

26
.1

2
3.

87
E�

05
0.

09
1

Po
si

ti
ve

re
gu

la
ti

o
n

o
f

p
h

o
sp

h
o

-
p

ro
te

in
p

h
o

sp
h

at
as

e
ac

ti
vi

ty
4

8.
22

7
1.

65
E�

04
0.

25
T

h
io

es
te

r
m

et
ab

o
li

c
p

ro
ce

ss
60

2.
10

3
8.

76
E�

07
0.

00
1

A
cu

te
in

fl
am

m
at

o
ry

re
sp

o
n

se
33

4.
20

3
4.

79
E�

05
0.

09
1

Pr
o

te
in

K
63

-l
in

ke
d

d
eu

bi
q

u
it

in
at

io
n

5
6.

84
8

2.
10

E�
04

0.
25

Sk
el

et
al

m
u

sc
le

co
n

tr
ac

ti
o

n
5

5.
25

8
3.

79
E�

06
0.

00
5

Li
p

id
bi

o
sy

n
th

et
ic

p
ro

ce
ss

26
3

2.
16

9
7.

70
E�

05
0.

09
1

H
ep

at
o

cy
te

ap
o

p
to

ti
c

p
ro

ce
ss

6
6.

03
9

2.
47

E�
04

0.
25

M
yo

fi
br

il
as

se
m

bl
y

10
2.

92
4

7.
19

E�
06

0.
00

8
B

ro
w

n
fa

t
ce

ll
d

if
fe

re
n

ti
at

io
n

13
6.

14
3

9.
20

E�
05

0.
09

1
Po

si
ti

ve
re

gu
la

ti
o

n
o

f
p

ro
te

in
d

ep
h

o
sp

h
o

ry
la

ti
o

n
10

4.
62

9
2.

47
E�

04
0.

25
M

u
sc

le
co

n
tr

ac
ti

o
n

46
2.

04
1

8.
08

E�
06

0.
00

8
C

yt
o

ki
n

e-
m

ed
ia

te
d

si
gn

al
in

g
p

at
h

w
ay

78
3.

20
4

9.
34

E�
05

0.
09

1

Pu
ri

n
e

n
u

cl
eo

ba
se

m
et

ab
o

li
c

p
ro

ce
ss

12
5.

79
3

3.
94

E�
04

0.
32

M
u

lt
ic

el
lu

la
r

o
rg

an
is

m
al

m
o

ve
m

en
t

8
3.

19
2

1.
96

E�
05

0.
01

5
N

eg
at

iv
e

re
gu

la
ti

o
n

o
f

ly
m

p
h

o
-

cy
te

ap
o

p
to

ti
c

p
ro

ce
ss

5
11

.4
2

1.
09

E�
04

0.
09

1

R
es

p
o

n
se

to
o

rg
an

ic
su

bs
ta

n
ce

73
7

1.
47

5
4.

21
E�

04
0.

32
M

u
sc

u
lo

-s
ke

le
ta

lm
o

ve
m

en
t

8
3.

19
2

1.
96

E�
05

0.
01

5
Fa

t
ce

ll
d

if
fe

re
n

ti
at

io
n

51
3.

43
6

1.
23

E�
04

0.
09

1
R

es
p

o
n

se
to

ch
em

ic
al

10
00

1.
42

3
5.

09
E�

04
0.

34
M

o
n

o
ca

rb
o

xy
li

c
ac

id
bi

o
sy

n
-

th
et

ic
p

ro
ce

ss
10

6
1.

71
9

4.
11

E �
05

0.
02

8
In

n
at

e
im

m
u

n
e

re
sp

o
n

se
13

6
2.

49
0

1.
36

E�
04

0.
09

1

Po
si

ti
ve

re
gu

la
ti

o
n

o
f

p
h

o
sp

h
a-

ta
se

ac
ti

vi
ty

5
6.

13
6

6.
45

E�
04

0.
37

T
h

io
es

te
r

bi
o

sy
n

th
et

ic
p

ro
ce

ss
22

2.
37

2
6.

77
E�

05
0.

03
6

St
er

o
id

m
et

ab
o

li
c

p
ro

ce
ss

18
8

2.
33

7
1.

74
E�

04
0.

