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A novel murine model for non-alcoholic steatohepatitis
developed by combination of a high-fat diet and
oxidized low-density lipoprotein

Yimin', Hiroaki Furumaki?, Shiho Matsuoka?, Toshihiro Sakurai®, Masashi Kohanawa', Songji Zhao?, Yuji Kuge®,
Nagara Tamaki® and Hitoshi Chiba?

Non-alcoholic steatohepatitis (NASH) is the hepatic manifestation of metabolic syndrome that is characterized by
steatosis, inflammation, and fibrosis, and may progress to cirrhosis and carcinoma. To investigate its pathogenic
processes, we established a novel murine model for NASH by combination of a high-fat diet (HFD) and oxidized
low-density lipoprotein (oxLDL). Mice that received HFD for 23 weeks showed hepatic steatosis, slight fibrosis, and a
high level of lipid peroxidation compared with a regular diet (RD)-fed mice. Hepatic injury and elevated tumor necrosis
factor (TNF)-o mRNA expression were also detected in these mice. Moreover, oxLDL administration to HFD-fed mice
during weeks 21-23 not only aggravated hepatic steatosis, fibrosis, and lipid metabolism, but also resulted in intense
inflammation, including severe hepatic injury and inflammatory cell infiltration, which are the typical histological features
of NASH. Inflammation was accompanied by increased gene expression of TNF-o and interleukin (IL)-6. Additionally,
the livers of RD-fed animals treated with oxLDL during weeks 21-23 were characterized by foamy macrophages and
inflammatory cell infiltration along with an elevated IL-6 mRNA level. These results suggest that an increased oxidative
state, including HFD-induced intracellular lipid peroxidation and its extracellular source from oxLDL, is the actual trigger
for hepatic inflammation in which liver injury is mediated by TNF-a and inflammatory cell accumulation is dependent on
IL-6. HFD and oxLDL also induced insulin resistance in mice; additionally, oxLDL downregulated insulin secretion.

In this model, CD36 overexpression was observed in the hepatocytes of HFD-fed mice and those treated with HFD and
oxLDL, and in the hepatic macrophages of RD-fed mice immediately after oxLDL treatment. In vitro experiments indicated
a rapid and transient elevation of CD36 on macrophage plasma membrane in response to oxLDL. Our findings
demonstrate that CD36 expressed on hepatocytes and hepatic macrophages mediates the pathophysiology of NASH.
Laboratory Investigation (2012) 92, 265-281; doi:10.1038/labinvest.2011.159; published online 7 November 2011

KEYWORDS: CD36; high-fat diet; inflammation; mice; NASH; oxidized low-density lipoprotein

Non-alcoholic fatty liver disease (NAFLD) is recognized as
the hepatic manifestation of obesity and metabolic ab-
normalities, the spectrum of which extends from simple
hepatic steatosis through various degrees of inflammation
to fibrosis."”* Non-alcoholic steatohepatitis (NASH), an
important form of NAFLD, is characterized by liver steatosis,
necrosis, inflammation, and fibrosis, and might result in
further progression to cirrhosis and hepatocellular carcino-
ma."” NASH is also universally accompanied by obesity-
associated insulin resistance.>* To date, however, the

etiopathogenesis of NASH and the mechanisms responsible
for liver injury and disease progression remain incompletely
understood. Studies of NASH have been hampered by the
absence of a suitable experimental model. Although several
animal models for NASH have been developed by genetic or
nutritional manipulations, and have provided some findings,
they fail to reflect the natural etiology and pathology of
NASH in patients. For example, ob/ob mice that are geneti-
cally deficient in leptin develop spontaneous liver steatosis,
but more significant injuries have not been observed.’ Supply
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of a methionine choline-deficient (MCD) diet to rodents
leads to the induction of a benign model of NAFLD in which
steatosis and inflammation are induced whereas fibrosis and
lipotrophic factors remain undetected.® Therefore, a suitable
animal model is required to reflect the natural course and
etiological background of NASH in humans.

The two-hit hypothesis proposed by Day and James’ states
that development of NASH in humans is the consequence of
sequential events. Hepatic steatosis induced by lipid accu-
mulation in hepatocytes is recognized as the first hit,”® and is
also identified as a critical prerequisite for the development
of inflammation and an independent risk factor for liver fi-
brosis.”'® The second hits are presumably considered to
contribute to the progression from simple steatosis to stea-
tohepatitis. This process represents a key step in the devel-
opment of NASH. Although risk factors such as oxidative
stress, mitochondrial injury, innate immunity, and pro-
inflammatory cytokines have been implicated in the
development of hepatic inflammation,'"'* the actual trigger
for tissue inflammation and hepatocyte degeneration remains
uncertain. Currently, increasing emphasis has been placed on
oxidization of lipids and proteins as core events of
inflammation associated with NASH.'>'* Oxidized low-
density lipoprotein (oxLDL), the highly reactive form of LDL
after lipid peroxidative modification, has many deleterious
effects such as transformation of macrophages to foam
cells,”” induction of the production of numerous proin-
flammatory cytokines by vascular cells,"® and generation of
cytotoxicity to induce cell death.'”'® OxLDL also initiates a
dose-dependent increase in oxidative stress in cultured cells,
including generation of reactive oxygen species and lipid
peroxidation products, which is thought to be a crucial factor
in the progression toward NASH.'>* In clinical practice,
high concentrations of circulating oxLDL are observed in
patients with NASH.*' However, the precise relationship
between oxLDL and the pathogenic processes of NASH
remain obscure.

In the present study, we produced a novel experimental
model for NASH in mice by chronic exposure to a high-fat
diet (HFD) and intravenous administration of oxLDL in
accordance with the two-hit hypothesis, and elucidated the
effects of HFD and oxLDL on the pathogenesis of NASH.
Increased oxidative stress in murine liver tissue, including
intracellular lipid peroxidation induced by HFD and its
extracellular source from oxLDL, are thought to have a
crucial role in the pathogenesis of hepatic inflammation. In
this study, we also investigated CD36 expression in different
liver cells and its contribution to the pathophysiology
of NASH. Our study provides additional insight into the
progression of NASH.

