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Perinatal Nutritional Reprogramming
of the Epigenome Promotes Subsequent
Development of Nonalcoholic
Steatohepatitis
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With the epidemic of obesity, nonalcoholic fatty liver disease (NAFLD) has become the most common pediatric
liver disease. The influence of a perinatal obesity-inducing diet (OID) on the development and progression of
NAFLD in offspring is important but incompletely studied. Hence, we fed breeding pairs of C57BL/6]J mice during
gestation and lactation (perinatally) either chow or an OID rich in fat, fructose, and cholesterol (FFC). The off-
spring were weaned to either chow or an FFC diet, generating four groups: perinatal (p)Chow-Chow, pChow-FFC,
pFFC-Chow, and pFFC-FFC. Mice were sacrificed at 10 weeks of age. We examined the whole-liver transcriptome
by RNA sequencing (RNA-seq) and whole-liver genome methylation by reduced representation bisulfite sequencing
(RRBS). Our results indicated that the pFFC-FFC mice had a significant increase in hepatic steatosis, injury, in-
flammation, and fibrosis, as assessed histologically and biochemically. We identified 189 genes that were differen-
tially expressed and methylated in the pFFC-FFC mice versus the pChow-FFC mice. Gene set enrichment analysis
identified hepatic fibrosis/hepatic stellate cell activation as the top canonical pathway, suggesting that the differen-
tial DNA methylation events in the mice exposed to the FFC diet perinatally were associated with a profibrogenic
transcriptome. To verify that this finding was consistent with perinatal nutritional reprogramming of the methyl-
ome, we exposed pFFC-Chow mice to an FFC diet in adulthood. These mice developed significant hepatic steato-
sis, injury, inflammation, and more importantly fibrosis when compared to the appropriate controls. Conclusion:
Perinatal exposure to an OID primes the immature liver for an accentuated fibrosing nonalcoholic steatohepatitis
(NASH) phenotype, likely through nutritional reprogramming of the offspring methylome. These data have poten-
tial clinical implications for monitoring children of obese mothers and risk stratification of children with NAFLD.
(Hepatology Communications 2018;2:1493-1512).

Ithough the prevalence of childhood obesity 11 years of age, and 20.5% of children between 12
varies with age, the overall trend during the and 19 years of age.(l) With the epidemic of obe-
last 3 decades has been upward, with obe- sity, NAFLD has become the most common pedi-
sity currently affecting 8.9% of children between 2  atric liver disease, with an estimated prevalence

and 5 years of age, 17.5% of children between 6 and  of 11%.?%

Abbreviations: ALT, alanine aminotransferase; ccr2, C-C chemokine receptor type 2; cidec, cell death-inducing DNA fragmentation factor-like
effector C; collal, collagen 1al; DEG, differentially expressed gene; DMR, differentially methylated region; eWAT, epididymal white adipose tissue;
FFC, fat, fructose, and cholesterol; gapdh, glyceraldehyde 3-phosphate dehydrogenase; H &E, hematoxylin and eosin; HOMA-IR, homeostasis model
assessment of insulin resistance; il-1/6, interleukin-1/6; IPA, Ingenuity Pathway Analysis; [INK, c-Jun N-terminal kinase; ly6c, lymphocyte antigen
6 complex; Mac-2, macrophage galactose-specific lecting mRINA, messenger RNA; 5-mC, 5-methylcytosine; NAFLD, nonalcoholic fatty liver
disease; NAS, NAFLD activity score; NASH, nonalcoholic steatohepatitis; Nfkb, nuclear factor kappa B; ns, not significant; OID, obesity-inducing
diet; p, perinatal; pdgfiP, platelet-derived growth factor receptor beta; pdgfP, platelet-derived growth factor beta; ppara, peroxisome proliferator-
activated receptor alpha; RNA-seq, RNA sequencing; RRBS, reduced representation bisulfite sequencing; RT-PCR, real-time polymerase chain
reaction; smad, smad family member; a-sma, alpha smooth muscle actin; tgf-p, transforming growth factor beta; tnf-a, tumor necrosis factor alpha;

TUNEL, terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling; XIAP, X-linked inhibitor of apoptosis.
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A subset of patients with NAFLD develop
NASH, characterized by hepatic fibrosis and inflam-
mation in addition to steatosis. It is estimated that
44% of adults with NALFD will progress to NASH
over a median interval of 6.6 years.””) NASH fibrosis
is the most important prognostic liver feature, with
a positive correlation to mortality and the need for
liver transplantation.(4) Thus, NASH has become
a common indication for liver transplant in adults
and has the most rapidly growing rate for trans-
plant.(s) Although the natural history of pediatric
NAFLD is not well understood, several studies have
suggested a high rate of type 2 diabetes and a high
prevalence and persistence of obesity into young
adulthood® as well as shorter survival.”) However,
the cellular and molecular mechanisms culminat-
ing in pediatric NASH pathogenesis remain poorly
understood, and no effective regulatory agency-
approved pharmacologic therapy has been identified
to date.

Evaluation of data from the U.S. National Health
and Nutrition Examination Survey yielded a preva-
lence of obesity of 31.8% among women of reproduc-
tive age.®) Maternal obesity has been recognized as
an important factor in the development of the meta-
bolic syndrome, insulin resistance, and NAFLD in the
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offspring.”) Additionally, animal studies have shown
that in utero exposure to a high-fat diet, independent
of maternal obesity, primes the offspring liver for
development of NAFLD.®? These findings indicate
an interplay between the fetal and maternal environ-
ment as well as a regulatory role of maternal nutrition
on the fetal gene expression profile.

Epigenetic events cause persistent changes in gene
expression and cell phenotype in response to devel-
opmental and environmental cues without directly
altering the DNA base sequence.(ll’lz) Experimental
manipulation of epigenetic signatures, such as DNA
methylation, can have profound effects on the activa-
tion and phenotype of hepatic stellate cells, key cells
responsible for the onset and progression of liver fibro-
sis. 1 Furthermore, recent publications have linked
early nutrition, epigenetic processes, and chronic dis-
cases™ and have attributed circulating DNA methyl-
ation signatures to the severity of liver fibrosis in adult
patients with NASH.!