09
1

Pa
th

w
ay

an
al

ys
es

w
er

e
ca

rr
ie

d
o

u
t

vi
a

th
e

R
N

A
-E

n
ri

ch
fu

n
ct

io
n

in
LR

p
at

h
fo

r
G

O
B

Ps
.A

co
m

bi
n

at
io

n
o

f
P-

va
lu

es
fr

o
m

d
if

fe
re

n
ti

al
ex

p
re

ss
io

n
an

al
ys

is
at

PN
D

21
an

d
10

m
o

n
th

s
ca

lc
u

la
te

d
vi

a
Fi

sh
er

’s
m

et
h

o
d

w
as

u
se

d
fo

r
in

p
u

t
in

to

LR
p

at
h

.P
at

h
w

ay
s

ab
o

ve
ar

e
en

ri
ch

ed
an

d
d

o
n

o
t

in
cl

u
d

e
d

ep
le

te
d

p
at

h
w

ay
s.

Pa
th

w
ay

s
w

er
e

co
n

si
d

er
ed

si
gn

ifi
ca

n
tl

y
en

ri
ch

ed
w

it
h

FD
R
<

0.
05

.

Perinatal phthalate exposures & hepatic metabolism | 7

https://academic.oup.com/eep/article-lookup/doi/10.1093/eep/dvaa017#supplementary-data
https://academic.oup.com/eep/article-lookup/doi/10.1093/eep/dvaa017#supplementary-data
https://academic.oup.com/eep/article-lookup/doi/10.1093/eep/dvaa017#supplementary-data


Figure 3: RNA-seq read counts for select PPAR target genes in the acetyl-CoA metabolic process pathway. Read counts for each gene were normalized to library size

and log transformed for data visualization. (A) PND21 females: Acacb, (B) 10-month females: Acacb, (C) PND21 females: Acly, (D) 10-month females: Acly, (E) PND21

females: Cs, (F) 10-month females: Cs, (G) PND21 females: Pdk4, (H) 10-month females: Pdk4, (I) PND21 females: Acss2, (J) 10-month females: Acss2, (K) PND21 females:

Fasn, (L) 10-month females: Fasn. All symbols represent unadjusted P-values from differential expression analyses in edgeR comparing each exposure group to controls.

^P<0.10, *P<0.05, **P<0.01. N¼5–6/group/age

Table 4: Significant genes driving pathway enrichment for acetyl-CoA metabolic process in DINP females

Gene PPAR target gene
based on expression

PPAR target
gene based on
ChIP-seq

No. of PPREs
in TSS-flank-
ing region

No. of ChIP-
seq
peaks

PND21
LFC

PND21
P-value

10-
month
LFC

10-
month
P-value

Fasn PPARa, PPARd/b PPARa, PPARc 5 17 1.62 0.011* 1.66 0.0074**
Acaca NA PPARc NA 16 0.76 0.06^ 1.53 0.0041**
Pdk4 PPARa, PPARd/b, PPARc PPARa, PPARa 2 31 2.49 0.0011** 1 0.053*
Pdha1 PPARa PPARa 0 4 0.54 0.015* 0.16 0.32
Acacb PPARa, PPARc PPARc 6 24 1.49 0.014* 1.39 0.0015**
Acly PPARd/b PPARa, PPARc 6 3 0.76 0.17 1.44 0.0091**
Mpc1 NA PPARd, PPARb NA 5 �0.48 0.015* �0.47 0.13
Acss2 PPARd/b, PPARc PPARc 8 1 1.24 0.08^ 1.31 0.027*
Mlycd PPARa, PPARd/b, PPARc PPARa, PPARc 2 9 �0.25 0.13 �0.45 0.0085**
Pdk2 PPARc NA 9 NA 0.11 0.55 0.75 0.005**
Cs PPARc PPARc 3 5 0.76 0.0016** 0.58 0.0099**
Mpc2 NA PPARa, PPARc NA 6 �0.26 0.29 �0.9 0.01**
Dlat PPARa, PPARc NA 3 0 0.3 0.099^ 0.55 0.0054**

Genes were identified as PPAR target genes based on PPARgene.org, which utilizes a combination of evidence from published datasets and PPREs in regions flanking

the TSS, and cistrome.org, which utilizes ChIP-seq data to identify transcription factor-binding sites in the promoter region. PND21 and 10-month log LFC and P-values

