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Abstract

Background and Aims: Within the next decade, NAFLD is predicted to become the most 

prevalent cause of childhood liver failure in developed countries. Predisposition to juvenile 

NAFLD can be programmed during early life in response to maternal metabolic syndrome 

(MetS), but the underlying mechanisms are poorly understood. We hypothesized that imprinted 

genes, defined by expression from a single parental allele, play a key role in maternal MetS-

induced NAFLD, due to their susceptibility to environmental stressors and their functions in liver 

homeostasis. We aimed to test this hypothesis and determine the critical periods of susceptibility 

to maternal MetS.

Approach and Results: We established a mouse model to compare the effects of MetS 

during prenatal and postnatal development on NAFLD. Postnatal but not prenatal MetS exposure 

is associated with histological, biochemical, and molecular signatures of hepatic steatosis and 
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fibrosis in juvenile mice. Using RNA sequencing, we show that the Imprinted Gene Network 

(IGN), including its regulator Zac1, is up-regulated and overrepresented among differentially 

expressed genes, consistent with a role in maternal MetS-induced NAFLD. In support of this, 

activation of the IGN in cultured hepatoma cells by overexpressing Zac1 is sufficient to induce 

signatures of profibrogenic transformation. Using chromatin immunoprecipitation, we demonstrate 

that Zac1 binds the TGF-β1 and COL6A2 promoters, forming a direct pathway between imprinted 

genes and well-characterized pathophysiological mechanisms of NAFLD. Finally, we show that 

hepatocyte-specific overexpression of Zac1 is sufficient to drive fibrosis in vivo.

Conclusions: Our findings identify a pathway linking maternal MetS exposure during postnatal 

development to the programming of juvenile NAFLD, and provide support for the hypothesis that 

imprinted genes play a central role in metabolic disease programming.

INTRODUCTION

NAFLD describes a spectrum of chronic liver defects ranging from steatosis, characterized 

by excess accumulation of lipids in hepatocytes, to NASH at more advanced stages. The 

histological features of NASH include inflammation, hepatocyte ballooning, cell death, and 

fibrosis leaving the patient at increased risk for liver failure and/or HCC.

With a prevalence of 30% in the United States, NAFLD is a major public health concern.
[1] While changes to nutrition, socioeconomic status, and lifestyle constitute major risk, 

predisposition to NAFLD may be predetermined during perinatal life in response to 

environmental stressors, a process called developmental programming. In support of an early 

life origin, recent data show that NAFLD is being diagnosed at increasingly younger ages, 

with 10% of the pediatric population affected.[2,3]

Non-human primate and rodent studies have shown that a key developmental stressor that 

primes the infant liver for increased NAFLD susceptibility is maternal metabolic syndrome 

(MetS).[4] Despite a robust link having been established between maternal MetS and 

offspring NAFLD, two key questions remain unanswered: (1) Is exposure to maternal 

MetS during prenatal or postnatal development more significant in the early onset of 

NAFLD? and (2) What is the nature of the primary causative molecular events? Addressing 

these knowledge gaps would allow for improved disease prediction and potentially enable 

therapeutic intervention prior to NAFLD onset.

Although it is unclear how maternal MetS programs NAFLD, the molecular mechanisms 

driving the pathogenesis of the disease are well described.[5] These include reprogramming 

of transcriptional networks involved in lipid metabolism, inflammation, and reactive oxygen 

species production. The cytokine TGF-β1 controls signaling pathways and transcriptional 

programs central for the progression of NAFLD to advanced stages characterized by 

fibrosis. TGF-β1 mediates TGF-βR1 activation and phosphorylation of the receptor-

associated mothers against decapentaplegic homologs (SMADs) (R-SMADs) 2 and 3. 

Activated R-SMADs form a trimeric complex with SMAD4, which translocates to the 

nucleus and regulates target gene expression. TGF-β1 induces epithelial-to-mesenchymal 

transition (EMT) in hepatocytes[6] and activates HSCs to myofibroblasts,[7] both effects 

contributing to collagen production, extracellular matrix deposition, and fibrosis.

Baptissart et al. Page 2

Hepatology. Author manuscript; available in PMC 2022 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In animal models of maternal MetS-induced NAFLD, misregulation of these metabolic 

pathways has been reported.[5] However, because most studies rely on targeted approaches 

often limited to the advanced timing of adulthood when the disease pathology is 

already established, the primary molecular events linking maternal MetS exposure to the 

reprogramming of down-stream metabolic networks are poorly understood. Epigenetic 

changes have been proposed as primary causative events in NAFLD programming,[8,9] but 

it is unclear how these changes modulate gene transcription networks, leading to a disease 

state.

Imprinted genes, defined by their expression from a single parental allele (maternal or 

paternal), are subject to multiple layers of epigenetic regulation.[10] These include allele-

specific patterns of DNA methylation and posttranslational histone modifications established 

at imprinting control regions (ICRs). Work from our lab and others has shown that DNA 

methylation at ICRs is uniquely sensitive to disruption by maternal conditions during early 

life.[11,12] Moreover, once established, ICR epigenetic states are maintained throughout life; 

thus, environmentally induced changes in development could have long-term effects on 

imprinted gene expression. Imprinted genes play critical roles in regulating metabolism; 

phenotypes resulting from imprinted gene manipulation are often associated with liver 

disease.

