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Early life exposures can increase the risk of developing chronic diseases including nonalcoholic fatty liver dis-
ease. Maternal high-fat diet increases susceptibility to development of steatosis in the offspring. We determined 
the effect of maternal high-fat diet exposure in utero and during lactation on offspring liver histopathology, 
particularly fibrosis. Female C57Bl/6J mice were fed a control or high-fat diet (HFD) for 8 weeks and bred 
with lean males. Nursing dams were continued on the same diet with offspring sacrificed during the perinatal 
period or maintained on either control or high-fat diet for 12 weeks. Increased hepatocyte proliferation and 
stellate cell activation were observed in the liver of HFD-exposed pups. Offspring exposed to perinatal high-
fat diet and high-fat diet postweaning showed extensive hepatosteatosis compared to offspring on high-fat 
diet after perinatal control diet. Offspring exposed to perinatal high-fat diet and then placed on control diet for  
12 weeks developed steatosis and pericellular fibrosis. Importantly, we found that exposure to perinatal high-fat 
diet unexpectedly promotes more rapid disease progression of nonalcoholic fatty liver disease, with a sustained 
fibrotic phenotype, only in adult offspring fed a postweaning control diet.
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INTRODUCTION

As childhood obesity rates continue to climb, meta-
bolic syndrome and its complications have become more 
prevalent in the pediatric population. Along with being 
the primary liver manifestation of metabolic syndrome, 
nonalcoholic fatty liver disease (NAFLD) is quickly 
becoming the most common chronic liver disease in chil-
dren. The estimated prevalence of NAFLD in children 
is 3–10%, and, more strikingly, 70–90% of obese chil-
dren have NAFLD1,2. NAFLD covers a broad spectrum 
of disease that is characterized by simple steatosis at the 
lower end of the spectrum and nonalcoholic steatohepa-
titis (NASH) at the higher end. The histologic features of 
NASH include inflammation, hepatocyte ballooning, cell 
death, and fibrosis. More progressive disease leaves the 
patient at increased risk for liver failure and/or hepatocel-
lular carcinoma. The pathogenesis and disease progression 

of NAFLD are of significant research interest, as there is 
currently no effective pharmacologic therapy.

While an emphasis has been placed on understanding 
the metabolic factors that lead to the initial development 
of NAFLD, it is still not clear why some patients are more 
prone to disease progression from NASH to fibrosis. One 
area of growing interest is the idea that in utero and early life 
exposures may have a sustained impact on susceptibility to 
chronic diseases later in life, known as the developmental 
origins of health and disease (DOHaD)3,4. Important epide-
miologic and experimental studies indicate that a poor nutri-
tional environment in utero increases the risk of developing 
conditions such as type 2 diabetes, cardiovascular disease, 
and NAFLD5. As 60% of women in the US are overweight 
at time of conception, it has become increasingly impor-
tant to understand the consequences of maternal obesity on 
the health of offspring6. While there is a clear association 
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between maternal prepregnancy weight and the development 
of early childhood obesity7,8, it is possible that this associa-
tion extends to the development of NAFLD in children.

Studies utilizing animal models of maternal high-fat 
diet (HFD) exposure have shown a clear predisposition to 
develop fatty liver disease in offspring. Exposure to a HFD 
in utero and during lactation increases the propensity for 
development of NAFLD in both mice and rats9–11. Similar 
findings were observed in a nonhuman primate model12. 
These studies demonstrated earlier development of hepatic 
steatosis as well as more rapid progression to NASH was 
observed when the animals resumed a HFD in adulthood. 
Interestingly, mice exposed to a HFD in utero and during lac-
tation developed hepatic steatosis despite being placed on a 
control diet (CD) postweaning10. This indicates that changes 
occur while in utero and/or during lactation that persist into 
adulthood. Indeed, it has been proposed that this early life 
insult may be the “first hit” in the “two-hit hypothesis” in 
relation to the development of NAFLD and NASH13.

While it is clear that in utero exposure to HFD pre-
disposes to development of NAFLD and likely NASH, 
no study to date has evaluated whether such exposure 
increases the susceptibility to development of liver fibro-
sis or affects hepatic stellate cells (HSCs), the primary cell 
involved in matrix production in the liver. Understanding 
this role is of critical importance as fibrosis is the primary 
predictor of outcomes in patients with NAFLD in relation 
to liver-related complications, need for transplantation, 
and mortality14. In the current study, we sought to evalu-
ate perinatal liver pathology in the setting of exposure to 
maternal HFD, as well as the risk for disease progression 
to fibrosis in adulthood. We hypothesized that maternal 
HFD exposure would induce stellate cell activation in the 
perinatal period and predispose the offspring to progres-
sion to liver fibrosis with continued exposure to a HFD.

