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Abstract

Introduction: Previous research has demonstrated that an
isocaloric diet rich in trans-fatty acid (TFA), saturated fatty
acid (SFA), and cholesterol (Chol) promoted steatosis-de-
rived hepatic tumorigenesis in hepatitis C virus core gene
transgenic (HCVcpTg) mice in different manners. Growth
factor signaling and ensuing angiogenesis/lymphangiogen-
esis are key factors in hepatic tumorigenesis that have be-
come recent therapeutic targets for hepatocellular carcino-
ma. However, the influence of dietary fat composition on

these factors remains unclear. This study investigated
whether the type of dietary fat would have a specific impact
on hepatic angiogenesis/lymphangiogenesis in HCVcpTg
mice. Methods: Male HCVcpTg mice were treated with a con-
trol diet, an isocaloric diet containing 1.5% cholesterol (Chol
diet), or a diet replacing soybean oil with hydrogenated co-
conut oil (SFA diet) for a period of 15 months or with short-
ening (TFA diet) for 5 months. The degree of angiogenesis/
lymphangiogenesis and the expression of growth factors,
including fibroblast growth factor (FGF), vascular endothe-
lial growth factor (VEGF), and platelet-derived growth factor
(PDGF), were evaluated in non-tumorous liver tissues using
quantitative mRNA measurement, immunoblot analysis,
and immunohistochemistry. Results: Long-term feeding of
SFA and TFA diets to HCVcpTg mice increased the expres-
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sions of vascular endothelial cell indicators, such as CD31
and TEK receptor tyrosine kinase, in addition to lymphatic
vessel endothelial hyaluronan receptor 1, indicating that an-
giogenesis/lymphangiogenesis were upregulated only by
these fatty acid-enriched diets. This promoting effect corre-
lated with elevated VEGF-C and FGF receptor 2 and 3 levels
in the liver. c-Jun N-terminal kinase (JNK) and hypoxia-induc-
ible factor (HIF) 1a, both key regulators of VEGF-C expres-
sion, were enhanced in the SFA- and TFA-rich diet groups as
well. The Chol diet significantly increased the expressions of
such growth factors as FGF2 and PDGF subunit B, without
any detectable impact on angiogenesis/lymphangiogene-
sis. Conclusion: This study revealed that diets rich in SFA and
TFA, but not Chol, might stimulate hepatic angiogenesis/
lymphangiogenesis mainly through the JNK-HIF1a-VEGF-C
axis. Our observations indicate the importance of dietary fat
species for preventing hepatic tumorigenesis.

© 2022 The Author(s).

Published by S. Karger AG, Basel

Introduction

Hepatocellular carcinoma (HCC) is a well-known hy-
pervascular tumor and the fourth leading cause of cancer-
related deaths worldwide [1, 2]. Hepatitis B virus, hepati-
tis C virus (HCV), and alcohol consumption have been
recognized as the major risk factors for HCC [3], while
nonalcoholic fatty liver disease (NAFLD) and nonalco-
holic steatohepatitis (NASH) from excessive intake of di-
etary fat are becoming prominent causes of HCC as well
[4-8]. Cholesterol (Chol) and saturated fatty acid (SFA)
are typical lipids that are high in the diets of developed
countries. As an essential structural component of animal
cell membranes [9], Chol is abundant in animal foods,
including eggs, cheese, shellfish, meats, sardines, and full-
fat yoghurt [10]. SFA is a fatty acid lacking double carbon
bonds that is contained mainly in animal and plant prod-
ucts, including dairy products, red meat, palm oil, and
coconut oil [4]. Trans-fatty acid (TFA) is an unsaturated
fatty acid with one or more unconjugated double bonds
in the trans configuration. In the trans configuration, the
two hydrogen atoms around the double bond point in op-
posite directions, whereas in the cis configuration, these
atoms point in the same direction, leading to a curved
conformation [5, 11]. TFA is naturally found in dairy
products and animal meat in low amounts but can be pro-
duced in large quantities during the partial hydrogena-
tion of vegetable oil, which is widely used in food manu-
facturing, commercial cooking, and frying [5, 11]. Previ-
ous studies have shown that excessive intake of Chol,
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SFA, and TFA in the daily diet may lead to metabolic syn-
drome, obesity, type 2 diabetes, cardiovascular disease,
and NAFLD/NASH [12-14].

