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Abstract

Cadmium (Cd) exposure in adulthood is associated with nonalcoholic fatty liver disease (NAFLD), characterized by steatosis,
inflammation, and fibrosis. The prevalence of NAFLD in children is increasing, suggesting a role for the developmental environment
in programming susceptibility. However, the role of developmental Cd exposure in programming NAFLD and the underlying
mechanisms remain unclear. We have proposed that imprinted genes are strong candidates for connecting the early life
environment and later life disease. In support of this, we previously identified roles for the Imprinted Gene Network (IGN) and its
regulator Zac1 in programming NAFLD in response to maternal metabolic dysfunction. Here, we test the hypothesis that
developmental Cd exposure is sufficient to program NAFLD, and further, that this process is mediated by Zac1 and the IGN. Using
mice, we show that developmental cadmium chloride (CdCl2) exposure leads to histological, biochemical, and molecular signatures
of steatosis and fibrosis in juveniles. Transcriptomic analyses comparing livers of CdCl2-exposed and control mice show
upregulation of Zac1 and the IGN coincident with disease presentation. Increased hepatic Zac1 expression is independent of
promoter methylation and imprinting statuses. Finally, we show that over-expression of Zac1 in cultured hepatocytes is sufficient to
induce lipid accumulation in a Pparc-dependent manner and demonstrate direct binding of Zac1 to the Pparc promoter. Our findings
demonstrate that developmental Cd exposure is sufficient to program NAFLD in later life, and with our previous work, establish Zac1
and the IGN as key regulators of prosteatotic and profibrotic pathways, two of the major pathological hallmarks of NAFLD.
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Anthropogenic activities deposit cadmium (Cd) into the environ-
ment at about 8000 tons/year, which is 5 times more than can be
expected from natural sources (Nriagu, 1989). As a result, Cd accu-
mulates in drinking water sources and agricultural land (ATSDR,
2012). It is classified as one of the top 10 chemicals of major public
health concern by the World Health Organization (W.H.O., 2022).
The main route of human exposure is via inhalation of cigarette
smoke; however, for the nonsmoking portion of the population, the
major route is through ingestion (ATSDR, 2012).

Chronic Cd exposure during adulthood causes renal and hepa-
totoxicity and is associated with softening of the bones, cancer,
cardiovascular disease, and metabolic disorders including nonal-
coholic fatty liver disease (NAFLD) (Hyder et al., 2013;
Rahimzadeh et al., 2017; Satarug et al., 2010). NAFLD describes a
spectrum of liver defects ranging from steatosis and nonalcoholic
steatohepatitis to fibrosis and cirrhosis (Bertot and Adams, 2016).
In mice, exposure to Cd causes hepatic steatosis, the first major
histological hallmark of NAFLD, although a role for Cd in

promoting progression of the disease beyond steatosis has not
been shown (Go et al., 2015).

NAFLD is the leading type of chronic liver disease, resulting in
$103 billion per year in medical costs and affecting 30% of the
adult U.S. population (Le et al., 2017; Younossi et al., 2016).
Diagnosis of NAFLD is occurring at increasingly younger ages,
with up to 20% of adolescents and young adults currently
affected, suggesting that susceptibility to NAFLD may be pro-
grammed by the environment during early life (Paik et al., 2022).
Consistent with this hypothesis, we previously showed that mice
nursed by dams with metabolic syndrome develop NAFLD as
juveniles, presenting with steatosis and fibrosis (Baptissart et al.,
2022). Although developmental exposure to Cd has been shown
to program metabolic dysfunction, as well as neurobehavioral,
cognitive, cardiovascular, and renal impairments, its contribu-
tion to the programming of NAFLD in later life is unclear
(Ciesielski et al., 2012; Hudson et al., 2019; Jackson et al., 2020;
Swaddiwudhipong et al., 2015).
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The pathogenesis of NAFLD includes the activation of path-
ways that disrupt lipid metabolism, promote inflammation, and
drive fibrogenic transformation. The nuclear receptor peroxisome
proliferator-activated receptor (PPAR)c is a major prosteatotic
factor that heterodimerizes with retinoid X receptor a to repro-
gram transcriptional networks involved in lipid storage and
metabolism (Mor�an-Salvador et al., 2011). Although the roles of
this and other pathways in NAFLD progression have been exten-
sively studied, the mechanisms through which NAFLD can be
programmed by the developmental environment are not well
characterized. Epigenetic mechanisms have been proposed as
mediators, but few specific examples of causative epigenetic
changes have been described (Gallego-Dur�an and Romero-
G�omez, 2015; Sookoian et al., 2013). We and others have proposed
that perturbation of imprinted genes, defined by their expression
from a single parental allele, is a candidate mechanism for dis-
ease programming because of the unique properties and modes
of epigenetic regulation of imprinted genes during development.
DNA methylation at Imprinting Control Regions (ICRs) is sensitive
to environmental perturbation during development, including in
response to Cd exposure in humans (Cowley et al., 2018; House
et al., 2019; Vidal et al., 2015). Once established, ICR epigenetic
states are maintained throughout life, providing an epigenetic
memory of the early life environment (Tucci et al., 2019).
Imprinted genes also play key roles in liver development and
energy homeostasis, suggesting that changes to their expression
could influence hepatic metabolism (Pope et al., 2017; Smith et al.,
2006). In support of this idea, we previously demonstrated a novel
role for imprinted genes in our model of NAFLD programmed by
maternal metabolic syndrome (Baptissart et al., 2022).