Given the long-term biomedical and public health
implications, we elected to further examine the impact
of in utero and early life (perinatal) exposure to an
OID on the development and progression of NAFLD
in the offspring and more importantly the possible
epigenetic alterations secondary to such perinatal
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exposure. In this study, we demonstrate that perina-
tal exposure to an OID accentuates NASH fibrosis
partially through epigenetic reprogramming as mani-
fested by alterations in the methylome and eventually
the transcriptome.

Materials and Methods

ANIMALS

Breeding pairs of C57Bl/6] mice were purchased
from Jackson Laboratory (Bar Harbor, ME). Mice were
housed in a temperature-controlled 12:12-hour light/
dark cycle facility with free access to diet. Breeding
pairs were fed either a chow diet (5053 PicoLab Rodent
Diet 20, LabDiet, St Louis, MO) or a diet rich in FFC
for 6-8 weeks before conception. The FFC diet con-
sisted of 40% energy as fat (12% saturated fatty acid,
0.2% cholesterol) (AIN-76A Western Diet; TestDiet,
St Louis, MO), with fructose (23.1 g/L final concen-
tration) and glucose (18.9 g/L) in the drinking water.
The FFC diet induces steatohepatitis with pronounced
hepatocellular ballooning, lipoapoptosis, and progressive
fibrosis that has a high fidelity to the human NASH
histology and metabolic profile."® Breeding pairs con-
tinued on their corresponding diet during the gestation
period and were maintained on the diet throughout lac-
tation. We defined the perinatal (p) period as the time
including gestation and lactation. Male offspring were
used because there is an inherent difference between
sexes and their response to diet-induced NASH, with
estrogen likely playing a protective role in females.!”
Male mice have more fidelity to the human NASH
phenotype and appear to be more responsive to the
FFC diet, as suggested by the significant increase in
alanine aminotransferase (ALT) level, body weight, and
liver to body weight compared to age-matched female
breeders (Supporting Fig. S1). Offspring were weaned
to either the FFC or chow diet, generating four exper-
imental groups: pFFC-FFC (n = 12), pFFC-Chow
(n =9), pChow-FFC (n = 11), and pChow-Chow
(n = 12) (Fig. 1A). Mice were sacrificed at 10 weeks of
age (Fig. 1A). Some of the pFFC-Chow and pChow-
Chow mice were not sacrificed but were switched to
the FFC diet (pFFC-Chow-FFC [n = 4] and pChow-
Chow-FFC [n = 5]) for an additional 12 weeks before
being sacrificed at 22 weeks of age. We refer to these
two experimental groups as the re-exposure cohorts;
they were designed to evaluate priming of the liver by
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perinatal FFC exposure and were compared to age-
matched chow-fed control mice (n = 5). Additionally,
we used FFC-fed mice (n = 3) from adulthood (8-10
weeks of age) through the age of 30 weeks with the
appropriate age-matched chow-fed mice (n = 3) to
compare the transcriptome when the diet is introduced
early in life versus in adulthood. Mice were sacrificed
under general anesthesia induced by a ketamine/xyla-
zine cocktail (83 mg/kg ketamine/16 mg/kg xylazine,
intraperitoneal). All interventions, including sacrifice,
were made during the light cycle. Blood, epididymal
white adipose tissue (eWAT), and liver samples were
collected. Study protocols were conducted as approved
by the Institutional Animal Care and Use Committee
(IACUC) of Mayo Clinic. The methods employed in
the current study were carried out in accordance with
the IJACUC guidelines for the use of anesthetics in

experimental mice.

Results

METABOLIC PHENOTYPE OF
MICE FROM THE DIFFERENT
EXPERIMENTAL GROUPS

At weaning, offspring of the FFC-fed breeders had
a higher body weight than offspring of the chow-fed
breeders. The life curve of all cohorts demonstrated a
steady increase in weight during the study time, with a
plateau caused by the stress of subjecting the mice to
metabolic phenotyping (Fig. 1B). Total body weight at
sacrifice was significantly increased in the pFFC-FFC
mice cohort compared to all other cohorts. However,
no statistical significance was seen when compared to
the pChow-pFFC cohort. The difference in weight
was noted to be secondary to a change in body mass
composition, with the pFFC-FFC group having a
higher fat mass and lower lean mass compared to the
other groups (Fig. 1C). Additionally, the pFFC-FFC
mice had a significant increase in visceral fat, evident
by the weight of the eWAT (Fig. 1D) and the micro-
computed tomography scans of the lumbar region
(Fig. 1E). Caloric intake at week 7 was not significantly
different among the mice from the different experi-
mental groups (Supporting Fig. S2A). This finding is
consistent with prior studies demonstrating that obe-
sogenic diets have a robust caloric intake increase in the
long term only when there is variability and high palat-
ability. Otherwise, only short-term effects are seen.®
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FIG. 1. Metabolic phenotype of mice from the different experimental groups. (A) C57BL/6] breeding pairs were started on either
chow or an FFC diet 6-8 weeks before conception and stayed on the diet throughout gestation and lactation. At weaning, offspring
continued on the same diet as the breeding pairs or switched to the other available diet, resulting in four study groups. (B) Life curve
from weaning to sacrifice (n = 4-5). (C) Body weight at the time of sacrifice (n = 4-5) and weight ratio of lean mass and fat mass (%)
(n=4-5). (D) eWAT weight at the time of sacrifice (n = 4-5). (E) Microcomputed tomography images with the visceral fat highlighted in
pink and subcutaneous fat in gray in the lumbar region of mice from the different study groups (scale bar, 5 mm). (F) HOMA-IR (n = 3)
calculated from fasting glucose and insulin levels. Data points (B) and bar columns (C,D,F) represent mean + SEM. *P< 0.05, P < 0.01,
***P < 0.001. Abbreviation: CLAMS, Comprehensive Lab Animal Monitoring System.