(unadjusted) are from differential gene expression of RNA-seq data analyzed via edgeR QLF comparing DINP females to controls. Bolded genes were differentially

expressed with an unadjusted P-value of �0.05 at both PND21 and 10 months.
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to capture CpG-rich regions adjacent to PPAR-binding sites in
the promoter regions of the three genes (Supplementary Fig.
S2). PPAR ChIP-seq peaks from Cistrome (cistrome.org) (60) were
used to visually identify potential PPARa- and PPARc-binding
sites on the genome.

Females perinatally exposed to phthalates had altered
DNA methylation levels in the promoter regions of Cs, Acly,
and Fasn (Fig. 5). At PND21, there were no statistically signifi-
cant differences in Cs promoter region DNA methylation lev-
els in females between control and exposure groups,
although non-statistically significant trends were reflective
of mRNA expression level patterns across exposure groups
(Figs 3E, 4A and 5A). Hepatic DNA methylation in the Cs pro-
moter was 1.06% lower in 10-month females perinatally

exposed to DEHPþDINP compared to controls (adjusted
P¼ 0.04) (Fig. 5B). As noted above, hepatic Cs expression was
increased in females perinatally exposed to DEHPþDINP at
PND21, but not at 10 months of age.

In PND21 females, promoter Acly DNA methylation percen-
tages in the liver reflect Acly expression levels at PND21 (Figs 3C,
4C and 5C). Compared to control females, females perinatally
exposed to DEHPþDINP had a 1.39% decrease in percent DNA
methylation in the Acly promoter region at PND21 (adjusted
P¼ 0.048). This was in concordance with RT-qPCR expression
data which indicated that DEHPþDINP females had increased
hepatic Acly expression at PND21. Despite our observations that
there were changes in hepatic mRNA expression of Acly in
females perinatally exposed to DINP-only and DEHPþDINP

Figure 5: Promoter DNA methylation in candidate PPAR target genes. (A) PND21 females: Cs, (B) 10-month females: Cs, (C) PND21 females: Acly, (D) 10-month females:

Acly, (E) PND21 females: Fasn, (F) 10-month females: Fasn. Mean DNA methylation across CpG sites was compared for each exposure group to controls using 1) linear

mixed effects models with litter as the random effect in analyses on PND21 mice, 2) linear regression in analyses on 10-month mice, and 3) compound Poisson regres-

sion with zero inflation in analyses of Cs DNA methylation. P-values were Bonferroni corrected for multiple comparisons. ^P<0.10, *P<0.05. N¼7–12/group/age

Figure 4: RT-qPCR for candidate PPAR target genes in the liver. Fold change was calculated via the 2-ddCq method and plotted for data visualization. (A) PND21 females:

Cs, (B) 10-month females: Cs, (C) PND21 females: Acly, (D) 10-month females: Acly, (E) PND21 females: Fasn, (F) 10-month females: Fasn. Relative expression [Cqtarget –

mean(Cqreference)] was compared for each exposure group to controls using 1) linear mixed effects models with litter as the random effect in analyses on PND21 mice,

2) and linear regression in analyses on 10-month mice. P-values were Bonferroni corrected for multiple comparisons. ^P< 0.10, *P<0.05. N¼7–10/group/age
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relative to controls at 10 months of age, there were no statisti-
cally significant exposure-related changes in Acly promoter re-
gion DNA methylation at 10 months (Fig. 5D).

Fasn promoter region DNA methylation levels were unex-
pectedly increased in livers from female mice perinatally ex-
posed to phthalates at PND21 and 10 months of age when
compared to controls (Fig. 5E and F, respectively). At PND21,
females perinatally exposed to DEHP-only and DINP-only had
higher percent methylation than control females by 4.88% and
3.75%, respectively (adjusted P¼ 0.002 and 0.007, respectively).
This was the largest effect size observed for DNA methylation in
this study. Females perinatally exposed to DINP-only also had
modestly increased hepatic DNA methylation in the Fasn pro-
moter compared to controls (effect size ¼ 0.78%; adjusted
P¼ 0.084). Interestingly, the observed increase in Fasn promoter
region DNA methylation in DINP-only females corresponded to
increased Fasn expression at both time points, which was unan-
ticipated based on typical relationships between promoter re-
gion DNA methylation and gene expression.