MATERIALS AND METHODS

Isolation of LDL and Preparation of oxLDL

LDL was isolated from normal human plasma by a combi-
nation of sequential ultracentrifugation and gel filtration as
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described previously.”> EDTA-2Na (pH 7.4; 0.27 mmol/l) was
used throughout the separation procedures to avoid LDL
oxidation. The LDL fraction was concentrated by ultra-fil-
tration using an Amicon XM-50 membrane (Amicon, Palo
Alto, CA, USA) and dialyzed against phosphate-buffered
saline (PBS), and stored under nitrogen at 4 °C in the dark.
Protein content was determined by a modified Lowry
method.””> OXxLDL was prepared by incubation of LDL in PBS
with CuSO, (0.8 g/l lipoprotein in 20 mol/l CuSO,) for 24h
at 37 °C and was stored at 4 °C in the dark. The purity and
charge of oxLDL were evaluated by examining electrophoretic
migration in agarose gel. The degree of oxidation of oxLDL
was determined by measuring the amount of thiobarbituric
acid-reactive substances.**

Animals and Diets

Seven-week-old male C57BL/6] mice were purchased from
Charles River Laboratories Japan (Yokohama, Japan) and
received a regular diet (RD) (MF; Oriental Yeast Co. Ltd.,
Tokyo, Japan) during the initial 7 days of acclimatization.
The animal protocol was approved by the Institutional Ani-
mal Care and Use Committee of Hokkaido University. After
acclimatization, the mice were randomly divided into the
following four groups: RD-fed mice (controls) were fed an
RD for 23 weeks, with an intravenous injection of PBS
(0.2ml per mouse, once every 3 days, eight times) from 21
weeks of the experiment; HFD-fed mice were fed an HFD
(HFD-60; Oriental Yeast Co. Ltd.) for 23 weeks, with a PBS
injection from 21 weeks; HFD + oxLDL mice were fed an
HFD for 23 weeks, with an intravenous injection of oxLDL
(0.2mg/0.2ml per mouse, once every 3 days, eight times)
from 21 weeks; and RD + oxLDL mice were fed an RD for 23
weeks, with an oxLDL injection from 21 weeks. LDL, as
control for oxLDL, was also injected into RD-fed mice during
weeks 21-23 (0.2 mg/0.2 ml per mouse, once every 3 days,
eight times). Additionally, to examine temporal changes in
CD36 expression in hepatic macrophages in response to
oxLDL, RD-fed mice were treated with oxLDL (0.2 mg/0.2 ml
per mouse) for different durations. For all experiments, 3—4
animals were present per group. All mice were maintained in
a temperature-controlled room with a 12-h light/dark diurnal
cycle and had free access to food and water throughout the
experiment. The compositions and calorific values of
the experimental diets are presented in Table 1. The body
weights and food intake of mice were measured under the
experimental conditions.

Preparation of Plasma and Liver Tissues

Animals were fasted for 12h and killed after they were
subjected to the experimental conditions described above.
Blood samples were obtained from jugular veins, and plasma
was separated by centrifugation at 1200g for 20 min at
4°C and stored at —80°C until biochemical analysis.
Murine livers were immediately removed and weighted,
and fresh tissues were used for biochemical analysis and
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Table 1 Compositions and calorific values of the experimental
diets

RD (MF) HFD (HFD-60)
Composition Calorie Composition Calorie
(9) (kcal) (9 (kcal)
Protein 231 92.4 (25.6%) 23.0 91.6 (18.1%)
Carbohydrate 553 221.2 (61.6%) 253 100.7 (19.9%)
Fat 5.1 45.9 (12.8%) 35.0 313.7 (62.0%)
Total calorie 359.0 506.0/1009

RNA studies. A portion of the liver was snap-frozen in
liquid nitrogen for oil-red O staining, and the remaining
liver tissues were fixed in 10% neutral formalin for hema-
toxylin and eosin (H&E) staining, Azan staining, and
immunostaining.

Analysis of Liver Architecture

To clearly measure lipid accumulation in the liver of each
mouse, frozen liver sections (5 um) were rinsed with distilled
water, stained with 0.18% oil-red O (Sigma-Aldrich, MO,
USA) with 60% 2-propanol (Sigma-Aldrich) for 15min at
37°C, and finally counterstained with hematoxylin. The
formalin-fixed specimens were dehydrated and embedded in
paraffin blocks, and tissue sections of 2 ym were stained with
H&E or Azan using standard techniques for liver morpho-
logical analysis. In each experiment, sections were made from
three different areas of each organ and blindly scored by
a single pathologist by light microscopy. The pathology
evaluation was performed on the basis of steatosis, hepato-
cellular ballooning, lobular inflammation, and fibrosis
according to the standard criteria for grading of NASH, with
several modifications.”> The percentage of hepatic fat droplet
area, which was quantified by using the Image] software, was
used to evaluate steatosis in oil-red O-stained sections in the
following manner: 0, no steatosis; 1, up to 33% steatosis;
2, 33-66% steatosis; and 3, >66% steatosis. Ballooning
degeneration of hepatocytes was graded 0-2 based on the
number of balloon cells seen on H&E-stained sections, as
follows: 0, no balloon cells; 1, scattered balloon cells; and 2,
panacinar balloon cells. Lobular inflammation was graded
0-3 based on inflammatory foci seen on H&E-stained
sections, as follows: 0, no inflammation; 1, <2 foci/ x 200
field; 2, 2—4 foci/ x 200 field; and 3, >4 foci/ x 200 field.
Azan-stained sections were used for evaluation of fibrosis as
follows: 0, no fibrosis; 1, pericellular and perivenular fibrosis;
and 2, focal bridging fibrosis.

Immunohistological Analysis

Paraffin sections were also used for immunohistochemistry
of CD36; collagen type-1; CD3; F4/80, a surface marker
of mouse macrophages; 8-hydroxy-2'-deoxyguanosine
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(8-OHdG), a marker of oxidative DNA damage; and apop-
tosis. The sections were immunostained with rabbit anti-
human CD36 (LifeSpan Biosciences Inc., WA, USA), rabbit
anti-mouse collagen type-1 (AbD Serotec, UK), rabbit anti-
human CD3 (DakoCytomation, Japan), rabbit anti-mouse
F4/80 (Acris Antibodies Inc., CA, USA), or mouse anti-
mouse 8-OHdG (Japan Institute for the Control of Aging,
Japan), followed by application of the immunoperoxidase
technique using the STAT-Q rapid IHC system (Innovex
Biosciences, CA, USA). As a negative control, slides were
incubated with normal rabbit IgG or mouse IgG (Santa Cruz
Biotechnology Inc., CA, USA). The In situ Apoptosis
Detection Kit (Takara Bio Inc., Japan) was used for detection
of apoptotic hepatocytes. Stained regions were quantified
using the Image] software and data are expressed as
percentage of field area or percentage of the number of cells.