Many imprinted genes are coordinately expressed as part of an
Imprinted Gene Network (IGN) controlled by the transcription fac-
tor Zac1 (also called Plagl1), itself encoded by an imprinted gene
(Varrault et al., 2017). The IGN, composed of 409 genes, regulates
extracellular matrix composition and is implicated in muscle
regeneration and adipocyte differentiation (Al Adhami et al., 2015;
Varrault et al., 2006). Using gene set enrichment analysis, we previ-
ously reported that IGN genes are highly predictive of “Hepatic
Fibrosis”, adding further support for imprinted genes playing a role
in programming liver disease (Baptissart et al., 2022). We showed
that artificial over-expression of Zac1 in cultured hepatoma cells
activated the IGN and increased procollagen production, a hall-
mark of fibrosis. This was associated with transcriptional upregu-
lation of the profibrogenic cytokine Tgf-b1 and activation of Tgf-b1
signaling. Using chromatin immunoprecipitation (ChIP), we dem-
onstrated the binding of Zac1 to the Tgf-b1 promoter, forming a
direct link between imprinted genes and a major pathway underly-
ing the pathogenesis of NAFLD-related fibrosis.

In this study, we tested the hypothesis that developmental
cadmium chloride (CdCl2) exposure in mice is sufficient to pro-
gram NAFLD in later life and that this is mediated by the
imprinted Zac1 gene. We comprehensively evaluated mice
exposed to CdCl2 during development using histological, bio-
chemical, and molecular approaches. Using cultured mouse hep-
atocytes, we examined the role of Zac1 in lipid accumulation via
Pparc signaling.

Materials and methods
Ethics statement

Animal work was approved by the North Carolina State
University Institutional Animal Care and Use Committee, under

protocols 15-013-B and 19-049-B. Experiments were conducted in
accordance with the Guiding Principles in the Use of Animals in
Toxicology.

Animal model and CdCl2 exposure

Female C57Bl/6J and male CAST/EiJ mice were obtained from
Jackson Laboratory at 3 and 4 weeks old, respectively, and were
allowed an acclimation period of 1 week before experimental
manipulations. Mice were maintained on a 14-h/10-h light/dark
cycle at 30%–70% humidity, 22 6 4�C and housed in Green Line
IVC Sealsafe cage housing systems (Tecniplast) and fed AIN-93G
rodent diet (Research Diets, D10012G) ad libitum for the duration
of the study. At 4 weeks of age, female mice were provided unre-
stricted access to filtered drinking water (Millipore RiOs Essential
RO water purification system) containing 0, 1, or 50 ppm CdCl2
(Sigma-Aldrich, 202908). One part per million CdCl2 is compara-
ble to the levels of Cd typically found in the Earth’s crust (ATSDR,
2012). We have previously shown that 50 ppm CdCl2 in this
mouse model leads to blood Cd levels in dams of 5.23 6 0.99 lg/L
(mean 6 standard error) (Hudson et al., 2019). This is similar to
the blood Cd levels of approximately 6 lg/L observed in people in
a contaminated area of Japan (Sasaki et al., 2019).

At 9 weeks of age, female mice were mated with unexposed
CAST/EiJ males. CdCl2 exposure ended when offspring reached
postnatal day (PND) 10, the developmental equivalent of human
birth (Semple et al., 2013).

F1 offspring were euthanized via decapitation at PND0 to
standardize the litters to 6 pups with a male:female ratio of 1:1
whenever possible and tissues were collected and flash frozen. At
PND21, a subset of F1 mice were euthanized after a 6-h fasting
period and tissues were flash frozen and stored at �80�C until
processing or prepared for histology as described below. The
remaining F1 mice were weaned at PND21 and given ad libitum
access to AIN-93G diet until euthanasia at PND90 after a 6-h fast-
ing period, at which point tissues were collected and processed as
described for PND21. The study was blinded until animals were
selected for histological, biochemical, and molecular analyses.
The numbers of animals and litters in each treatment group used
in the analyses described below are presented in Supplementary
Table 1. Animals were selected for inclusion in analyses by deter-
mining the 5–8 individuals with liver masses closest to the mean
for each treatment group. Same-sex animals from the same litter
were avoided whenever possible.

Cell culture

AML12 mouse hepatocytes (ATCC, CRL-2254) were cultured with
Dulbecco’s modified Eagle’s medium (DMEM)/F-12 medium
(Genesee Scientific) containing 10% fetal bovine serum (Genesee
Scientific) and 100 U/mL penicillin, 100 lg/mL streptomycin
(HyClone), supplemented with a mixture of 10 mg/mL insulin,
5.5 mg/mL transferrin, 6.7 ng/mL selenium (Thermo Fisher), and
40 ng/mL dexamethasone (Sigma). Cells were maintained in a
humidified atmosphere at 5% CO2 and 37�C. All cells used for
experiments were under 20 passages.

Transfection

AML12 cells were seeded at 400 000 cells/well in 6-well plates.
Cells were starved with serum-free medium for 24 h. Transient
expression of EGFP (control) or Zac1 was achieved by transfecting
cells with 1 lg of pLenti-CMV-EGFP or pLenti-CMV-Zac1-FLAG
using Lipofectamine 3000 according to the manufacturer’s
instructions (Thermo Fisher, L3000015). These constructs have
been described previously (Baptissart et al., 2022). For mRNA

Riegl et al. | 35

https://academic.oup.com/toxsci/article-lookup/doi/10.1093/toxsci/kfac106#supplementary-data
https://academic.oup.com/toxsci/article-lookup/doi/10.1093/toxsci/kfac106#supplementary-data


extraction and qRT-PCR, cells were collected 18 h after transfec-
tion.

Fatty acid and Pparc inhibitor exposure

AML12 cells were cultured and transfected as described above. At
18 h post-transfection, cells were exposed to DMEM/F-12 medium
containing 50 mg/mL oleic acid-BSA (Sigma-Aldrich, O3008),
100 mg/mL oleic acid-BSA (Sigma-Aldrich, O3008), or comparable
levels of BSA (Sigma-Aldrich, A7030) (control). After 24 h, cells
were prepared for histology as described below. For experiments
involving the Pparc inhibitor, cells were cultured, transfected,
and exposed to fatty acids as described above. At the time of
transfection, cells were dosed with 5 or 10 mg/mL of the Pparc
inhibitor T0070907 (Selleck Chemicals, S2871) then prepared for
and processed through histology as described below.

