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A novel mouse model of non-alcoholic steatohepatitis suggests that liver fibrosis initiates

around lipid-laden macrophages
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Abstract

Various cells such as macrophages and hepatic stellate cells interact in the generation

of fibrosis in nonalcoholic steatohepatitis (NASH), but the mechanism remains unclear. We

employed a high fat/cholesterol/cholate (HFCC) diet to generate a model of NASH-related

fibrosis and investigate the pathogenesis of fibrosis. Two mouse strains differing in susceptibility

to obesity, the susceptible strain C57BL/6J (B6) and the relatively resistant strain A/J, developed

hepatic histological features of NASH including fat deposition, intralobular inflammation,

hepatocyte ballooning, and fibrosis after 9 weeks of HFCC diet feeding. The severity of hepatic

inflammation and fibrosis was greater in A/J mice than in B6 mice. A/J mice fed the HFCC diet

exhibited characteristic CD204-positive lipid-laden macrophage aggregation in hepatic

parenchyma. Polarized light visualized the Maltese cross, namely cholesterol crystals within the

aggregated macrophages. Moreover, fibrosis developed in a ring-shape from the periphery of the

aggregated macrophages, i.e., the starting point of fibrosis could be visualized histologically.

Furthermore, matrix assisted laser desorption/ionization mass spectrometry imaging analysis

detected a molecule at m/z 772.462, which corresponds to the protonated ion of

phosphatidylcholine (P-18:1 (11Z)/18:0) and phosphatidylethanolamine (18:0/20:2 (11Z, 14Z)),

in aggregated macrophages in adjacent to the fibrotic lesions. In conclusion, the present HFCC

diet-fed A/J model provides an ideal tool to study fibrogenesis and enables novel insights into the

pathophysiology of NASH-related fibrosis.
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Introduction

The number of people experiencing metabolic syndrome manifesting as obesity, high
blood pressure, diabetes, dyslipidemia and non-alcoholic fatty liver disease (NAFLD)/non-
alcoholic steatohepatitis (NASH), has been rapidly increasing worldwide in recent years 2 3.
NASH is a more severe form of NAFLD, which involves parenchymal inflammation and
perivenular/pericellular fibrosis 4 °. Unlike viral hepatitis with noteworthy necrosis of hepatocytes,
NASH fibrosis is characterized by elongation of fine fibers surrounding living hepatocytes °.
During the process of regeneration and tissue repair, granulation tissue occurs as the first step,
and extracellular matrix including collagen fibers is gradually deposited in the granulation tissue.
Various inflammatory cells, as well as epithelial cells and mesenchymal cells, migrate and
cooperate during regeneration and tissue repair. Fibrosis eventually subsides with successful
tissue repair; however, fibrosis is thought to progress when tissue repair is incomplete. The
interaction of macrophages and hepatic stellate cells is known to be a key event of fibrogenesis
in the liver 7 # 2 19 I Fibrogenesis is strictly controlled by complex crosstalk between these cells
through production of various growth factors and cytokines, such as transforming growth factor
(TGF)-B and platelet-derived growth factor (PDGF)-3.

Studies on these fibrotic processes have been conducted mainly in patients with viral
hepatitis and mouse models induced by carbon tetrachloride '* 3. However, questions remain
regarding the mechanism of fibrosis progression in NASH, as there have been few mouse models

replicating the pericellular fibrosis characteristics of NASH. Fibrosis occurs in a complex manner;
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therefore, a mouse model capable of reproducing the fibrosis process of human NASH is required.
Previous studies reported a model of NASH-related cirrhosis mimicking the human fibrotic
pattern of NASH in rats fed a high fat/cholesterol/cholate (HFCC) diet '* . We also applied this
diet to various mouse strains and revealed that the severity and pattern of liver fibrosis differed
significantly among strains. In the preliminary study using A/J mice, which are known to be
resistance to diet-induced obesity '° '+ 8, those fed the HFCC diet developed liver histology that
is similar to human NASH. Additionally, the aggregation of lipid-laden macrophages in liver
parenchyma and ring-shaped fibrous extensions around them were observed. The link between
macrophage aggregation and the onset of fibrosis made it possible to capture the onset of fibrosis
histologically in this mouse model. As a result, matrix assisted laser desorption/ionization mass
spectrometry imaging (MALDI-MSI) analysis indicated that specific phospholipids were
localized in macrophages associated with fibrosis. Thus, the HFCC diet-fed A/J mice might

provide novel insights into the pathophysiology of NASH-related fibrosis.