Biochemical Assays

The levels of alanine aminotransferase (ALT), free fatty acids
(FFA), triglycerides (TG), cholesterol, glucose, and insulin in
plasma were measured by using the Transferase ClI-test, the
Non-esterified fatty acids (NEFA) C-test, the TG E-test, the
Cholesterol E-test, the Glucose CII-test (all from Wako Pure
Chemical Industries, Tokyo, Japan), and the Mercodia
Ultrasensitive Mouse Insulin ELISA Kit (Mercodia, Sweden),
respectively, according to the manufacturer’s instructions.
Total hepatic lipids were extracted from liver homogenates
by using methanol and chloroform according to a published
method,”® and FFA, TG, and cholesterol contents
were measured by the NEFA C-test, the TG E-test, and the
Cholesterol E-test. Quantitative measurement of lipid per-
oxidation in the liver of each mouse was performed by using
the Malondialdehyde Assay Kit (Northwest Life Science
Specialties, LLC., WA, USA) according to the manufacturer’s
protocol.

Isolation and Stimulation of Macrophages
Peritoneal macrophages generated from RD-fed mice were
used to investigate macrophage uptake of oxLDL in vitro. The
cells were suspended in 0.83% ammonium chloride solution
containing 10% (vol./vol.) Tris buffer (pH 7.65) to lyse ery-
throcytes and resuspended in RPMI-1640 medium supple-
mented with 10% fetal bovine serum, 100 IU/ml penicillin,
and 100 ug/ml streptomycin, as described previously.”’
Macrophages at a density of 2 x 10° of were dispensed into
culture dishes for total RNA isolation and confocal micro-
scopic analysis. A total of 5x 10° of the cells were seeded
onto chamber slides for oil-red O staining using the protocol
described above. After culture for 2h, floating cells were
removed and attached macrophages were maintained in
RPMI-1640 medium for 24 h before use.

Peritoneal macrophages were stimulated with 250 ug/ml
oxLDL or left untreated, and then harvested for RNA isola-
tion or stained at the indicated time points after stimulation.
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RNA Isolation and Quantitative Real-Time PCR Analysis
Total RNA was isolated from mouse liver tissues or peritoneal
macrophages using the Trizol reagent (Invitrogen, CA, USA)
according to the manufacturer’s protocol. A 2-ng weight of
total RNA was converted into first-strand cDNA using the
High-Capacity cDNA Reverse Transcription kits (Applied
Biosystems, CA, USA). The ¢cDNA was used for quantitative
real-time PCR using the Power 2 x SYBR Green PCR Master
Mix and monitored on an ABI Prism 7000 sequence detec-
tion system (both from Applied Biosystems). The PCR
conditions were 95°C for 10 min followed by 40 cycles at
95°C for 15s and 60°C for 1min. The primer sequences
of the selected genes are provided in Table 2. Relative gene
expression versus untreated control was normalized by using
the expression of the GAPDH housekeeping gene.

Confocal Microscopic Analysis

Peritoneal macrophages were incubated with rabbit anti-
human CD36 (sc-9154; Santa Cruz Biotechnology Inc.) fol-
lowed by an Alexa Fluor-488-conjugated chicken anti-rabbit
IgG antibody (Molecular Probes, CA, USA). Immunostained
cells were evaluated by laser-scanning confocal microscopy.
Normal rabbit IgG was used for negative controls.

Statistical Analysis

All data are expressed as mean *s.d. Significant differences
between values in the experimental and control groups were

Table 2 Primers used for quantitative real-time PCR

calculated by Student’s #-tests. P-values <0.05 were con-
sidered statistically significant.

RESULTS

Effects of HFD, oxLDL, and Combination on Obesity and
Liver Injury in Mice

We first studied the contributions of HFD and oxLDL to liver
morphological changes in each mouse group. RD-fed mice
showed a normal-sized liver, whereas hepatomegaly and pale
color were observed in HFD-fed and HFD + oxLDL mice but
not in RD + oxLDL mice (Figure 1a). Despite similar energy
intake in the four mouse groups under the experimental
conditions, the HFD-fed and HFD + oxLDL groups showed
obesity and relative liver weight gain (liver weight/body
weight) after 23 weeks compared with control RD-fed mice
(Table 3). Concomitantly, elevated plasma levels of ALT, a
marker of liver injury, were detected in the HFD-fed and
HFD + oxLDL groups (4.52- and 6.94-fold versus RD-fed
mice, respectively; P<0.001) and this increase was more
pronounced in HFD + oxLDL mice than in HFD-fed mice
(P<0.001) (Figure 1b). We also performed immuno-
histochemical analysis of hepatic apoptosis, which has
emerged as one of the key pathways of liver injury in patients
with NASH." A mild hepatic apoptosis was observed in
the HFD-fed group, and the hepatic apoptosis level was
significantly higher in the HFD + oxLDL group than in
the HFD-fed and RD-fed groups (Figure 1c). There was no

Gene name Direction Primer sequence Amplicon size (bp) Accession no.

TNF-o Forward 5'-GGGTGATCGGTCCCCAAAGG-3 95 NM_013693
Reverse 5'-TTGAGAAGATGATCTGAGTGTGAGG-3'

IL-6 Forward 5"-AAGAAATGATGGATGCTACCAAACTG-3 79 NM_031168
Reverse 5'-GTACTCCAGAAGACCAGAGGAAATT-3

TGF-p1 Forward 5'-GCTAATGGTGGACCGCAACAAC-3' 100 NM_011577
Reverse 5’-CACTGCTTCCCGAATGTCTGAC-3

Collagen-o1 Forward 5'-TGGTCTCCAGGGTCCTCCT-3’ 106 M_007742
Reverse 5’-AGAACCAGCAGAGCCAGGG-3'

CD36 Forward 5'-TCTTATGGTGTGCTAGACATTGGC-3 99 M_007643
Reverse 5"-AGGTTCTGAAACATCTGGACTTGC-3'

PPAR-y Forward 5’-CCCAATGGTTGCTGATTACAAATATG-3' 86 M_011146
Reverse 5'-AATAAGGTGGAGATGCAGGTTCTAC-3'

CYP2E1 Forward 5'-TCCAGAGACATTTAAACCTGAGCA-3' 97 M_021282
Reverse 5’-ACACACGCGCTTTCCTGC-3

F4/80 Forward 5'-GGATGCATAATCGCTGCTGGTT-3' 98 M_010130
Reverse 5"-AAGGAGGACAGAGTTTATCGTGAT-3

D3 Forward 5/-GGTAGCAGGCCCAGAGGG-3’ 78 M_007648
Reverse 5'-GCCTTTGCGGATGGGCTCAT-3
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Figure 1 Hepatic morphology and injury in RD-fed, HFD-fed, HFD + oxLDL, and RD + oxLDL mice after 23 weeks of experimental treatment.