Our earlier research showed that the elevated con-
sumption of Chol, SFA, and TFA all led to the occurrence
of liver tumors in HCV core gene transgenic (HCVcpTg)
mice [4-6]. Long-term feeding of Chol-, SFA-, and TFA-
rich diets can enhance oxidative stress, endoplasmic re-
ticulum stress, nuclear factor kappa B (NF-kB) signaling,
the p62-nuclear factor erythroid 2-related factor 2 axis,
and hepatocyte proliferation. It was noteworthy, howev-
er, that specific carcinogenic pathways were activated by
different dietary fats. For instance, long-term excessive
intake of Chol and TFA resulted in hepatic fibrosis, while
that of SFA did not stimulate the fibrotic pathway. On the
other hand, the hepatic de novo fatty acid (FA)-synthe-
sizing pathway, a key component of the Warburg effect
in cancer cells, was selectively enhanced in mice treated
with long-term SFA and TFA diets. Additionally,
B-catenin signaling, a key driver of liver tumorigenesis,
was found to be highly expressed only in mice fed a TFA
diet [4-6, 15]. The above results indicated that different
types of dietary fats impacted various signaling/metabol-
ic pathways in a type-specific manner.

The hypervascular nature of HCC underscores the im-
portance of angiogenesis in liver tumorigenesis [2]. Lym-
phangiogenesis increases the metastasis and spread of
HCC, which have a significant impact on tumor progres-
sion, recurrence, and outcome in HCC patients [16]. Sev-
eral growth factors, such as vascular endothelial growth
factor (VEGF), platelet-derived growth factor (PDGF),
and fibroblast growth factor (FGF), play a crucial role in
hepatic angiogenesis, cell proliferation, and tumorigene-
sis, the signalings of which are now promising targets for
treating HCC [2]. Indeed, sorafenib, a commonly used
multi-kinase inhibitor for HCC, blocks VEGF receptor
(VEGFR) and PDGF receptor (PDGFR)-B [17, 18]. Fur-
thermore, lenvatinib, a second generation multi-kinase
inhibitor, inhibits not only VEGFR and PDGFR-a but
also FGF receptor (FGFR) [2, 19].

Previous studies have demonstrated that excessive in-
take of Chol, SFA, and TFA can promote the occurrence
of liver tumors in HCVcpTg mice [4-6]. However, the
influence of these fat-intensified diets on hepatic angio-
genesis/lymphangiogenesis and the expression of growth
factors remains unclear [4-6]. To address this issue, we
evaluated the degree of angiogenesis/lymphangiogenesis
and related growth factor changes in HCVcpTg mice fed
isocaloric Chol-, SFA-, and TFA-rich diets.
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Materials and Methods

Mice and Treatment

HCVcpTg mice were generated as reported previously [20, 21].
Male 8- to 12-week-old HCVcpTg mice weighing 25-30 g were
treated for 15 months with a purified control (Con) diet (n = 17),
Chol diet (n = 13), or SFA-rich diet (n = 10), as described previ-
ously [4, 6]. In addition, male HCVcpTg mice were treated for 5
months with a TFA-rich diet after 10-month Con diet feeding (n
=21) [5]. The detailed composition of the diets is shown in online
Supplementary Table 3 (for all online suppl. material, see www.
karger.com/doi/10.1159/000525546). All animal experiments
were conducted in adherence to the animal research methods out-
lined in the “Guidelines for the care and use of laboratory animals”
and this study protocol was reviewed and approved by the Shinshu
University School of Medicine (approval number #190147). After
treatment, the mice were sacrificed by CO, asphyxiation prior to
blood and liver tissue collection. Blood samples were centrifuged
at 3,000 rpm for 15 min twice to obtain serum, and all samples were
stored at —80°C until use.

Quantification of mRNA Levels

Total RNA in non-tumorous liver tissue was extracted using an
RNeasy Mini Kit (Qiagen, Tokyo, Japan), and 1 ug of total RNA
was reverse-transcribed using oligo-dT and random primers with
a PrimeScript RT Reagent Kit (Perfect Real Time, Takara Bio Inc.,
Shiga, Japan). mRNA levels were determined by real-time quanti-
tative polymerase chain reaction (QPCR) using SYBR Premix Ex
Taq II (Takara Bio Inc.) on an Applied Biosystems™ 7500 Fast Dx
Real-Time PCR Instrument (Thermo Fisher Scientific, Waltham,
MA, USA) [4-6, 22]. The primer pairs used for qPCR are shown
in online Supplementary Table 1. The data were normalized to
those of 18S ribosomal RNA (18S rRNA) and the mRNA levels of
the target molecules were expressed as fold-changes relative to
those of the Con diet group.

