1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Nutr Biochem. Author manuscript; available in PMC 2021 November 01.

-, HHS Public Access
«

Published in final edited form as:
J Nutr Biochem. 2020 November ; 85: 108460. doi:10.1016/j.jnutbio.2020.108460.

A saturated fatty acid-rich diet enhances hepatic lipogenesis
and tumorigenesis in HCV core gene transgenic micex

Pan Diao?, Xiaojing Wang?P, Fangping Jia?, Takefumi Kimura®, Xiao Hu&d, Saki Shirotori?,
Ibuki Nakamura?, Yoshiko Sato®, Jun Nakayama®, Kyoji Moriyal, Kazuhiko Koike9, Frank J
Gonzalezh, Toshifumi Aoyama?, Naoki Tanaka®!"

aDepartment of Metabolic Regulation, Shinshu University School of Medicine, Matsumoto, Japan

bDepartment of Gastroenterology, Lishui Hospital, Zhejiang University School of Medicine, Lishui,
Zhejiang, People’s Republic of China

¢Department of Gastroenterology, Shinshu University School of Medicine, Matsumoto, Japan

dDepartment of Pathophysiology, Hebei Medical University, Shijiazhuang, People’s Republic of
China

eDepartment of Molecular Pathology, Shinshu University School of Medicine, Matsumoto, Japan
fDepartment of Infection Control and Prevention, The University of Tokyo, Tokyo, Japan
9Department of Gastroenterology, The University of Tokyo, Tokyo, Japan

hLaboratory of Metabolism, National Cancer Institute, National Institutes of Health, Bethesda, MD,
USA

iResearch Center for Social Systems, Shinshu University, Matsumoto, Japan

Abstract

Previous studies suggested that high consumption of saturated fatty acid (SFA) is a risk factor for
liver cancer. However, it remains unclear how dietary SFA affects liver tumorigenesis. This study
aimed to investigate the impact of a SFA-rich diet on hepatic tumorigenesis using hepatitis C virus
core gene transgenic (HCVcpTg) mice that spontaneously developed hepatic steatosis and tumors
with aging. Male HCVcpTg mice were treated for 15 months with a purified control diet or SFA-
rich diet prepared by replacing soybean oil in the control diet with hydrogenated coconut oil, and
phenotypic changes were assessed. In this special diet, almost all dietary fatty acids were SFA.
Long-term feeding of SFA-rich diet to HCVcpTg mice increased hepatic steatosis, liver
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dysfunction, and the prevalence of liver tumors, likely due to stimulation of de novo lipogenesis,
activation of the pro-inflammatory and pro-oncogenic transcription factor nuclear factor-kappa B
(NF-xB), enhanced c-Jun N-terminal kinase/activator protein 1 (JNK/AP-1) signaling and
induction of the oncogenes cyclin D1 and p62/sequestosome 1. The SFA-rich diet did not affect
liver fibrosis or autophagy. Collectively, long-term SFA-rich diet consumption promoted hepatic
tumorigenesis mainly through activation of lipogenesis, NF-xB, and JINK/AP-1 signaling. We
therefore propose that HCV-infected patients should avoid excessive intake of SFA-rich foods to
prevent liver cancer.
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1.

Introduction

Hepatocellular carcinoma (HCC), the most common primary tumor in the liver, is the sixth
most common cancer in the world responsible for cancer-related death. HCC is frequently
caused by persistent infection of hepatitis B virus, hepatitis C virus (HCV), and
schistosomes, long-term exposure of alcohol and aflatoxins, and various genetic metabolic
disorders [1,2]. Among them, HCC derived from non-alcoholic fatty liver disease (NAFLD)
and non-alcoholic steatohepatitis (NASH) is increasing worldwide as a result of increased
obesity, metabolic syndrome, and type 2 diabetes [2,3]. Since NAFLD/NASH is closely
associated with dietary habits, clarifying the impact of diets on liver pathologies might
provide new strategies to prevent NAFLD/NASH and related HCC.