MATERIALS AND METHODS

Animal Model

All animal studies were approved by the Institutional 
Animal Use and Care Committee at Nationwide Children’s 

Hospital. Three-week-old female C57Bl/6J mice were pur-
chased from The Jackson Laboratories. Mice were housed 
under a 12-h light/dark cycle at 22°C and 60% humidity. 
They were allowed ad libitum access to water and food. 
After 1 week of acclimatization, mice were randomly 
assigned to either a HFD (60.3% kcal fat, 21.3% kcal car-
bohydrate, 18.4% kcal protein; TD.06414; Harlan Teklad, 
Indianapolis, IN, USA) or a CD (10.4% kcal fat, 69.1% 
kcal carbohydrate, 20.5% kcal protein; TD.08806; Harlan 
Teklad) and were weighed weekly. Food was stored at 4°C 
and replaced in cages weekly to prevent degradation. At 
the start of the ninth week on experimental diet, the female 
mice were continuously paired for breeding with control 
male mice for 2 weeks. A subset of females was sacrificed 
for tissue collection at the start of the ninth week prior to 
pairing. Male mice were maintained on standard chow 
except for the 2-week breeding periods when they were 
exposed to the respective experimental diet. Pregnant mice 
were individually housed prior to giving birth. Offspring 
were kept with the same dam during lactation. For peri-
natal analysis, offspring were sacrificed at 0, 7, 14, and 21 
days of life (n ³ 4 per group). For long-term feeding stud-
ies, offspring at time of weaning (at 3 weeks of age) were 
assigned to either HFD or CD and maintained on that diet 
for 12 weeks (n = 4–9 of each gender within each group) 
(Fig. 1). Body weight was monitored weekly, and fasting 
(³8 h) glucose levels were measured at 4-week intervals. 
Food intake was estimated each week by calculating the 
amount of food consumed in each cage and dividing by 
the number of mice in the cage. At time of sacrifice, body 
weight was recorded, and the liver was weighed and dis-
sected. The dissected liver was divided and either placed 
in 10% neutral buffered formalin or snap frozen in liquid 
nitrogen and stored at −80°C until analyzed. Data shown 
are from male offspring except when sex is noted.

Histology, Immunohistochemistry, and Special Stains

Tissues fixed in 10% formalin were embedded in par-
affin, and 5-μm sections were cut and used for hema-
toxylin and eosin (H&E) staining, Sirius red staining, 
terminal deoxynucleotidyl transferase dUTP nick end 

Figure 1. Maternal diet exposure model. Scheme for breeding and experimental diet exposure for each group of offspring. Male and 
female mice were included in each group.
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labeling (TUNEL), or immunohistochemistry (IHC). 
For IHC, sections were rehydrated by passing through 
xylene, graded alcohol, and distilled water followed by 
staining utilizing select primary antibodies (Table 1) and 
the Vectastain Elite ABC kit (Vector Laboratories, Bur-
lingame, CA, USA) protocol. Antigen retrieval was per-
formed by pressure cooking for 30 min in citrate buffer. 
After antigen retrieval, endogenous peroxide inactivation, 
and blocking, sections were incubated with primary anti-
body for 30 min at room temperature. Sections were then 
washed and incubated with appropriate biotin-conjugated 
secondary antibody for 30 min. Sections were washed, 
incubated with ABC reagent, washed, and incubated with 
3,3¢-diaminobenzidine. Sections were counterstained with 
hematoxylin QS solution (Vector) and cover slipped using 
Cytoseal XYL (Richard Allen Scientific, Kalamazoo, 
MI, USA).

For evaluation of fibrosis, Sirius red staining was per-
formed by the Morphology Core at The Research Institute 
at Nationwide Children’s Hospital. Proliferation was 
measured by PCNA staining. TUNEL staining was per-
formed with an in situ apoptosis detection kit (Treveigen, 
Gaithersburg, MD, USA) according to the manufacturer’s 
protocol. Representative photomicrographs are shown. 
Morphometric analysis was performed using ImageJ. 
Positive cell counting was performed with Zeiss ZEN 
2011 software. Microscopy and image capture were per-
formed on an Olympus IX51 microscope.

Protein Extraction and Immunoblot Analysis

Tissue lysates were prepared from frozen liver with radio-
immunoprecipitation assay buffer (Boston Bioproducts, 
Ashland, MA, USA) containing HALT protease and 
phosphatase inhibitor cocktail (Thermo Fisher Scientific, 
Waltham, MA, USA). Protein concentration was determined 
using the bicinchoninic acid assay (Pierce, Rockford, IL, 
USA). Equal amounts of protein from each sample (20– 
30 μg) were separated on 10% SDS-polyacrylamide gels 
(Bio-Rad, Hercules, CA, USA) and subsequently transferred 
to polyvinylidene fluoride or nitrocellulose membranes. 
Membranes were then blocked in 5% milk and incubated 

with anti-osteopontin (R&D Systems, Minneapolis, MN, 
USA) and anti-GAPDH (loading control; Cell Signaling 
Technology, Danvers, MA, USA). Species-appropriate 
horseradish peroxidase-conjugated secondary antibodies  
(Millipore, Billerica, MA, USA) were used to detect anti-
gen–antibody complexes. Blots were developed using 
Luminata Classico (Millipore) and exposed to X-ray film. 
Label-free quantitation was performed using the spectral 
count approach, in which the relative protein quantitation is 
measured by comparing the number of tandem mass spec-
trometry (MS/MS) spectra identified from the same protein 
in each of the multiple liquid chromatography (LC)/MS/
MS data sets. Scaffold was used for quantitation analysis.