The pFFC-FFC cohort developed insulin resistance,
as assessed by the homeostasis model assessment of
insulin resistance (HOMA-IR) (Fig. 1F). In addition
to evaluating insulin resistance through HOMA-IR,
all cohorts underwent a glucose tolerance test, which
demonstrated a significant increase in the area under
the curve in the FFC-fed mice, suggesting islet f
cell dysfunction in the pFFC-FFC and pChow-FFC
groups (Supporting Fig. S2B). As noted by the respi-
ratory quotient, no difference was observed in macro-
nutrient utilization across the cohorts during the fed
state (Supporting Fig. S2C). Likewise, energy expen-
diture and physical activity were comparable across all
cohorts (Supporting Fig. S2C). Taken together, these
data suggest that exposure to the FFC diet starting
at the time of gestation predisposes to increased body
weight and adiposity, without significant alteration of
energy expenditure.

pFFC DIET ENHANCES THE
DEVELOPMENT OF HEPATIC
STEATOSIS IN THE OFFSPRING

Histologic examination of the liver by hematoxylin
and eosin (H&E) stain indicated a significant increase
in hepatic steatosis in the pFFC-FFC group com-
pared to the other study groups at 10 weeks (Fig. 2A).
Steatosis assessment by coherent anti-Stokes Raman
scattering microscopy demonstrated similar results
(Fig. 2B). Moreover, the liver triglyceride content was
significantly increased in the pFFC-FFC group when
compared to the other experimental groups (Fig. 2C)
(no statistical significance was seen when compared to
the pChow-pFFC cohort), and the liver weight and
liver to body weight ratio were overall similar among
the groups (Fig. 2D). Taken together, these data sug-
gest that antenatal exposure to the FFC diet increases
hepatic steatosis without a significant increase in liver
mass and is likely secondary to enhanced hepatocyte
lipoapoptosis, as discussed below.

PERINATAL INTRODUCTION OF
THE FFC DIET EXACERBATES
MACROPHAGE-ASSOCIATED
HEPATIC INFLAMMATION IN
THE OFFSPRING

Given the crucial role of both resident macrophage
and monocyte-derived macrophage in NASH patho-

19 "\ve assessed hepatic macrophage infil-

genesis,
tration by immunohistochemistry for macrophage
galactose-specific lectin (Mac-2), a marker of phagocyt-
ically active macrophages®” (Fig. 3A). The pFFC-FFC
group had a higher Mac-2-immunopositive surface
area (Fig. 3B) when compared to the other experi-
mental groups. Likewise, the pFFC-FFC group had
a significant increase in the hepatic messenger RNA
(mRNA) expression of the general macrophage marker
/80 (Fig. 3C) and blood monocyte-derived macro-
phage markers C-C chemokine receptor type 2 (ccr2)
and the inflammatory monocyte surface lymphocyte
antigen 6 complex (lyéc)(zz) (Fig. 3D). Furthermore,
mRNA expression of the macrophage activation marker
tumor necrosis factor alpha (#2/~a) (Fig. 3E) was also
significantly increased in the pFFC-FFC group. Taken
together, these data demonstrate an increase in proin-
flammatory monocyte-derived macrophage hepatic
infiltration and activation in the pFFC-FFC group
when compared to the other experimental groups; this is
likely secondary to perinatal exposure to the FFC diet.

PERINATAL EXPOSURE TO THE
FFC DIET INDUCES SIGNIFICANT
LIVER INJURY IN THE OFFSPRING

We measured the serum ALT level to assess the
liver injury induced by the FFC diet. The ALT level
was significantly elevated in the pFFC-FFC group
(ALT mean, 127 U/L) when compared to the other
experimental groups (Fig. 4A). The influence of
the FFC diet on the offspring liver injury was also
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FIG. 2. pFFC-FFC mice develop prominent hepatic steatosis. (A) Fixed liver tissues were stained with H&E (scale bar, 100 um). (B)
Label-free frozen liver tissue sections were imaged by coherent anti-Stokes Raman scattering microscopy to visualize lipid droplets
using a 25x objective (scale bar, 50 um). (C) Liver triglyceride content (mg/g liver) was measured using a photometric absorbance-based
technique (n = 4-7). (D) Liver weight and liver to body weight ratio were calculated (n = 4-5). Bar columns represent mean + SEM.

*P < 0.05, **P < 0.01, *™**P < 0.0001.

demonstrated by assessing liver histologic sections of
mice from the different experimental groups, using
the NAFLD activity score (NAS), a semiquanti-
tative score that accounts for steatosis, ballooned
hepatocytes, and lobular inflammation.?”) The NAS
was significantly increased in pFFC-FFC mice (Fig.
4B). As a component of NAS, ballooned hepato-
cytes provide information on liver injury. Mallory-
Denk bodies, found within ballooned hepatocytes, are

1498

cytoplasmic hyaline inclusions of keratin intermedi-
ate filaments that have been described in NASH.?¥
Histologic examination of the H&E-stained liver
indicated the presence of Mallory-Denk bodies in the
pFFC-FFC group (Supporting Fig. S3A). This was
turther validated by immunohistochemistry for cyto-
keratin-18 (Supporting Fig. S3B), which is a marker
of keratin intermediate filaments found in ballooned

hepatocytes. (25)
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FIG. 3. pFFC-FFC mice have accentuated macrophage-associated hepatic inflammation. (A) Macrophage infiltration was evaluated
by immunohistochemistry for Mac-2 antigen (scale bar, 100 pm). (B) Mac-2 staining was quantified by morphometry using Image]
software in 10 random 20x microscopic fields and averaged for each animal (n = 3). Total RNA was extracted from liver tissue.
The mRNA expression of (C) general macrophage marker /#/80 (n = 6), (D) markers associated with monocyte-derived infiltrating
macrophages ccr2 and A6¢ (n = 6), and (E) the cytokine #z2fa (n = 6) were assessed by RT-PCR. Fold change was determined after
normalization to gapdh expression in liver tissue and expressed relative to that observed in pChow-Chow mice. Bar columns represent

mean + SEM. *P < 0.05, **P < 0.01, ****P < 0.0001.