Saturated fatty acid (SFA) is a type of fatty acid (FA) without double carbon bonds that is
often solid at room temperature. SFA is mainly found in animal products, including dairy
foods (butter, cream, and cheese), fatty cuts of meats, lards, and processed meats (salami,
sausage, and bacon), but plant-derived palm oil and coconut oil are also regarded as a major
source of SFA. SFAs are commonly found in many manufactured foods, such as snacks,
cakes, biscuits, and deep fried take away foods. In the average adult western diet, 11% of
energy is derived from SFA [2]. The 2015-2020 Dietary Guidelines for Americans
recommended limitation of saturated fat intake to less than 10% of total energy. Excessive
intake of red meat and dairy products can lead to dietary SFA overload, which may cause
metabolic syndrome, obesity, type 2 diabetes, cardiovascular diseases, and NAFLD/NASH
[2,4].

Since metabolic syndrome is often associated with carcinogenesis in various organs by
promoting micro-inflammation and metabolic alterations, it is reasonable to conclude that
higher consumption of SFA is a risk factor for breast and rectal cancer as revealed in several
epidemiological studies [5,6]. Notably, palmitic acid (PA, C16:0), the most abundant and
conventional SFA, can enhance oxidative and endoplasmic reticulum stress and injure
several types of cells, including liver cells [7,8]. It is therefore plausible that SFA disrupts
the microenvironment and nutrient metabolism in liver which may affect liver tumorigenesis.
In fact, previous studies have shown that male liver cancer mortality is positively correlated
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with increased animal fat intake [9]. A prospective study in the United States showed a
positive correlation between SFA and HCC risk, and another epidemiological study from
Japan indicated inverse correlations between n-3 polyunsaturated fatty acid intake, fish
consumption, and prevalence of HCC [9,10]. Although these findings have suggested the
causality of SFA on hepatocarcinogenesis, the precise mechanism on how SFA-rich diet
affects hepatic tumorigenesis has not been elucidated.

Additionally, the amount of dietary SFA has been estimated based on self-assessment of
consumed foods from the individuals enrolled in several epidemiological studies. This
estimate might not reflect the actual SFA intake or impact of SFA because most of SFA-rich
foods are also rich in other hepatotoxic lipids, such as trans fatty acid [11,12].

Moriya et al. generated HCV core gene transgenic (HCVcpTg) mice that exhibited hepatic
steatosis at the age of 3 months with subsequent emergence of liver tumors after the age of
16 months in the absence of obvious hepatic inflammation and fibrosis, thus mimicking the
mode of hepatocarcinogenesis developed from hepatic steatosis [13]. In order to clarify the
singular effect of dietary SFA overload as possible, original SFA-rich diet was made by
replacing soybean oil in the control diet with hydrogenated coconut oil [14].Using these
mice and diets, we aimed to investigate the effect of SFA-rich diet on hepatic tumorigenesis
and its mechanistic insight.

Methods

Mice and treatment

All animal experiments were conducted by use of methods outlined in the “Guidelines for
the Care and Use of Laboratory Animals” approved by Shinshu University School of
Medicine. Male 8 to 12 week-old HCVcpTg mice on a C57BL/6 J genetic background
weighing 25-30 g were selected, randomized into two groups, and maintained under the
same controlled clean environment (25°C, 12-h light/dark cycle) [13]. One group (/7=17)
was fed a purified control diet, which was identical to the control group in the previous study
[15]. The other group (/7=10) was fed a SFA-rich diet, which was made by replacing soybean
oil in the control diet with hydrogenated coconut oil. The calories in the SFA-rich diet were
close to that of the control diet, and the detailed nutritional composition in these diets is
shown in Supplementary Table 1. After treatment for 15 months, the mice were killed by
CO», asphyxiation and blood and liver tissues collected. Blood was centrifuged at 3000 rpm
for 15 min twice to obtain sera, and the samples were stored at —80°C until use. Livers were
removed, rinsed with physiological saline, weighed, and observed to detect tumors. After
determining the number and diameter of liver tumors, livers were cut in 3—-4 mm thickness
and surfaces were carefully inspected to count and dissect small liver tumors. Liver tumors
and non-tumorous tissues were divided into two parts, and one part was immediately fixed in
10% neutral formalin. The remaining liver tissues were immediately frozen in dry ice and
stored at —80°C.
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2.2. Biochemical analysis

Serum aspartate aminotransferase (AST), alanine aminotransferase (ALT), triglyceride (TG),
total cholesterol (T-Chol), non-esterified fatty acid (NEFA), and glucose were measured with
commercially available enzyme assay kits (Wako Pure Chemical Industries, Ltd., Osaka,
Japan). Serum insulin was determined by a LBIS mouse insulin ELISA kit (AKRIN-011 T,
FUJIFILM Wako Shibayagi, Gunma, Japan). Total liver lipids were extracted according to
the hexane:isopropanol method and quantified using the same kits (Wako Pure Chemical
Industries) [16].