(a) Representative photographs of livers from each group are shown (scale bars, 10 mm). (b) Plasma ALT levels at the end of the experiment are plotted.
Data represent the mean = s.d. for five mice per treatment group. (c) Representative images (original magnification, x 200) of immunohistochemical
staining for apoptosis in the liver of each group. Absolute percentages of the field areas are shown. Data are expressed as the mean * s.d. of 5-7 mice per
treatment group. #P<0.001 versus RD-fed mice; 8P <0.001 versus HED-fed mice; ©P<0.001 versus RD + oxLDL mice.

significant difference in body weight, liver weight, plasma
ALT levels, and apoptosis between RD + oxLDL and control
mice (Figures 1b and ¢, and Table 3).

Effects of HFD, oxLDL, and Combination on Liver
Histopathological Changes in Mice

Histological images revealed differences in hepatic pathology
among the various groups. In contrast to the normal liver
histology in RD-fed mice, ballooned hepatocytes, a necessary
histological feature defining human NASH, and micro-
vesicular steatosis were observed in HFD-fed mice,
along with slight intra-parenchymal fibrosis after 23 weeks
(Figures 2a and b). In parallel, oil-red O staining showed
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intracytoplasmic lipid accumulation in liver sections from
HFD-fed mice (Figure 2c). However, little inflammatory cell
infiltration appeared in these mice (Figure 2a). Moreover,
administration of oxLDL to HFD-fed mice exacerbated he-
patic steatosis and resulted in a considerable number of
macrovesicular fat droplets (Figures 2a and ¢). In addition to
steatosis, an intense inflammatory response, including
inflammatory cell infiltration and hepatocellular damage
with nuclear vacuolation, and intra-parenchymal pericellular
fibrosis were observed in the hepatic lobules of
HFD + oxLDL mice, which are typical histological features of
NASH (Figures 2a and b). We also investigated the effect of
oxLDL alone on liver histomorphological changes. OxLDL
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Table 3 Body and liver weights, cumulative food and calorie intake, and hepatic and blood levels of biochemical markers in each

mouse group

Parameter RD
Initial body weight (g) 17.74£0.69
Final body weight (g) 3223+1.99
Relative liver weight (%) 3.68%+0.36
Food intake (g per mouse) 590.8+19.2
Calorie intake (kcal per mouse) 2121 +£69
Liver lipids
TG (mg/g tissue) 13.87+0.54
FFA (mmol/g tissue) 049+0.18
Total cholesterol (mg/g tissue) 4371093
Blood profiles
TG (mg/dl) 8227 +4.11
FFA (meg/l) 1.15+£0.14
Total cholesterol (mg/dl) 8540+ 14.29
Glucose (mg/dl) 16197 £12.77
Insulin (ug/l) 045+0.13

HFD HFD-+oxLDL RD-+oxLDL
17.65+0.72 17.9240.78 17.71£0.74
47.96 + 336" 4951 +1.69%% 3141 %224

5.71+0.38" 5.87 £ 048"~ 3.91+048
433.0+296" 4260+16.2° 580.6+27.1
2190 £150 2156+ 82 2084 + 97
59.94 + 13.80° 72.92 + 352" 13.38+0.22
194 +0.21* 1.97 +3.08"* 047 +0.15
6.56+0.70° 10.24 245%%4 5194049
139.65 +11.12" 141.74+1467%* 80.69  19.40
1.85+0.25" 1.87+0.17%% 1.01+0.14
224.69 +31.85" 319.44 + 41,1074 9595+ 1473
23265+ 1591" 267.14 £ 46.00%" 200.17 +7.09*
951+0.22% 225+031%84 3.96+0.13*

Changes in body and liver weights, cumulative food and calorie intake, and biochemical marker levels in the livers and blood of RD-fed, HFD-fed, HFD+oxLDL, and
RD+oxLDL murine groups after 23 weeks of experimental treatment. The data represent the means * s.d. of 5-7 mice per treatment group.

*P<0.01, *P<0.001 versus RD-fed mice.
P<0.05, iP<0.01, P<0.001 versus HFD-fed mice.
"P<0.01, *P<0.001 versus RD+oxLDL mice.

administration induced an increase in the number of
inflammatory cells in the hepatic parenchyma of RD-fed
mice in a time-dependent manner, and recruitment of
inflammatory cells and a great many lipid-laden foamy
macrophages were clearly observed after 3 weeks (Figures 2a
and c). These mice also developed ballooning degeneration of
perivenular hepatocytes but failed to show any liver fibrosis
(Figures 2a and b). The degree of NAFLD in each group after
23 weeks of experimental treatment was quantified and is
shown in Table 4.

Effects of HFD, oxLDL, and Combination on Lipid
Metabolites and Insulin Responsiveness in Mice

As lipid accumulation in hepatocytes is a characteristic fea-
ture of NASH, we measured hepatic TG, FFA, and cholesterol
contents to further evaluate the development of steatosis
quantitatively in each mouse group after 23 weeks of ex-
perimental treatment. Hepatic biochemical analysis indicated
that feeding mice an HFD induced increases in hepatic TG,
FFA, and cholesterol levels in comparison with control RD-
fed mice, which showed negligible fat content (4.32-fold for
TG and 1.50-fold for cholesterol (P<0.01); 3.96-fold for FFA
(P<0.001)) (Table 3). Although administration of oxLDL to
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RD-fed mice during weeks 21-23 failed to change hepatic
TG, FFA, and cholesterol levels, these levels were strongly
elevated in HFD + oxLDL mice as compared with control
RD-fed mice (5.25-fold for TG and 4.02-fold for FFA
(P<0.001); 2.34-fold for cholesterol (P<0.01)) (Table 3).
These data coincided with hepatic histomorphological find-
ings (Figures 2a and c).