Based on this unique set of properties, we hypothesize that imprinted gene dysregulation 

is an important mechanism in the developmental programming of NAFLD in response to 

maternal MetS. Using a mouse model of MetS-induced NAFLD, we show that postnatal, 

but not prenatal, exposure to maternal MetS is associated with steatosis and fibrosis in the 

liver of juvenile mice. This is associated with activation of the Imprinted Gene Network 

(IGN), including its master transcription factor Zac1 (also called Plagl1), consistent with 

the idea that imprinted genes play a role in MetS-induced NAFLD. In further support of 

our hypothesis, we demonstrate that artificial activation of Zac1 and the IGN in cultured 

hepatocytes stimulates TGF-β1 signaling, leading to extracellular matrix deposition, key 

events in the pathophysiology of NAFLD. Furthermore, we demonstrate that hepatocyte-

specific overexpression of Zac1 in vivo is sufficient to induce molecular and histological 

signatures of fibrosis.

Together our data identify Zac1 and the IGN as a pathway linking maternal MetS exposure 

during postnatal development to the activation of well-characterized mechanisms driving 

NAFLD in the juvenile liver. Our data identify potential molecular markers that are 

predictive of NAFLD susceptibility.

EXPERIMENTAL PROCEDURES

Animal models

C57Bl/6J female F0 mice were fed a 10% or 45% fat diet (“control” [Ct] and “high fat” 

[HF] diet, respectively) from 3 weeks of age for 7 weeks (7w) or 17 weeks (17w), and mated 

to males fed a control diet. A glucose tolerance test (GTT) was performed 2 weeks before 

mating as described.[13] On the day of birth, F1 litters were standardized to five pups and 
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cross-fostered to dams who had given birth on the same day. A GTT was performed on F1 

mice in the 7w cohort at postnatal day (PND) 16.

To overexpress Zac1 in hepatocytes in vivo, 9-week-old mice were injected with adeno-

associated virus 8 (AAV8)-TBG-Zac1 or AAV8-TBG–enhanced green fluorescent protein 

(EGFP) particles through the tail vein.

The numbers of animals and litters represented in each analysis are presented in Table S1.

Histological and lipid analyses

Liver lobes were fixed in 4% formaldehyde and paraffin embedded for hematoxylin and 

eosin (H&E), sirius red staining and immunostaining, or flash frozen and cryo-sectioned 

for Oil Red O staining. Lipid content was determined by gas-liquid chromatography as 

described.[14]

In vitro models

Alpha mouse liver 12 (AML12), HepG2, and HEK293T cells were obtained from ATCC and 

cultured according to ATCC guidelines. LX-2 cells were a gift from Prof. Scott Friedman 

(Icahn School of Medicine at Mount Sinai). For transient transfection, AML12 cells 

were transfected with pLenti-CMV-Zac1-FLAG or pLenti-CMV-EGFP using Lipofectamine 

2000. For stable transduction, lentivirus was produced using HEK293T cells as described.
[15] HepG2 and LX-2 cells were transduced with virus carrying pLenti-CMV-Zac1-FLAG or 

pLenti-CMV-EGFP.

RNA analyses

RNA was isolated from cells and liver samples using the NucleoSpin kit (Macherey 

Nagel). cDNA was synthesized using Moloney-murine leukemia virus reverse transcriptase 

(Promega) and diluted for quantitative PCR. Primers are given in Table S2. RNA-sequencing 

(RNA-seq) libraries were constructed using NEBNext Ultra Directional RNA Library Prep 

Kit and NEBNext Mulitplex Oligos for Illumina (NEB). Quality control filtering, read 

mapping, and analysis of differential expression were performed as described.[16]

DNA methylation analysis

DNA was isolated from liver samples using phenol/chloroform and bisulfite-treated with 

the EZ DNA Methylation-Gold kit (Zymo). A subregion of the Zac1 ICR was amplified by 

PCR, and methylation was quantified by pyrosequencing (PyroMark Q24, Qiagen). Primers 

are given in Table S2.

Protein analyses and chromatin immunoprecipitation

Protein extraction for western blotting was performed using radio immunoprecipitation 

assay buffer (Thermo Fisher Scientific) with protease inhibitors (Sigma Aldrich). Chromatin 

immunoprecipitation was performed as described previously.[17] Binding enrichment was 

determined by quantitative PCR using primers found in Table S2.
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ELISAs

TGF-β1 and COL1A1 were measured in cell culture supernatants using DuoSet ELISA kits 

(R&D Systems).

Statistical analyses

Statistical analyses were performed using GraphPad software. Data were analyzed using 

one-way ANOVA followed by Dunnett’s multiple comparison test, un-paired t tests or 

nested t tests, as indicated in the results.

Full Materials and Methods are presented in the Supporting Information.

RESULTS

Exposure to maternal MetS during postnatal development primes early onset of NAFLD 
and is associated with neonatal obesity and diabetes

MetS was induced in F0 female mice through consumption of a HF diet for 7 or 17 weeks 

(7w and 17w cohorts, respectively). Compared with sibling mice consuming a Ct diet, 

HF diet-fed mice showed increased body mass (Figure S1A) and significant intolerance to 

glucose (Figure S1B,C), two phenotypic traits characteristic of MetS. While the increase 

in body mass was significantly higher in 17w than 7w mice, the HF diet duration had no 

significant impact on glucose intolerance (Figure S1A,C).