Likewise, pFFC-FFC mice had significant lipoapop-
tosis, as demonstrated by a significant increase in the
number of terminal deoxynucleotidyl transferase-
mediated deoxyuridine triphosphate nick-end label-
ing (TUNEL)-positive cells (Fig. 4C). Additionally,
increased apoptosis in pFFC-FFC mice was also

confirmed by immunohistochemistry for cleaved
caspase 3 (Fig. 4D). To further study the signal-
ing mechanism and molecular mediators involved in
apoptosis, we assessed the protein levels of the effec-
tor caspase, cleaved caspase 3, in the different exper-
imental groups and noted a distinct increase in the
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FIG. 4. pFFC-FFC mice have significant liver injury. (A) ALT (U/L) levels were measured (n = 4-6). (B) Liver histology was assessed
using the NAS. (C) Hepatocyte apoptosis was assessed by the TUNEL assay (scale bar, 100 pm). Brown-stained apoptotic nuclei
(black arrowheads) were quantified by counting nuclei in 10 random 20x microscopic fields per animal (n = 3). (D) Cleaved caspase 3
immunohistochemistry was performed to assess hepatocyte apoptosis (scale bar, 100 um); bottom row contains images enlarged from
the boxed area in the corresponding panel in the top row. Positive cells (black arrowheads) were quantified by counting nuclei in 10
random 20x microscopic fields per animal (n = 3). (E) Immunoblot was used to assess XIAP, BIM, BID, SMAC, C3, p-JNK, and
t-JNK protein levels in whole-mouse liver lysates from the different experimental groups; GAPDH was used as a loading control. Bar
columns represent mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Abbreviations: BID, BH3 interacting-domain
death agonist; BIM, Bcl-2-like protein 11; C3, cleaved caspase 3; p-JNK, phosphorylated JNK; SMAC, second mitochondrial-derived
activator of caspases; t-JNK, total-JNK.

pFFC-FFC and pChow-FFC groups (pFFC-FFC >
pChow-FFC) compared to the other two experimen-
tal groups (Fig. 4E). Equal expression of caspase 3 was
noted; this represents the same availability and con-
centration of the inactive proenzyme across all groups.
Effector caspases are regulated by the anti-apoptotic
protein X-linked inhibitor of apoptosis (XIAP).%®
Interestingly, the expression of XIAP was sup-
pressed in the pFFC-FFC and pChow-FFC groups
compared to the other two study groups (Fig. 4E).
This lower expression of XIAP was likely permis-
sive of a higher expression of cleaved caspase 3 in the
pFFC-FFC group, which in turn primed the develop-
ing liver of the FFC mice to significant lipoapoptosis
and liver injury. Moreover, the mitochondrial protein
second mitochondrial-derived activator of caspases
(SMAC), which is an inhibitor of XIAP?® was
not differentially expressed among the study groups.
Other proapoptotic proteins, including BH3 inter-
acting-domain death agonist (BID) and Bcl-2-like
protein 11 (BIM), were expressed uniformly across all
study groups. Phosphorylated c-Jun N-terminal kinase
(p-JNK), a proapoptotic kinase, was increased in the
pChow-FFC group, suggesting that JNK is activated
with postweaning exposure to the FFC diet (Fig. 4E).
Taken together, the pFFC-FFC mice have signifi-
cant liver injury and lipoapoptosis, likely secondary to

reduced XIAP expression and JNK activation.

PERINATAL INTRODUCTION OF
THE FFC DIET ACCENTUATES
LIVER FIBROSIS

We used sirius red staining to identify the extent of
collagen deposition in liver sections. Sirius red-pos-
itive surface area was significantly increased in the
pFFC-FFC mice (Fig. 5A) when compared to the
other experimental groups. These findings were con-
firmed by immunohistochemistry for alpha smooth

muscle actin (a-SMA) (Fig. 5B) and further validated
by second harmonic generation microscopy to visual-
ize collagen fibril deposition (Fig. 5C). Furthermore,
we examined the expression of profibrogenesis genes,
including collagen 1al (co/Zal) and a-sma, and iden-
tified a significant increase in mRNA levels of these
genes in the pFFC-FFC mice (Fig. 5D). Thus, pFFC-
FFC mice have early onset significant liver fibrosis,
likely secondary to perinatal exposure to an FFC diet
and nutritional reprogramming.

PERINATAL INTRODUCTION
OF THE FFC DIET INDUCES
A PROFIBROGENIC AND
PROINFLAMMATORY GENE
EXPRESSION SIGNATURE

To assess the impact of the FFC diet on off-
spring transcriptome, we examined the differen-
tially expressed genes by RNA-seq of the whole
liver of mice from the different experimental groups.
Unsupervised hierarchical clustering analysis of gene
expression profiles across all groups demonstrated a
distinct difference between the pFFC-FFC mice and
the other study groups (Fig. 6A). In addition, differ-
entially expressed genes in the pFFC-FFC cohort
clustered similar to the FFC-fed adult mice. The
FFC-fed adult mice were introduced as a compari-
son arm for the development of NASH; these mice
were initiated on the FFC diet at 8 weeks of age and
continued this diet for a total of 24 weeks. Further
analysis of whole-liver transcriptome was done using
the pChow-Chow group as a control. This analysis
revealed a total of 1,287 differentially expressed genes
(DEGsS) in the pFFC-FFC group, with the majority
of these genes being up-regulated (Fig. 6B). Some of
these DEGs overlapped with the other study groups,
as shown in the Venn diagram (Fig. 6C). Ingenuity
Pathway Analysis (IPA) identified a striking difference
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FIG. 5. pFFC-FFC mice have accentuated liver fibrosis. (A) Fixed liver tissue sections were stained by sirius red to detect collagen
deposition (scale bar, 100 pm). Sirius red chromogen was quantified by morphometry using Image] software in 10 random 20x
microscopic fields and averaged for each animal (n = 3). (B) Immunohistochemistry for a-SMA (scale bar, 100 pm). a-SMA staining
was quantified by morphometry using Image] software in 10 random 20x microscopic fields and averaged for each animal (n = 3). (C)
Frozen liver tissue sections were examined by second harmonic generation microscopy to visualize collagen deposition using a 25x
objective (scale bar, 50 pm). Total RNA was extracted from the liver tissues. The mRNA expression of (D) the profibrogenic markers
co/1al and a-sma (n = 6) were assessed by RT-PCR. Fold change was determined after normalization to gapdh expression in liver tissue
and expressed relative to that observed in pChow-Chow mice. Bar columns represent mean + SEM. *P < 0.05, ****P<0.0001.