Immunoblot Analysis

After homogenizing 20 mg of non-tumorous liver tissue, the
protein concentrations of whole lysates were measured as de-
scribed previously [4]. Briefly, whole liver lysates (45 ug of protein)
were loaded into each lane and separated by 7.5-15% sodium do-
decyl sulfate-polyacrylamide gel electrophoresis. Afterward, the
proteins were transferred to polyvinylidene fluoride membranes
(G9903119, Amersham, Freiburg, Germany) or nitrocellulose fil-
ter membranes (G9935264, Amersham). The membranes were
blocked by 6-10% nonfat dry milk or 10% bovine serum albumin
in Tris-buffered saline for 1 h and incubated overnight with the
appropriate antibodies shown in online Supplementary Table 2.
Next, they were washed four times with Tris-buffered saline con-
taining 1% Tween 20 and were incubated with horseradish perox-
idase-conjugated secondary antibodies (#SA00001-2, Proteintech
Group, Rosemont, IL, or #112-035-003, Jackson ImmunoResearch
Laboratories, West Grove, PA, USA; 1:10000 dilution for both an-
tibodies) for detecting the chemiluminescent signal of target pro-
teins using a myECL Imager System (Thermo Fisher Scientific).
The positions of the target proteins were determined by co-elec-
trophoresing a molecular weight marker (2.5 pL/well, PM2500,
Smobio, Hsinchu, Taiwan). Based on the preliminary immunoblot
analysis, glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was adopted as a loading control due to minimal differences be-
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tween the samples. NIH Image ] software (National Institutes of
Health, Bethesda, MD, USA) was used to quantify band intensity
before normalizing to GAPDH and expressing as fold-changes rel-
ative to those of HCVcpTg mice fed the Con diet.

Immunohistochemistry

Liver tissues were fixed in 10% neutral formalin, embedded in
paraffin, and cut into 4 um sections. For immunostaining of CD31
and lymphatic vessel endothelial hyaluronan receptor 1 (LYVE1L),
antigen retrieval was carried out by microwaving tissue sections in
10 mM Tris-HCI buffer (pH 8.0) containing 1 mM EDTA for 30
min. The sections were, respectively, incubated for 1 h with CD31
antibody (DIA-310, Dianova, Hamburg, Germany, 1:100 dilution)
and LYVE] antibody (103-PA50AG, Relia Tech GmbH, Wolfen-
biittel, Germany, 1:200 dilution). For secondary antibodies, Histo-
fine Simple Stain Mouse MAX-PO (rat) and Histofine Simple Stain
MAX-PO (R), both purchased from Nichirei (Tokyo, Japan) were,
respectively, used. Peroxidase activity was visualized using a di-
aminobenzidine-hydrogen peroxide solution.

Biochemical Analysis
Serum insulin-like growth factor (IGF) 1 was evaluated using a
mouse IGF1 ELISA kit (R&D Systems, Minneapolis, MN, USA) [22].

Statistical Analysis

All results were compared with the control group. Measured
findings are expressed as the mean + standard deviation. Two-
tailed Student’s ¢ tests were conducted using SPSS statistics version
22 (IBM, Armonk, NY, USA). A p value of less than 0.05 was con-
sidered statistically significant.

Results

SFA and TFA Diets, but Not Chol Diet, Promoted

Hepatic Angiogenesis in HCVcpTg Mice

Since the development of HCC is closely related to an-
giogenesis, we first evaluated angiogenesis markers by
qPCR analysis. The expression of mRNA encoding Cd34
was significantly increased in the Chol-, SFA-, and TFA-
rich diet-treated HCVcpTg mice as compared with the
Con diet, while the mRNA levels of Cd31 and tyrosine
kinase with immunoglobulin-like and EGF-like domains
1 (Tiel) and TEK receptor tyrosine kinase (Tie2) were
significantly increased by the SFA and TFA diets but not
the Chol diet (Fig. 1a). The increases in CD31 and TIE2
proteins were confirmed by immunoblot analysis (Fig. 1b,
¢). Immunohistochemical analysis showed that CD31
was positive for endothelial cells and CD31-positive en-
dothelial cells were increased following the SFA and TFA
diets (Fig. 1d), which ruled out the possibility that CD31
was ectopically overexpressed, e.g., by hepatocytes or
macrophages. The above results demonstrated that the
SFA and TFA diets, but not the Chol diet, promoted an-
giogenesis in non-tumorous liver tissues.
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Fig. 1. SFA and TFA diets promote angiogenesis in non-tumorous
liver tissues. a Hepatic mRNA levels of angiogenesis markers were
quantified by qPCR, normalized to 18S rRNA, and expressed as
values relative to HCVcpTg mice fed a control diet. The number
of mice in the control diet-fed and Chol-, SFA-, and TFA-rich diet-
fed groups was 8, 7, 8, and 8, respectively. b, c Immunoblot analy-
sis of CD31 and TIE2. Whole-liver homogenates (45 ug of protein)
were loaded into each well. GAPDH bands were used as the load-
ing control. Band intensities were measured densitometrically,
normalized to the loading control, and expressed as values relative
to those of control diet mice. The samples from 3 mice in each