Ct and MetS females from both the 7w and 17w cohorts were mated to control males 

generating the experimental F1 offspring. F1 mice exposed to maternal MetS in utero 
presented with increased body mass at birth (PND0) when compared with controls (Figure 

1A). F1 pups from 17w MetS dams were significantly heavier than pups from 7w MetS 

dams. Maternal MetS did not influence pregnancy rate, litter size, sex ratio, or F1 mortality 

at birth (Table S3).

To enable distinction between the effects of maternal MetS exposure during prenatal and 

postnatal development, F1 pups were cross-fostered between control and MetS dams on the 

day of birth, generating four experimental groups within each of the 7w and 17w cohorts 

(Figure 1B). Fed glycemia levels and glucose tolerance were measured at PND16 in pups 

from the 7w cohort only. F1 mice exposed to maternal MetS during postnatal (Ct-MetS 

and MetS-MetS), but not prenatal life (MetS-Ct), showed an increase in fed glycemia 

levels compared with control mice (Ct-Ct) (Figure 1C) as well as an impairment in their 

response to a GTT (Figure 1D). At PND21, Ct-MetS mice from both the 7w and 17w 

cohorts presented with increased body mass, primarily due to excessive accumulation of 

retroperitoneal white adipose tissue (Figure 1E,F). HF diet duration had no detectable effects 

on these outcomes.

Importantly, these phenotypes were associated with the onset of NAFLD at PND21. Ct-

MetS and MetS-MetS mice presented with increased liver weight in the 17w but not the 

7w cohort (Figure 2A). Histopathological analysis identified excess neutral lipid storage in 

Ct-MetS and MetS-MetS hepatocytes in both the 7w and 17w cohorts (Figure 2B,C). This 

was confirmed by biochemical analysis of triacylglycerides in the 7w cohort (Figure 2D).
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Given that F1 mice from the 7w and 17w cohorts presented with similar histopathologies, 

our subsequent analyses focused on the 7w mice only. Sirius red staining revealed the 

presence of fibrotic tissue in the livers of Ct-MetS and MetS-MetS, but not Ct-Ct and 

MetS-Ct mice (Figure 2B), indicative of an advanced stage of NAFLD induced by postnatal 

exposure to maternal MetS. Most of the fibrosis was observed around the central vein 

with extensions into the midzone (Figure S2). When quantified, these differences were not 

statistically significant (Ct-Ct vs. Ct-MetS: q value = 0.28; Ct-Ct vs. MetS-MetS: q value = 

0.31)—most likely due to high variability among individuals of the same group (Bartlett’s 

p value = 0.01) (Figure 2E). Immunohistochemical staining for F4/80+ cells, representing 

liver-resident Kupffer cells and infiltrating macrophages, in Ct-Ct and Ct-MetS livers did not 

reveal differences in the number or distribution of these cells (Figure S3).

Taken together, our results show that exposure to maternal MetS during postnatal, but not 

prenatal, development programs obesity, diabetes, and NAFLD at juvenile ages.

Exposure to maternal MetS during postnatal development recapitulates the transcriptomic 
signature of advanced NAFLD

To understand the molecular basis for differences in the hepatic response to prenatal and 

postnatal maternal MetS exposure, RNA-seq was performed on F1 livers from the 7w cohort 

at PND21.

Only 12 DEGs (q value ≤ 0.05) were identified between Ct-Ct and MetS-Ct animals, 

consistent with no detectable impact of prenatal exposure to maternal MetS at the 

histological level. In contrast, 408 and 1275 genes were differentially expressed in Ct-MetS 

and MetS-MetS livers, respectively, when compared with controls (Figure 3A; Table S4).

These results demonstrate that exposure to maternal MetS during postnatal development 

alone is sufficient to trigger widespread transcriptomic changes in the liver. Therefore, 

DEGs between Ct-Ct and Ct-MetS livers were chosen for further functional analysis. Using 

Ingenuity Pathway Analysis (IPA), the 25 “diseases or functions” most enriched among 

DEGs included terms related to glucose and lipid metabolism, inflammation, oxidative stress 

and fibrosis, thereby recapitulating the molecular signature of the entire NAFLD spectrum 

(Figure 3B; Table S5). Additional terms that were significantly enriched referred to liver 

failure or HCC. Additionally, the top 12 predicted “upstream regulators” were all implicated 

in NAFLD pathogenesis. Of these, the cytokine TGF-β1 showed the highest positive z score 

(p value = 4.01E-12; z score = 3.695), suggesting that this key pro-fibrotic pathway is 

activated in Ct-MetS livers.

Postnatal exposure to maternal MetS is associated with activation of Zac1 and the IGN

Our central hypothesis proposes that imprinted gene dysregulation plays a key role in 

NAFLD programming in response to maternal MetS. In support of this, transcripts of the 

paternally expressed imprinted gene Zac1 were significantly increased in PND21 Ct-MetS 

livers compared with controls, but not in MetS-Ct or MetS-MetS livers (Figure 4A). This is 

consistent in F1 mice from the 7w and 17w cohorts, without a significant effect of HF diet 

duration.
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We hypothesized that the increased expression of Zac1 in Ct-MetS mice is caused by 

perturbation of DNA methylation at the Zac1 ICR. Ct-Ct mice showed the expected 

approximate 50% methylation, reflecting one methylated and one unmethylated allele, but 

this was not significantly altered in Ct-MetS mice, suggesting that the increase in Zac1 
expression is independent of DNA methylation state (Figure 4B).