Proteome Array and Proteomic Analysis

A proteome array was performed using a Mouse 
Angiogenesis Array (R&D Systems) following the man-
ufacturer’s protocol. Briefly, protein lysates from three 
livers within each group were pooled and incubated with 
prehybridized antibody membranes. Total pooled protein 
was 450 μg for each group. Blots were developed using 
Luminata Classico reagents and exposed to X-ray film.

Proteomic analysis was performed by the Proteomics 
and Mass Spectrometry Facility at The Ohio State 
University on tissue lysates from postnatal day 7 (p7) 
liver of offspring exposed to maternal HFD or CD. 
Briefly, samples were prepared by in-gel digestion. 
The final digests were analyzed using capillary-liquid 
chromatography-nanospray tandem mass spectrometry 
(Capillary-LC/MS/MS) of global protein identification 
and was performed on a Thermo Finnigan LTQ orbitrap 
mass spectrometer equipped with a microspray source 
(Michrom Bioresources Inc., Auburn, CA, USA) oper-
ated in positive ion mode. Sequence information from 
the MS/MS data was processed by converting the .raw 
files into mgf files using MsConvert and later merged 
into a merged file (.mgf) using an in-house program, 
RAW2MZXML_n_MGF_batch (merge.pl, a Perl script), 
and searched using Mascot Daemon by Matrix Science 
version 2.3.2 (Boston, MA, USA) against the SwissProt 
mouse database (Version 2015_01, 16,702 sequences).

Table 1. Primary Antibodies for IHC

Antibody Host Company Catalog # Retrieval Dilution

a-SMA Mouse Dako M0851 Citrate 1:500
CK19 Rat Developmental Studies 

Hybridoma Bank
Troma III Citrate 1:150

4-Hydroxynonenal Rabbit Abcam Ab46545 Citrate 1:250
PCNA Mouse BD Biosciences 610665 Citrate 1:100

The CK19 antibody (Troma III) developed by Dr. Rolf Kemler was obtained from the Developmental Studies 
Hybridoma Bank, created by the NICHD of the NIH and maintained at The University of Iowa, Department 
of Biology, Iowa City, IA, USA.
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Quantitative RNA Expression Analysis

RNA was isolated from snap-frozen livers of 12-week 
mice by TRIzol extraction followed by purification 
using a Qiagen RNeasy Mini Kit and protocol (Qiagen, 
Valencia, CA, USA). Equivalent amounts of RNA from 
each sample were reverse transcribed using the Thermo 
Scientific First Strand cDNA Synthesis Kit (Thermo 
Fisher Scientific), and the resulting cDNAs were ampli-
fied using the Thermo Scientific Maxima Probe/ROX 
PCR mix (Thermo Fisher Scientific). Primer pairs  
(Table 2) were designed using the Roche Universal Probe 
Library Assay Design Center (https://lifescience.roche.
com) and were used with their corresponding probes dur-
ing amplification. For relative expression, DDCt analysis 
was performed for each target using b-actin (ActB) as 
the primary normalizer [Ct value (mean ± standard devia-
tion) = 25.61 ± 0.41, n = 38], and the mean value for male 
CD/CD mice as the secondary normalizer.

Hepatic Triglyceride Assay

Hepatic triglyceride levels in liver tissue homogenates 
were measured using a Triglyceride Assay Kit (Caymen 
Chemical, Ann Arbor, MI, USA).

Statistical Analysis

Unpaired Student’s t-test or two-way repeated-measures 
analysis of variance (ANOVA) were used when appropri-
ate using GraphPad prism software. Data are presented as 
mean ± SD, with p < 0.05 representing significance.

RESULTS

Increased Liver and Body Weights in Offspring 
Exposed to Maternal HFD

Female C57Bl/6J mice were fed HFD or CD for 
8 weeks prior to mating (Fig. 1). Livers from the female 
mice exposed to HFD exhibited no evidence of pathology, 
comparable to female mice exposed to the CD (Fig. 2A). 

Both male and female offspring from dams exposed to HFD 
exhibited a significant increase in body and liver weights 
at p7 (Fig. 2B). Histologic evaluation of offspring livers by 
H&E staining did not show any clear differences over the 
course from p0 to p21 (Fig. 2C). Liver triglyceride con-
tent was not different between maternal HFD- and CD-fed 
offspring at p0, p7, and p14, but higher liver triglyceride 
levels were present in maternal HFD-exposed offspring at 
p21 compared to CD (Fig. 2D).