Materials and Methods
Animal model and experimental design

Eight-week-old male C57BL6/J (B6) mice and 8-week-old male A/J mice were
purchased from Japan SLC (Hamamatsu, Japan) and housed individually in a temperature- and
humidity-controlled room with a 12-h light/dark cycle. Since there are sex differences in the

severity of fatty degeneration and inflammation, and female mice are more resistant to their
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development, only male mice were used in this study to create an advanced NASH model. ' 2
After 1 week of acclimation with standard rodent chow (MF; Oriental Yeast, Tokyo, Japan), the
two strains of mice were each randomly divided into 3 groups: Normal diet group (N group) fed
standard chow (MF), low-dose cholesterol (LC) diet group fed iHFC #5-based diet (69.5% MEF,
28.75% palm oil, 0.5% cholate) with 1.25% cholesterol, and high-dose cholesterol (HC) diet
group fed iHFC #5-based diet (69.5% MF, 27.5% palm oil, 0.5% cholate) with 2.5% cholesterol.
The iHFC diet is high in fat, cholesterol and cholate, and can induce NASH-related fibrosis®!
(Hayashi Kasei, Osaka, Japan). The number of mice in the B6-N, B6-LC, B6-HC, A/J-N, A/J-LC
and A/J-HC groups was 5, 6,4, 5, 5 and 5, respectively. All mice had free access to food and water.
Daily energy intake and body weight were monitored throughout the study.

At 18 weeks of age, the mice were euthanized under anesthesia with isoflurane. Blood
was collected from the inferior vena cava, and the resulting serum samples were kept at —20°C.
The epididymal fat pad and liver were removed and weighed. The liver tissue was fixed in 10%
neutral-buffered formalin or immediately frozen in liquid nitrogen and stored at —80°C. All animal
experimentation procedures were approved by the Animal Use Committee of Nara Women's
University, and the animals were maintained in accordance with the guidelines for the care and

use of laboratory animals, Nara Women's University.

Serum and tissue biochemical analyses

Hepatic lipids were extracted as described previously 4. Serum and/or tissue levels of
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triglyceride (TG), total cholesterol (TC), glucose, alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) were determined using Triglyceride E test Wako, Cholesterol E test Wako,
Glucose C II test Wako, and Transaminase C II test Wako, respectively (Fujifilm Wako Pure
Chemical, Osaka, Japan). Insulin and leptin levels were measured using a mouse insulin enzyme-
linked immunosorbent assay (ELISA) kit and a leptin ELISA kit (Morinaga Institute of Biological
Science, Yokohama, Japan). Serum levels of TG and cholesterol in each lipoproteins including
very low density lipoprotein (VLDL), low density lipoprotein (LDL) and high density lipoprotein
(HDL) were measured by the LipoSEARCH service (Skylight Biotech Inc., Akita, Japan) using

gel-filtration high performance liquid chromatography.

Histopathological analysis

Liver tissues were fixed in 10% phosphate-buffered formalin, embedded in paraffin,
sectioned at 2 pum thickness and stained with hematoxylin and eosin (H&E) and Sirius red
according to standard procedures. Histological steatosis (0 to 3), lobular inflammation (0 to 3)
and hepatocyte ballooning (0 to 2) were assessed semi-quantitatively to determine the NAFLD
activity score (NAS) according to the criteria proposed by Kleiner et al 22. NAS scores > 5 and <
2 were considered diagnostic and not diagnostic, respectively, for steatohepatitis. Liver fibrosis
(0 to 4) was also assessed according to this system. To detect lipid accumulation, a frozen
specimen of the liver was sliced to a thickness of 5 um and the presence of crystal structures was

observed using polarized light microscopy and stained with oil red O. All histopathological
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findings were evaluated by several pathologists in a blinded manner.