Zac1 encodes a nuclear transcription factor, which is a master regulator of a coordinately 

expressed transcriptional network termed the IGN.[18] The IGN consists of 325 biallelically 

expressed genes and 84 imprinted genes including Zac1 itself.[19] The IGN is implicated in 

several physiological processes including muscle regeneration and adipocyte differentiation. 

Despite evidence for the conservation of the IGN in hepatic tissue,[18] its functional 

relevance for liver physiology has not previously been demonstrated.

To address this, we first took an unbiased approach to identify functions that are enriched 

among the 409 IGN genes. Functional analysis using IPA showed that IGN genes are 

highly predictive of “hepatic fibrosis” (p value = 3.89E-10) with the pro-fibrogenic cytokine 

TGF-β1 being identified as the top predicted upstream regulator (p value = 2.89E-37) (Table 

S6).

Given this finding showing the potential relevance of the IGN to NAFLD, we next sought to 

determine whether the up-regulation of Zac1 in Ct-MetS livers was associated with changes 

to IGN transcript accumulation. In our RNA-seq data, IGN members were significantly 

overrepresented among DEGs between Ct-MetS and Ct-Ct mice (enrichment ×2.92; p value 

= 0.00012; hypergeometric test) (Figure 4C; Table S7). Of note, significantly more IGN 

genes were increased in expression (25 genes) than decreased in expression (four genes) 

(chi-squared test; p ≤ 0.0001; expected values to be equal) (Figure 4D). Interestingly, 17 

of the 29 differentially expressed IGN genes have previously been associated with NAFLD 

(Figure 4E; Table S7). Among these, seven underlie the predicted activation of the Tgf-β1 

pro-fibrotic pathway generated by IPA analysis (Tables S6 and S7).

A subset of IGN members showing differential expression by RNA-seq and with relevance 

to NAFLD and/or Tgf-β1 signaling were selected for validation by quantitative reverse-

transcription PCR on livers from both 7w and 17w mice. Consistent with RNA-seq, most 

of these transcripts showed a significant increase in expression in Ct-MetS mice compared 

with controls (Figure 4F). With the exception of Gpx7 in the 17w cohort, the transcriptional 

response of these IGN genes was significantly correlated with Zac1 expression (p value ≤ 

0.05; Spearman rank order correlation test).

Four additional IGN genes implicated in fibrosis (Col1a1, Col6a2, Col14a1, and Mmp2) 

that were not identified as being differentially expressed by RNA-seq showed increases in 

expression in Ct-MetS livers when assayed by quantitative real-time PCR. For each of these, 

expression was significantly correlated with Zac1 expression (Figure 4F).

Given that the functional analysis of our transcriptomic data provided strong evidence for 

the activation of Tgf-β1 signaling, we assayed Tgf-β1 transcript abundance by quantitative 

PCR and detected a significant increase in Ct-MetS livers compared with controls in mice 

from the 7w and 17w cohorts (Figure 4G).
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The IGN is conserved in cultured hepatocytes following Zac1 overexpression.

The IGN has been described in several cell types and tissues in mouse (embryonic 

fibroblasts, 3T3-L1 preadipocytes, Neuro2a neuroblastoma cells, whole liver) and human 

(placenta).[18–21] Hepatocytes represent 80% of the cell population of the liver. To determine 

whether the IGN is conserved specifically in this major liver cell type, cultured mouse 

hepatocytes (AML12 cells) were transfected with overexpression constructs containing 

either the Zac1 or EGFP open reading frames, and the resulting global transcriptional 

changes were analyzed by RNA-seq.

Overexpression of Zac1 led to differential expression of 733 genes when compared with the 

transcriptome of cells overexpressing EGFP (q value ≤ 0.05) (Figure 5A; Table S8). Among 

these DEGs, members of the IGN were significantly overrepresented (enrichment ×1.67; p 
value = 0.0094; hypergeometric test) (Figure 5A; Table S9). As observed in Ct-MetS mice, 

significantly more IGN genes were increased in expression (17 genes) than decreased in 

expression (seven genes) upon Zac1 overexpression (p ≤ 0.0412; chi-squared test; expected 

values to be equal) (Figure 5B).

Zac1 overexpression and IGN activation in cultured hepatoma cells is sufficient to 
promote TGF-β1 signaling, resulting in fibrotic trans-differentiation and extracellular matrix 
deposition

We next sought to determine whether Zac1 overexpression and IGN activation within 

hepatocytes is sufficient to mimic the molecular signature and functional outcomes 

underlying NAFLD programming observed in Ct-MetS mice.

Functional analysis of RNA-seq from AML12 cells revealed Tgf-β1 as one of the top 

upstream regulators underlying differential gene expression (p value = 1.43E-09; Table S10). 

This result, consistent with the transcriptional signature observed in vivo, suggests that Zac1 
and the IGN may be sufficient to induce pro-fibrogenic transformation of hepatocytes. To 

test this hypothesis, we developed a model of long-term Zac1 overexpression in the human 

hepatoma cell line HepG2.