Chromatin immunoprecipitation

AML12 cells were transfected with the pLenti-CMV-Zac1-FLAG
construct as described above. ChIP was performed as described
previously (Baptissart et al., 2022; Johnson et al., 2007) using the
FLAG M2 antibody (Sigma-Aldrich, F7425) and an antibody to TBP
as a positive control (Abcam, ab220788). IgG (Thermo Fisher,
11203D) was used as a control for nonspecific binding. Binding
enrichment was determined by qPCR using primers shown in
Supplementary Table 2.

Histology

A portion of F1 median liver lobes was fixed in 4% formaldehyde
overnight at 4�C. Lobes were transferred to 70% ethanol and
delivered to the NC State University Histology Laboratory for
dehydration, paraffin embedding, and sectioning. Sections were
stained with hematoxylin and eosin or Sirius red using protocols
described previously (Baptissart et al., 2022). A portion of the left
lobe for each animal was flash frozen and delivered to the UNC
Histology Research Core Facility for 10 mm thick cryosectioning
and storage at �80�C. Cryosections were stained with Oil Red O
(ORO) using standard protocols (Baptissart et al., 2022). All images
were taken at 40� magnification using brightfield microscopy,
and a central vein was centered in each image.

AML12 cells were also stained with ORO (Sigma, O-0625).
Briefly, cells were fixed in 10% formalin (Midland Scientific, MSI
N0019) for 5 min then dehydrated in 1,2-Propanediol (Sigma,
134368) for 1 min. Cells were stained with 0.5% ORO for 10 min at
60�C then rinsed with 1,2-Propanediol for 1 min. The cells were
counterstained for 15 s with Harris Hematoxylin (Sigma, HHS16)
then placed in 0.5% ammonium water (Ricca Chemical, 633-32)
for 1 min to improve contrast. Within 24 h, ORO signal was quan-
tified in Photoshop (Adobe). Briefly, a minimum of 3, discrete
images were taken at 40� magnification, imported into
Photoshop, and lipid color was selected. A fuzziness setting of 50
was applied to the selection color, all pixels with the color range
within the image were selected and then pixel area was calcu-
lated using the software.

Biochemical assays

Assays of hepatic triacylglycerides (Thermo Fisher, TR22421) and
hydroxyproline (BioVision, K226) were performed according to
the manufacturers’ instructions.

Nucleic acid isolation

A portion of the left liver lobe for females and males at PND0, 21,
and 90 was homogenized using a microtube homogenizer
(Biospec 3110Bx Cell Disrupter 4800, BZ10124883) in Trizol

reagent (Invitrogen, 15596026) according to the manufacturer’s
instructions. Nucleic acids were quantified on a Nanodrop 2000
and RNA integrity was confirmed using a 1.3% agarose gel.

AML12 cells were processed using the NucleoSpin kit
(Macherey Nagel) to obtain RNA, which was quantified and vali-
dated as described above for liver tissue samples.

qRT-PCR

According to the manufacturer’s protocol (M-MLV RT enzyme,
Promega), 500 ng of total RNA from livers and cells was used to
synthesize first-strand cDNA. cDNA was diluted 1/5 or 1/10 for
qRT-PCR, which was performed in triplicate on 96-well plates with
a QuantStudio 3 system (Thermo Fisher) using SsoAdvanced
Universal SYBR Green Supermix (Bio-Rad, 1725271) with standards
in sequential dilution 1/5, 1/10, 1/20, 1/40, and 1/80 and water as a
no template control (NTC). The cycling conditions were as follows:
95�C for 30 s; 40 cycles of 95�C for 15 s, 60�C for 30 s. The primer
sequences are provided in Supplementary Table 2. The dissocia-
tion curves showed that there were no products in the NTC and
that primers amplified a single PCR product. Amplification effi-
ciencies were calculated. Beta actin was used as a reference gene
and was not significantly differentially expressed between treat-
ment groups (data not shown). Gene expression was quantified
using the DDCt method (Livak and Schmittgen, 2001).

DNA methylation analysis

Using the Zymo EZ DNA Methylation Kit (Zymo Research), 350 ng
of genomic DNA was treated with sodium bisulfite. Bisulfite-
converted DNA (bsDNA) was amplified by PCR and products were
confirmed on a 1.3% agarose gel. PCR amplicons were then sub-
jected to pyrosequencing using a Pyromark Q96 MD
Pyrosequencer (Qiagen). The primer sequences and conditions
are provided in Supplementary Table 2. Methylation level was
determined for each CpG dinucleotide using Pyromark software
(Qiagen).

Allele-specific expression analysis

cDNA was generated as described above and amplified by PCR
using gene-specific primers. Forward and reverse primers were
designed using Pyromark software to include a single nucleotide
polymorphism (SNP) between the C57Bl/6J and CAST/EiJ parental
strains within the amplified and sequenced region to assign tran-
scripts to the parental alleles. The primer sequences and condi-
tions are provided in Supplementary Table 2. Products were
confirmed on a 1.3% agarose gel and were subject to pyrose-
quencing using a Pyromark Q96 MD Pyrosequencer (Qiagen). The
percent contribution of each allele to total transcript abundance
was determined.

RNA-sequencing

RNA samples isolated from PND0 and 21 female and male sam-
ples as described above were submitted to the NC State
University Genomic Sciences Laboratory for Illumina RNA library
construction and sequencing. RNA integrity, purity, and concen-
tration were assessed using an Agilent 2100 Bioanalyzer with an
RNA 6000 Nano Chip (Agilent Technologies, USA). All samples
used for RNA-sequencing (RNA-seq) had an RNA integrity num-
ber (RIN) >9.0. cDNA libraries for Illumina sequencing were con-
structed using the NEBNext Ultra Directional RNA Library Prep
Kit (NEB) and NEBNext Mulitplex Oligos for Illumina (NEB) using
the manufacturer-specified protocol. The samples were
sequenced on one lane of an Illumina NovaSeq S4, utilizing a 150
� 2 bp paired end S4 sequencing reagent kit (Illumina, USA). The
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software package Real-Time Analysis (RTA) was used to generate
raw bcl files, which were then de-multiplexed by sample into
fastq files for data submission.