SFA and TFA Diets, but Not Chol Diet, Promoted

Hepatic Lymphangiogenesis in HCVcpTg Mice

We next assessed the degree of lymphangiogenesis in
animals fed the test diets. The expressions of mRNA en-
coding podoplanin (Pdpn) and ephrin-B2 (Efnb2) were
similar among the groups (Fig. 2a), while the mRNA lev-
el of LYVE1 (Lyvel) was significantly increased by the
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group were adopted. Results were obtained from two independent
immunoblot experiments. d Immunohistochemical analysis of
CD31. Scale bar, 200 pm. CD31-positive endothelial cells were in-
creased following SFA and TFA diets in comparisons of the areas
indicated by arrowheads. Dashed squares indicate portal/central
veins. Data are expressed as the mean + SD. *p < 0.05, **p < 0.01,
and ***p < 0.001 between control diet-fed and Chol-, SFA-, and
TFA-rich diet-fed HCVcpTgmice. Con, control diet-fed HCVcpTg
mice; Chol, cholesterol-rich diet-fed HCVcpTg mice; SFA, satu-
rated fatty acid-rich diet-fed HCVcpTg mice; TFA, trans-fatty ac-
id-rich diet-fed HCVcpTg mice; SD, standard deviation.

SFA and TFA diets (Fig. 2a). Immunoblot analysis con-
firmed the increased expression of LYVEL in the SFA
and TFA groups (Fig. 2b, ¢). Immunohistochemical
analysis revealed increased LYVE1-positive endothelial
cells following the SFA and TFA diets (Fig. 2d). The SFA-
and TFA-rich diets, but not the Chol-rich diet, were
therefore thought to enhance hepatic angiogenesis/lym-
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Fig. 2. SFA and TFA diets promote lymphangiogenesis in non-
tumorous liver tissues. a Hepatic mRNA levels of lymphangiogen-
esis markers were quantified by qPCR, normalized to 18S rRNA,
and expressed as values relative to HCVcpTg mice fed a control
diet. The number of mice in the control diet-fed and Chol-, SFA-,
and TFA-rich diet-fed groups was 8, 7, 8, and 8, respectively. b, c
Immunoblot analysis of LYVE1. Whole-liver homogenates (45 pg
of protein) were loaded into each well. GAPDH bands were used
as the loading control. Band intensities were measured densito-
metrically, normalized to the loading control, and expressed as
values relative to those of control diet mice. The samples from 3

phangiogenesis in non-tumorous liver tissues of
HCVcpTg mice.

SFA and TFA Diets, but Not Chol Diet, Upregulated

Hepatic VEGF-C Expression in HCVcpTg Mice

To investigate the mechanism of how the SFA and
TFA diets exacerbated hepatic angiogenesis/lymphan-
giogenesis, the expressions of VEGF and their receptors
in the liver were determined. Although Vegfa and Veg-
frI mRNA levels were, respectively, increased by the

Impact of Dietary Fat Composition on
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mice in each group were adopted. Results were obtained from two
independent immunoblot experiments. d Immunohistochemical
analysis of LYVEL. Scale bar, 200 um. LYVE1-positive endothelial
cells were increased following SFA and TFA diets in comparisons
of the areas indicated by dashed squares. Data are expressed as the
mean * SD. *p < 0.05 and **p < 0.01 between control diet-fed and
Chol-, SFA-, and TFA-rich diet-fed HCVcpTg mice. Con, control
diet-fed HCVcpTg mice; Chol, cholesterol-rich diet-fed HCVcpTg
mice; SFA, saturated fatty acid-rich diet-fed HCVcpTg mice; TFA,
trans-fatty acid-rich diet-fed HCVcpTg mice; SD, standard devia-
tion.

TFA- and SFA-rich diets, the mRNA levels of Vegfb,
Vegfc, Vegfr2, and Vegfr3 were increased by all three di-
ets (Fig. 3a). Immunoblot analysis confirmed the ele-
vated hepatic expression of VEGF-C, a powerful driver
of angiogenesis and lymphangiogenesis, by the SFA-
and TFA-rich diets. the VEGFR2 protein level was only
significantly increased in SFA-rich diet-fed HCVcpTg
mice (Fig. 3b, ¢). Taken together, the augmentation of
VEGEF-C appeared to correlate with the enhancement
of hepatic angiogenesis/lymphangiogenesis caused by

Liver Cancer 2023;12:57-71
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Fig. 3. Effect of dietary fats on hepatic
VEGEF signaling in HCVcpTg mice. a He-
patic mRNA levels of genes related to
VEGF signaling were quantified by qPCR,
normalized to 18S rRNA, and expressed as
values relative to HCVcpTg mice fed a con-
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persistent SFA- and TFA-rich diet consumption in
HCVcpTg mice.