HepG2 cells overexpressing Zac1 showed a significant increase in TGF-β1 transcripts 

compared with EGFP-expressing controls (Figure 6A). Additionally, these cells accumulated 

more TGF-β1 in their media (Figure 6B). Furthermore, the TGF-β1 signaling pathway was 

activated following Zac1 overexpression, as demonstrated by increased levels of phospho-

SMAD2/3 (Figure 6C).

TGF-β1-mediated profibrogenic transformation involves activation of the transcription 

factor snail family transcriptional repressor 1 (SNAI1), which represses the epithelial marker 

E-cadherin, encoded by the CADH1 gene. Consistent with TGF-β1 pathway activation, 

HepG2 cells overexpressing Zac1 showed increased expression of SNAI1 (Figure 6D) with 

an associated decrease in CADH1 transcript and E-cadherin protein (Figure 6E,F). These 

changes were associated with increased accumulation of COL6A2 and COL1A1 transcripts, 

encoding major components of extracellular matrix (ECM) (Figure 6G,H). Moreover, we 

observed increased collagen deposition in Zac1 overexpressing cells, as measured by an 

ELISA of pro-COL1A1, suggestive of an accumulation of ECM underlying fibrotic events 
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(Figure 6I). Overexpression of Zac1 in the HSC line LX-2 had no effect on COL1A1 
expression and only negligible impact on COL6A2, suggesting that this mechanism may be 

specific to hepatocytes (Figure S4).

Zac1 overexpression also caused significantly increased expression of Tgf-β1, Snai1, 

Col6a2, and Col1a1 in AML12 cells, despite the transient nature of the Zac1 overexpression 

system, indicative of conservation of this mechanism between mouse and human 

hepatocytes (Figure S5).

Zac1 binds the promoters of pro-fibrogenic genes

Given the strong association between Zac1 overexpression and the expression of pro-

fibrogenic genes in hepatocytes, we next sought to determine whether Zac1 directly controls 

transcription of the TGF-β1, SNAI1, COL6A2, and COL1A1 genes by binding to their 

promoters.

Computational analyses identified at least one Zac1 consensus binding site within 1 kb of 

each of the annotated transcriptional start sites (TSSs) of these genes (Figure 7A,B; Figure 

S6). Zac1 binding was assayed by chromatin immunoprecipitation followed by quantitative 

PCR on HepG2 cells overexpressing Zac1. None of the predicted binding sites at the SNAI1 
and COL1A1 promoter regions showed enrichment for Zac1 binding (Figure S6). However, 

compared with control cells overexpressing EGFP, Zac1 binding was significantly enriched 

at one predicted binding site at each of the TGF-β1 and COL6A2 promoter regions (Figure 

7A,B). This suggests that Zac1 is involved in the direct transcriptional regulation of these 

key drivers of NAFLD progression.

Artificial overexpression of Zac1 in hepatocytes in vivo induces molecular and histological 
signatures of fibrosis

Finally, we asked whether overexpression of Zac1 in hepatocytes is sufficient to induce 

fibrosis in vivo. Mice were injected with AAV8 particles carrying overexpression constructs 

containing Zac1 or EGFP driven by the TBG promoter. Hepatocyte-specific expression 

was confirmed by immunofluorescence (Figure S7A). At 3 weeks following injection, 

AAV8-TBG-Zac1 livers showed increased expression of Zac1 and a subset of IGN genes 

that are markers of fibrosis (Figure 8A; Figure S7B). At 10 weeks following injection, Zac1 
overexpression was associated with histological hallmarks of fibrosis in the subcapsular 

region, including disorganization of the sinusoid, apoptotic hepatocytes, and increased 

sirius red staining compared with controls (Figure 8B). Additionally, immunofluorescence 

experiments demonstrated an increase in α-smooth muscle actin, a marker of activated 

stellate cells, at 10 weeks following injection in AAV8-TBG-Zac1 livers (Figure S7A). 

Together, these data strongly suggest that Zac1 overexpression in hepatocytes is sufficient to 

drive fibrosis in vivo in the absence of maternal MetS.

DISCUSSION

NAFLD has emerged as one of the most common chronic liver diseases in the pediatric 

population. Epidemiological studies demonstrate that women with MetS predispose their 

infant toward developing NAFLD, an issue of major concern given that approximately half 
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of women beginning pregnancies in the United States are overweight or obese.[22] Despite 

this link being well-established, the underlying mechanisms remain largely unknown.

Here, we demonstrate in mice that exposure to maternal MetS during postnatal, but not 

prenatal, development is associated with the early onset of NAFLD. Transcriptomic analyses 

identify the IGN, including its master transcription factor Zac1, as being up-regulated in the 

liver of susceptible mice. By overexpressing Zac1 in cultured hepatoma cells, we show that 

activation of the IGN stimulates fibrotic pathways and ECM deposition—key events driving 

NAFLD progression. Importantly, overexpression of Zac1 in hepatocytes in vivo is sufficient 

to activate a subset of fibrosis-associated IGN genes and induce mild fibrosis.

Our results identify the IGN as an important contributor to the progression of juvenile 

NAFLD in response to maternal MetS exposure specifically during postnatal development.