An average of approximately 48.6 million paired-end RNA-seq
reads were generated for each replicate. The quality of sequenced
data was assessed using fastqc, and 12 poor-quality bases were
trimmed from the 50-end. The remaining reads were aligned to
the mouse reference genome (mm38, version 100) downloaded
from the Ensembl database using a STAR aligner with a WASP
approach. This option allows mapping of one haplotype and sup-
plies the other haplotype variants as VCF files (C57BL_6NJ version
5 SNPs downloaded from dbSNP142) (van de Geijn et al., 2015).

For each replicate, per-gene counts of uniquely mapped reads
were calculated using the htseq-count script from the HTSeq
python package (Anders et al., 2015). The count matrix was
imported to R statistical computing environment for further
analysis. Initially, genes that have no count in most replicate
samples were discarded. The remaining count data were normal-
ized for sequencing depth and distortion, and dispersion was esti-
mated using the DESeq2 Bioconductor package (Love et al., 2014).
A linear model was fitted using the treatment levels, and differ-
entially expressed genes (DEGs) were identified after applying
multiple testing corrections using the Benjamini-Hochberg proce-
dure (Benjamini and Hochberg, 1995).

RNA-seq data are deposited in the Gene Expression Omnibus
under accession number GSE201906.

Enrichment analysis

To enable comparison, the DEGs identified from the PND0 and 21
RNA-seq and the IGN and imprinted gene lists (Al Adhami et al.,
2015) were converted to Ensembl ID v104 using the Database
Conversions tool (bioDBnet) and the ID history converter
(Ensembl) for consistency prior to enrichment analysis
(Supplementary Table 3). After conversion, we retrieved 474/474
(new Ensembl version/old Ensembl version) female PND0 DEGs,
347/347 male PND0 DEGs, 4600/4602 female PND21 DEGs, 4701/
4701 male PND21 DEGs, and 408/409 IGN IDs, including 80
imprinted genes. To assess enrichment of the IGN and imprinted
genes within DEG datasets (Supplementary Table 3), only IGN
and imprinted gene members expressed in the RNA-seq datasets
were considered. Hypergeometric calculations were performed as
described previously (Baptissart et al., 2022).

Statistical analyses

Unless otherwise stated, statistical analyses were performed using a
one-way analysis of variance with Dunnett’s post hoc test compar-
ing 0 ppm to 1 ppm and 50 ppm CdCl2 exposure groups using
GraphPad Prism Version 8, or a Student’s t test, two-tailed, compar-
ing 0 and 50 ppm CdCl2 exposure groups using Excel. Organ weight
data were analyzed using an analysis of covariance with body
weight as a variable. ChIP data were analyzed with a ratio paired t
test, comparing FLAG pull down of the Pparc promoter DNA
sequence and a negative control (gene desert) region after normaliz-
ing to IgG background.

Unless otherwise stated, data are presented as the mean 6

standard error of the mean. *p< .05, **p< .01, ***p< .001, ****p< .0001.

Results
Mouse model of developmental CdCl2 exposure
We established a mouse model of developmental CdCl2 exposure
by exposing female C57Bl/6J mice to 0 (control), 1, or 50 ppm
CdCl2 through drinking water for 5 weeks prior to mating.

Females were bred to unexposed CAST/EiJ male mice to generate
F1 hybrid animals that enabled analyses of allele-specific gene
expression and DNA methylation (Figure 1A), as we have
described previously (Simmers et al., 2022). Exposure continued
through gestation until offspring reached PND10 (Figure 1B). The
presence of CdCl2 did not significantly alter F0 female water con-
sumption (Supplementary Figure 1A) or body mass
(Supplementary Figure 1B) from those of controls. Exposure to
CdCl2 did not affect offspring sex ratio (Supplementary Figure 2A)
or litter size at PND0 (Supplementary Figure 2B), but exposure to
50 ppm CdCl2 did significantly reduce offspring survival
(Supplementary Figure 2C) compared with the control group.

Developmental CdCl2 exposure alters body and liver masses
In utero Cd exposure in humans is associated with fetal growth
restriction and smaller body mass at birth (Huang et al., 2019;
Wang et al., 2016). Consistent with this, F1 females and males
exposed to 50 ppm CdCl2 weighed significantly less than those in
the 0 ppm group at PND0 (Figure 2A). This phenotype persisted at
PND21 (Figure 2B), when mice presented with significantly
reduced masses of brain, gonadal white adipose tissue, kidney,
gonad (males only), and leg muscle (males only), and increased
masses of retroperitoneal white adipose tissue and heart
(Supplementary Table 4). The mass of brown adipose tissue was
also reduced for both sexes, albeit not significantly. These out-
comes were not observed in the 1 ppm group. At PND90, both
sexes showed similar body weights between groups (Figure 2C).

At PND0, there were no differences in liver mass between
groups for either sex (Figure 2D). However, at PND21, males in
the 50 ppm group, but not the 1 ppm group, showed significantly
reduced liver mass compared with control mice (Figure 2E). Fifty
parts per million exposed males showed significantly increased
liver mass at PND90 (Figure 2F).

Overall, these data indicate that 50 ppm developmental CdCl2
exposure induces growth defects, including of the liver, that per-
sist beyond the period of exposure.