2.3. Histological analysis

Formalin-fixed liver tissues were embedded in paraffin, cut into 3-um sections, and stained
with hematoxylin and eosin or Azan-Mallory staining using standard methods.

2.4. Quantification of mMRNA levels

Total RNA was isolated from frozen liver tissues using RNeasy Mini Kit (Qiagen, Tokyo,
Japan) and reverse-transcribed to cDNA using oligo-dT and random primers with
PrimeScript RT Reagent Kit (Perfect Real Time, Takara Bio Inc., Shiga, Japan). The mRNA
levels were determined by real-time quantitative polymerase chain reactions (qQPCR) using a
SYBR Premix Ex Taq Il (Takara Bio) on an Applied Biosystems™ 7500 Fast Dx Real-Time
PCR Instrument (Thermo Fisher Scientific, Waltham, MA). The primer pairs used for gPCR
are shown in Supplementary Table 2. The mRNA levels were normalized to 18S ribosomal
RNA (18S rRNA) levels and expressed as fold changes relative to those of HCVcpTg mice
fed the control diet.

2.5. Immunoblot analysis

Frozen liver tissues (approximately 20 mg) were homogenized with protein lysis buffer
(Sucrose 0.25 M, Tris chloride 25 mM, KCI 25 mM, MgCl, 5 mM, 0.5% (w/v) Triton X, pH
7.4), containing protease and phosphatase inhibitor (100-fold dilution, Thermo Fisher
Scientific) [11] [16]. Nuclear fractions were isolated from liver homogenates with NE-PER
Nuclear and Cytoplasmic Extraction Reagents (Thermo Fisher Scientific). Protein
concentrations were measured colorimetrically with the BCA Protein Assay kit (Pierce,
Rockford, IL, USA). For immunoblot analysis using whole liver homogenates, 30-90 g of
protein was loaded in each lane and separated by 7.5-15% sodium dodecy! sulfate-
polyacrylamide gel electrophoresis. For the analysis using nuclear fractions, 45 pg of protein
was separated in a 10% gel. After electrophoresis, the proteins were transferred to a
polyvinylidene fluoride membranes (G9903119, Amersham, Freiburg, Germany) or
nitrocellulose filter membranes (G9935264, Amersham). The membranes were blocked for 1
h with 1-5% non-fat dry milk or 1-10% bovine serum albumin solution dissolved in Tris-
buffered saline and incubated overnight with the appropriate antibodies listed in
Supplementary Table 3. After four washes with Tris-buffered saline with Tween 20, the
membranes were incubated with alkaline phosphatase-conjugated secondary antibodies
(#93785, Jackson ImmunoResearch Laboratories, West Grove, PA, 1:4000 dilution) and
treatment with 1-step NBT/BCIP substrate (Pierce), or horseradish peroxidase-conjugated
secondary antibodies (#115-035-003, Jackson ImmunoResearch Laboratories 1:4000
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dilution) and detection of the chemiluminescent signal of target proteins using myECL
Imager System (Thermo Fisher Scientific). The position of the proteins was confirmed by
co-electrophoresing molecular weight marker (3 pL/well, PM2500, Smobio, Hsinchu,
Taiwan). The band of p-actin (ACTB) or histone H1 was used as a loading control. The band
intensities of target proteins were quantified using NIH ImageJ software (National Institutes
of Health, Bethesda, MD, USA), normalized to those of ACTB or histone H1, and
subsequently expressed as fold changes relative to those of HCVcpTg mice fed the control
diet.

2.6. Statistical analysis

Results are expressed as the meantstandard error of the mean (S.E. M). The two-tailed
Student’s ¢ftest and chi-square test were conducted for quantitative and qualitative data,
respectively, using SPSS statistics version 22 (IBM, Armonk, NY). A Pvalue of less
than .05 was considered statistically significant.