Liver tissues were immunostained for Mac2, CD204, monocyte chemotactic protein

(MCP)-1 and PDGF-receptor  (PDGF-Rp) to characterize the cell group that constitutes the

microenvironment surrounding macrophages. Paraffin-embedded and frozen sections were

incubated with anti-CD204 (1:200, Bioss Inc., Woburn, MA, USA), anti-type I collagen (1:200,

Rockland Immunochemicals, PA, USA), anti-type IV collagen (1:100, Merck Millipore,

Darmstadt, Germany), anti-MCP-1 (1:100, Bioss), anti-Mac?2 (1:100; Cedarlane, Burlington, ON,

Canada) and anti-PDGF-R (1:50; Cell Signaling, Beverly, MA, USA). For the subsequent

reactions, Envision-PO for rabbit polyclonal antibodies (Dako, Glostrup, Denmark) and Simple

stain mouse MAX-PO (Nichirei Bioscience, Tokyo, Japan) were used as the secondary antibody,

and 3,3’-diaminobenzidine (Dako) was used for color development.

MALDI-MSI analysis

Liver tissues were embedded in 4% carboxymethyl cellulose, snap-frozen, sectioned at

5-um thickness and mounted onto indium tin oxide-coated slides (Bruker Daltonics, Billerica,

MA, USA). Optical images of the sections were obtained using a scanner (GTX830; Epson, Tokyo,

Japan) before analysis by MALDI-MSI. The matrix solution was prepared using 40 mg of a-

cyano-4-hydroxycinnamic acid (Nacalai Tesque, Kyoto, Japan) in 6 ml of

acetonitrile/water/trifluoroacetic acid: 70/29.9/0.1 (v/v) and sprayed onto tissue sections using an

automated pneumatic sprayer (TM-Sprayer; HTX Tech., Chapel Hill, NC, USA). lonization and
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imaging of phospholipids were confirmed with matrix-assisted laser desorption/ionization time-

of-flight mass spectrometry (MALDI-TOF-MS, rapifleX; Bruker Daltonics). The spatial

resolution for the imaging data was 20 um. Software from Bruker Daltonics (FlexImaging version

5.0) was used for the data analysis. Candidate lipids were identified using lipid databases such as

LIPIDMAPS (https://www.lipidmaps.org/; last accessed May 8th, 2020). Finally, tandem MS

(MS/MS) analysis was performed to confirm the chemical structure of lipids. The adjacent section

stained with H&E was used to recognize the location of aggregated macrophages in heat map

images of MALDI-MSI.

Gene expression analysis in liver

Total RNA from the liver was prepared using RNAiso Plus (Takara Bio, Otsu, Japan),

and cDNA was synthesized using ReverTra Ace qPCR RT Master Mix (Toyobo, Osaka, Japan)

according to the manufacturer’s instructions. SYBR Green real-time PCR was performed using

THUNDERBIRD SYBR qPCR Mix (Toyobo), specific primers (Table 1) and a LightCycler Nano

(Roche, Basel, Switzerland). All quantifications were normalized to B-actin. Data were

224 method and expressed as relative expression to that of the B6-N group.

determined using the

Western blot

Liver tissues were homogenized mechanically and subsequently lysed on ice in RIPA

buffer (Nakalai tesque) with protease inhibitor. Homogenates were then centrifuged at 10,000g
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for 20 min at 4°C, and supernatants collected. Ten pg of protein was subjected to

polyacrylamide gel electrophoresis (7.5% or 12%) followed by electroblotting onto a

nitrocellulose membrane (GE Cytiva, Tokyo, Japan). To detect the immunocomplex, an

Immobilon HRP substrate (Merck Millipore) and Chemiluminescence Imaging System

(FUSION SOLO,7S,EDGE; Vilber, Marne-la-Vallée, France) were used. Primary antibodies for

immunoblot analysis were used at dilutions of 1:1000 for fatty acid synthase (FASN; Abcam,

Cambridge, UK) and 1:10000 for B-actin (Merck Millipore). The images were converted to

TIFF files and analyzed using NIH ImageJ software (version 1.53k, https://imagej.nih.gov/ij/;

last accessed September 27th, 2021).