Males perinatally exposed to phthalates exhibited minimal
effects on hepatic DNA methylation in the promoter regions of
Cs, Acly, and Fasn (Supplementary Fig. S3). The only statistically
significant difference was in males perinatally exposed to
DEHPþDINP at PND21, who had increased DNA methylation in
the CpG island of the Cs promoter compared to controls (effect
size ¼ 0.91%, adjusted P¼ 0.013). However, there was no comple-
mentary significant alteration in Cs expression in DEHPþDINP
males at PND21.

Hepatic Central Metabolism Profile

To determine whether perinatal phthalate and phthalate mix-
ture exposures impacted central metabolism in the liver, we uti-
lized a targeted metabolomic assay to profile metabolites
involved in the TCA cycle. Metabolites were measured only in
the livers collected from females, since phthalate-related altera-
tions in hepatic gene expression and DNA methylation were ob-
served primarily in females.

Female mice perinatally exposed to phthalates exhibited an
altered hepatic acetyl-CoA metabolism profile at both PND21
and 10 months. At PND21, ANOVA tests for central metabolism
metabolites indicated that acetyl-CoA levels differed across ex-
posure groups (FDR¼ 0.054). No other metabolites exhibited
exposure-related statistically significant differences at PND21
based on an ANOVA FDR< 0.10, and there were no metabolites
that had an ANOVA FDR< 0.10 in 10-month livers. Post hoc anal-
yses were carried out for both PND21 and 10-month livers on
acetyl-CoA to examine differences between each exposure
group and controls and to investigate whether changes at
PND21 persisted to 10 months (Fig. 6). Hepatic acetyl-CoA levels
were decreased in PND21 females perinatally exposed to
DEHPþDINP compared to controls (adjusted P¼ 0.0005; Fig. 6A).
In contrast, at 10 months of age, acetyl-CoA levels were higher
in DEHPþDINP females compared to control females (adjusted
P¼ 0.013; Fig. 6B). In addition, 10-month-old females perinatally
exposed to DINP-only also had increased hepatic acetyl-CoA rel-
ative to controls to a marginal degree of statistical significance
(adjusted P¼ 0.068; Fig. 6B). Results from ANOVA analyses for
the full list of measured metabolites are available in
Supplementary Tables S7 and S8.

In addition to being associated with perinatal phthalate
exposures, hepatic acetyl-CoA levels were also associated with
gene expression and promoter DNA methylation in livers from
PND21 females. Increased relative expression (as measured by

RT-qPCR) and decreased promoter DNA methylation of Acly
were associated with decreased acetyl-CoA levels (P¼ 0.006 for
both; adjusted R2¼0.35 and 0.26, respectively; Fig. 6C and D).
Increased Fasn gene expression in PND21 livers was also associ-
ated with decreased acetyl-CoA levels (P¼ 0.017, adjusted
R2¼0.28), but DNA methylation in the Fasn promoter was not
correlated with acetyl-CoA (P¼ 0.26; adjusted R2¼0.02). Neither
Cs gene expression nor promoter methylation demonstrated a
relationship with acetyl-CoA levels in PND21 livers. Despite he-
patic acetyl-CoA’s association with perinatal phthalate expo-
sures at 10 months of age, it was not associated with expression
or promoter DNA methylation of Acly, Fasn, or Cs.

Hepatic Acylcarnitine Profile

Acylcarnitines were profiled in the liver using a targeted metab-
olomic approach since elevated even-numbered C4–C20 acyl-
carnitine levels can be indicative of incomplete fatty acid
oxidation and have been linked to insulin resistance in human
studies (62). As with hepatic central metabolism metabolite
measures, acylcarnitines were profiled only in female livers.