3. Results

3.1. A SFA-rich diet aggravates hepatic steatosis and liver tumor prevalence in HCVcpTg

mice

HCVcpTg mice were treated with a SFA-rich diet or purified control diet for 15 months. The
prevalence of liver tumors and tumors with more than 5 mm in diameter, and the number of
solitary tumors were increased in the SFA-rich diet-fed group (Fig. 1A-C). Liver-to-body
weight ratios and serum AST, ALT, and glucose, were significantly higher in the SFA-rich
diet group (Fig. 1D and E, Supplementary Table 4). Serum and hepatic levels of T-Chol and
NEFA were not changed by SFA diet feeding (Supplementary Table 4). In the SFA-rich diet-
fed mice, more abundant macrovesicular lipid droplets were detected throughout the section
(Fig. 1F), as evidenced by significantly increased liver TG contents (Fig. 1G). These results
show that SFA-rich diet enhances hepatic steatosis, hepatocyte injury, and hepatic
tumorigenesis.

3.2. A SFA-rich diet induces the expression of lipogenic enzymes in HCVcpTg mice

In order to study the mechanism on how SFA-rich diet potentiates hepatosteatosis, hepatic
expression of genes related to FA and TG metabolism was measured. The levels of mMRNAs
encoding cluster of differentiation 36 (Cd36) and liver-type FA-binding protein 1 (L-FABP,
Fabpl), which play important roles in FA uptake from circulation and intracellular FA
transport in hepatocytes, respectively, were significantly increased by long-term SFA-rich
diet feeding (Fig. 2A). Furthermore, the levels of MRNAs involved in de novo FA synthesis,
such as acetyl-CoA carboxylase a (ACCa, Acaca), FA synthase (FAS, Fasn), and stearoyl-
CoA desaturase 1 (SCD1, Sca) were significantly increased in the SFA-rich diet-treated
mice. A similar tendency was found in the mRNA levels encoding diacylglycerol O-
acyltransferase 1 (Dgatl), involved in TG synthesis (Fig. 2A). The mRNA levels of genes
encoding microsomal TG transfer protein (Mttp), apolipoprotein B (Apob), and long-chain
acyl-CoA dehydrogenase (Acadl) were increased (Fig. 2B), which could be the result of
compensatory response to hepatic TG accumulation. Although the protein levels of CD36
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and L-FABP were similar between the groups, significant increases in lipogenic enzymes
ACCa, ACCP, FAS, and SCD1 were noted in SFA-rich diet feeding group (Fig. 2C).

Peroxisome proliferator-activated receptor (PPAR) a is a nuclear receptor mainly regulating
lipid metabolism, and its activation is related to liver tumorigenesis in mice [17,18].
However, the expression of PPARa targets, such as CD36, L-FABP, LCAD, and nuclear
PPARa levels were not changed (Fig. 2C and Supplementary Fig. 1A). Overall, an SFA-rich
diet induces the expression of lipogenic enzymes in the liver, which is associated with more
severe TG accumulation.

3.3. A SFA-rich diet activates NF-xB signaling through stimulation of TLR4 and
inflammasomes

Since micro-inflammation is closely associated with tumorigenesis, the expression of key
pro-inflammatory mediators was determined. The expression of mMRNAs encoding
macrophage marker cluster of differentiation 68 (Cd66) and pro-inflammatory factors
released from M1 macrophages, such as interleukin 1p (//16), colony-stimulating factor 1
(Csf1), and C-C motif chemokine ligand 2 (Cc/2), were significantly increased in SFA-rich
diet-fed HCVcpTg mice compared with the purified control diet (Fig. 3A). The mRNA
levels of suppressor of cytokine signaling 3 (Socs3) were similar between the groups, and
those of arginase 1(ArgZ) were reduced by SFA-rich diet feeding (Fig. 3A). The expression
of these M1 macrophage-related factors is reportedly induced by activation of nuclear factor-
kappa B (NF-xB) [4]. Immunoblot analysis revealed that phosphorylation of NF-xB p65
component was significantly enhanced in SFA-rich diet-treated HCVcpTg mice (Fig. 3B).
Additionally, the mRNA levels of genes associated with toll-like receptor (TLR) signaling
(7Ir2, Tir4, Cd14, and Myd88) and inflammasomes (N/rp3, Casp1, and Aim2), both can
activate NF-xB, were significantly increased in SFA-rich diet-fed HCVcpTg mice (Fig. 3C
and D). Immunoblot analysis confirmed increased hepatic expression of TLR4 and caspase 1
precursor and its cleaved form, indicative of inflammasome activation following SFA diet
administration. These results demonstrate that long-term SFA-rich diet leads to persistent
activation of NF-xB through stimulating TLR4 and inflammasome signaling, which can
accelerate hepatic tumor development.