Developmental CdCl2 exposure is sufficient to program
NAFLD
We next determined if developmental CdCl2 exposure leads to
histological and biochemical signatures of NAFLD. At PND0, there
was no evidence of differences in hepatic lipid accumulation
between groups for either females or males (Supplementary
Figures 3A and 3B). At PND21, both female and male F1 mice
exposed to 50 ppm CdCl2 during development presented with
steatosis, indicated by increased neutral lipid accumulation in
hepatocytes. Mice exposed to 50 ppm CdCl2 also presented with
fibrosis, indicated by increased collagen deposition (Figures 3A
and 3B). The fibrosis phenotype was more pronounced in females
than males. No differences in the accumulation of lipids and col-
lagens between the 1 ppm CdCl2 group and controls were
observed at this timepoint. At PND90, males and females from all
treatment groups showed hepatic lipid accumulation and no dif-
ferences between the groups were observed (Supplementary
Figures 3C and 3D).

Histological evidence for NAFLD at PND21 was supported by
biochemical assays on liver tissue. Both females and males in the
50 ppm group showed significantly increased accumulation of
hepatic triacylglycerides (Figure 3C), a measure of steatosis, com-
pared with controls. Females but not males showed a significant
increase in hepatic hydroxyproline (Figure 3D), a readout for fib-
rosis, compared with controls. This is consistent with the sex dif-
ference observed at the histological level. The 1 ppm CdCl2 group
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did not show significant increases in either measure when com-
pared with the 0 ppm group.

Together, these histological and biochemical data show that
developmental CdCl2 exposure is sufficient to program advanced
stages of NAFLD in juvenile mice.

Markers of NAFLD and the IGN are upregulated at the
transcriptional level at PND21
To determine if our observations at the histological and biochem-
ical levels were reflected at the level of gene expression, qRT-PCR
was performed on liver tissues. We targeted genes that are can-
onical markers of steatotic (Cd36, Mogat1, Fsp27, and Fabp4),
inflammatory (Il-1b, Ccr2, and Ccr5), and fibrotic (Tgfb-1, Snail,
Col1a1, Col5a1, Col5a2, Col6a1, Col6a2, Vim, and Mmp2) pathways.
At PND0, neither female nor male F1 mice showed significant
overall differences in the expression of these genes between
groups (Supplementary Figures 4A and 4B). However, at PND21,
consistent with phenotypic presentation of NAFLD, both sexes in
the 50 ppm group showed significant upregulation of genes

indicative of these pathologies (Figures 4A and 4B). At PND90, nei-
ther female nor male F1 mice showed significant overall differen-
ces in the expression of these genes between groups
(Supplementary Figures 5A and 5B). These results indicate tran-
scriptional dysregulation of key pathways underlying NAFLD
pathogenesis at PND21, consistent with phenotypic presentation
at this timepoint.

To determine if the IGN was dysregulated in our model of
NAFLD, we initially performed qRT-PCR on a subset of IGN genes
(Zac1, H19, Grb10, Igf2, Cdkn1c, Cd36, and Mmp2). At PND0, overall,
the IGN genes examined were not dysregulated for either sex in
response to CdCl2 exposure (Supplementary Figures 4A and 4B).
However, at PND21, all representative IGN members except for
Mmp2 were upregulated for both sexes in the 50 ppm group com-
pared with controls (Figures 4A and 4B). At PND90, IGN dysregu-
lation did not persist for females or males (Supplementary
Figures 5A and 5B). The phenotypic presentation of steatosis and
fibrosis is associated with upregulation of IGN members suggest-
ing a role for the IGN in CdCl2-induced juvenile NAFLD.

Figure 1. Mating strategy and Cd exposure model used to produce maternally exposed F1 hybrid offspring. A, Mating strategy in which parental alleles
can be discriminated by single nucleotide polymorphisms. B, Animals were exposed until offspring reached PND10, equivalent to human gestation.
Abbreviations: Cd, cadmium; PND10, postnatal day 10.
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Figure 3. Effect of developmental CdCl2 exposure on NAFLD programming at PND21. A and B, Representative photomicrographs (40�) of F1 female and
male liver sections centered around a central vein. First row: H&E (HE) staining. Second row: Oil Red O (ORO) staining; arrowheads indicate neutral lipid
droplets. Third row: Sirius red (SR) staining; arrowheads indicate collagen. Scale bars represent 200mm. C, Quantification of hepatic triacylglycerides. D,
Quantification of hepatic hydroxyproline. For (C and D), Data are presented as means 6 S.E. ***p< .001 and ****p< .0001. One-way ANOVA with
Dunnett’s post hoc test comparing 1 and 50 ppm CdCl2 exposed mice to 0 ppm CdCl2 controls. Abbreviations: CdCl2, cadmium chloride; NAFLD,
nonalcoholic fatty liver disease; PND, postnatal day; H&E, hematoxylin and eosin; S.E., standard error.

Figure 2. Effects of CdCl2 exposure on F1 male and female body and liver mass. A-C, Body mass at PND0, PND21, and PND90. D-F, Liver mass at PND0,
PND21, and PND90. For (A-C), Data are presented as means 6 S.E. *p< .05, ****p< .0001. One-way ANOVA with Dunnett’s post hoc test comparing 1 and
50 ppm CdCl2 exposed mice to 0 ppm CdCl2 controls. For (D-F), Data are presented as means 6 S.E. **p< .01. One-way ANCOVA with Fisher’s Least
Significant Difference test comparing 1 and 50 ppm CdCl2 exposed mice to 0 ppm CdCl2 controls. Abbreviations: CdCl2, cadmium chloride; PND,
postnatal day; ANCOVA, analysis of covariance; S.E., standard error.
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The IGN is enriched among differentially expressed genes at
PND21
To determine the full extent of IGN genes that are dysregulated
in response to developmental CdCl2 exposure, RNA-sequencing
of F1 liver was performed on both sexes from the 0 ppm and
50 ppm groups at PND0 and 21. There were 474 and 347 DEGs (q-
value< 0.05) between the two groups for F1 females and males,
respectively, at PND0 (Supplementary Table 3). At PND21, there
were 4602 DEGs for F1 females and 4701 DEGs for F1 males
between the two groups (Supplementary Table 3). Genes of the
IGN were significantly over-represented among PND21 DEGs for
both F1 females and males (Figures 5A and 5B), but not among
PND0 DEGs (Supplementary Table 3). At PND21, imprinted genes
within the IGN were also significantly over-represented among
DEGs for both sexes (Figures 5C and 5D), but not among PND0
DEGs (Supplementary Table 3).