SFA and TFA Diets, but Not Chol Diet, Upregulated

Hepatic FGFR2/FGFR3 Expression in HCVcpTg Mice

Since it was well recognized that FGF enhanced tumor
cell survival and neoangiogenesis [23], the mRNA levels
of FGF and their receptors were determined next. The
levels of mRNA encoding Fgf2 and Fgfr2 were significant-
ly increased in the Chol, SFA, and TFA groups. However,
Fgf15 mRNA expression was upregulated in the SFA-rich
diet group alone. The mRNA level of Fgfr3 was signifi-
cantly increased in the SFA and TFA groups, while that
of Fgfr4 was unchanged (Fig. 4a). Immunoblot analysis
detected increased FGF2 in the Chol and TFA groups and
increased FGFR2/FGFR3 in the SFA and TFA groups
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(Fig. 4b, ¢). The increases in FGFR2/FGFR3 were consid-
ered to be associated with enhanced hepatic angiogene-
sis/lymphangiogenesis by persistent SFA- and TFA-rich
diet feeding.

Effect of Dietary Fat Composition on Hepatic PDGF

Signaling in HCVcpTg Mice

The expressions of mRNA encoding PDGF (Pdgfa,
Pdgfb, Pdgfc, and Pdgfd) and their receptors (Pdgfra and
Pdgfrb) were significantly increased in all three test diet-
fed HCVcpTg mice as compared with the Con diet
(Fig. 5a). The hepatic expression of PDGF-B was signifi-
cantly upregulated in the Chol and TFA groups but not
in the SFA group. The protein level of PDGFR-a was sig-
nificantly elevated in HCVcpTg mice fed any of the test
diets (Fig. 5b, ¢).
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Fig. 4. Effect of dietary fats on hepatic FGF
signaling in HCVcpTg mice. a Hepatic
mRNA levels of genes related to FGF sig-
naling were quantified by qPCR, normal-
ized to 18S rRNA, and expressed as values
relative to HCVcpTg mice fed a control
diet. The same samples used in Figures 1
and 2 were adopted. The number of mice
in the control diet-fed and Chol-, SFA-,
and TFA-rich diet-fed groups was 8, 7, 8,
and 8, respectively. b, c Immunoblot analy-
sis of FGF2, FGFR2, and FGFR3. Whole-
liver homogenates (45 pg of protein) were
loaded into each well. GAPDH bands were
used as the loading control. Band intensi-
ties were measured densitometrically, nor-
malized to the loading control, and ex-
pressed as values relative to those of control
diet mice. The samples from 3 mice in each
group were adopted. Results were obtained
from two independent immunoblot exper-
iments. Data are expressed as the mean +
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Effect of Dietary Fat Composition on Other Growth

Factor Signaling in HCVcpTg Mice

Changes in mRNA encoding IgfI and Igf2 were de-
tected only in the SFA group, while the levels of mRNA
for IGF receptors were increased in all test groups (online
suppl. Fig. S1A). However, there were no remarkable dif-
ferences in circulating IGF1 levels (online suppl. Fig.
S1B). The changes in the expressions of mRNA encoding
hepatocyte growth factor (Hgf) as well as angiopoietin 1
(Angptl) and 2 (Angpt2) were not consistent with the en-
hancement of hepatic angiogenesis/lymphangiogenesis
observed in the SFA and TFA groups (shown in online
suppl. Fig. S1C). The expression of mRNA encoding Kit
was only increased in the SFA and TFA diet-treated
HCVcpTg mice (online suppl. Fig. S1C).

Impact of Dietary Fat Composition on
Hepatic Angiogenesis/Lymphangiogenesis

SFA and TFA Diets Stimulated the INK-HIF1a-

VEGEF-C Axis, Enhancing Hepatic Angiogenesis/

Lymphangiogenesis in HCVcpTg Mice

VEGEF-C was considered to be a key molecule in ex-
plaining the mechanism of how the SFA- and TFA-rich
diets promoted hepatic angiogenesis/lymphangiogenesis.
We next examined upstream of VEGF-C to elucidate the
cause of VEGF-C augmentation, focusing on hypoxia-in-
ducible factor (HIF) since the HIF pathway was closely
associated with angiogenesis/lymphangiogenesis and tu-
morigenesis by modulating VEGF expression [24]. In-
deed, the mRNA and protein levels of HIFla were sig-
nificantly increased in the SFA- and TFA-treated groups
(Fig. 6a—c). The level of mRNA encoding aryl hydrocar-
bon receptor nuclear translocator (Arnt) was significant-