At 10 months of age, females perinatally exposed to phtha-
lates showed signs of incomplete fatty acid oxidation in the
liver. This was evidenced by increased hepatic C4–C20 acylcar-
nitine levels in the DEHP-only, DINP-only, and DEHPþDINP
compared to controls (adjusted P¼ 0.011, 0.033, and 0.061, re-
spectively; Fig. 7B). However, there were no significant differen-
ces in hepatic acylcarnitine levels between exposed and control
mice at PND21 (Fig. 7A). Furthermore, neither gene expression
nor promoter DNA methylation of Acly, Fasn, and Cs demon-
strated a significant relationship with hepatic acylcarnitines at
PND21 (P> 0.10).

Discussion

The findings presented here are consistent with previous stud-
ies that have demonstrated phthalates’ abilities to activate
PPARa, PPARc and PPARd/b (7, 8, 10), and provide additional evi-
dence that PPAR-regulated pathways may be impacted both in
the short- and long-term in the liver (Fig. 8). We found that ex-
pression of genes perturbed by developmental phthalate expo-
sures included genes regulated by PPARa and PPARc, as well as
the obligate heterodimer RXRa and related transcription factors
CEBPA and CEBPB. Our data indicated that acetyl-CoA metabo-
lism was altered in the liver of female mice perinatally exposed
to DINP and a mixture of DEHPþDINP, with differential effects
by age/time since exposure and phthalate. At PND21, hepatic
acetyl-CoA levels were significantly decreased in females ex-
posed to DEHPþDINP, but at 10 months, they were increased in
females exposed to DINP-only and DEHPþDINP. Hepatic acylcar-
nitines were elevated in females from all three exposure groups
relative to controls, but only at 10 months of age. DINP-only
PND21 females exhibited the most alterations in hepatic gene
expression, including PPAR target genes.

Pathway enrichment analyses of RNA-seq data in the liver
indicated that metabolic pathways regulated by PPARa, PPARc

and PPARd/b were altered in DINP-only female livers at PND21
and 10 months of age, indicating that these pathways were po-
tentially reprogrammed by perinatal exposure to DINP. Utilizing
RNA-Enrich allowed us to examine perturbations in biological
pathways cumulated from low-level changes in gene expression
of groups of genes within these pathways. The genes that were
drivers of the top enriched biological pathway, acetyl-CoA met-
abolic process, are likely PPAR target genes (Fig. 9). These genes
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were predominantly up-regulated and some genes showed in-
creased expression levels in the DEHP-only and DEHPþDINP ex-
posure groups as well. Taken in context with the observed age-
specific alterations in hepatic acetyl-CoA and acylcarnitine lev-
els, our data indicate that developmental phthalate exposures
interfere with acetyl-CoA metabolism and fatty acid metabo-
lism both in early postnatal life immediately following expo-
sure, and in adulthood long after exposure had ceased (Fig. 9).
However, the specific effects on these pathways differed by age.
For example, Acly and Fasn expression were inversely associated
with acetyl-CoA levels only in PND21 livers, suggesting that
lower levels of acetyl-CoA in phthalate-exposed PND21 females
may have been due to increased fatty acid production (Fig. 9).
However, the increased acetyl-CoA observed in DINP and
DEHPþDINP females at 10 months of age may have been due to
increased fatty acid oxidation. Even-numbered C4–C20 acylcar-
nitines were elevated in livers from females perinatally exposed
to phthalates compared to controls, suggesting up-regulation of
the fatty acid oxidation pathway (62). Further supporting this,

post hoc examination of hepatic Cpt1b expression patterns in
transcriptomic data indicated that it was up-regulated in all
three phthalate-exposed groups compared to controls at
10 months of age with a log fold-change difference of between
1.48 and 1.76 (DEHP-only P¼ 0.01, DINP-only P¼ 0.0031,
DEHPþDINP P¼ 0.0094; Supplementary Fig. S4). Taken together,
our findings suggest that at PND21, the response to perinatal
phthalate exposures was increased fatty acid synthesis,
whereas at 10 months, the response was increased fatty acid
oxidation.

Despite the relatively few previous studies that have exam-
ined hepatic gene expression changes following developmental
phthalate exposures, our findings were generally consistent
with studies that have examined developmental exposures to
other chemicals that interfere with metabolism and in studies
that evaluated direct exposures to DEHP and other PPAR ago-
nists. In concordance with our data, mice that were directly ex-
posed to 200 or 1150 mg/kg-day of DEHP in adulthood exhibited
increased Acacb, Acss2, and Pdk4 hepatic mRNA expression (65).