Most (87% and 89% for females and males, respectively) of the
differentially expressed IGN genes at PND21 were upregulated by
CdCl2 exposure (Figures 5E and 5F). Consistent with qRT-PCR
data, Zac1 was upregulated by CdCl2 exposure in both sexes in
RNA-seq. Altogether, these data show that developmental CdCl2
exposure is sufficient to upregulate the IGN at PND21, and pro-
vides further support for a role for imprinted genes in the patho-
genesis of NAFLD.

Zac1 upregulation is independent of DNA methylation at its
ICR and is not associated with loss of imprinting
Zac1 is a paternally expressed imprinted gene that is silenced on
the maternally inherited allele by DNA methylation at its
promoter-associated ICR (Figure 6A). Because developmental Cd
exposure alters the epigenetic state of imprinted genes in
humans (Cowley et al., 2018), we determined whether CdCl2-
induced Zac1 upregulation in our mouse model was due to loss of

DNA methylation at the ICR and inappropriate transcription
from the maternally inherited allele. For both sexes, control mice
showed the expected approximately 50% methylation at the ICR,
reflecting one methylated and one unmethylated allele
(Figure 6B). Mice exposed to 50 ppm CdCl2 showed no significant
change in ICR methylation. We then exploited our hybrid mouse
model to measure transcription independently from the mater-
nally and paternally inherited alleles using SNPs between the
parental genomes. Consistent with no differences in DNA meth-
ylation at the ICR, mice from the 50 ppm CdCl2 group showed no
significant difference in allele-specific expression compared with
controls (Figure 6C). Together, these data show that Zac1 upregu-
lation associated with CdCl2 exposure is not due to a disruption
of ICR DNA methylation or a loss of imprinting.

Zac1 overexpression in cultured mouse hepatocytes is
sufficient to promote neutral lipid accumulation
Our lab has previously shown that Zac1 drives fibrosis in NAFLD
programming (Baptissart et al., 2022). In our model of develop-
mental CdCl2 exposure, the most striking NAFLD-related pheno-
type for both females and males is the accumulation of neutral
lipids in hepatocytes at PND21. Consistent with this finding,
expression of the major prosteatotic factor Pparc is significantly
increased in 50 ppm CdCl2-exposed mice (Figure 7A). A previous
study using mouse neuronal cells suggested that Zac1 regulates
Pparc, but whether this signaling pathway is conserved in hepato-
cytes, and whether Zac1 plays a role in driving steatosis, have not
been determined (Barz et al., 2006). To test this, we artificially
overexpressed Zac1 in the AML12 mouse hepatocyte cell line
(Supplementary Figure 6A). Zac1 overexpression was associated
with significant upregulation of Pparc at 18 h post-transfection
compared with control cells over-expressing EGFP (Figure 7B).
Exposing cells to 50 or 100 mg/mL oleic acid-BSA led to a significant

Figure 4. Effects of CdCl2 exposure on F1 hepatic gene expression at PND21. A and B, Female and male transcript abundance for genes of the IGN and
steatosis, inflammation, and fibrosis pathways. Data are presented as means 6 S.E. *p< .05, **p< .01, ***p< .001, ****p< .0001. One-way ANOVA with
Dunnett’s post hoc test comparing 1 and 50 ppm CdCl2 exposed mice to 0 ppm CdCl2 controls. Abbreviations: CdCl2, cadmium chloride; PND, postnatal
day; IGN, Imprinted Gene Network; S.E., standard error; ND, not detected.
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increase in the accumulation of neutral lipids in Zac1 over-
expressing cells compared with controls (Supplementary Figures
6B and 6C). Together, these data suggest a link between Zac1,
Pparc expression, and lipid accumulation in AML12 cells. To test
the dependency of Zac1-induced lipid accumulation on Pparc sig-
naling, we treated Zac1 overexpressing cells with the specific
Pparc inhibitor, T0070907, at 5 and 10 mg/mL in the presence of
excess oleic acid-BSA. Both doses of the inhibitor significantly
attenuated the Zac1-driven neutral lipid accumulation
(Figures 7C and 7D), suggesting that Zac1 drives lipid accumula-
tion via the Pparc signaling pathway.

Zac1 directly binds to the Pparc promoter
To further understand the mechanistic link between Zac1 and
Pparc, we performed ChIP on AML12 cells overexpressing Zac1 to
test the hypothesis that Zac1 controls Pparc transcription by

binding to its promoter. Zac1 binding was significantly enriched
at a predicted binding site (Barz et al., 2006) within the Pparc pro-
moter region (Figure 8), demonstrating a direct mechanistic link.

Discussion
Cd is naturally present in the soil, but human activities lead to
accumulation of it in the environment, presenting a public health
concern. Cd is poorly metabolized and excreted. It accumulates
in the liver, kidneys, and bone, resulting in negative health effects
(Satarug et al., 2010). The Korean National Environmental Health
Survey and Third National Health and Nutrition Examination
Survey reveal associations between Cd exposure and liver-related
mortality (Hyder et al., 2013; Kim et al., 2021). NAFLD is the leading
type of chronic liver disease, and observations in humans and
model organisms suggest that NAFLD susceptibility can be

Figure 5. RNA-seq analysis on F1 livers at PND21. A and B, Venn diagrams represent the number of DEGs between the 0 and 50 ppm CdCl2 exposure
groups and their intersection with the IGN, for females and males. C and D, Venn diagrams represent the number of DEGs and their intersection with
imprinted genes (IGs), for females and males. For (A-D), Enrichment was determined using a hypergeometric test. E and F, Volcano plots showing the
directionality of gene expression changes between 0 and 50 ppm CdCl2 exposed female and male mice. Dashed line indicates q-value¼ 0.05.
Abbreviations: PND, postnatal day; DEGs, differentially expressed genes; CdCl2, cadmium chloride; IGN, Imprinted Gene Network.