Liver Cancer 2023;12:57-71 63
DOI: 10.1159/000525546



k%%

1
*k
249 [ Con M chol M sFA O TFA
k=) %
£ 18 - ok
g
i’ *
1
Fig. 5. Effect of dietary fats on hepatic Z 127 * ** &
[
PDGF signaling in HCVcpTg mice. a He- GE) e % *
patic mRNA levels of genes related to 2 g *x m m M
PDGEF signaling were quantified by qPCR, § .
normalized to 18S rRNA, and expressed as
values relative to HCVcpTg mice fed a con- 0 o o o e
trol diet. The same samples used in Figures a Pdgfa Pdgfb Pdgfc Pdgtd Pdgfra Pdgfrb
1 and 2 were adopted. The number of mice
in the control diet-fed and Chol-, SFA-, Con Chol SFA TFA

and TFA-rich diet-fed groups was 8, 7, 8,

and 8, respectively. b, c Inmunoblot analy- (PBECIj(FD:)
sis of PDGF-B and PDGFR-a. Whole-liver

homogenates (45 pg of protein) were load- PDGFR-a
ed into each well. GAPDH bands were used (170 kDa)

as the loading control. Band intensities
were measured densitometrically, normal- (37 kDa)
ized to the loading control, and expressed
as values relative to those of control diet
mice. The samples from 3 mice in each
group were adopted. Results were obtained
from two independent immunoblot exper-
iments. Data are expressed as the mean +
SD. *p < 0.05, **p < 0.01, and ***p < 0.001
between control diet-fed and Chol-, SFA-,
and TFA-rich diet-fed HCVcpTg mice.
Con, control diet-fed HCVcpTg mice;
Chol, cholesterol-rich diet-fed HCVcpTg
mice; SFA, saturated fatty acid-rich diet-

N
1

-
1

Relative intensity

1

il alll

[ Con O Chol O SFA O TFA

*

* 1

1
[

fed HCVcpTg mice; TFA, trans-fatty acid- 0
rich diet-fed HCVcpTg mice; SD, standard
deviation.

[q]

PDGF-B PDGFR-a

ly increased in the Chol, SFA, and TFA groups (Fig. 6a).
The level of mRNA for von Hippel-Lindau tumor sup-
pressor (Vhl) was similar to that of Hifla (Fig. 6a).

The activation of several mitogen-activated protein ki-
nases (MAPKs) can induce HIFla expression. The SFA
and TFA diets increased the hepatic expression of total
and phosphorylated c-Jun N-terminal kinase (JNK) and
the degree of phosphorylation of the p54 component of
JNK (Fig. 7a, b). The levels of the p46 component of JNK,
the p42 component of total and phosphorylated extracel-
lular regulated protein kinase (ERK), remained un-
changed in all groups (Fig. 7a, b). The phosphorylation
level of the p44 component of ERK was increased only in
the TFA group. The increased JNK in total form was as-
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sociated with an elevated JnkI mRNA level (Fig. 7c¢).
These results indicated that the JNK-HIF1a-VEGE-C
axis contributed to the promotion of hepatic angiogene-
sis/lymphangiogenesis and ensuing tumor development
by the SFA and TFA diets in HCVcpTg mice (Fig. 7d).

Discussion

The current study has demonstrated that angiogene-
sis/lymphangiogenesis were enhanced in SFA- and TFA-
rich diet-fed HCVcpTg mice but not in Chol-rich diet-fed
ones. These alterations were correlated with increased
VEGEF-C and FGFR2/FGFR3 in the liver, likely by stimu-
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lation of the JNK-HIF1a cascade. Moreover, the expres-
sions of VEGF, PDGF, and FGF varied by dietary fat com-
position in spite of similar calorie levels. To our knowl-
edge, this is the first study to elucidate the differences in
vasculogenesis and growth factor expression among di-
etary fats.