Figure 6: Hepatic acetyl-CoA levels and their relationship with Acly mRNA expression and DNA methylation. Differences in hepatic acetyl-CoA levels between exposure

groups and the control group in females at (A) PND21 (N¼6/group) and (B) 10 months (N¼6/group). Associations between hepatic acetyl-CoA levels and (C) Acly mRNA

expression as measured via RT-qPCR (N¼4–6/group) and (D) DNA methylation at 3 CpG sites in the Acly promoter (N¼6/group) in PND21 females. In boxplots, the

boxes represent the interquartile range (IQR) and lines extend to 1.5*IQR, while dots are observations outside 1.5*IQR. In the dot plots, dots represent individual obser-

vations and blue lines are the best fit linear regression line. Post hoc comparisons of acetyl-CoA levels between exposure groups and the control group were evaluated

with multiple linear regression of log-transformed data with the control as the reference group. Corrections for multiple comparisons were made using a Bonferroni

correction factor. Associations between log-transformed acetyl-CoA levels and Acly expression and methylation were made using Pearson’s correlation. ^P<0.10,

*P<0.05, ***P<0.001 versus the control group
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Figure 7: Differences in hepatic C4–C20 acylcarnitine levels between phthalate-exposed and control females. Log-transformed levels of even-numbered C4–C20 acylcar-

nitines across exposure groups in livers from females at (A) PND21 (N¼6/group) and (B) 10 months of age (N¼6/group). In boxplots, the boxes represent the IQR and

lines extend to 1.5*IQR, while dots are observations outside 1.5*IQR. Comparisons of acylcarnitine levels between exposure groups and the control group were evalu-

ated with multiple linear regression of log-transformed data with the control as the reference group. Corrections for multiple comparisons were made using a

Bonferroni correction factor. ^P<0.10, *P<0.05 versus controls

Figure 8: Summary of findings in females perinatally exposed to phthalates. Overall workflow of experiments and analyses are indicated at the top with orange arrows.

Corresponding findings are depicted below. Solid blue up arrows indicate significantly increased versus controls (P<0.05) and solid red arrows indicate significantly de-

creased versus controls (P<0.05). Corresponding outlined arrows represent trends towards significance (P<0.10). DE, differentially expressed; DNAm, DNA methyla-

tion; GOBP, gene ontology biological processes; TFs, transcription factors
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Furthermore, Ren et al. found that the effects of DEHP on hepatic
gene expression of Acacb, Acss2, and Pdk4 were PPARa-depen-
dent. Although we could not identify any studies that examined
expression of Cs or Dlat in the liver following phthalate expo-
sures, one study found that Cs and Dlat were up-regulated in
the hearts of mice exposed to DEHP in adulthood (66), which is
consistent with our data. Fasn mRNA expression was up-
regulated in the livers of mice perinatally exposed to another
environmental obesogen, tributyltin, as well as the PPARc ago-
nist rosiglitazone (67), which was similar to our findings with
respect to phthalates in the present study. However, direct ex-
posure to DEHP in adulthood has been associated with de-
creased hepatic Fasn gene expression (68). Also in contrast to
our findings, previous studies indicated that direct treatment of
PPARa and PPARc agonists to adult mice resulted in increased,
not decreased, Mlycd expression in the liver (69, 70).

We found some evidence of persistent exposure-related
changes in DNA methylation in the promoter regions of the
PPAR target gene Fasn, but in general, promoter DNA methyla-
tion did not fully explain gene expression or hepatic metabolite
levels. DNA methylation was persistently increased in the Fasn

promoter in DINP females at both PND21 and 10 months, al-
though the magnitude of differences between DINP-exposed
females and controls were smaller at 10 months. In addition,
Fasn promoter region DNA methylation and expression were
both increased with perinatal phthalate exposure, which was
unanticipated based on the conventional views of the relation-
ship between promoter methylation and gene expression.
However, sequencing BSC DNA cannot distinguish between
5mC and 5hmC. Thus, this increase in DNA methylation may be
explained by an increase in 5hmC. TET enzymes are recruited to
target regions by PPARs, and increased promoter 5hmC levels
have been associated with increased gene expression (26, 71). In
addition, previous work in our lab found that developmental ex-
posure to another EDC, bisphenol-A (BPA), influenced 5hmC lev-
els longitudinally across the genome in mouse blood, especially
in imprinted gene regions, demonstrating that developmental
EDC exposures are capable of altering 5hmC (72).