3.4. A SFA-rich diet activates JNK/AP-1 signaling

Among the key cyclins and cyclin-dependent kinases and its inhibitors related to hepatic
tumorigenesis, the MRNA levels of genes encoding cyclin B1 (Ccnbl) and D1 (Ccndl) were
significantly increased in SFA-rich diet-treated HCVcpTg mice (Fig. 4A). Myc mRNA
levels were similar between the groups (Fig. 4A). Immunoblot analysis revealed increased
expression of cyclin D1 by SFA-rich diet (Fig. 4B). Cyclin D1 is often overexpressed in
HCC and its expression is regulated by several intracellular signaling pathways, such as
signal transducer and activator of transcription 3 (STAT3), mitogen-activated protein kinase,
and activator protein 1 (AP-1). Although the SFA-rich diet gave no impact on the expression
of total and phosphorylated STAT3 and extracellular regulated protein kinase (ERK) (Fig.
4C), the diet increased hepatic expression of total and phosphorylated c-Jun N-terminal
kinase v (JNK1/2) and the degree of phosphorylation in p56 component of INK1/2 (Fig.
4D). JNK activation was indicated by increased mRNA levels of AP-1 components, such as
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Fosand Jun, and Jnk1 (Fig. 4E). The other pathways inducing cyclin D1, such as Wnt/p-
catenin and hedgehog pathway, were not changed by SFA-rich diet because of unaltered
MRNA levels of Ctnnb1 target genes, including Hnflaand Gsk3b, and nuclear Glil levels
(Supplementary Fig. 1A and C). Therefore, SFA-rich diet induces cyclin D1, a key driver of
liver tumorigenesis, mainly due to activating JNK/AP-1 axis.

3.5. A SFA-rich diet induces p62 at the transcriptional level

3.6.

Accumulation of autophagy adaptor protein p62/sequestosome 1 (encoded by Sgstm1,
thereafter designated as p62) and activation of nuclear factor erythroid 2-related factor 2
(NRF2, encoded by Nfe2/2) is documented in pre-cancerous liver tissues and HCC [19].
Since p62/NRF2 was induced by oxidative stress, lipotoxicity, and JNK activation, the
expression of p62 and NRF2-regulated genes was assessed. Expression of Sgstmi, Nfe2l2
mRNAs and the downstream gene mRNAs, glutamate cysteine ligase catalytic subunit
(Gclc) and NAD(P)H quinone dehydrogenase 1 (Ngol), were significantly increased in the
SFA-rich diet-treated HCVcpTg mice (Fig. 5A). The mMRNA levels of genes involved in
lipotoxicity, including death receptor 5 (encoded by 7nfrsf10b) and Bcl2-associated X
protein (Bax) were also significantly increased in these mice (Fig. 5A). These mMRNAS
increases were corroborated by the corresponding protein analysis (Fig. 5B). While p62 is
also accumulated by reduced autophagy flux [20], immunoblot analysis exhibited no
remarkable suppression of key autophagy factors, including beclin 1, autophagy-related 5
and autophagy-related 12 complex (ATG5-12 complex), and microtubule-associated protein
1 light chain 3 (LC3) by dietary SFA overload (Fig. 5C).

Impact of SFA-rich diet on liver fibrogenesis

Lastly, the liver fibrosis-cancer axis was investigated. There were no remarkable differences
in the mRNA levels of genes encoding transforming growth factor g1 ( 7gfbI), connective
tissue growth factor (Ctgf), and collagen 1al (Co/1al). Although the mRNA levels of genes
encoding a-smooth muscle actin (Acta2) and osteopontin (SppZ) were elevated, these
protein levels were similar between the groups (Fig. 6A and B). Histological analysis
uncovered the absence of pericellular fibrosis, a hallmark of steatohepatitis, in SFA-rich
diet-treated mouse livers (Fig. 6C). These results indicate that liver tumor promotion caused
by long-term SFA-rich diet intake is independent of the progression of hepatic fibrosis.