Previous studies in rodents have focused primarily on the programming effects of maternal 

MetS on chronic liver disease at adulthood.[23,24] However, in addition to an increasing 

prevalence among adults, NAFLD affects 10% of the pediatric population in the United 

States.[3] Our mouse model supports a link between maternal MetS and juvenile NAFLD. 

We show that offspring exposed to maternal MetS during postnatal development present 

with steatosis as early as PND21, and that a subset of these individuals present with fibrosis, 

independent of histological evidence of inflammation. These results are highly reminiscent 

of the juvenile NAFLD dynamic observed in humans, because at the time of NAFLD 

diagnosis, 25%–50% of children have NASH and 10%–25% have advanced fibrosis.[25]

NAFLD is associated with systemic metabolic changes including insulin resistance and 

increased waist circumference, which are risk factors for type 2 diabetes and obesity.[26,27] 

In further support of the relevance of our model to human health, Ct-MetS mice showed 

impaired glucose tolerance and increased body weight. Although these systemic changes can 

promote NAFLD, our data from cultured hepatoma cells show that Zac1-induced activation 

of the IGN is sufficient to induce signatures of fibrogenic activity, supporting the hypothesis 

of a cell autonomous mechanism that is independent of systemic conditions.

Maternal MetS has been extensively modeled in rodents and primates through the use of 

hypercaloric diets.[ 28] The diversity of experimental designs, including differences in total 

energy count, fat content and lipid origin in the diet, as well as variation in the duration 

of exposure and animal age, has led to a wide range of maternal phenotypes from chronic 

to severe obesity with or without associated diabetes. This limits our understanding of the 

critical maternal phenotypic component driving the impact on offspring. In this study, we 

analyzed two cohorts, 7w and 17w, in which F0 female mice were exposed to different 

durations of HF diet feeding, leading to body weight gains of 4.2% and 11.3%, respectively, 

with similar glucose intolerance phenotypes. Except for F1 liver weight, we did not observe 

any differences in NAFLD susceptibility associated with the duration of maternal HF 

diet feeding. This indicates that even a subtle increase in maternal weight is sufficient to 

program early onset of NAFLD in offspring, and that this is independent of maternal glucose 

intolerance.
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Most developmental programming studies of MetS have focused on the importance of in 
utero development. However, in humans, as well as in many animal models of programming, 

offspring continue to be exposed to maternal MetS after birth, during which time key 

developmental processes occur. In rodents, hepatocytes proliferate and differentiate for 

up to 30 days after birth (5 years in humans).[29] The period of postnatal development 

therefore represents a window of potential sensitivity to extrinsic factors. In this study, we 

implemented a cross-fostering design in mice to cleanly distinguish between the effects 

of maternal MetS exposure during prenatal and postnatal development. A striking finding 

from our work is that postnatal exposure to maternal MetS is sufficient to program juvenile 

NAFLD, whereas individuals exposed only during prenatal life do not present with any 

metabolic defect at the systemic or hepatic levels. Exposure to maternal MetS during both 

prenatal and postnatal development did not exacerbate NAFLD phenotypes or protect mice 

from the impacts of postnatal exposure alone.

Our study aimed to identify early molecular mechanisms linking maternal MetS to juvenile 

NAFLD susceptibility. We hypothesized that imprinted genes play an important role in this 

process. We and others have demonstrated previously that imprinted genes are particularly 

sensitive to the developmental environment and that their dysregulation can cause liver 

disease. For example, the imprinted long noncoding RNA H19 promotes hepatic steatosis[30] 

and obstructive cholestatic liver fibrosis,[31] and Grb10 regulates hepatic lipid metabolism 

in a cell autonomous manner.[32,33] Imprinted genes are coordinately regulated with a 

set of biallelically expressed genes as a transcriptional network, the IGN, which controls 

fetal growth, adipocyte differentiation, and muscle regeneration.[19] Here, using gene-set 

enrichment analysis, we show that members of the IGN are enriched in functions related 

to hepatic fibrosis, and demonstrate that activation of the IGN in hepatoma cells through 

overexpressing Zac1 activates the pro-fibrogenic cytokine TGF-β1. Together, our findings 

from in vivo and in vitro models provide strong support for our hypothesis, suggesting that 

imprinted genes are key players linking the developmental environment to the activation 

of well-characterized mechanisms driving NAFLD pathogenesis. Ongoing work in our lab 

will address the individual contributions of IGN members to this process. In hepatoma 

cells, we have already demonstrated that Zac1 binds directly to the promoters of TGF-β1, 

and, intriguingly, COL6A2. Conservation of this binding has previously been described in 

Neuro2a cells.[20] These results suggest that Zac1 may drive NAFLD progression partly 

through a TGF-β1-independent mechanism.