Our data indicated sex-specific effects of developmental
phthalate exposures on hepatic gene expression pathways.
Since phthalates have been implicated in interfering with sex
hormones (73), sexually dimorphic effects following phthalate
exposures were expected. Females perinatally exposed to DINP
exhibited the most prominent differential gene expression in
the liver, and gene set enrichment analysis revealed different
metabolic pathways impacted by developmental phthalate
exposures in females and males. Furthermore, our previous
studies indicated that females were more susceptible to long-
term metabolic effects, including glucose intolerance and body
fat accumulation, than males following perinatal phthalate
exposures (34). In contrast, a previously published study exam-
ining liver reprogramming following developmental DEHP expo-
sures found sex-specific reprogramming in males but not
females; however, this study examined glycogen storage/deple-
tion as the main outcome of interest, utilized higher doses of
DEHP, analyzed younger mice, and only evaluated hepatic ex-
pression of one gene (74). Other researchers who examined he-
patic gene expression in mice perinatally exposed to a mixture
of food contaminants, including DEHP, observed increased gene
expression of cholesterol-related genes in males only (75).
However, this chemical mixture included other chemicals with
diverse modes of action, including BPA, polychlorinated biphe-
nyl 153, and 2,3,7,8-tetrachlorodibenzo-p-dioxin. Additional
studies are needed to fully elucidate the underlying mecha-
nisms driving sex-specific effects of developmental phthalate
exposures on metabolic pathways in the liver.

A majority of previous studies that have examined meta-
bolic impacts of developmental phthalate exposures have fo-
cused on investigating DEHP. The inclusion of DINP and a
mixture of DEHPþDINP in the present study is unique and also
of critical importance in the context of public health due to
trends indicating that exposure to DEHP is declining while expo-
sure to DINP is increasing in women of reproductive age in the
US population (6). Furthermore, humans are exposed to mix-
tures of phthalates, and it is therefore important to understand
metabolic impacts of developmental phthalate mixture expo-
sures. Our findings with respect to DINP and a mixture of
DEHPþDINP in the present study, combined with whole-body
metabolic phenotyping data published in previous studies high-
light the need for continued examination of this phthalate.
Perinatal exposure to a mixture of DEHPþDINP was associated
with changes in PPAR target gene expression, promoter methyl-
ation, acetyl-CoA levels, and acylcarnitine levels in female liv-
ers. Notably, our data indicated that females perinatally
exposed to DEHPþDINP had increased hepatic expression of

Figure 9: Metabolic pathways connecting gene expression, DNA methylation,

and targeted metabolomic data. Arrows represent conversion of one metabolite

to another and –j indicates negative regulation. Italicized genes encode enzymes

responsible for these enzymatic conversions. *Denotes genes in the acetyl-CoA

metabolic process pathway that were up-regulated in one or more phthalate-ex-

posed groups of females relative to controls via edgeR QLF differential expres-

sion analyses at either PND21 or 10 months with unadjusted P-values <0.10.

Decreased hepatic acetyl-CoA levels observed in phthalate-exposed females at

PND21 (blue arrows) in conjunction with up-regulation of the genes outlined

above suggest that acetyl-CoA was being used for production of fatty acids at

PND21. Increased hepatic acetyl-CoA and acylcarnitine levels observed in 10-

month females perinatally exposed to phthalates (purple arrows) in conjunction

with up-regulation of the genes outlined above suggest that oxidation of fatty

acids was increasing acetyl-CoA production. dCpt1b mRNA expression was in-

creased in phthalate-exposed 10-month females via post hoc examination of

RNA-seq edgeR QLF differential expression results, further supporting that fatty

acid oxidation was increased. wIncreased Acly mRNA expression as measured

via RT-qPCR and decreased Acly promoter DNA methylation were associated

with decreased acetyl-CoA levels at PND21, and increased /Fasn promoter DNA

methylation was associated with decreased acetyl-CoA levels at PND21
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some PPAR target genes at PND21, but in most cases, these
effects did not persist to 10 months of age. Furthermore, altera-
tions in hepatic acetyl-CoA and acylcarnitines were age-
specific. This was consistent with our previous phenotyping
studies that indicated females perinatally exposed to
DEHPþDINP had increased body weight and relative liver weight
at PND21, but did not exhibit these same phenotypes longitudi-
nally (31, 34). Additional work is needed to fully understand
these complex mixture effects.