Statistical analysis

Data are presented as means = standard error (SE). Group means analyzed by two-way

analysis of variance (ANOVA), followed by Tukey’s post hoc test when a significant interaction

between factors (i.e., strain and diet) was determined. In the absence of such interaction and the

presence of significant effects by either strain or diet, differences between groups were analyzed

by a t-test or Tukey’s test, respectively. A P value of less than 0.05 was considered to be

statistically significant. Analyses were performed with GraphPad Prism 7.02 (GraphPad Software,

San Diego, CA, USA).

Results

10
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Cumulative energy intake, body weight and relative organ weights

After 9 weeks of feeding, the cumulative energy intake and body weight gain compared

to baseline did not differ significantly among the groups (Table 2). The final body weight was

significantly higher in the B6-LC group compared to the A/J-LC group. The liver and spleen

weight/body weight ratios were dose-dependently higher in the mice fed the LC and HC diets.

The liver weight/body weight ratio was also higher in the A/J-LC and A/J-HC groups than in the

B6-LC and B6-HC groups, respectively. There was no significant difference in the epididymal fat

pad weight/body weight ratio among the groups.

Serum biochemical parameters and hepatic lipid concentrations

Hepatic TG content was dose-dependently higher, but serum TG levels were

significantly lower in the A/J-LC and A/J-HC groups (Figure 1A) than in the A/J-N group (Figure

1B). There were no significant differences in serum and hepatic TG levels among the B6 strain

groups (Figure 1A, B). The serum levels of VLDL-TG, a lipid excreted from the liver, decreased

with the HFCC diet intake and were lower in A/J-HC group than B6-HC group (Figure 1C).

Consistent with serum VLDL-TG levels, mRNA levels of apolipoprotein B (ApoB), a constituent

of VLDL, were dose-dependently decreased in the HFCC diet-fed groups (Figure 1D). Hepatic

and serum TC levels and serum LDL-C levels of the mice fed LC and HC diets were higher than

those fed the normal diet in both strains (Figure 1E, F and Table 3). Furthermore, A/J mice fed

the LC and HC diets showed significantly higher hepatic cholesterol content compared with the

11
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B6 mice (Figure 1E). Serum ALT levels were increased by HC diet feeding only in the A/J mice

(Figure 1G). Serum AST levels tended to be higher in dependent on cholesterol intake in both

strain, although there were no significant differences among groups. AST/ALT ratio tended to be

dose-dependently lower in the HFCC diet-fed groups (Table 3). The serum glucose, insulin, leptin

and HDL-C levels did not differ significantly among the groups.

Liver histopathology

Figure 2A and Table 4 show representative liver images and histological assessments of

mice, respectively. No individuals with fat deposition, inflammation, or fibrosis were found in the

B6-N and A/J-N groups. Fatty changes localized around the central vein (zone 3-2), lobular

inflammation and ballooning hepatocytes were observed in both strains fed LC and HC diets, and

these observations were more severe in A/J mice than B6 mice. Mild to moderate steatosis (grade

1 or 2) was observed in all 5 mice in the A/J-LC and A/J-HC groups, 4 (66%) of 6 mice in the B6-

LC group and all 4 mice in the B6-HC group (Table 3). In addition, the severity of fatty change

was dependent on the amount of cholesterol intake only in the A/J strain. Oil red O staining

indicated deposition of small lipid droplets that could not be found in H&E staining (Figure 2A).