4. Discussion

Although some studies have shown a link between excessive SFA intake, metabolic
syndrome and HCC, it is unclear whether persistence of SFA-rich diet intake actually
promotes HCC, one of the most common forms of human cancer [2]. The current study
demonstrated that a SFA-rich diet promoted hepatic steatogenesis and tumorigenesis in
HCVcpTg mice. Mechanistically, the SFA-rich diet markedly induced lipogenic enzymes,
activated NF-xB and JNK/AP-1 axis, and up-regulated cyclin D1 and p62/NRF2 in the
livers. These changes likely functioned as synergistic promoters of hepatic tumorigenesis.
This is the first study revealing clues by which high dietary SFA promotes hepatic
tumorigenesis (Fig. 6D).
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Up-regulation of lipogenic enzymes was reported in various human cancers, indicating that
tumor cells require lipids as a source of energy and cell membranes for rapid growth [21,22].
Among the lipogenic enzymes, FAS is the most studied protein implicated in tumorigenesis.
FAS plays a key role in cell growth and malignant transformation through modulating lipid
raft formation and activating epidermal growth factor signaling and various kinases [22,23].
In human HCC cell lines, FAS inactivation leads to a decline in cell proliferation through
inhibiting AKT activation [24]. Therefore, significant up-regulation of lipogenic enzymes by
the SFA-rich diet is responsible for not only steatogenesis, but also liver oncogenesis.

Another remarkable alteration in hepatic FA metabolism was overexpression of SCD1 by the
SFA diet. SCD1 catalyzes the conversion of SFA-CoA into A9-monounsaturated fatty acid
(MUFA)-CoA, e.g., palmitoyl-CoA and stearoyl-CoA into palmitoleoyl-CoA and oleoyl-
CoA, respectively. Higher MUFA levels have also been found in transformed cells and
cancerous tissue, and SCD1 overexpression and resultant MUFA overproduction is essential
for the undisturbed proliferation, migration, and metastasis of cancer cells [25-27]. Indeed,
stable knockdown of SCD1 in human fibroblasts decreased the rate of cell proliferation and
induced apoptosis [28]. These findings corroborate that SCD1 is a crucial driver of
neoplastic transformation and tumor progression. Since long-term SFA-rich diet intake
induced the expression of metabolic tumor drivers, such as FAS, ACC, and SCD1, in the
livers, avoiding SFA-rich foods might lead to prevention of liver tumor development.

In this study, excessive SFA intake stimulated TLR4 and inflammasome signaling, leading to
persistent promotion of micro-inflammation, NF-xB activation and hepatic tumorigenesis. It
was reported that PA can activate TLR4 and upregulate the expression of nucleotide binding
and oligomerization domain-like receptor family pyrin domain-containing 3, a key
component of the inflammasome [29,30]. Additionally, SFA-rich diet may modulate gut
microbiota with an overproduction of lipopolysaccharide, enhancing TLR regulated
signaling [29]. However, high dietary SFA-induced inflammation is not sufficient to promote
liver fibrogenesis in this experimental model. It should be noted that high SFA consumption
induces steatosis-derived liver tumorigenesis independent of liver fibrosis. Indeed,
approximately 30% of NAFLD-associated HCC patients had none to mild liver fibrosis in
non-tumorous tissues [31]. The proposed mechanism for promotion of hepatic tumorigenesis
by long-term SFA-rich diet might partially apply to NAFLD-derived HCC in humans.

The current study uncovered that excessive SFA intake induced the expression of cyclin D1,
a key oncogene in HCC development [32,33]. Among several inducers of cyclin D1, INK/
AP-1 signaling was activated by high SFA diet, as well as NF-xB. Several studies revealed
that SFA and PA activated JNK, which subsequently enhanced the expression of AP-1 (c-
Jun/c-Fos) and promoted hepatocyte survival and liver tumorigenesis in mice [19,34-36].
This finding is partially supported by results of a previous study that O-GIcNAc transferase
plays an oncogenic role in human NAFLD-associated HCC through enhancing PA
production and activating JNK/c-Jun/AP-1 and NF-xB cascades [37].