Hepatic lipid accumulation was accompanied by dyslipi-
demia in HFD-fed and HFD + oxLDL mice. As shown in
Table 3, compared with the RD-fed group, plasma TG, FFA,
and cholesterol levels were significantly elevated in the HFD-
fed and HFD + oxLDL groups but not in the RD + oxLDL
group after 23 weeks of experimental treatment (1.70- and
1.72-fold for TG; 1.61- and 1.63-fold for FFA; and 2.63- and
3.74-fold for cholesterol, respectively; P<0.001). Further-
more, higher levels of plasma glucose and insulin were
detected in HFD-fed mice than in RD-fed mice (1.44-fold for
glucose and 21.13-fold for insulin, respectively; P<0.001)
(Table 3), indicating that HFD induced insulin resistance.
Although HFD + oxLDL and RD + oxLDL mice also showed
hyperglycemia and hyper-insulinemia (1.65- and 1.24-fold
for glucose, and 5.00- and 8.80-fold for insulin versus RD-fed
mice, respectively; P<0.001), the increased insulin level was
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Figure 2 Representative photomicrographs from each mouse group after 23 weeks of experimental treatment. (a) H&E-stained liver sections (original
maghnification, x 200). Nuclear vacuolation in hepatocytes is shown in the inset. (b) Azan-stained liver sections. Fiber deposition is identified by blue
staining (original magnification, x 100). (c) Oil-red O-stained liver sections. Hepatic lipid accumulation was determined by oil red O staining (original

magpnification, x 200).

markedly lower in both groups than that in the HFD-fed
group (Table 3, P<0.001), suggesting that oxLDL not only
induced insulin resistance but also downregulated insulin
secretion.

Effects of HFD, oxLDL, and Combination on Hepatic
Oxidative Stress in Mice

We measured the hepatic malondialdehyde level in each
group as an index of lipid peroxidation and found that HFD

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 92 February 2012

and oxLDL augmented hepatic lipid peroxidation. Mice
treated with either HFD for 23 weeks or oxLDL for 3 weeks
showed higher levels of malondialdehyde in their livers than
control RD-fed mice (1.33-fold, P<0.01; 1.54-fold,
P<0.001, respectively) (Figure 3a). Furthermore, a 1.90-fold
increase in hepatic lipid peroxidation was noted in
HFD + oxLDL mice as compared with RD-fed mice (Figure
3a, P<0.001). As the endoplasmic reticulum w-oxidation
cytochrome P450-2E1 (CYP2El) has a key role in the
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Table 4 Hepatic pathology scores in each mouse group

Mice Item Total score
Steatosis Hepatocellular ballooning Inflammation Fibrosis

RD (n=5) 0.0£00 00+00 00+00 00+00 00+00

HFD (n=6) 13+05" 20+0.0" 00+00 08+04" 42+08"

HFD+oxLDL (n=7) 1.9 £ 04" 2.0+0.0%* 23405 13+05"* 74405

RD+oxLDL (n=6) 0.0£00 1.0%0.0* 13+05" 00+£00 23+07*

Pathological hepatic NAFLD scores in each mouse group after 23 weeks of experiment. The absolute percentage of the fat droplet area in oil-red O-stained
sections was determined to evaluate steatosis. The extension of balloon hepatocytes and the number of inflammatory foci were identified using H&E-stained
sections. Azan-stained sections were used for evaluation of fibrosis. The criteria for each score are described under Materials and Methods. Results are expressed as

the mean * s.d. of 5-7 mice per treatment group.
#P<0.001 versus RD-fed mice.

"P<0.05, 5P <0.001 versus HFD-fed mice.
$p<0.01, *P<0.001 versus RD-+oxLDL mice.

initiation of hepatic lipid peroxidation,*® we next evaluated
its gene expression in the livers of mouse from each group.
Real-time PCR analysis revealed a significant increase in
CYP2El mRNA levels in the livers of HFD-fed and
RD + oxLDL mice (1.34- and 1.26-fold versus RD-fed mice;
P<0.01 and P<0.05, respectively), and a more pronounced
upregulation in HFD + oxLDL mice (1.87-fold versus RD-fed
mice, P<0.001) (Figure 3b). The results of immuno-
histochemical analysis for 8-OHdG are shown in Figure 3c.
8-OHdG-positive cells significantly appeared throughout the
lobule of HFD-fed and HFD + oxLDL mice, especially in
the latter, whereas in RD + oxLDL mice they were mainly
localized around the hepatic venulae.

Effects of HFD, oxLDL, and Combination on Induction of
the Hepatic Inflammatory Response in Mice

We investigated the contributions of HFD and oxLDL to the
hepatic inflammatory response in mice by analyzing the gene
expression of tumor necrosis factor (TNF)-a and interleukin
(IL)-6, two major inflammatory mediators of macrophages
that correlate with progression of NASH.*” HFD feeding for
23 weeks resulted in an upregulated hepatic mRNA expres-
sion of TNF-o (1.72-fold versus RD-fed mice; P<0.01)
(Figure 4a). Moreover, a pronounced increase in the hepatic
level of the TNF-a gene was found in HFD + oxLDL mice at
the end of 23 weeks (5.65-fold versus RD-fed mice and 3.28-
fold vs HFD-fed mice; P<0.05), but a similar change was not
observed in RD + oxLDL mice (Figure 4a). These results also
coincided with the degree of liver injury shown in Figures 1b
and ¢, suggesting that TNF-o mediates hepatocellular injury.
Although little inflammatory cell infiltration was observed in
the liver of HFD-fed mice, oxLDL administration in these
mice resulted in mixed inflammatory infiltration, with
macrophages and lymphocytes throughout the hepatic lobule
(Figures 4e and f). Additionally, a mild increase in the
number of inflammatory cells was observed in the liver of
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RD + oxLDL mice (Figures 4e and f). Real-time PCR analysis
also supported the immunohistochemical results (Figures 4c
and d). Consistent with the recruitment of inflammatory
cells, hepatic expression of the IL-6 gene was upregulated in
HFD + oxLDL and RD + oxLDL groups as compared with
expression in the RD-fed group (2.04-fold for HFD + oxLDL
mice (P<0.01) and 1.50-fold for RD -+ oxLDL mice
(P<0.05), respectively) (Figure 4b). However, IL-6 mRNA
expression was unaltered in the liver of the HFD-fed group
(Figure 4b). These data suggest that oxLDL-induced
inflammatory cell infiltration is mediated by IL-6.