Stellate Cell Activation in Offspring Exposed 
to Maternal HFD

To evaluate whether there was evidence of fibrosis in 
the perinatal period during exposure to maternal HFD, we 
performed Sirius red staining on livers from pups exposed 
to maternal CD or HFD. We did not observe any evidence 
of pericellular fibrosis within the liver parenchyma in 
either group throughout the perinatal time course (Fig. 2C). 
IHC for a-smooth muscle actin (a-SMA) was performed 
to identify activated stellate cells in the liver of offspring. 
Many activated stellate cells were observed at p0 and p7 
in both groups. At subsequent perinatal time points (p14 
and p21), liver from mice exposed to CD had no a-SMA-
positive stellate cells in the parenchyma, while activated 
stellate cells were still present in liver from pups exposed 
to maternal HFD (Fig. 2C).

Increased Hepatocyte and Cholangiocyte 
Proliferation at Time of Weaning in Offspring 
Exposed to Maternal HFD

The postnatal liver undergoes a period characterized by 
significant hepatocyte proliferation. To evaluate whether 
maternal HFD exposure impacts proliferation and cell 
turnover, we performed IHC for PCNA and TUNEL on 
liver from offspring exposed to maternal CD or HFD. A 
high number of PCNA-positive hepatocytes were present 
in both groups at p0 and p7, consistent with the expected 
cell proliferation that occurs during postnatal liver growth 

Table 2. Real-Time PCR Primers

Gene Accession No. Forward Primer Reverse Primer

Col1a1 NM_007742 acctaagggtaccgctgga gagctccagcttctccatctt
Col3a1 NM_009930 tcccctggaatctgtgaatc tgagtcgaattggggagaat
Tgfb1 NM_011577 tcagacattcgggaagcagt acgccaggaattgttgctat
Tgfb2 NM_009367 aggaggtttataaaatcgacatgc tagaaagtgggcgggatg
MMP2 NM_008610 gtgggacaagaaccagatcac gcatcatccacggtttcag
MMP9 NM_013599 ggatggttaccgctggtg ctacggtcgcgtccactc
Spp1 NM_009263 ggaggaaaccagccaagg tgccagaatcagtcactttcac
CTGF NM_010217 ctgcagactggagaagcaga gatgcactttttgcccttctt
Il1b NM_008361 agttgacggaccccaaaag agctggatgctctcatcagg
Il6 NM_031168 gctaccaaactggatataatcagga ccaggtagctatggtactccagaa
Nfkb1 NM_008689.2 gaccactgctcaggtccact tgtcactatcccggagttca
Lcn2 NM_008491 ccatctatgagctacaagagaacaat tctgatccagtagcgacagc
Actb NM_007393 ctaaggccaaccgtgaaaag accagaggcatacagggaca
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(Fig. 2C). At p14 and p21, the number of PCNA-positive 
cells declined in both groups relative to this early postnatal 
period of postnatal growth. However, the number of posi-
tive hepatocytes was significantly higher in the liver of pups 
exposed to maternal HFD than CD at p21 (Fig. 2G). We also 
found that there were more PCNA-positive cholangiocytes 

[also cytokeratin-19 (CK19) positive] in the liver of p21 
pups exposed to maternal HFD compared to maternal CD 
(Fig. 2F). No clear difference in TUNEL-positive hepato-
cytes was observed between maternal CD- and HFD-fed 
pups at p21, suggesting that the increase in proliferation 
observed is not matched by concomitant cell death at this 

Figure 2. Maternal HFD exposure leads to prolonged stellate cell activation and increased cellular proliferation in perinatal offspring 
liver. (A) Hematoxylin and eosin (H&E) staining of representative liver from female mice fed HFD for 8 weeks prior to mating. 
(B) Body weight, liver weight, and body weight/liver weight ratio of maternal CD- or HFD-exposed offspring at p7. (C) Histology and 
IHC of offspring liver at p0, p7, p14, and p21 exposed to maternal CD or HFD. Representative photomicrographs shown with type of 
staining labeled on left. Scale bars: 100 μm (Sirius red), 50 μm (H&E, a-SMA, and PCNA). (D) Liver triglyceride levels at p0, p7, 
p14, and p21 from offspring exposed to maternal CD or HFD (n = 3–4 males per group). (E) TUNEL staining of offspring liver at p21 
exposed to maternal CD or HFD. Scale bars: 100 μm. (F) CK19 and PCNA staining of offspring liver at p21 exposed to maternal CD or 
HFD, highlighting PCNA-positive cholangiocytes in HFD-exposed offspring. Scale bars: 20 μm. (G) Quantitation of PCNA-positive 
hepatocytes in p21 offspring liver exposed to maternal CD or HFD. *p < 0.05 HFD versus CD.
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time point (Fig. 2E). Interestingly, we identified several 
TUNEL-positive nonparenchymal cells in the liver of off-
spring exposed to CD but saw none in the liver of offspring 
exposed to maternal HFD.