in the enriched signaling of the top canonical path- atherosclerosis signaling, and granulocyte adhesion
ways involved in hepatic fibrosis and hepatic stellate and diapedesis, among others, between the pFFC-
cell activation, agranulocyte adhesion and diapedesis, FFC group and the other study groups (Fig. 6D).
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FIG. 6. Perinatal introduction of the FFC diet induces a profibrogenic and proinflammatory transcriptome in the offspring. (A)
Unsupervised hierarchical clustering heat map of gene expression profiles of the study groups as well as adult chow-fed and FFC-
fed mice. Study groups were sacrificed at 10 weeks and FFC-fed adult and chow-fed adult mice at 32 weeks of age (n =3). (B) The
number of DEGs in the pFFC-Chow, pChow-FFC, and pFFC-FFC groups when compared to pChow-Chow. (C) Venn diagram
for unique and common DEGs among study groups. IPA demonstrating (D) the top enriched canonical pathways, (E) the top liver
diseases and biological functions, and (F) the top upstream regulators of the pFFC-Chow, pChow-FFC, and pFFC-FFC groups
when compared to pChow-Chow. Abbreviations Chu#, conserved helix-loop-helix ubiquitous kinase; Csf2, colony stimulating factor 2;
Egf, epidermal growth factor; Er#, extracellular regulated mitogen-activated protein kinase; /2, coagulation factor II; Ifz, interferon;
Ixbk, inhibitor of kappa B kinase; Myd§88, myeloid differentiation primary response gene 88; P38 mapk, P38 mitogen-activated protein
kinase; Scap, sterol regulatory element-binding protein chaperone; Smarca4, switch/sucrose nonfermentable-related, matrix-associated,
actin-dependent regulator of chromatin, subfamily a, member 4; Szaz, signal transducer and activator of transcription; 77, toll-like
receptor; Vegf, vascular endothelial growth factor.

Similarly, liver biological functions, including liver
hyperplasia and proliferation, cirrhosis, damage,
inflammation, steatosis, and fibrosis, were predicted to
be highly activated in the pFFC-FFC mice (Fig. 6E).
Among the most important predicted upstream reg-
ulators were signaling molecules involved in inflam-
mation and fibrosis, such as nuclear factor kappa b
(nfkb), interferon gamma (ifizy), interleukin-1 (i/-1),
il-6, transforming growth factor beta (zg/~f), and per-
oxisome proliferator-activated receptor alpha (ppara)
(Fig. 6F). Thus, the antenatal exposure to the FFC
diet induces a profibrogenic and proinflammatory
transcriptome, culminating in the accentuated NASH
phenotype in the offspring.

Particular attention was given to the pChow-FFC
versus the pFFC-FFC mice as differences in transcrip-
tome can be interpreted to be secondary to prenatal
and early life exposure to the FFC diet. The pFFC-
FFC mice had differentially expressed transcription
factors involved in fibrosis, including smad family
member (smad) 3, smad 4, and smad 7 (Supporting
Table S1) as well as differentially expressed profibro-
genic chemokines, including C-X-C motif chemok-
ine ligand 2 (cxc/2), C-C motif chemokine ligand 22
(¢cci22),and ccl3 (Supporting Table S2), when compared
to the pChow-FFC group. In addition, the pFFC-
FFC group had differentially expressed profibrogenic
epigenetic regulators, including DNA methyltrans-
ferase 3 alpha (dnmt3a), dnmt3p, tet methylcytosine
dioxygenase 3 (¢e£3), and fer2 (Supporting Table S3).
Moreover, DEGs were found to be interrelated and
to converge in different types of liver injury networks,
such as liver fibrosis (Supporting Fig. S4A) and liver
inflammation (Supporting Fig. S4B). Taken together,
these data indicate that perinatal exposure to the FFC
diet induces a proinflaimmatory and profibrogenic
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transcriptome and more interestingly modifies the
expression of profibrogenic epigenetic regulators.