Although lineage tracing experiments have demonstrated that hepatocytes can undergo EMT 

and contribute substantially to the population of fibroblasts that promote fibrosis,[34] HSCs 

also contribute to fibrosis.[35] In vitro, Zac1 overexpression in HSCs failed to substantially 

activate collagen gene expression, and in vivo hepatocyte-specific Zac1 overexpression 

was sufficient to induce molecular and histological signatures of fibrosis, including HSC 

activation. Together, these data suggest that Zac1 functions primarily in hepatocytes in 

response to maternal MetS. Our ongoing work will test the hypothesis that hepatocytes 

overexpressing Zac1 activate neighboring HSCs through secretion of TGF-β1, contributing 

to the fibrosis observed in Ct-MetS mice. Previous studies of Zac1 overexpression in murine 

Neuro2a and insulinoma cells identified transcriptional changes in genes involved in ECM 

function and signaling, suggesting a role for Zac1 in fibrogenesis in other tissues too.[20]
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How maternal MetS activates Zac1 in the postnatal liver is unknown. While we and 

others have shown that DNA methylation at ICRs is susceptible to perturbation by the 

environment, including maternal diet, this occurs during early prenatal development, after 

which the epigenetic state is fixed. This is consistent with our observation that postnatal 

exposure to maternal MetS does not alter DNA methylation at the Zac1 ICR, and suggests 

that an alternative regulatory mechanism is responsible. Zac1, like other imprinted genes, 

is highly expressed during embryonic development and down-regulated during postnatal 

development, a process controlled through chromatin remodeling at ICRs.[36–38] We 

propose that maternal MetS impairs this mechanism of repression, sustaining high levels 

of imprinted gene expression after birth. We will test this hypothesis empirically.

Upstream of epigenetic and gene-expression changes, there are multiple mechanisms 

through which the metabolic state of the dam could affect offspring during postnatal 

development. For example, maternal care behavior can be modulated by HF diet feeding.[39] 

However, in a previous study exploiting the same cross-fostering model described here, we 

demonstrated that maternal diet had no direct effect on care behavior, and that maternal care 

was predominantly driven by the in utero environment experienced by the F1 offspring.[40] 

Given that Ct-MetS mice presenting with NAFLD were born to Ct dams and therefore did 

not experience an adverse in utero environment, we do not expect maternal behavior to be 

a significant mechanism in the observed programming of NAFLD. Further studies will be 

required to determine the nature of the signal that activates Zac1 expression in the F1 liver.
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ECM extracellular matrix

EGFP enhanced green fluorescent protein

EMT epithelial-to-mesenchymal transition

GTT glucose tolerance test

H&E hematoxylin and eosin

HCC hepatocellular carcinoma

HF high fat

HSC hepatic stellate cell

ICR imprinting control region

IGN Imprinted Gene Network

IPA Ingenuity Pathway Analysis

MetS metabolic syndrome

NAFLD non-alcoholic fatty liver disease

NASH non-alcoholic steatohepatitis

PND postnatal day

RNA-seq RNA sequencing

rWAT retriperitoneal white adipose tissue

TAG triacylglyceride

TSS transcriptional start site
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FIGURE 1. 
F1 phenotypes in response to maternal metabolic syndrome (MetS) exposure. (A) Body 

mass at postnatal day (PND) 0. (B) Mice were cross-fostered at birth to generate four 

experimental groups. Groups are labeled in the format “prenatal-postnatal” exposure to 

maternal conditions control (Ct) or MetS. (C) Fed blood glycemia at PND16. (D) Glucose 

tolerance test (GTT) at PND16 (left) and corresponding AUC (right). (E) Body mass at 

PND21. (F) Retroperitoneal white adipose tissue (rWAT) mass relative to brain mass at 

PND21. Sexes are pooled. Data are presented as means ± SEM. *p < 0.05, **p < 0.01, 

***p < 0.001. One-way ANOVA with Dunnett’s post hoc test comparing MetS-Ct, Ct-MetS, 

and MetS-MetS to Ct-Ct within the same cohort (*). Student’s t test, two-tailed, comparing 

7-week (7w) to 17-week (17w) cohorts for the same exposure group (#)
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FIGURE 2. 
Effect of maternal MetS on NAFLD programming at PND21. (A) Liver mass relative 

to brain mass at PND21. (B) Representative photomicrographs (magnification ×40) of 

liver sections. Top row: Hematoxylin and eosin (H&E) staining. Second row: Oil Red O 

(ORO) staining; arrowheads indicate neutral lipid droplets. Third and fourth rows: Sirius red 

staining, representing the highest and average signal within each group, respectively. (C) 

Digital quantification of ORO signal shown in (B). (D) Hepatic content of triacylglycerol 

(TAG). (E) Digital quantification of sirius red signal shown in (B). Sexes are pooled. Data 

are presented as means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. One-way ANOVA 

with Dunnett’s post hoc test comparing MetS-Ct, Ct-MetS, and MetS-MetS to Ct-Ct within 

the same cohort (*). Student’s t test, two-tailed, comparing 7w to 17w cohorts for the same 

exposure group (#). CV, central vein
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FIGURE 3. 
RNA-sequencing (RNA-seq) analysis on F1 livers at PND21. (A) Venn diagram representing 

the number of differentially expressed genes (DEGs) for each exposure group and their 

intersection. DEGs are defined by q < 0.05 comparing MetS-Ct, Ct-MetS, and MetS-MetS 

to Ct-Ct females. (B) Graphical representation of Ingenuity Pathway Analysis (IPA) of 

the Ct-MetS DEGs. Circles indicate the top 25 diseases and functions (dark blue) and 

the top 12 upstream regulators (light blue). Circle size is proportional to the number of 

genes associated with the corresponding term. The x-axis displays the predicted direction 

of the effect as quantified by z scores (z < 2 = significant predicted negative effect; z > 

2 = significant predicted positive effect). Diseases and functions and upstream regulators 

were grouped according to their functional relevance and sorted to match stages of NAFLD 

progression. PPAR, peroxisome proliferator-activated receptor
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FIVGURE 4. 
Imprinted Gene Network (IGN) expression in Ct-MetS livers. (A) Zac1 transcript 

accumulation in F1 livers at PND21. Sexes are pooled. (B) Quantification of DNA 

methylation across six cytosine-guanine dinucleotides within the Zac1 imprinting control 

region (ICR). (C) RNA-seq on livers from PND21 females. Venn diagram represents 

the number of Ct-MetS DEGs (defined by q < 0.05 comparing MetS-Ct to Ct-Ct) and 

their intersection with the IGN. Only IGN genes detected in RNA-seq are considered. 