Proteomic Analysis of Liver From Offspring 
Exposed to Maternal CD or HFD

Protein lysates were made from liver of p7 pups exposed 
to maternal CD or HFD. The proteins were separated by 
gel electrophoresis, and proteomic analysis was performed 
on gel slices. A total of 1,248 proteins were identified in 
both groups, 75 of which showed a difference in expres-
sion between CD and HFD (p £ 0.05). Enrichment analy-
sis was performed on the differentially expressed proteins 
utilizing the DAVID Bioinformatics Resource and KEGG 
database. The enriched pathways included PPAR signal-
ing, fatty acid metabolism, citric acid cycle, glycolysis/glu-
coneogenesis, mitochondria, peroxisomes, and xenobiotic 
metabolism by cytochrome p450. Specific proteins from 
the fatty acid metabolism and/or PPAR signaling pathways 
that were differentially expressed based on spectral counts 
included fatty acid binding protein, fatty acid desaturase 2, 
acetyl CoA acetyltransferase, and very long chain acyl-
CoA synthetase (Table 3). Several proteins involved in 
oxidative metabolism were also differentially expressed 
including fumarate hydratase, peroxiredoxin-6, catalase, 
and thioredoxin-like protein 1.

Progressive Pathology in Adult Offspring Previously 
Exposed to Maternal HFD Including Severe 
Steatosis and Fibrosis

To evaluate the long-term impact of maternal HFD 
exposure on the offspring liver, maternal CD- and  

HFD-exposed pups were weaned at 20 days old and 
placed on either CD or HFD for 12 weeks. This created 
four groups for analysis: maternal CD–offspring CD  
(CD/CD), maternal CD–offspring HFD (CD/HFD), mater-
nal HFD–offspring CD (HFD/CD), and maternal HFD–
offspring HFD (HFD/HFD). Male and female offspring 
were included in each group. Both male and female off-
spring in all four groups gained weight during the study, 
with more weight gain observed in the male CD/HFD 
and HFD/HFD groups (Fig. 3A). Male HFD/HFD mice 
achieved a significantly higher final body weight than 
male CD/HFD mice (p < 0.05). No significant increase in 
liver weight was observed in either male or female mice 
exposed to offspring HFD (CD/HFD, HFD/HFD) com-
pared to CD/CD mice (Fig. 3B). However, the liver weight 
of male HFD/CD was significantly decreased compared 
to male CD/CD. No differences in fasting glucose levels 
were observed between male CD/CD and CD/HFD mice 
(Fig. 3C). Male HFD/CD mice had fasting glucose mea-
surements that were significantly lower than CD/CD and 
CD/HFD mice throughout the time course (p £ 0.01 at all 
time points comparing male HFD/CD to CD/CD or CD/
HFD). HFD/HFD male mice had lower fasting glucose 
levels than CD/CD and CD/HFD mice at 1 week, but 
this difference was lost by 5 weeks. No significant dif-
ferences in fasting glucose levels were observed between 
any of the groups of female mice. Food intake was simi-
lar between all groups (Fig. 3D).

H&E staining revealed that male CD/HFD mice exhib-
ited hepatic steatosis after 12 weeks of HFD feeding and 
that male HFD/HFD mice showed a more severe stea-
totic response (Fig. 3E), as previously reported10. Inter-
estingly, male HFD/CD mice showed both micro- and  

Table 3. Fold Change of Selected Proteins

Protein
Fold Change 
(HFD/CD) p Value

Fatty acid-binding protein 1.41 0.0017
Fumarate hydratase, mitochondrial 1.20 0.0035
Cytochrome P450 2E1 0.71 0.0085
Peroxisomal acyl-coenzyme A oxidase 1 0.61 0.012
Pyruvate dehydrogenase E1 component subunit 
alpha, somatic form, mitochondrial 

0.60 0.012

Adenylyl cyclase-associated protein 1 0.71 0.021
Peroxiredoxin-6 1.26 0.024
Very long chain acyl-CoA synthetase 0.77 0.027
Catalase 0.88 0.03
Fatty acid desaturase 2 0.56 0.031
Quinone oxidoreductase 0.55 0.037
Thioredoxin-like protein 1 0.82 0.039
Fibronectin 1.59 0.042
Acetyl-CoA acetyltransferase, mitochondrial 0.85 0.046