PERINATAL INTRODUCTION

OF THE FFC DIET INDUCES

A PROFIBROGENIC AND
PROINFLAMMATORY
METHYLOME IN THE OFFSPRING

To explore if the differential gene expression
observed in the pFFC-FFC mice was secondary to
reprogramming of the DNA methylome, we per-
formed whole-liver genome methylation by RRBS in
all study groups. Principal component analysis showed
a clear separation between the pFFC-FFC mice and
the other study groups (Fig. 7A). The global meth-
ylation pattern of all study groups was homogeneous
(Fig. 7B), which is consistent with the findings in
other noncancer studies showing no global difterences
in DNA methylation in diet-based mouse models.?”)
This finding was further confirmed by quantification
of the 5-methylcytosine (5-mC) content of DNA
samples from all experimental groups by using the
MethylFlash Global DNA Methylation (5-mC)
Enzyme-Linked Immunosorbent Assay Easy Kit (Fig.
7B). Because DNA methylation often occurs in a clus-
ter/region, we examined the differentially methylated
regions (DMRs) scattered across the genome of mice
from the pChow-FFC, pFFC-Chow, and pFFC-FFC
groups, using the pChow-Chow group as the control
group. Statistically significant differentially methyl-
ated CpG sites were used to detect DMRs, including
a minimum length of the DMR of 50 base pairs and
a minimum number of three CpG sites, with a per-
centage of CpG sites with significant P values greater
than 50%. Additionally, nearby DMRs were merged
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FIG. 7. Perinatal introduction of the FFC diet induces a profibrogenic and proinflammatory methylome in the offspring. (A) PCA for
DNA methylation of CpG sites. (B) Upper panel: box plot of DNA methylation levels of all study groups, as assessed by RRBS; circles
represent the mean, black bars represent the median, and dotted lines are the top whisker. Bottom panel: global DNA methylation
levels of all study groups, as assessed by the MethylFlash Kit. (C) IPA demonstrating the top liver diseases and biological functions
in the pFFC-Chow, pChow-FFC, and pFFC-FFC groups when compared to pChow-Chow. (D) Venn diagram of DEGs and
DMRs, scatter plots of relative methylation density (x axis) versus relative expression density (y axis), and IPA demonstrating the top
enriched canonical pathways of genes found to be differentially methylated and expressed in pChow-FFC versus FFC-FFC. (E) The
profibrogenic markers pdgfif and pdgfP (n = 3) were assessed by RT-PCR. Fold change was determined after normalization to gapdh
expression in liver tissue and expressed relative to that observed in pChow-Chow mice and degree of methylation of pdgfrf, as assessed
by MeDIP assay using DNA from whole-liver mice and MeDNA and UnDNA internal controls. The enriched DNA was quantified
by RT-PCR using gapdh and #5624 as negative and positive controls, respectively. The amount of immunoprecipitated DNA in each
sample is represented as signal relative to the total amount of input DNA. *P < 0.05, **P < 0.01, ™*P < 0.001. Abbreviations: MeDIP,
methylated DNA immunoprecipitation; MeDNA, methylated DNA; PXR, pregnane X receptor; RXR, retinoid X receptor; #5524,
testis-specific histone h2b; TSS, transcription start site; UnDNA, unmethylated DNA.

if they were within 100 base pairs. Further analysis
was done using the pChow-Chow group as a control.
We identified a total of 195 (128 hypermethylated,
68 hypomethylated), 283 (166 hypermethylated, 117
hypomethylated), and 1,158 (859 hypermethylated,
299 hypomethylated) DMRs in the pChow-FFC,
pFFC-Chow, and pFFC-FFC mice, respectively,
when compared to the control group pChow-Chow.
The majority of the DMRs were located in introns,
followed by intergenic, exons, and promoters
(Supporting Fig. S5A). IPA of these DMRs identified
enrichment in liver diseases and biological functions,
including liver necrosis/cell death, liver fibrosis, and
liver cirrhosis, among others, with the pFFC-FFC
group having the most enrichment (Fig. 7C).

We then analyzed the interplay between DNA
methylation and gene expression to define meth-
ylation changes linked to expression changes; this
would help identify functionally significant differ-
entially methylated events. DEGs with at least a log
fold change of |1| were included, and then methyla-
tion changes within the gene with at least a delta of
10% were selected and categorized depending on the
following locations within the gene: upstream of the
promoter, promoter, and gene body (some genes had
a significant change in methylation in more than one
location). We noted that when compared to pChow-
Chow, the pFFC-FFC group had the largest number
of genes that were both differentially expressed and
differentially methylated (Supporting Fig. S5C). More
importantly, the majority of the DEGs that met these
criteria were negatively correlated with methylation
changes in this group.

Further analysis was performed on the pChow-
FFC versus pFFC-FFC mice to elucidate the role of
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perinatal introduction of an OID on the reprogram-
ming of the methylome. A total of 446 (316 hyper-
methylated and 130 hypomethylated) DMRs were
identified. The majority of the DMRs were located in
introns, followed by intergenic, exons, and promoters
(Supporting Fig. S5B). The interplay between DNA
methylation and gene expression was also assessed
between these cohorts (Fig. 7D). A total of 189 genes
were found to be differentially expressed and differ-
entially methylated, with the vast majority having a
negative correlation between expression and methyl-
ation (similar to the results between pChow-Chow
and pFFC-FFC). IPA of these 189 genes identified
enrichment in hepatic fibrosis/hepatic stellate cell
activation as the top canonical pathway between these
two groups (Fig. 7D), further validating that differ-
ential methylation due to a perinatal OID provokes a
profibrogenic transcriptome.

Finally, we reviewed those DEGs that were nega-
tively correlated with the methylome between pFFC-
FFC versus pChow-FFC and selected those involved
in fibrosis, apoptosis, inflammation, migration/adhe-
sion, and transcription factors/regulators (Supporting
Table S4). We discovered that platelet-derived growth
factor receptor beta (pdgfrf) was hypomethylated
with a delta of 11.3% and differentially expressed
with a log fold change of 2.08. This was further
validated by examining the mRNA levels of pdgfip
and its ligand pdgfB, which were significantly
increased in the pFFC-FFC mice (Fig. 7E). The
degree of CpG methylation of pdgfi was further
confirmed using methylated DNA immunoprecipita-
tion real-time polymerase chain reaction (RT-PCR),
which showed reduced methylation in the promoter

region of pdgfrp in the pFFC-FFC group (Fig. 7E).
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FIG. 8. pFFC-Chow-FFC mice have accentuated liver steatosis, inflammation, and fibrosis. (A) C57BL/6] breeding pairs were
started on either chow or an FFC diet 6-8 weeks before conception and kept on the diet throughout gestation and lactation. At
weaning, all offspring were placed on the chow diet. FFC was introduced to the offspring at 10 weeks of age and continued until 22
weeks of age. (B) Life curve from weaning to sacrifice (n = 4-5). (C) Fixed liver tissues were stained with H&E (scale bar, 100 pm); liver
triglyceride content (mg/g liver) was measured using a photometric absorbance-based technique (n = 4-5). (D) Macrophage infiltration
was evaluated by immunohistochemistry for Mac-2 antigen (scale bar, 100 pm). Mac-2 staining was quantified by morphometry using
Image] software in 10 random 20x microscopic fields and averaged for each animal (n = 3). (E) Hepatocyte apoptosis was assessed
by the TUNEL assay (scale bar, 100 pm). The bottom row contains images enlarged from the boxed area in the corresponding panel
in the top row. Positive cells (black arrowheads) were quantified by counting nuclei in 10 random 20x microscopic fields per animal
(n=3),and ALT (U/L) levels were measured (n = 4-5) and liver histology assessed using the NAS (n = 4-5). (F) Fixed liver tissue sections
were stained by sirius red to detect collagen deposition (scale bar, 100 pm). Sirius red chromogen was quantified by morphometry
using Image] software in 10 random 20x microscopic fields and averaged for each animal (n = 3). Total RNA was extracted from
the liver tissues. mRNA expressions of the profibrogenic markers co/7al and a-sma (n = 6) were assessed by RT-PCR. Fold change
was determined after normalization to gapdh expression in liver tissue and expressed relative to that observed in chow-fed mice. Bar
columns represent mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ***P<0.0001.