Ithas been documented that a high-fat diet in mice can
induce inflammation and metabolic stress in the liver,
leading to angiogenesis stimulation and lymphatic vessel
dysfunction [25, 26]. Miura et al. [27] showed that a high-
fat diet increased the number of CD31-positive endothe-
lial cells in HCC tissues through higher circulating VEGF
concentrations in hepatocyte-specific phosphatase and
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tensin homolog-deficient mice; however, it remains un-
clear whether CD31-positive endothelial cells are also in-
creased in non-tumorous liver tissues. The current study
revealed that diets rich in SFA and TFA, but not in Chol,
stimulated the JNK-HIF1a-VEGEF-C axis and augmented
angiogenesis/lymphangiogenesis in the steatotic livers of
HCVcpTgmice. Since obesity, fatty liver, and ensuing liv-
er cancer are increasing worldwide [7, 8], our observa-
tions reveal the importance of not only dietary fat amount
but also fat species, for suppressing aberrant angiogene-
sis/lymphangiogenesis and ensuing hepatic tumorigene-
sis.
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Fig. 7. Effect of dietary fat on MAPKs in HCVcpTg mice. a, b Im-
munoblot analysis of JNK, ERK, and p38. Whole-liver homoge-
nates (45 ug of protein) were loaded into each well. GAPDH bands
were used as the loading control. Band intensities were measured
densitometrically, normalized to the loading control, calculated as
phosphorylated/total ratio values, and expressed as values relative
to those of control diet mice. The samples from 3 mice in each
group were adopted. Results were obtained from two independent
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samples used in Figures 1 and 2 were adopted. The number of mice
in the control diet-fed and Chol-, SFA-, and TFA-rich diet-fed
groups was 8, 7, 8, and 8, respectively. d A proposed mechanism
of how SFA-rich and TFA-rich diets enhance hepatic angiogenesis
and lymphangiogenesis in HCV core gene transgenic mice. Data
are expressed as the mean + SD. *p < 0.05 and **p < 0.01 between
control diet-fed and Chol-, SFA-, and TFA-rich diet-fed HCVcpTg
mice. Con, control diet-fed HCVcpTg mice; Chol, cholesterol-rich
diet-fed HCVcpTg mice; SFA, saturated fatty acid-rich diet-fed
HCVcpTg mice; TFA, trans-fatty acid-rich diet-fed HCVcpTg
mice; SD, standard deviation.

(Figure continued on next page.)
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An earlier prospective study showed that excess SFA
intake was positively associated with HCC in humans
[28]. Another investigation revealed that the proportions
of plasma saturated and monounsaturated FA in HCC
patients were significantly increased compared with those
of controls [29], with similar results found in breast can-
cer patients [30]. As the most abundant SFA in plasma,
palmitate could induce VEGF secretion from human
mesenchymal stem cells [31]. Elevated plasma nonesteri-
fied FA enhanced VEGF levels and increased renal CD31
expression as well [32]. Indeed, our previous study dem-
onstrated fatty acid synthase (FASN) involved in de novo
FA synthesis to be significantly increased in the liver after
treatment with excessive SFA [4]. The inhibition of FASN
reduced the proliferation of human dermal lymphatic en-
dothelial cells, and a FASN inhibitor also decreased the
production of VEGF-C in SK-Mel-25 human melanoma
cells [33]. These findings collectively suggest significant
crosstalk between FA metabolism and angiogenesis/lym-
phangiogenesis.

CD34, CD31, and TIE2 are all well-recognized mark-
ers of angiogenesis [34-36]. CD34 is a transmembrane
phosphoglycoprotein first identified in hematopoietic
stem and progenitor cells. However, it is expressed in a
variety of cells, not only in vascular endothelial progeni-
tors but also in hepatic stellate cells and epithelial pro-
genitors [37, 38]. On the contrary, CD31 is highly ex-
pressed at endothelial cell-cell junctions where it func-
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tions as an adhesive stress-response protein to maintain
endothelial cell junctional integrity [39]. TIE2 has also
been identified as a receptor tyrosine kinase that is ex-
pressed principally on vascular endothelial cells but rare-
ly on tumor-associated macrophages or tumor cells [40—
42]. Therefore, CD31 and TIE2 are considered to be more
specific markers of angiogenesis relative to CD34 [37, 43].

Lymphangiogenesis is also a crucial determinant of
cancer cell spread and tumor aggressiveness [44]. LYVE1
is alymphatic vessel endothelial hyaluronic acid receptor,
a homolog of the CD44 hyaluronic acid receptor that be-
longs to the superfamily of link proteins [45], and is only
expressed in lymphatic endothelial cells [46, 47]. While
podoplanin is recognized as a marker of lymphangiogen-
esis as well [48, 49], its expression is upregulated in dif-
ferent cell types, including fibroblasts, macrophages, T
helper cells, and epithelial cells, during inflammation and
cancer [50]. LYVEI1 therefore has greater specificity than
podoplanin as an indicator of lymphangiogenesis [50,
51]. The increases in LYVEI in addition to CD31 and
TIE2 by the SFA- and TFA-rich diets corroborate a pro-
moting effect on hepatic angiogenesis/lymphangiogene-
sis by excessive SFA and TFA intake.

Elevated circulating VEGF levels in HCC have been
associated with tumor angiogenesis and progression [36].
VEGFR-2 is stimulated by binding to VEGF-A, VEGEF-C,
or VEGF-D to activate a phosphorylation cascade trigger-
ing a downstream cellular pathway that ultimately leads
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to the vascular endothelial cell proliferation and tumor
blood vessel formation/branching mandatory for tumor
growth [2, 52]. The current study revealed overexpres-
sion of VEGF-C in the SFA- and TFA-rich diets, which
has been correlated with hepatic angiogenesis/lymphan-
giogenesis. VEGF-C can not only promote the growth of
lymphatic endothelial cells by activating ERK signaling
[53] but is also able to enhance the mobility and invasive-
ness of cancer cells, thus promoting their metastasis. In-
deed, plasma VEGF-C levels were negatively associated
with the outcome of HCC patients after liver transplanta-
tion or resection [54], thereby demonstrating the impor-
tance of VEGF-C in HCC.