Fold change of spectral counts (n = 3 male liver homogenates) of selected proteins 
identified to be significantly over- or underexpressed in p7 offspring liver exposed to 
maternal HFD compared to CD.
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Figure 3. Progressive pathology in adult offspring previously exposed to maternal HFD. (A) Body weight of male and female mice 
over the time course of postweaning diet exposure (n = 4–9 per group). (B) Final liver weights of male and female mice after perinatal 
CD or HFD exposure followed by 12 weeks of postweaning CD or HFD. (C) Fasting glucose levels of mice at three time points during 
the course of postweaning diet exposure. (D) Average food intake (grams/week) over the course of the study. (E) Histology and IHC of 
adult offspring liver following perinatal CD or HFD exposure and 12 weeks of postweaning CD or HFD. Top row: H&E staining. Scale 
bars: 50 μm. Middle row: Sirius red staining. Scale bars: 100 μm. Bottom row: IHC for a-SMA. Scale bars: 50 μm. (F) Morphometric 
analysis of Sirius red staining (n = 5 livers per group with three fields/liver analyzed). (G) Photomicrograph of proteome array per-
formed on pooled protein lysates (n = 3) from liver of offspring from each group. White asterisks denote loading control dots. Colored 
boxes identify select proteins on the array. (H) Representative photomicrograph of Western blot for osteopontin in adult offspring 
liver from each group. GAPDH is shown as a loading control. *p < 0.05 HFD/CD versus CD/CD, #p < 0.05 HFD/CD versus CD/HFD, 
&p < 0.05 HFD/CD versus HFD/HFD, %p < 0.05 HFD/HFD versus CD/CD.
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macro vesicular steatosis with associated inflammatory 
infiltrate. We performed Sirius red staining to evaluate 
fibrosis in each group. No Sirius red staining beyond 
the portal and perivascular areas in livers of male CD/
CD or CD/HFD mice was observed, and only minimal 
Sirius red staining was observed in the liver paren-
chyma of male HFD/HFD mice. In contrast, HFD/CD 
mice developed pericellular fibrosis throughout the 
liver (Fig. 3E). Morphometric analysis confirmed the 
increase in Sirius red staining in the HFD/CD group 
(Fig. 3F). This phenotype was observed in five of seven 
male HFD/CD mice but in only three of seven female 
HFD/CD mice, suggesting phenotypic variation and/
or increased sensitivity in the male offspring. IHC for 
a-SMA showed the presence of many activated stellate 
cells in both male and female HFD/CD mice consistent 
with a profibrotic response in the liver (Fig. 3E). By 
contrast, only a few activated stellate cells were present 
in the liver of HFD/HFD mice. Proteome array analysis 
of fibrosis-related factors revealed that expression of 
osteopontin, IGFBP1, IGFBP2, SDF-1, and hepatocyte 
growth factor was increased in male HFD/CD mouse 
livers (Fig. 3G). An increase in expression in the HFD/
CD group of osteopontin (reported to be upregulated 
in other fibrosis models15–17) was independently con-
firmed by immunoblot analysis and RT-PCR (Figs. 3H 
and 4A). Gene expression of several factors involved 
in fibrosis was measured by RT-PCR (Fig. 4A). Levels 
of collagen type 1a1, collagen type 3a1, transforming 
growth factor-b1, transforming growth factor-b2, and 
matrix metalloprotease-2 were all significantly increased 
in male HFD/CD liver compared to all other groups. 
Interestingly, no significant differences were observed 
in females, likely accounting for the decreased fre-
quency of fibrosis development in females. Connective 
tissue growth factor (CTGF) expression trended toward 
an increase in male HFD/CD compared to male CD/
CD (p = 0.15), but levels in both groups exposed to 
postweaning HFD had decreased levels compared to 
male CD/CD and HFD/CD mice.

Gene expression of two proinflammatory cytokines, 
interleukin-1b (IL-1b) and IL-6, was measured in each 
group (Fig. 4B). There was a significant decrease in levels 
of IL-1b male HFD/HFD liver compared to male CD/
CD liver with a trend toward a decrease in CD/HFD and 
HFD/CD. There was also a significant decrease in IL-6 
expression levels in male mice exposed to postwean-
ing HFD. No differences in IL-6 expression levels were 
observed in the female offspring. Overall, the cytokine 
expression levels do not support an increase in inflam-
mation after maternal or postweaning HFD exposure. 
However, there was a significant increase in expression 
of nuclear factor-kB in male HFD/CD liver compared to 
all other groups (Fig. 4C).

Increased Proliferation, Apoptosis, Ductular Reaction, 
and Oxidative Stress in Liver of HFD/CD Offspring

Given the presence of differing pathology in the HFD/
CD and HFD/HFD groups at 12 weeks postweaning, 
we next assessed cellular turnover by measuring prolif-
eration and apoptosis in the liver. PCNA staining showed 
minimal hepatocyte proliferation in the CD/CD [4 cells/ 
high-power field (hpf)], CD/HFD (4 cells/hpf), and HFD/
HFD (3.9 cells/hpf) groups, whereas diffuse hepato-
cyte proliferation was observed in HFD/CD (21.3 cells/
hpf) liver with significantly more PCNA-positive cells 
(Fig. 5A and B). There was also increased apoptosis in 
HFD/CD liver shown by TUNEL staining (Fig. 5A and 
C). This supports an overall increase in cell turnover for  
offspring exposed to maternal HFD and placed on a CD 
at weaning.