Figure 6. Determination of F1 hepatic Zac1 ICR methylation and imprinting status. A, Diagram of the imprinted Zac1 locus. Boxes represent the Zac1
gene, closed lollipops represent methylation at the ICR, and the arrow represents transcription from the paternal allele. B, Zac1 ICR methylation levels
in male and female 0 and 50 ppm CdCl2 exposed mice. C, Zac1 allele-specific expression in male and female 0 and 50 ppm CdCl2 exposed mice. For (B
and C), Data are presented as means 6 S.E. Student’s t test comparing 50 ppm CdCl2 exposed mice to 0 ppm CdCl2 controls. Abbreviations: ICR,
Imprinting Control Region; CdCl2, cadmium chloride; S.E., standard error.
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programmed by the developmental environment. However, the
underlying causes and mechanisms remain unclear. We and
others have proposed that imprinted genes are strong candidates
for bridging the developmental environment with later life

disease. In support of this, we previously described a role for the
imprinted gene Zac1 in programming NAFLD in response to
maternal metabolic syndrome (Baptissart et al., 2022).

To explore the hypothesis that developmental Cd exposure is
sufficient to program NAFLD later in life and that this is mediated
by Zac1, we exposed hybrid mice to CdCl2 during development for
a period equivalent to human gestation. 50 ppm CdCl2 exposure
resulted in NAFLD phenotypes in juvenile mice including histo-
logical and biochemical evidence of steatosis and fibrosis, and
gene expression profiles consistent with diseased liver states. In
support of our hypothesis, CdCl2 exposure increased Zac1 expres-
sion and upregulated the IGN, a well-characterized transcrip-
tional network of imprinted and biallelically expressed genes.
Artificial Zac1 over-expression in vitro promoted lipid accumula-
tion in a Pparc-dependent manner. Using ChIP, we showed direct
binding of Zac1 to the Pparc promoter. Together, the findings of
this study provide evidence that exposure to Cd during early life
is sufficient to program NAFLD, and that this process is mediated
through Zac1 and the IGN.

Developmental CdCl2 exposure affects offspring growth and
development
Mice exposed to 50 ppm CdCl2 through gestation had significantly
less body mass than 0 ppm mice at PND0. This is concordant
with human studies that have shown an association between in

Figure 7. Role of Zac1 in lipid accumulation. A, Pparc transcript accumulation in F1 female and male livers at PND21. B, Pparc transcript accumulation in
AML12 cells 18 h after transfection. For (A and B), Data are presented as means 6 S.E. *p< .05, **p< .01, ***p< .001. Student’s t test comparing 50 ppm
CdCl2 to 0 ppm control group and Zac1 overexpressing cells to EGFP controls. C, Representative photomicrographs (40�) of Oil Red O staining of AML12
cells exposed to 50 mg/mL oleic acid with or without 5 or 10 mg/mL T0070907 Pparc inhibitor. Arrowheads indicate neutral lipids. Scale bars represent
200 mm. D, Quantification of Oil Red O staining. For (D), Data are presented as means 6 S.E. ****p< .0001. One-way ANOVA with Dunnett’s post hoc test
comparing all conditions. Data represent 3 independent experiments with N¼ 3 replicates/condition. Three discrete images/slide were taken.
Abbreviations: PND, postnatal day; CdCl2, cadmium chloride; S.E., standard error.

Figure 8. Enrichment of Zac1-FLAG at the Pparc promoter and a negative
control (gene desert, “Neg.”) region relative to IgG. Ratio paired t test,
one-tailed, comparing Pparc to the negative control region. Data
represent 3 independent experiments. *p< .05.
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utero Cd exposure, fetal growth restriction, and smaller body size
at birth (Huang et al., 2019; Wang et al., 2016).

Mice in the 50 ppm group also showed a significantly lower
rate of survival prior to weaning than animals in the 0 ppm
group. Although the reason for this is unknown, we observed that
most deaths occurred around PND14. This timepoint is consis-
tent with the timing at which mice undergo key metabolic
changes including a second phase of brown adipose tissue
recruitment to enable proper thermoregulation outside the nest
and transition to a solid food diet (Charalambous et al., 2012;
Rugh, 1968). At PND21, we observed that offspring in the 50 ppm
group showed a trend toward decreased brown adipose tissue
mass when compared with the 0 ppm group, although the differ-
ence was not statistically significant. Our working hypothesis is
that developmental CdCl2 exposure disrupts brown adipose tis-
sue recruitment and metabolism, affecting offspring survival.
Further studies are required to test this empirically, including
collecting brown adipose tissue at PND14 for molecular and his-
tological analyses.

Exposure to developmental CdCl2 programs NAFLD in
juvenile mice
Exposure to Cd in adulthood has been associated with NAFLD
(Hyder et al., 2013). However, increasingly younger individuals are
being diagnosed with NAFLD each year. A recent study found an
association between epigenetic alterations and liver disease in
children, potentially indicating a role of the developmental envi-
ronment in programming NAFLD (Moylan et al., 2022). In our
study, mice exposed to 50 ppm CdCl2 during gestation and early
postnatal life presented with histological, biochemical, and
molecular signatures of NAFLD at PND21, a timepoint corre-
sponding to the onset of adolescence in rodents (Laviola et al.,
2003). These data suggest that early life Cd exposure could be
contributing to the increasing rates of juvenile NAFLD in
humans.

A recent study, which examined the effects of life-long Cd
exposure on high-fat diet-induced NAFLD, reported that 5 ppm
CdCl2 exposure exacerbated high-fat diet-induced NAFLD but
CdCl2-exposed mice on a normal diet did not develop the disease
(Young et al., 2022). The different outcomes between this study
and our own are most likely due to differences in CdCl2 dose. In
support of this, mice exposed to 1 ppm CdCl2 in our own study
did not present with NAFLD, indicating that the disease is
induced in mice only by exposure to higher levels of Cd.