Excessive SFA intake also enhances p62 mRNA levels; p62 is an important driver of HCC
development. Chronic p62 overexpression activates NRF2, allows pre-cancerous aberrant
hepatocytes to resist oxidative stress and cell death, accumulate oncogenic mutations, and
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acquire genetic instability, leading to HCC initiation and progression [19]. p62 is also
induced by NF-xB and NRF2 and activates these factors, forming self-amplifying loops
[38]. More importantly, SFA enhanced the p62 mRNA levels in HCC cells through JINK
activation [20]. This observation indicates a crucial role of JNK in the promotion of hepatic
tumorigenesis by SFA-rich diet through up-regulating AP-1 and p62. Further investigations
using JNK-disrupted mice might clarify the contribution of INK to SFA-induced NAFLD-
associated liver tumorigenesis.

It was reported that p62 was mainly regulated by autophagy flux, and that SFA suppressed
autophagy [20,39]. However, the expression of autophagy-related proteins was not changed
in the current study. Recent studies found that p62 expression did not always inversely
correlate with autophagic activity, and that PA did not give impact on autophagy in HepG2
cells [39,40]. Thus, the p62 accumulation observed in SFA-rich diet-fed mouse livers was
mainly due to JNK and NF-xB activation, rather than reduced autophagic degradation.

It was not demonstrated that SFA can directly influence the oncogenic properties of HCV
core protein. However, recent studies proposed the significance of post-transcriptional
protein modification by SFA, such as myristic acid and PA (myristoylation and
palmitoylation, respectively) on various physiological and pathological processes [41-43].
For example, myristoylation of fibroblast growth factor (FGF) receptor substrate 2, a
scaffold protein essential for FGF signaling, is essential for FGF10-induced tumorigenesis
[44]. Additionally, palmitoylation of the nuclear transcription regulator C-terminal domain
small phosphatase 1 directs it to the plasma membrane, promoting angiogenesis and tumor
growth [45]. The impact of these SFA on the function of HCV core protein deserves further
investigation.

In conclusion, long-term SFA-rich diet consumption promoted hepatic tumorigenesis mainly
through activation of lipogenesis, NF-xB, and INK/AP-1 signaling and ensuring
overexpression of cyclin D1 and p62. This study suggests that excessive intake of SFA-rich
foods should be avoided in HCV-infected patients to prevent liver cancer. Furthermore, these
findings might apply to non-viral NAFLD-associated HCC since the experimental model
used in the current study reproduces steatosis-derived liver tumorigenesis in the absence of
significant fibrosis. Further studies will be needed using the other models of
hepatocarcinogenisis to verify tumor-promoting effects of SFA-rich diet.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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aSMA

ACC
ACTB
ALT
AP-1
AST
Bax
DR5
ERK

FA

FAS
FGF
HCC
HCV
HCVcpTg
JNK
L-FABP
MUFA
NAFLD
NASH
NEFA
NF-xB
NQO1
NRF2
OPN
PA
PPAR

gPCR

a-smooth muscle actin

acetyl-CoA carboxylase

B-actin

alanine aminotransferase

activator protein 1

aspartate aminotransferase
BCL2-associated X protein

tumor necrosis factor receptor superfamily member 10b
extracellular regulated protein kinase
fatty acid

FA synthase

fibroblast growth factor

hepatocellular carcinoma

hepatitis C virus

HCV core gene transgenic

c-Jun N-terminal kinase

liver-type FA-binding protein
monounsaturated fatty acid
non-alcoholic fatty liver disease
non-alcoholic steatohepatitis
non-esterified fatty acid

nuclear factor-kappa B

NAD(P)H quinone dehydrogenase 1
nuclear factor erythroid 2-related factor 2
osteopontin

palmitic acid

peroxisome proliferator-activated receptor

quantitative polymerase chain reaction
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SCD1 stearoyl-CoA desaturase 1
SEM standard error of the mean
SFA saturated fatty acid
STAT3 signal transducer and activator of transcription 3
T-Chol total cholesterol
TG triglyceride
TLR toll-like receptor
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Fig. 1.
A SFA-rich diet promotes the development of hepatic steatosis and liver tumor prevalence in