To evaluate for ongoing oxidative stress in the adult 
offspring, we performed IHC for 4-hydroxynonenal 
(4-HNE), a commonly used marker of oxidative stress 
in the setting of lipotoxicity. No staining for 4-HNE was 
observed in CD/CD or CD/HFD liver (Fig. 5A and C). 
However, some staining was observed in HFD/HFD 
liver, and robust staining for 4-HNE was evident in HFD/
CD liver. This suggests increased oxidative stress in both 
groups previously exposed to maternal HFD with a more 
dramatic increase in the HFD/CD liver. There was also a 
significant increase in lipocalin-2 expression, known to 
be increased in oxidative stress18, in male HFD/CD off-
spring liver (Fig. 4D).

A ductular reaction, characterized by the presence of 
CK19-positive cells emanating into the parenchyma, has 
been frequently described in the setting of liver injury, 
is associated with fibrosis19–21, and has been observed in 
mice placed on a methionine- and choline-deficient diet to 
induce NASH22. We performed CK19 IHC, which showed 
the presence of many CK19-positive cells emanating into 
the parenchyma of HFD/CD liver (Fig. 5A and D). This 
provides evidence of a ductular reaction occurring in HFD/
CD liver along with the presence of fibrosis.

DISCUSSION

In agreement with previous studies10,23, we found that 
the rate of development and degree of steatosis were 
greater in mice exposed to maternal HFD compared to 
maternal CD. Previous reports have noted that expres-
sion of a-SMA and collagen type Ia1 are increased with 
maternal HFD, but development of fibrosis was not eval-
uated24. The purpose of the current study was to evaluate 
whether maternal HFD exposure would lead to enhanced 
fibrosis and stellate cell activation especially upon reex-
posure of the offspring to HFD. Minimal fibrosis and stel-
late cell activation occurred in the offspring of dams fed a 
HFD and placed on HFD postweaning. We unexpectedly 
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found that the HFD/CD offspring exhibited micro- and 
macrovesicular steatosis and abundant pericellular fibro-
sis with associated stellate cell activation. The hepatic 
histology in HFD/CD offspring was more severe than 
that previously reported9,10 and may be due, in part, to our 
use of a diet with a higher fat content (60% kcal from fat 
vs. £45% kcal from fat).

It is counterintuitive that the HFD/CD group devel-
oped fibrosis while the HFD/HFD group did not. One 
possible explanation is that postweaning exposure to 
HFD actually confers protection from the maternal traits 
that otherwise render the offspring more fibrosis suscep-
tible. Alternatively, others have reported that in mice, 
HFD leads to steatosis only and that it takes additional 
insults, such as fructose or cholesterol, to promote fibro-
sis25. The cause for this observation has yet to be iden-
tified, but one possibility relates to PPARg signaling. 
PPARg is increased in the liver during HFD exposure and 
plays a major role in lipid metabolism. However, PPARg 
blocks the activation of HSCs26,27. Unabated PPARg sig-
naling during HFD exposure may block stellate cell acti-
vation in this model. We also present here that levels of 
CTGF gene expression decrease when mice are placed 
on postweaning HFD. Further analysis will be necessary 
to delineate the mechanisms of protection from fibrosis 
observed with postweaning HFD exposure.

Our finding that fibrosis developed in HFD/CD off-
spring indicates that perinatal exposure to poor maternal 
nutrition and obesity is sufficient to induce long-term 
development of liver fibrosis. Although prevalence of 
fibrosis was not reported, ~33% of patients with steatosis 
on ultrasound are not obese, supporting the notion that 
factors other than directly consumed diet may lead to 
NAFLD28. Also, it is widely reported that dietary changes 
may not be successful in disease resolution in some 
patients with NAFLD29. It is possible that some patients 
may not respond to dietary modification due to persistent 
molecular changes that are a result of perinatal exposure 
to poor nutrition. If this is true, then alternative strategies 
in addition to lifestyle modification will need to be devel-
oped for this population.

A recent study identified that the presence of fibro-
sis is the strongest predictor of outcome in patients with 
NAFLD14. Retrospective analysis of 691 patients with 
NAFLD showed that the fibrosis stage was a predictor of 

need for liver transplantation and that patients with fibro-
sis, regardless of steatohepatitis or NAFLD activity score, 
had shorter survival times than patients without fibrosis. 
Understanding fibrogenesis in NAFLD is of particular 
relevance to children with obesity because a unique fea-
ture of pediatric NAFLD is the tendency for children 
to develop steatosis and inflammation in the periportal 
region rather than the pericentral distribution observed in 
adult NAFLD30; 51% of children with NAFLD had type 2 
NASH characterized by steatosis, portal inflammation, and 
portal fibrosis. It is also clear that periportal disease distri-
bution is associated with an increase in fibrosis and more 
advanced liver disease31. In our model, HFD/CD liver had 
fairly diffuse pericellular fibrosis, so it is not clear whether 
this pathology starts periportal. Regardless of the region of 
disease, developing a better understanding of why and how 
some patients are more prone to develop fibrosis will lay 
the groundwork for creation of novel effective therapies 
to prevent disease progression. Identification of maternal 
obesity as a risk factor will also provide insight into those 
patients who would benefit the most from treatment.