Overrepresentation analysis was performed using a hypergeometric test. (D) Volcano plot 

of 13,038 genes identified through RNA-seq. The 408 DEGs in the Ct-MetS group are 

represented with blue dots. The DEGs identified as IGN members are indicated by bold 

black dots. (E) List of the 29 IGN genes identified as Ct-MetS DEGs (left). Check marks 

in overlapping boxes indicate those genes that have previously been identified as markers 

of NAFLD (middle) and TGF-β1 activation (right). (F) Selected RNA-seq hits validated 
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by quantitative reverse-transcription PCR on PND21 F1 livers from the 7w (top) and 17w 

(bottom) cohorts. Tables below each graph indicate the correlation between the expression of 

Zac1 and each gene in F1 livers. Sexes are pooled. (G) Tgf-β1 transcript accumulation in F1 

livers at PND21. Sexes are pooled. Data are presented as means ± SEM. *p < 0.05, **p < 

0.01, ***p < 0.001. Student’s t test, two-tailed, comparing Ct-MetS to Ct-Ct within the same 

cohort
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FIGURE 5. 
RNA-seq analysis on AML12 cells overexpressing Zac1. (A) Venn diagram representing the 

number of DEGs after overexpression of Zac1 (DEGs defined by q < 0.05 comparing Zac1 
to EGFP-overexpressing cells; n = 3 replicates) and their intersection with the IGN. Only 

IGN genes detected in RNA-seq are considered. Overrepresentation analysis was performed 

using a hypergeometric test. (B) Volcano plot of 13,800 genes identified through RNA-seq. 

The 733 DEGs are represented with dark gray dots. The DEGs identified as IGN members 

are indicated by bold black dots
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FIGURE 6. 
Activation of TGF-β1 signaling in HepG2 cells overexpressing Zac1. (A) TGF-β1 transcript 

accumulation at 24 h and 72 h after transduction with EGFP or Zac1 overexpression 

constructs. (B) TGF-β1 concentration in the media of transduced cells. (C) Protein levels 

of Zac1-FLAG, P-SMAD2/3 (mothers against decapentaplegic homolog 2/3), and SMAD2/3 

at 24 h and 72 h after transduction. Digital quantification of phospho-SMAD2/3 relative 

to SMAD2/3 (left). Representative immunoblot (right). (D,E) SNAI1 (D) and CADH1 
(E) transcript accumulation 24 h and 72 h after transduction. (F) Protein levels of E-

CADH and ACTB after transduction. Digital quantification of E-CADH relative to ACTB 

(left). Representative immunoblot (right). (G,H) COL6A2 (G) and COL1A1 (H) transcript 

accumulation 24 h and 72 h after transduction. (I) Pro-COL1A1 concentration in the media 

of transduced cells. Three independent experiments with n = 3 replicates/condition were 

performed. Data are presented as means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. 

Student’s t test, two-tailed, comparing Zac1 to EGFP overexpressing cells within the same 

timepoint. SNAI1, snail family transcriptional repressor 1.
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FIGURE 7. 
Zac1 binding at the promoters of TGF-β1 and COL6A2. Chromatin immunoprecipitation for 

Zac1-FLAG followed by quantitative PCR across computationally predicted Zac1 binding 

sites within 1 kb of the TGF-β1 (A) and COL6A2 (B) promoters. Top: Locus diagrams. 

For each locus, the green box indicates exon 1 with the direction of transcription shown. 

Arrows indicate the TSS. Vertical white bars indicate predicted Zac1 binding sites. Pink 

horizontal bars indicate the position of quantitative PCR assays. Bottom: Enrichment of 

Zac1-FLAG relative to control sequences at each of the amplified DNA regions shown 

above. Three independent experiments, each from a pool representative of n = 6 replicates, 

were performed. Data are presented as means ± SEM. *p < 0.05. Student’s t test, two-tailed, 

comparing each amplicon to the negative control region
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FIGURE 8. 
Zac1 overexpression in hepatocytes in vivo. (A) IGN transcript accumulation in livers from 

females 3 weeks following injection. Two lobes are analyzed for each individual. Data are 

presented as means ± SEM. *p < 0.05, **p < 0.01. Nested Student’s t test, two-tailed, 

comparing AAV8-TBG-Zac1 to AAV8-TBG-EGFP. (B) Representative photomicrographs 

(magnification ×20) of liver sections from females 10 weeks following injection. Top row: 

H&E staining; arrowhead indicates apoptotic hepatocyte. Second row: sirius red staining. 

CV, central vein; EGFP, enhanced green fluorescent protein
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