RE-EXPOSURE TO THE

FFC DIET IN ADULTHOOD
ENHANCES MURINE LIVER
INFLAMMATION, INJURY, AND
MORE IMPORTANTLY FIBROSIS

We used our re-exposure cohort described above
to further examine the role of perinatal FFC in the
pathogenesis of fibrosing NASH and to implicate
epigenetic alteration in the phenotype observed in the
pFFC-FFC cohort (Fig. 8A). At the reintroduction
of the FFC diet, all cohorts had comparable weights
(Fig. 8B); however, at sacrifice the pFFC-Chow-FFC
group had a higher body weight, liver weight, and
liver to body weight ratio when compared to the con-
trol group Chow (Supporting Fig. S6A). Additionally,
pFFC-Chow-FFC mice had a significant increase
in the eWAT when compared to pChow-Chow-
FFC and the control group Chow (Supporting Fig.
S6B). Insulin resistance and islet p cell dysfunc-
tion developed in both the pFFC-Chow-FFC and
pChow-Chow-FFC groups (Supporting Fig. S6C).
The pFFC-Chow-FFC mice developed a significant
increase in hepatic steatosis, as assessed by histopathol-
ogy as well as liver triglyceride content (Fig. 8C). We
noted that the lipid droplet size in the pFFC-Chow-
FFC mice seemed to be larger when compared to the
pChow-Chow-FFC mice. This observation prompted
evaluating the transcriptome data available from the
pChow-FFC versus pFFC-FFC mice as these two
groups can elucidate the effect of perinatal exposure
of FFC on the difference in hepatic steatosis and lipid
droplet size. Using the differentially expressed genes
between these two experimental groups, we found that
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the pFFC-FFC mice overexpressed perilipin 4 (p/in4)
by a fold change of 2.66. Prior studies have shown
perilipins, a type of lipid droplet-associated protein,
to bind to lipid droplets as they increase in size, sug-
gesting involvement in the biogenesis of lipid droplets
and development of hepatic steatosis.?® Another pro-
tein involved in lipid droplet growth is cell death-in-
ducing DNA fragmentation factor-like effector C
(cidec); cidec drives lipid transfer from smaller lipid
droplets to larger lipid droplets, thus promoting lipid
droplet growth.(zg) We found cidec to be differentially
expressed by a fold change of 3.87 in the pFFC-FFC
mice when compared to the pChow-FFC mice. Taken
together, these data suggest that perinatal exposure to
the FFC diet predisposes to larger lipid droplet accu-
mulation within the hepatocytes.

The pFFC-Chow-FFC mice also had an increase
in hepatic macrophage infiltration as examined by
Mac-2 immunohistochemistry (Fig. 8D). Furthermore,
hepatic mRNA expression of the general macrophage
marker f4/80, blood monocyte-derived macrophage
markers cc2 and /y6¢, and the macrophage activation
marker fnf~a were all significantly increased in the
pFFC-Chow-FFC mice when compared to the other
experimental groups (Supporting Fig. S6D). pFFC-
Chow-FFC mice had increased liver injury, as assessed
by the number of apoptotic hepatocytes examined by
the TUNEL assay, serum ALT values, and the NAS
(Fig. 8E). More importantly, pFFC-Chow-FFC mice
had a significant increase in liver fibrosis, as assessed
by sirius red stain and mRNA expression of a-sma
and co/1al (Fig. 8F). Taken together, these data fur-
ther demonstrate that perinatal exposure to an FFC
diet primes the liver for the subsequent development
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of severe fibrosing NASH following re-exposure in

adulthood.

Discussion
The principal findings of the present study provide

mechanistic insights regarding the role of perinatal
exposure to an OID in the development of fibrosing
NASH in the offspring. Our results indicate that mice
exposed to the OID starting at the time of conception
through the age of 10 weeks when compared to mice
from the other experimental groups have (1) increased
liver steatosis, injury, inflammation, and fibrosis; (2)
proapoptotic, proinflammatory, and profibrogenic
transcriptome, with differential expression of profibro-
genic chemokines, transcription factors, and epigenetic
regulators; and (3) enriched differentially methylated
genes governing fibrosis and cell death pathways that
are likely pathogenic drivers of the transcriptome and
the accentuated disease phenotype. Additionally, our
results indicate that the phenotype acquired from the
perinatal exposure to an OID can be reversible fol-
lowing introduction of a healthy diet after weaning
and that perinatal OID primes the developing liver
to a rapidly progressive NASH phenotype following
re-exposure to the OID in adulthood.

In this study, we used a well-established dietary
model of murine NASH induced by the FFC diet,1
also referred to as OID. The FFC diet is high in satu-
rated fat, fructose, and cholesterol and was developed
to replicate the Western fast-food diet; it phenocopies
the histologic features of human NASH, including
neutral lipid accumulation by hepatocytes, the presence
of ballooned hepatocytes, hepatic inflammatory cell
infiltration, and liver fibrosis. Additionally, the model
has a high fidelity to the metabolic profile observed
in human NASH, including obesity, hyperlipidemia,
and insulin resistance.1®3% Here, we demonstrated
that mice exposed antenatally and during early life to
the FFC diet develop stage 3-4 fibrosis at 10 weeks
of age (a relatively early time point when compared to
the adult mouse model of NASH, where early stage
fibrosis develops histologically after 16 weeks on the
FFC diet®™), suggesting that carly introduction of
the FFC diet results in an accentuated murine NASH
phenotype.