While the mechanism for more severe disease in 
offspring exposed to perinatal HFD is unclear, several 
groups have shown pervasive expression changes in genes 
involved in oxidative stress, metabolism, and inflamma-
tion as late as 30 weeks of age following perinatal HFD 
exposure regardless of the postweaning diet10,23,32. Such 
permanent alterations in gene expression could be due to 
genetic imprinting via DNA methylation or acetylation, 
chromatin remodeling, or possibly microRNA regulation. 
While such a mechanism has yet to be elucidated, Cannon 
et al. showed that even though pervasive gene expression 
changes occur in this model, no change in global DNA 
methylation was observed33. Alternatively, HFD expo-
sure in utero and/or postnatally may impact the maternal 
passage of mitochondria, which could weaken the cell’s 
ability to respond to oxidative stress. Indeed, exposure to 
maternal HFD results in decreased hepatic mitochondrial 
DNA content in the offspring11. Since HFD/CD adult 
offspring exhibit persistent HSC activation and signifi-
cant pericellular fibrosis that is associated with oxidative 
stress, hepatocyte turnover, and ductular reaction, future 
studies focusing on the mechanism behind this increased 
susceptibility to metabolic derangement, inflammation, 
and fibrosis will be essential.

FACING PAGE
Figure 5. Increased hepatocyte turnover and ductular reaction in liver of HFD/CD offspring. (A) Staining and IHC of adult offspring 
liver following perinatal CD or HFD exposure and 12 weeks of postweaning CD or HFD. Representative photomicrographs shown 
with type of staining labeled on the left. Scale bars: 100 μm for all images. (B) Quantitation of PCNA-positive hepatocytes from each 
group (n = 4–5 livers per group with three fields/liver counted). (C) Quantitation of TUNEL-positive hepatocytes from each group 
(n = 3–4 livers per group with three fields/liver counted). (D) Morphometric analysis of 4-HNE staining (n = 3 livers per group with 
three fields/liver analyzed). (E) Morphometric analysis of CK19 staining (n = 3 livers per group with three fields/liver analyzed). 
*p < 0.05 versus CD/CD, #p < 0.05 versus CD/HFD, &p < 0.05 versus HFD/HFD.
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An intriguing and unanticipated finding in this study 
was increased hepatocyte proliferation in HFD/CD off-
spring. This may be the result of activation of repair mech-
anisms to balance ongoing injury in these mice. Zhang 
et al. showed altered expression of several microRNAs 
that may impact cell cycle control following exposure to  
maternal HFD32. For example, miR-16, a negative regula-
tor of cyclin D1, was decreased after perinatal HFD expo-
sure34. Converse to this and our findings, expression of the 
cell cycle inhibitor, Cdkn1a, was increased in rat offspring 
liver after maternal HFD exposure due to hypomethylation 
of the Cdkn 1a promoter35. We also observed an increased 
ductular reaction in liver of offspring exposed to maternal 
HFD as evidenced by parenchymal infiltration of CK19-
positive cells. This ductular reaction is believed to be 
composed of progenitor cells with the capability of pro-
ducing new hepatocytes and cholangiocytes in the setting 
of injury36,37. A link has previously been noted between the 
appearance of this ductular reaction and the development 
of hepatic fibrosis20. Hepatic progenitor cells are present in 
pediatric NAFLD and independently associated with the 
degree of fibrosis19, but their mechanistic role in hepatic 
pathology has yet to be determined.

In summary, an important and novel finding in this 
study was that exposure to maternal HFD leads to HSC 
activation and development of fibrosis in the liver of 
some adult offspring. The implication that such an early 
life exposure has long-term consequences on liver pathol-
ogy in the offspring is relevant to better understand dis-
ease progression in NAFLD. Future studies will need to 
focus on the molecular mechanisms involved in the cel-
lular and gross pathology noted in our model to evaluate 
whether preventative therapies can be targeted to prevent 
progression of NAFLD. It is also reasonable to anticipate 
that if maternal HFD exposure leads to increased sensi-
tivity to fibrosis development in NAFLD, the same may 
be true for the development of fibrosis in many other 
chronic liver diseases. Utilizing models of maternal HFD 
exposure will delineate the global impact of such risk and 
provide a way to identify and target those patients that 
will eventually develop liver fibrosis.
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