Furthermore, compared with RD-fed mice, RD-fed mice
treated with LDL for 3 weeks did not show any changes in the
hepatic histological architecture and gene expression of
inflammatory mediators (Figures 4a—d and g), indicating that
the human LDL injection does not induce inflammatory
reaction in mice, concordant with the report in which
oxLDL, but not native LDL, was shown to contribute to the
inflammation of the atherosclerotic regions.”®

Effects of HFD, oxLDL, and Combination on Hepatic
Fibrogenesis in Mice

Hepatic fibrosis is viewed as one of the advanced con-
sequences of NASH. To clarify the effects of HFD and oxLDL
on hepatic fibrosis, the mRNA levels of transforming growth
factor (TGF)-f1, an important fibrogenetic cytokine, and its
target gene, collagen-a1, were compared in the four mouse
groups by quantitative real-time PCR after 23 weeks of
experimental conditions. Hepatic mRNA expression for TGE-
f1 and collagen-a1 increased 1.73- and 3.06-fold, respec-
tively, in HFD-fed mice as compared with RD-fed mice
(P<0.05 and P<0.01, respectively) (Figures 5a and b). The
combination of HFD and oxLDL induced further upregula-
tion of the hepatic mRNA levels of both genes in mice,
particularly collagen-«1 (2.43-fold for TGF-f1 and 7.25-fold
for collagen-al versus RD-fed mice; P<0.01 and P<0.001,
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Figure 3 Parameters of hepatic oxidative stress in each murine group after 23 weeks of experimental treatment. Hepatic lipid peroxide levels

(@) and relative gene expression of CYP2E1 (b) were measured with a commercial kit and by quantitative real-time PCR, respectively. Data are presented
as the mean * s.d. for five mice per treatment group. (c) Representative images (original magnification, x 200) of immunohistochemistry for 8-OHdG in
the liver of each group and the percentage of positively stained cells are shown. Nuclei stained brown showed positive immunoreactivity toward the
monoclonal primary antibody against 8-OHdG. Data are expressed as the mean * s.d. of 5-7 mice per treatment group. *P<0.05, $p<0.01, *P<0.001
versus RD-fed mice; P<0.01, %P <0.001 versus HFD-fed mice; °P<0.05, “P<0.001 versus RD + oxLDL mice.

respectively) (Figures 5a and b). However, no change in the
gene levels of TGF-f1 and collagen-a1 were observed in
RD + oxLDL mice (Figures 5a and b). To further assess the
effects of HFD and oxLDL on hepatic fibrosis, immuno-
histochemical analysis of collagen type-1 was performed. As
predicted from the results of its gene expression, HFD-fed
mice showed mild collagen type-1 expression in the liver; a
more pronounced intra-parenchymal expression of collagen
type-1 was observed in HFD + oxLDL mice; and no collagen
expression was observed in the livers of RD + oxLDL mice
(Figure 5c). These data were consistent with the development
of hepatic fibrosis in each group of mice, as shown in
Figure 2b.
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Effects of HFD, oxLDL, and Combination on PPAR-y and
CD36 Expression in Mice

We also compared the levels of peroxisome proliferator-
activated receptor (RRAR)-7, a major factor in lipid uptake,
and its target gene, CD36, among the four groups of mice at
the end of the experimental period. In comparison with
control RD-fed mice, the hepatic mRNA levels of PPAR-y and
CD36 were both markedly elevated in the HFD-fed group
(2.58- and 2.98-fold, respectively; P<0.001) and the
HFD +oxLDL group (3.99- and 4.28-fold, respectively;
P<0.01) (Figures 6a and b). The latter manifested more
significant increases than the former (Figures 6a and b,
P<0.05). However, there were no changes in the expression
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of both genes in the livers of the RD + oxLDL group (Figures liver.”’ However, our immunohistochemistry data showed
6a and b). We further examined CD36 protein expression in  that long-term HFD feeding resulted in upregulated
the liver tissues of each group after 23 weeks. It has been  hepatocellular CD36 expression in mice (Figure 6c).
reported that CD36 expression is normally low in rodent Moreover, oxLDL showed a synergistic effect in terms of
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Figure 5 Fibrosis markers in liver tissues from each mouse group after 23 weeks of experimental treatment. Quantitative analysis showed the ratio of the
mRNA expression for TGF-f1 (a) and collagen-u1 (b) normalized to the GAPDH gene. Data are expressed as mean + s.d. for five mice. (c) Representative
photomicrographs (original magnification, x 200) of liver sections stained with an anti-collagen type-1 antibody and the percentage of collagen type-1

expression are shown. Brown staining indicates positive immunohistochemistry for collagen type-1 protein expression. Data are expressed as the

mean * s.d. of 5-7 mice per treatment group. *P<0.05, *P<0.01, *P<0.001 versus RD-fed mice; 'P<0.05, *P<0.01, P<0.001 versus HFD-fed mice;

Sp< 0.01, ®P<0.001 versus RD + oxLDL mice.

<

Figure 4 Parameters of hepatic inflammation in each murine group after 23 weeks of experimental treatment. The gene expression levels of TNF-x (a),
IL-6 (b), F4/80 (c), and CD3 (d) were determined by quantitative real-time PCR analysis of total RNA from mouse liver tissues. Results were normalized to the
expression of the GAPDH housekeeping gene and are shown as fold changes relative to gene expression in RD-fed mice. Data are presented as the
mean t s.d. for five mice per treatment group. To identify the infiltrating cell types, murine livers were immunostained for macrophages (F4/80
antibody) and CD3™" T cells (anti-CD3 ™+ antibody). Representative photomicrographs (original magnification, x 200) of liver sections stained with an
F4/80 antibody (e) and an anti-CD3 " antibody (f), and the percentage of positively stained cells are shown. Data are expressed as the mean + s.d. of
5-7 mice per treatment group. (g) Liver sections from RD-fed mice treated with LDL were stained with H&E, an F4/80 antibody, and an anti-CD3 * antibody.
Representative photomicrographs (original magnification, x 200) are shown. Data are expressed as the mean + s.d. of three mice. *P<0.05,

$P<0.01, *P<0.001 versus RD-fed mice; P<0.05, *P<0.01, %P <0.001 versus HFD-fed mice; °P<0.05, P <0.01, *P<0.001 versus RD + oxLDL mice;
*P<0.05, P<0.01 versus RD + LDL mice.
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Figure 6 Hepatic expression levels of PPARy and CD36 in each group of mice. The mRNA expression of PPARy (a) and CD36 (b) was evaluated by
quantitative real-time PCR analysis and normalized to the housekeeping gene GAPDH after 23 weeks of experimental treatment. Data are expressed as the
mean £ s.d. of five mice. (c) CD36 protein expression was evaluated by immunohistochemistry in the liver samples from each murine group after 23 weeks
of experimental treatment. Representative photomicrographs (original magnification, x 200) and the percentage of sections that stained positively for
CD36 are shown (n =5-7 mice per treatment group). (d) Immunohistochemical assessment of CD36 expression on hepatic macrophages was performed in
RD-fed mice that were treated with oxLDL for different durations. Representative photomicrographs (original magnification, x 200) are shown (n =3 mice
per group). Sp< 0.01, *P<0.001 vs RD-fed mice; "P<0.05, 8P <0.001 versus HFD-fed mice; §P<0.01, #P<0.001 versus RD + oxLDL mice.

promotion of CD36 expression in the livers of the RD+oxLDL mice (Figure 6¢). Because oxLDL uptake is
HFD + oxLDL group (Figure 6c). These findings are con-  mainly mediated by the macrophage CD36 receptor,”> we
sistent with changes in CD36 mRNA levels (Figure 6b). further investigated temporal changes in the hepatic

However, no hepatic CD36 expression was observed in the expression of CD36 protein in RD-fed mice after oxLDL
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administration. As shown in Figure 6d, CD36 expression on
hepatic macrophages of these mice appeared at 0.5h after
injection, and an increasing number of CD36-positive cells
were detected until 2 h. Thereafter, the CD36-positive cells
decreased and nearly disappeared at 24 h.