HCVcpTg mice after a 15-month treatment. (A) Liver tumor prevalence. (B-C) The number
of solitary tumors in each mouse and prevalence rates of liver tumors larger than 5 mm in
diameter. (D) Liver weight (LW) expressed as a percentage of body weight (BW). (E) Serum
AST and ALT activities. (F) Photomicrographs of hematoxylin and eosin-stained liver
sections. Bar=50 um. (G) Liver content of triglycerides (TG). Data are expressed as mean
+S.E.M. *F<.05, **P<.01, and ***<.001 between control diet-fed and SFA-rich diet-fed
HCVcpTg mice.
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Fig. 2. A SFA-rich diet aggravates the hepatic expression of lipogenic enzymesin HCVcpTg mice.
(A) Hepatic mRNA levels of genes related to FA uptake (Cd36, Fabpl) and FA de novo

synthesis (Acaca, Fasnand Scdl) and TG synthesis (Dgatl and Dgat?). (B) Hepatic mRNA
levels of genes related to TG export (Mttp and Apob) and hydrolysis (Atgl) and FA
catabolism (Acadl, Acadm, and AcoxI).(C) Immunoblot analysis of CD36, L-FABP, ACCa.,
ACCpB, FAS, SCD1 and LCAD. Data are expressed as mean+S.E.M. */<.05, **/.01, and
*** . 001 between control diet-fed and SFA-rich diet-fed HCVcpTg mice. Con, control
diet-fed HCVcpTg mice; SFA, SFA-rich diet-fed HCVcpTg mice.
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Fig. 3. A SFA-rich diet activates TL R/inflammasome and NF-xB signalingin HCVcpTg mice.
(A) Hepatic mRNA levels of genes encoding Cd68, M1 cytokines ( 7nf, 1116, Csfl, and

Ccl2), M2 cytokine (Argl), and STAT3 signaling suppressor (Socs3). (B) Immunoblot
analysis of NF-xB p65, phosphorylated p65, TLR4 and caspasel. (C and D) Hepatic mMRNA
levels of genes related to TLRs (7/r2, TIr4, Cd14, and Mya88) (C) and inflammasomes
(NIrp3, Asc, Panx1, Caspl, and AimZ2) (D). Data are expressed as mean+S.E.M. */<.05,

** P01, and ***A<.001 between control diet-fed and SFA-rich diet-fed HCVcpTg mice.
Con, control diet-fed HCVcpTg mice; SFA, SFA-rich diet-fed HCVcpTg mice.
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Fig. 4. A SFA-rich diet activates INK/AP-1 signaling and induces cyclin D1in HCVcpTg mice.
(A) Hepatic mRNA levels of cell cycle regulators. (B) Immunoblot analysis of cyclin B1,

cyclin D1 and c-Fos. (C-D) Immunoblot analysis of STAT3, ERK1/2 and JNK1/2. (E)
Hepatic mRNA levels of AP-1 (Fosand Jun) and Jnk1/2. Data are expressed as mean
+S.E.M. *F<.05, **P<.01, and ***<.001 between control diet-fed and SFA-rich diet-fed
HCVcpTg mice. Con, control diet-fed HCVcpTg mice; SFA, SFA-rich diet-fed HCVcpTg
mice.
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(A) Hepatic mMRNA levels of Sgstm1, Nfe2I2 and its downstream genes (Gclc and AgoZ) and
lipotoxicity genes ( Tnfrsf10b, Bax). (B and C) Immunoblot analysis of p62, NRF2, NQO1,
DR5, BAX (B), and autophagy pathway (Beclinl, Atg5-12 and LC3) (C).Data are
expressed as meanS.E.M. *F<.05, **P<.01, and ***/<.001 between control diet-fed and
SFA-rich diet-fed HCVcpTg mice. Con, control diet-fed HCVcpTg mice; SFA, SFA-rich

diet-fed HCVcpTg mice.
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Fig. 6. A SFA rich diet gives no significant effect on fibrogenesis.
(A) Hepatic mRNA levels of genes related to fibrogenesis. (B) Immunoblot analysis of OPN

and aSMA. (C) Representative photomicrographs of liver section stained with Azan-
Mallory method. Bar=50 yum. Data are expressed as mean+S.E.M. */<.05 and **/<.01
between control diet-fed and SFA-rich diet-fed HCVcpTg mice. Con, control diet-fed
HCVcpTg mice; SFA, SFA-rich diet-fed HCVcpTg mice.(D) A proposed mechanism on
how a SFA-rich diet enhances steatogenesis and liver tumorigenesis in HCV core gene

transgenic mice.
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