According to NAS, 4 (80%) of 5 mice in both the A/J-LC and A/J-HC groups, 2 (33%) of 6 mice

in the B6-LC group and 1 (20%) of 5 mice in the B6-HC group were diagnosed with NASH (i.e.,

having a NAS of 5 or greater). Collagen fiber was identified by Sirius red staining of LC and HC

groups in both the B6 mice and A/J mice (Figure 2A, B). Mild fibrosis (stage 1-2) was observed

12
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in all 5 mice in the A/J-LC and A/J-HC groups, all 6 mice in the B6-LC group and 3 (60%) of 5

mice in the B6-HC group. All 6 mice in the B6-LC group, 2 (50%) of 4 mice in the B6-HC group,

4 (80%) of 5 mice in the A/J-LC group, and 2 (40%) of 5 mice in the A/J-HC group had very

slight fibrosis (stage 1). Meanwhile, 1 (25%) of 4 mice in the B6-HC group, 1 (20%) of 5 mice in

the A/J-LC group and 3 (60%) of 5 mice in the A/J-HC group showed moderate fibrosis around

the portal area as well as the perisinusoidal area (stage 2). In addition to the typical NASH findings,

a unique and characteristic lesion was observed in mice fed the HFCC diet, which was more

frequent in the A/J strain. Figure 2C-K shows the hepatic parenchyma of the A/J-HC group in

higher magnification. Aggregates of foamy cells resembled small cell nests and were dispersed

throughout the tissue (Figure 2C). Sirius red staining revealed that these unique structures were

surrounded by slender and delicate collagen fibers (Figure 2D). Collagen type I and IV was also

deposited around these structures (Figure 2E, F). We named this unique fibrosis pattern “ring-

shaped fibrosis”. To characterize aggregated foamy cells, immunostaining was performed using

the macrophage markers Mac-2 and CD204 (Figure 2G, H). As expected, aggregated cells

surrounded by ring-shaped fibrosis were foamy macrophage clusters. In addition, using polarized

1 2, were observed in

light microscopy, Maltese crosses, spherical crystals of cholestero
aggregated foamy macrophages in the same frozen section before immunostaining with H&E
(Figure 2I). Next, immunostaining was performed with the hepatic stellate cell markers MCP-1
and PDGF-Rp. Interestingly, MCP-1 positive mononuclear cells were proximally located to the

foamy cell nests (Figure 2J). In addition, PDGF-R showed ring-shaped staining surrounding the

13
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foamy cell nests (Figure 2K). These findings suggested that MCP-1-positive cells transformed to

PDGF-Rp-positive spindle cells, namely active myofibroblasts, and generated collagen fibers. In

contrast, B6 mice fed the HC diet showed cholesterol crystals and surrounding macrophages, but

less aggregation of macrophages and ring-shaped fibrosis in the liver (Supplemental Figure S1).

MALDI-MSI analysis of liver

To characterize the lipids in foamy macrophage nests, MALDI-MSI analysis was

performed in positive-ion mode. In the liver sections obtained from A/J-HC mice, a protonated

molecular ([M+H]") ion at m/z 772.462 was observed in conformity with the location of

aggregated macrophage nests (Figure 3A), although most of the molecular ions were diffusely

distributed similar to the ion at m/z 369.6 (Supplemental Figure S2). To determine the structure

of the molecular ion at m/z 772.462, MS/MS analysis was performed in positive- and negative-

ion mode. The product ions included a [M+H]" ion at m/z 184.063 and a [M+H]" ion at m/z 156.0,

which represent choline and ethanolamine as head groups of phospholipids, respectively (Figure

3C). Together with the other product ions (Figure 3D), the [M+H]" ion at m/z 772.462 was

surmised to be phosphatidylcholine (P-18:1 (11Z)/18:0) or phosphatidylethanolamine (18:0/20:2

(11Z, 142)) using the comprehensive lipid database LIPIDMAPS.