Antenatal and early life exposure to the FFC
diet generates a gene signature that clusters in an

GUTIERREZ SANCHEZ ET AL.

unsupervised hierarchal manner in concordance to
the gene signature of adult mice exposed to the FFC
diet for 24 weeks, suggesting that the transcriptome
alteration of those mice with early OID exposure mir-
rors the transcriptome of advanced adulthood murine
NASH. Moreover, this altered transcriptome is pre-
dominantly profibrogenic and proinflammatory, with
bioinformatics analysis yielding hepatic fibrosis and
stellate cell activation as the top up-regulated canon-
ical pathway and proinflammatory and profibrogenic
upstream regulators, such as ifny, il-1, fgf~p, il-6,
ppara, and pdgfP, as well as downstream enrichment
of liver fibrosis and inflammation as biological func-
tions. More importantly, methylation analysis of the
whole liver provided consistent results with the RNA-
seq data, where early introduction of the OID induces
enriched signaling of hepatic fibrosis and stellate cell
activation as the top up-regulated canonical pathway.
In addition, liver-related disease and biological func-
tions showed particular enrichment for liver fibrosis
and cell death.

Hepatic fibrosis and stellate cell activation were
consistently found as the top canonical pathway in
our model. Hepatic stellate cells play a key role in the
onset and progression of liver fibrosis and thus in the
development of fibrosing NASH. Hepatic stellate cell
transdifferentiation requires reprogramming of the
epigenome.(32) Therefore, it is possible that changes
in DNA methylation in the hepatic stellate cell acti-
vation pathway could be driven by early exposure to
an OID, thus priming the fetal liver for fibrosing
NASH.

DNA methylation is an epigenetic modification
that can be influenced by environmental cues and
represents a plausible link between different envi-
ronmental exposures, including nutrition, and the
development of liver diseases.®® In the present study,
we demonstrated that early introduction of an OID
induces a negative correlation between the transcrip-
tion of DEGs and the levels of methylation in such
regions, with the majority of these genes showing
increased transcription and hypomethylation, sug-
gesting that changes in methylation have a regulatory
role in gene expression. Of particular interest, pdg-
1P was overexpressed at the transcriptome level and
hypomethylated, with further in vifro studies validat-
ing such findings. Therefore, pdgfrf could serve as a
potential modifiable epigenetic target in early onset

NASH fibrosis.
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Our re-exposure cohort brings attention to the
developmental origin of the health and disease
hypothesis; early life events have a powerful influence
for later susceptibility to certain chronic diseases, and
this appears to be partially mediated by epigenetics.(34)
Exposure to an OID in utero and early life predisposes
to an accelerated disease phenotype following a re-
exposure “second hit” later in life,%* which is consis-
tent with our results in the re-exposure cohort where
mice exposed to a perinatal OID and later re-exposed
during adulthood developed an accentuated fibrosing
NASH phenotype. It is likely that a transgenerational
effect could be seen in subsequent generations of our
current model (demonstrating a stronger epigene-
tic link) as prior studies have shown increased body
weight, obesity, and hepatic steatosis across genera-
tions exposed to a high-fat diet.®® However, further
studies are needed to support this transgenerational
hypothesis.

Our findings are in line with prior studies where
in utero and early life exposure to an OID in mice
enhances the development of hepatic steatosis and
fibrosis in the offspring.®">? However, our study
design is unique because we adopted a nonbiased
approach and interrogated the whole-liver transcrip-
tome by RNA-seq and the whole-liver genome methyl-
ation profile by RRBS. Additionally, we demonstrated
a correlation between the transcriptome, methylome,
and the striking profibrogenic and proinflammatory
phenotype in our model. More importantly, we iden-
tified potential targets (for example, pdgf7f}) for ther-
apeutic interventions in NASH; this is of biomedical
importance given the public health implications of
the disease. Furthermore, we examined the molecular
mediators of perinatal FFC diet-enhanced hepatocyte
lipoapoptosis and identified reduced expression of the
anti-apoptotic protein XIAP as a key player in prim-
ing the developing liver to lipoapoptosis. These find-
ings are supported by a recent study demonstrating
that young mice and human liver are relatively primed
to apoptosis, predisposing to cell death when exposed
to genotoxic damage.*”

Future directions of the current study will include
examining the different liver cell type-specific methyl-
ation events by performing RRBS on isolated hepato-
cytes, hepatic macrophages, and hepatic stellate cells
as well as exploring the role of other epigenetic regu-
lations in our model, including histone modifications.
Additionally, investigating the intestinal microbiota
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among the different groups could provide valuable
insight regarding early gut colonization and its asso-
ciation with NAFLD. Prior studies have shown alter-
ation of microbiota composition of high-fat diets“*
and more importantly the long-term impact of such
diets on dysbiosis even after switching to a health-
ier diet.*” Therefore, our current model could pro-
vide additional information on the association of diet,
NAFLD, and dysbiosis.

In summary, we demonstrated a deleterious effect
of the perinatal introduction of an OID in a murine
nutritional model of NASH, suggesting that in utero
reprogramming provokes pathogenic
alterations in the methylome, with potential dysreg-
ulation of the transcriptome culminating in severe
liver fibrosis. Here, we report that early exposure to
an OID provides a profibrogenic and proinflamma-
tory gene signature that correlates with differential
methylation events. Additionally, early exposure to
an OID creates susceptibility for development of
adulthood fibrosing NASH following re-exposure.
Therefore, perinatal introduction of an OID accen-
tuates NASH progression mostly by epigenetic
reprogramming, and thus epigenetic modifiers are
potential therapeutic targets for a subset of patients
with early onset NASH. More importantly, we
demonstrated that institution of a regular diet after
weaning would result in a normal phenotype, empha-
sizing the importance of early dietary intervention in
pediatric NASH. Finally, perinatal OID coupled with
sustained exposure in childhood is a key element in
early onset NASH fibrosis and an important factor
in the identification and risk stratification of young
patients with NASH cirrhosis.

nutritional
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