Effects of oxLDL on Foam Cell Formation and CD36
Expression in Macrophages

As foamy macrophages were observed in the hepatic tissue
sections of RD + oxLDL mice in vivo (Figure 2c), we per-
formed in vitro studies using murine peritoneal macrophages
from RD-fed mice to investigate the ability of oxLDL to
induce foam cell formation and cellular CD36 expression.
Upon treatment with oxLDL, accumulation of cytosolic
lipids in macrophages and foam cell formation were observed
by oil-red O staining at 24h (Figure 7a). A significant
increase in CD36 gene expression was also detected in
the macrophages after 1h of stimulation and this increase
continued in a time-dependent manner for at least 24h
(2.09-fold at 1h and 2.83-fold at 24h versus untreated
macrophages; P<0.01 and P<0.001, respectively)
(Figure 7b). However, confocal microscopic analysis revealed
rapid upregulation of the CD36 protein on the cell surface
after 5min of stimulation with oxLDL, which peaked
between 15 and 60 min, and declined thereafter (Figure 7¢).
These results are consistent with the in vivo observations
shown in Figure 6d.

DISCUSSION
The two-hit hypothesis for NASH progression suggests that
fat deposition in hepatocytes is the first essential step in the
progression to NASH.” The current view from experimental
studies on the pathogenesis of NASH is also consistent with
the importance of steatosis in the development of NASH.'"**
Thus, we first established a dietary model for hepatic steatosis
by feeding wild-type mice an HFD for 23 weeks (Figures la,
and 2a and ¢; Tables 3 and 4). Biochemical analyses verified
alterations in lipid metabolism in these mice (Table 4).
However, the molecular details of steatogenesis are not well
understood. Several studies have demonstrated that the adi-
pogenesis-related gene, PPAR-y, and its target gene, CD36,
are responsible for fatty acid uptake and hepatic steatosis,”>>°
and that CD36-facilitated fatty acid uptake is regulated by
membrane lipid rafts and caveolae.’”>” Recently, it was
reported that abnormal upregulation of CD36 on the plasma
membrane of hepatocytes contributes to hepatic fat accu-
mulation, insulin resistance, and hyper-insulinemia in
patients with NAFLD.*®* Consistent with these reports, the
hepatic mRNA and protein levels of PPAR-y and CD36
were abnormally elevated, and hyperglycemia and hyper-
insulinemia were also observed in HFD-fed mice (Figures
6a—c and Table 3), confirming that the PPAR-y-signaling
pathway and CD36 are involved in HFD-induced NAFLD.
Our data also clearly showed high levels of CYP2E1 mRNA
expression and lipid peroxidation products in the livers of
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HFD-fed mice (Figures 3a and b). Increasing evidence has
shown that CYP2EL is the central pathway for generation of
lipid peroxides, and its mRNA levels are significantly upre-
gulated in response to HFD in mice.”>** Furthermore, lipid
peroxidation, as the main second hit of the two-hit
hypothesis, contributes to the pathogenic transition from
steatosis to NASH by activating hepatic macrophages to
trigger inflammation and inducing hepatocyte injury.®*!
Therefore, the hepatic injury observed in the HFD-fed mice is
considered to be at least partly attributable to elevated
oxidative lipids (Figures 1b and ¢, and 3a). Although 23
weeks of treatment with HFD failed to increase hepatic
recruitment of inflammatory cells in the mice, elevated
TNF-o gene expression was detected in their livers, showing a
trend toward the Th-1 polarized inflammatory response
(Figures 2a, and 4a and c—f, and Table 4). TNF-o has been
found to not only induce hepatic inflammation and
subsequent apoptosis,® but is also associated with insulin
resistance.'>** In this study, apoptotic hepatocytes, hyper-
insulinemia, and hyperglycemia were detected in HFD-fed
mice (Figure 1c and Table 3), further supporting the
importance of this cytokine in the associations among lipid
peroxidation, inflammation, and insulin sensitivity. We
further observed that HFD exposure resulted in upregulated
expression levels of TGF-f1 and collagen-u1 genes, as well as
collagen synthesis, leading to slight hepatic fibrosis in the
mice (Figures 2b and 5a—c, and Table 4). Other studies have
showed that Kupffer cells (hepatic resident macrophages) are
activated in diet-induced hepatic steatosis**** and Kupffer
cell-derived TGF-f1 initiates collagen production in hepatic
stellate cells (HSCs).** It was also reported that lipid perox-
idation in hepatocytes mediates the activation of HSCs in a
rat model for hepatic fibrosis.*> Considering our observa-
tions and these previous reports, we conclude that not only
hepatic macrophages but also stellate cells are activated
during states of over-nutrition.