It was intriguing that VEGF-C overexpression by the
SFA- and TFA-rich diets was mediated by HIF1la. The
Hifla and Vegfc genes possess an internal ribosome entry
site that is crucial for translational activation by hypoxia
[55, 56], and HIFla and VEGE-C are positively corre-
lated in various cancers [55, 57, 58]. Since the SFA and
TFA diets, but not the Chol diet, augmented HiflamRNA,
we considered that the FA-rich diets activated transcrip-
tion factors regulating the transcriptional activity of Hi-
fla. Although NF-kB is a direct modulator of HIF1a ex-
pression, all test diets evoked NF-«B activation. Alterna-
tively, MAPK signaling, including ERK, JNK, and p38, is
located upstream of the Hifla gene [24, 59-61]. The pres-
ent results demonstrated that the HIF1a-VEGF-C axis
was upregulated by increased Jukl mRNA and JNK ex-
pression by the FA-rich diets in HCVcpTg mice. Overex-
pressions of JNK1 and HIFla have been detected in hu-
man HCC samples and were correlated with unfavorable
patient outcomes [62, 63]. FA reportedly activated JNK
through SRC non-receptor tyrosine kinase and might be
related to the Warburg effect [60, 64]; however, the pre-
cise mechanism of how FA enhances Jnkl mRNA expres-
sion requires clarification in future investigations.

FGF is involved in several tumorigenic processes, in-
cluding stemness, proliferation, anti-apoptosis, drug re-
sistance, and angiogenesis [65]. FGF signaling is also re-
sponsible for adaptive responses and tissue repair to
maintain tissue homeostasis [66]. In particular, the com-
bination of FGF and FGFR in promoting HCC angiogen-
esis has received recent widespread attention [67]. FGFR2
and FGFR3 can act as regulators of cell differentiation
and proliferation, respectively. FGFR2 also promotes the
growth of human liver tumors and angiogenesis through
the PI3K-AKT pathway [68]. FGFR2/FGFR3 was found
to be significantly overexpressed in human HCC samples
and was closely related to the overall survival of HCC pa-
tients [69, 70]. There are no reports to date showing that
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JNK and HIFla can directly upregulate FGFR2/FGFR3
expression. Further studies are necessary to clarify the
molecular mechanism of FGFR2/FGFR3 upregulation by
SFA- and TFA-rich diets.

Lastly, PDGF can activate hepatic stellate cells and pro-
mote fibrogenesis as well as induce the proliferation and
migration of tumor cells [71]. In this study, PDGEF-B was
increased in the TFA and Chol groups, which was consis-
tent with previous studies showing significant liver fibro-
sis by those diets [72, 73]. The absence of correlations be-
tween PDGF and angiogenesis/lymphangiogenesis mark-
ers prompted us to consider a minor contribution of
PDGEF signaling to angiogenesis/lymphangiogenesis ob-
served in the SFA- and TFA-rich diet-fed HCVcpTg mice.

There are several limitations to this study. First, the ef-
fect of dietary fats on hepatic angiogenesis/lymphangio-
genesis should be verified using other hepatocarcinogen-
esis models. Second, we could not assess if the dietary fats
in this study directly influenced hepatic angiogenesis/
lymphangiogenesis. Evaluation using a coculture system
including hepatocytes, endothelial cells, and non-paren-
chymal cells or with a hepatic organoid might solve this
question. Third, we speculate that the duration of dietary
intervention may have affected the results of the current
study; similar experiments of different durations will val-
idate our hypothesis. Lastly, identifying the significance
of VEGF-C and FGFR2/FGFR3 in the pathogenesis of
steatosis-derived HCC will be useful toward the early di-
agnosis and prediction of HCC occurrence in NAFLD/
NASH patients.

In conclusion, dietary fat composition affected the ex-
pression of VEGF, FGF, and PDGF in a fat-specific man-
ner. Particularly, SFA- and TFA-rich diets promoted he-
patic angiogenesis/lymphangiogenesis mainly through
stimulation of the JNK-HIF1a-VEGF-C axis. Growth
factor signaling related to angiogenesis is a crucial target
for treating HCC and dietary fat composition may modu-
late this aspect in the context of steatosis-derived hepato-
carcinogenesis caused by HCV core protein. Clinically,
this study prompts us to emphasize that patients with he-
patic steatosis should not only reduce dietary fat con-
sumption but also pay attention to dietary fat composi-
tion. This discovery may contribute to new preventive
strategies for steatosis-derived HCC.
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