The data presented in this study provide evidence that met-
abolic pathways, including PPAR-regulated target genes, were
altered in the liver in mice perinatally exposed to phthalates in
early postnatal life and in adulthood, long after exposure had
ceased. However, our study was limited in multiple ways. The
transcriptomics analysis included only six mice per group,
which is a relatively small number and likely influenced the
power to detect subtle differences in a perinatal exposure study
such as this one. None of the PPAR target genes that we exam-
ined had an FDR< 0.10 when analyzing the entire transcrip-
tome, and log fold changes (LFCs) in genes that had un-adjusted
P-values of <0.05 ranged from �0.45 to 2.49. In addition, our
analyses were on bulk liver tissue, and we did not measure
whether cellular composition of the liver was altered in
phthalate-exposed mice. Therefore, we were unable to deter-
mine the extent to which perinatal phthalate exposures reprog-
rammed the cells of the liver, versus the cellular composition of
the liver. In addition, although RT-qPCR data generally agreed
with RNA-seq data, it did not for Cs and Fasn in 10-month livers.
Importantly, our DNA methylation assays only covered between
3 and 10 CpG sites per assay, so there may be other CpGs within
the promoter region or enhancer regions that have regulatory
effects on gene transcription that we did not measure. Our find-
ings indicated an association between DNA methylation in the
Acly promoter and Acly gene expression at PND21, even with
small effect sizes. However, we did not find similar associations
between promoter methylation and gene expression for Fasn or
Cs. It is possible that our assays did not capture the most rele-
vant regulatory CpGs, or captured CpGs that when methylated
or unmethylated result in a state ‘poised’ for gene expression,
but not necessarily active gene expression (76). Future studies
should consider methods that cover larger regions of the ge-
nome, such as reduced representation bisulfite sequencing or
whole-genome bisulfite sequencing, to identify regions that are
altered by perinatal phthalate exposures and play a role in regu-
lating PPAR target gene expression. Finally, our transcriptomic,
DNA methylation, and targeted metabolomic data indicate that
in the liver of female mice perinatally exposed to phthalates,
acetyl-CoA may be preferentially utilized for fatty acid synthesis
at PND21 and fatty acid oxidation at 10 months, but we did not
directly trace acetyl-CoA through different metabolites. Thus, it
is possible that the altered levels of acetyl-CoA we observed
were due to additional or other underlying mechanisms.

Conclusion

Overall, our data suggest that perinatal exposures to phthalates
have both short- and long-term effects on liver metabolism in
female mice, particularly on acetyl-CoA and fatty acid metabo-
lism pathways, which are processes regulated by PPARs. In early
postnatal life when mice were still directly exposed to phtha-
lates, gene expression and metabolite patterns were suggestive
of a shift in metabolism towards fatty acid biosynthesis.
However, at 10 months of age, long after exposure ceased, liver
metabolism appeared to have increased fatty acid oxidation.

Metabolic pathways were impacted by perinatal exposure to
DINP, as well as a mixture of DEHPþDINP, demonstrating the
need for increased animal and human studies evaluating meta-
bolic effects of DINP and phthalate mixtures. Our data indicate
that hepatic metabolic responses to perinatal phthalate expo-
sures are different depending on age, suggesting that age and/
or time since exposure play a role in metabolic effects of devel-
opmental phthalate exposures. This was consistent with previ-
ously published work that demonstrated age-specific increases
in body weight and body fat in females perinatally exposed to
phthalates, further demonstrating the ability of phthalates to
interfere with metabolism. Additional studies are needed in
other metabolic tissues such as skeletal muscle, cardiac muscle,
and adipose tissue to determine whether similar PPAR target
genes are impacted across multiple tissue types and to provide
more context for how molecular mechanisms influence whole-
body metabolic effects.
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