Our study identified sex-specific differences in Cd-induced
NAFLD phenotypes at PND21. At the level of gene transcription,
males showed more DEGs in RNA-seq than females. Both females
and males presented with steatosis, the first major hallmark of
NAFLD, whereas only females presented with the more advanced
stage of fibrosis. This observation is consistent with previous
studies reporting sex-specific differences in the metabolic
response to developmental Cd exposure, which revealed female
mice to be more susceptible (Jackson et al., 2020). This could be
explained by Cd having a longer half-life in females, both in mice
and humans, and by the increased permeability of the female
placenta to Cd (Jackson et al., 2022; Suwazono et al., 2009; Taguchi
and Suzuki, 1981). The significance of this for human NAFLD is
unclear because our understanding of sex-specific differences in
susceptibility to this disease requires further study (Lonardo
et al., 2019).

At PND90, only males in the 50 ppm group showed a signifi-
cant increase in liver mass. There were no differences between

the Cd exposure groups at the histological level. At this time-
point, control mice exhibited considerable accumulation of neu-
tral lipids in hepatocytes, consistent with the propensity of
C57Bl/6J mice to develop metabolic deficiencies in adulthood
(Stahl et al., 2020). This result may also be linked to the different
gene signatures associated with lipid metabolism and immune
response at different liver developmental phases (Gong et al.,
2020). Genes relevant to steatosis and fibrosis overall were no
longer upregulated at PND90 in Cd-exposed mice compared with
controls. Our results indicate that developmental CdCl2 exposure
is sufficient to program juvenile NAFLD in a sex-specific manner,
but that differences are no longer discernible between groups in
the absence of continued exposure. We and others have proposed
a multiple-hit hypothesis for NAFLD whereby predisposed indi-
viduals require another insult to maintain NAFLD phenotypes in
later life (Buzzetti et al., 2016). Our future work will test whether
developmental Cd-induced NAFLD can persist into later life in
the presence of a second environmental insult, a model that is
potentially more consistent with the life-long exposures experi-
enced by humans (Wild, 2005).

CdCl2 upregulates Zac1 and the IGN
Our lab previously showed that Zac1 and the IGN are upregulated
in NAFLD programming after exposure to maternal metabolic
syndrome, and that exposure specifically during postnatal devel-
opment drives the phenotype (Baptissart et al., 2022). Consistent
with those findings, developmental exposure to 50 ppm CdCl2
upregulated Zac1 and the IGN in female and male livers at
PND21, suggesting that these genes form a conserved mechanism
that responds to different environmental stressors. Leveraging
samples from the Newborn Epigenetics Study (NEST) cohort, we
previously showed that DNA methylation at ICRs in humans is
sensitive to Cd exposure in maternal and newborn cord blood,
providing a potential mechanism for imprinted gene dysregula-
tion (Cowley et al., 2018). However, Zac1 upregulation in our
mouse model was independent of methylation changes at its ICR,
a finding that is mirrored at additional imprinted loci in other
mouse models of developmental CdCl2 exposure developed by
our group (Simmers et al., 2022). The differences in the epigenetic
response to Cd between mice and humans could be explained by
interaction effects from the diverse environmental stressors that
humans are exposed to, which can be more carefully controlled
in mouse studies. An alternative explanation is that our mouse
model examines only the impact of maternal CdCl2 exposure,
whereas in human populations, paternal exposure to environ-
mental insults influences offspring epigenetics. A recent study
showed that exposure to Cd can impact the sperm methylome,
although the impact this has on imprinted genes in offspring still
needs to be determined (Saintilnord et al., 2021). Furthermore, the
differences could be explained by species-specific variation in ICR
sensitivity. Cd-induced Zac1 upregulation could occur via alterna-
tive epigenetic mechanisms. Imprinted genes including Zac1 are
highly expressed in prenatal development; however, they are pro-
gressively downregulated after birth by chromatin remodeling, a
process mediated by the a-thalassemia mental retardation X-
linked (Atrx) protein (Kernohan et al., 2010; Lui et al., 2008; Voon
et al., 2015). Our future work will test the hypothesis that Cd
exposure during this critical time-period disrupts Atrx function
and the placement of repressive histone variants, using ChIP.

Zac1 regulates Pparc signaling to drive steatosis
Fibrosis is dependent upon interactions between hepatocytes and
hepatic stellate cells (HSCs) (Zeisberg et al., 2007; Tsuchida and
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Friedman, 2017). Although we previously showed that
hepatocyte-specific overexpression of Zac1 is sufficient to induce
fibrosis, the role of HSCs in this context requires further study
(Baptissart et al., 2022). However, hepatocytes are the primary
drivers of liver steatosis (Sovaila et al., 2019). Another study in
nonhepatic cell types indicated a link between Zac1 and the pros-
teatotic gene Pparc (Barz et al., 2006). Given our observations
in vivo, we tested whether Zac1 could be responsible for Cd-
induced hepatic lipid accumulation through this pathway.
Overexpressing Zac1 in the presence of fatty acids in a murine
hepatocyte cell line leads to significantly increased lipid accumu-
lation, which can be abrogated by a Pparc-specific antagonist.
Furthermore, using ChIP, we confirmed that Zac1 directly con-
trols Pparc expression by binding to its promoter region.

Our results support the hypothesis that imprinted genes play
a central role in mediating between Cd exposure in development
and juvenile NAFLD and, together with our previous findings,
identify the imprinted gene Zac1 as a novel regulator connecting
prosteatotic and profibrotic pathways in hepatocytes. Future
work in our lab will exploit genetic models of Zac1 manipulation
to determine whether Zac1 is required for the programming of
NAFLD in response to developmental CdCl2 exposure.

Supplementary data
Supplementary data are available at Toxicological Sciences online.
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