We administrated oxLDL to HFD-fed mice in order to
develop a better experimental model that mimics human
NASH, in which inflammatory response, including hepato-
cellular injury and inflammatory cell infiltration, occurs.
OxLDL is regarded as an extracellular source of reactive
oxygen species and initiates intracellular oxidative stress in
cultured cells.'>*° Kupfter cells, the main liver site for oxLDL
uptake, reportedly lead to hepatic inflammation through the
process of oxLDL uptake.'' As expected, HFD + oxLDL
animals showed increased accumulation of inflammatory
cells and severe hepatocellular injury, as well as high ex-
pression levels of both the TNF-o and IL-6 genes (Figures 1b
and ¢, 2a and 4a—f, and Table 4). Additionally, inflammatory
infiltration and foamy macrophages were also observed in the
livers of RD 4+ oxLDL mice, which were accompanied by
enhanced gene expression of IL-6 but not TNF-a (Figures 2a
and ¢, and 4a—f, and Table 4). These results indicate that
oxLDL contributes to inflammatory response in which
TNF-o is implicated in liver injury whereas inflammatory cell
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infiltration is mainly mediated by IL-6. IL-6 reportedly in-
duces and accelerates mononuclear cell accumulation in the
site of inflammation.**® Clinical and experimental data de-
monstrated that expression of the TNF-o and IL-6 genes is
increased in the livers of patients with NASH and its rodent
models, and that increased expression of these genes in liver
tissues positively correlates with the severity of liver
disease.’>*” In addition to inflammation, the impact
of oxLDL on liver tissue was characterized by exacerbation of
steatosis and lipid metabolic abnormality, and the progres-
sion to advanced fibrosis in HFD + oxLDL mice as compared
with HFD-fed mice (Figures 2a—c and 5a—c, and Tables 3 and
4). Increased steatosis is thought to be associated with he-
patic CD36 upregulation seen in HFD + oxLDL mice
(Figures 6b and ¢). CD36 has also been reported to con-
tribute to insulin resistance and hyper-insulinemia.’®**
Interestingly, the increased level of plasma insulin in the
HFD + oxLDL group under hyperglycemic condition was
significantly lower than that of the HFD-fed group (Table 4).
Similar results were also obtained with RD + oxLDL mice
(Table 4). These findings suggest that, despite its ability to
induce insulin resistance, oxXLDL preferentially downregulates
insulin secretion in this model. It has been reported that
oxLDL reduces preproinsulin mRNA expression and secre-
tion of insulin in islet fS-cells, which are susceptible to
oxidative stress.*” Our results also indicate that oxLDL has
crucial roles in potentiating the entire pathological spectrum
of NASH, and these effects are not only due to its own
biological properties, but are also mediated by intra-hepatic
cytokines, such as IL-6, which may promote hepato-
cyte steatosis, apoptosis, and insulin resistance, similar to
TNE-0.*?° Treatment with oxLDL for 3 weeks also induced
cellular ballooning and an increased oxidative state in the
livers of RD-fed mice, but did not lead to steatosis, apoptosis,
and fibrosis (Figures lc, 2a—c, 3a—c and 5a—c, and Tables 3
and 4). OxLDL-induced cellular responses were reported
to be dependent on the exposure duration and the con-
centration of oxLDL.”® Thus, it is possible that a more
longitudinal administration of oxLDL may be essential for
accelerating hepatocyte ballooning leading to steatosis and
hepatic inflammation. There is also a possibility that a
steatosis background makes the liver susceptible to oxLDL-
induced injury.

A recent study showed that hepatic steatosis precedes
inflammation and inflammation precedes fibrosis in the
development of NASH.>! By contrast, inflammation as
characterized by macrophage inflammation preceded
steatosis in a mouse model for NASH.>”> In the current
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study, hepatic inflammation and cellular ballooning were
prominently developed in RD + oxLDL mice in which no
steatosis was observed (Figures 2a—c and 4a—f, and Table 4).
These observations suggest that there are a variety of
pathologies in the progression to NASH, which might be
mediated by different pathophysiological mechanisms.
Therefore, appreciating the NAFLD condition will be bene-
ficial for NASH therapies.

Macrophage uptake of oxLDL induced foam cell formation
in our study (Figure 7a), which is consistent with other
in vitro studies.”>> However, there is presently little in vivo
evidence of this. Importantly, bloated foamy macrophages
that resembled foam cells in atherosclerosis appeared in the
livers of RD + oxLDL mice but not in the livers of RD-fed
mice (Figure 2c). Therefore, this result suggests for the first
time that lipids, which generate foam cells in vivo, are largely
derived from oxidized lipoproteins. It has been extensively
shown that macrophage uptake of oxLDL is mainly mediated
by CD36, which functions as not only a fatty acid translocase
but also a scavenger receptor type-B in a range of normal and
pathological processes.”’ ™ Interestingly, CD36 expression
was not detected in the hepatic foamy macrophages of the
RD + oxLDL group but was prominently detected on the
hepatic macrophages of RD-fed mice immediately after
oxLDL injection (Figures 6¢ and d). Moreover, our in vitro
analysis by confocal microscopy also showed rapid and
transient upregulation of CD36 on the plasma membrane of
macrophages after stimulation with oxLDL, whereas its gene
expression in the cells increased in a time-dependent manner
(Figures 7b and c). These results suggest that the rapid
modulation of CD36 in response to oxLDL was due to the
pre-synthesized protein sorting to the membrane but was not
related to new protein synthesis. It was reported that mac-
rophage CD36 takes up oxLDL through a non-caveolar, lipid
raft-mediated pathway.”* However, the reason for this rapid
modulation is not yet clear. Thus, further investigation is
required to understand CD36 localization and translocation
in macrophages. In this study, we further found that
oxLDL also upregulated the mRNA levels of PPAR-y and
CD36, as well as CD36 protein expression, in the hepatocytes
of HFD + oxLDL mice, although these changes were
not observed in RD + oxLDL mice (Figures 6a—c). Similarly,
a recent study by Truong et al’® showed CD36 overexpression
on the plasma membrane in response to oxLDL in a human
hepatocyte cell line, which is dependent on the presence of
lipid rafts and caveolae. Thus, we conclude that CD36
mediates the pathophysiology of NASH in different liver cells,
which may be regulated by distinct mechanisms.

Figure 7 Effects of oxLDL on foam cell formation and CD36 expression in macrophages. (a) Murine peritoneal macrophages were exposed to

250 ug/ml oxLDL for 24 h or left untreated, and stained with oil-red O. No lipid droplets were stained in the untreated cells. Intracytoplasmic lipid
accumulation and foam cell formation were observed in the oxLDL-treated cells (original magnification, x 400). (b) The time course of CD36 mRNA
expression in macrophages in response to oxLDL is shown. Data are expressed as the mean * s.d. of three separate experiments. *P<0.01; **P<0.001.
(c) Confocal microscopic analysis showed a rapid and transient increase in CD36 expression on the plasma membrane of macrophages after oxLDL

stimulation (original magnification, x 400).
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In summary, our study implicates HFD and oxLDL in the

initiation of NASH pathogenesis. An increased oxidative
state, including HFD-induced intracellular lipid peroxidation
and an extracellular source from oxLDL, had a crucial role in
induction of hepatic steatohepatitis, which was mainly
mediated by TNF-« and IL-6 in this model. Furthermore, our
results also provide new evidence that CD36 expressed on
hepatocytes and hepatic macrophages in response to HFD
and oxLDL contributes to the pathogenic processes of NASH,
which may have important implications for NASH therapies.
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