Gene and protein expression in liver

Consistent with the histological fibrosis observations in the liver, the expression levels

14
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of mRNAs encoding procollagen type I, alpha 1 (Collal), procollagen type IV, alpha 1 (Col4al)

and Tgf-B1 were dose-dependently higher in the HFCC diet-fed groups (Figure 4A-C). The

mRNA levels of pro-inflammatory cytokines such as tumor necrosis factor-a (Tnf-o) were dose-

dependently higher in the HFCC diet-fed groups and were higher in A/J mice than B6 mice

(Figure 4D), although there were no significant differences among groups in the mRNA levels of

interleukin-6 (I1-6) and p65 (Supplemental Figure S3). Next, genes and protein involved in lipid

metabolism were analyzed. The mRNA levels of sterol regulatory element-binding protein-1c

(Srebp-1c), which was involved in de novo lipogenesis, did not differ significantly among the

groups (Figure 4E), while the relative expression of FASN protein, a rate-limiting enzyme of

lipogenesis, decreased in HFCC diet-fed groups and was lower in A/J-N than B6-N group and in

A/J-HC than B6-HC group, respectively (Figure 4F). The mRNA levels of long-chain acyl-CoA

synthase 1 (Acsll), which is an essential enzymes that activate fatty acids as a substrate for TG,

were lower in the HFCC diet-fed groups (Figure 4G). The mRNA levels of apolipoprotein C3

(ApoC3), which is a constituent of VLDL and HDL and inhibiting lipoprotein lipase (LPL), were

lower in the HFCC diet-fed groups (Figure 4H). Next, key molecular markers of cholesterol

metabolism including biosynthesis, uptake, efflux, and conversion to bile acid were analyzed;

however, cholesterol accumulation in the liver of A/J strain feeding HFCC diet could not be

explained at the mRNA level (Supplemental Figure S3).

Discussion

15
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The present study showed that feeding the HFCC diet induced hepatic histological
features of NASH, including fat deposition, intralobular inflammation, hepatocyte balloon-like
swelling, and fibrosis, in both obesity-prone B6 mice and obesity-resistant A/J mice. The severity
of NASH-like lesions and fibrosis was greater in A/J mice than in B6 mice. Interestingly, A/J mice
showed characteristic lipid-laden macrophage aggregation in the hepatic parenchyma, and
fibrosis development showed a ring shape from the periphery of macrophage aggregation.
Although these unique histological findings may be specific to mouse fibrosis, the A/J strain fed
the HFCC diet is a useful model for visualizing the “starting point” of liver fibrosis in NASH,
since few NASH-related fibrosis models are available .

Accumulating evidence indicates that macrophages and hepatic stellate cells interact
with each other in the progression of liver fibrosis "-!'. However, it has been difficult to visualize
the direct interaction of these cells at the initiation of fibrosis. In the present study, HFCC diet
feeding to A/J mice allowed visualization of the hepatic microenvironment, including initial
fibrosis extension around the aggregated macrophages. As expected, MCP-1-positive activated
hepatic stellate cells were located at the periphery of foamy macrophage nests and PDGF-R[3-
positive spindle cells also surrounded the foamy macrophage nests (Figure 5). The reason for
choosing the HFCC diet was that the composition was designed to accelerate fibrosis in NASH?'.
We have previously confirmed that this diet induced stage 3 fibrosis with macrophage infiltration
in Tsumura-Suzuki non-obese strain, however, the aggregation of multiple macrophages was less
as well as C57BL6/J strain (unpublished data). Taken together, HFCC diet-fed A/J mice might
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provide important information regarding fibrogenesis.

The excessive hepatic accumulation of lipids and activation of macrophages in response
to these stimuli are implicated in the development and progression of NASH . In the present
study, the aggregated foamy macrophages observed in A/J mice fed the HFCC diet were
considered to be CD204-positive M2 macrophages. Some crystals, characterized by the Maltese
cross, were contained in the cytoplasm of these macrophages and were considered to be lipids,
since it is known that cholesterol crystals are commonly observed in the liver of NASH patients

and animals 2 2

as well as in atherosclerotic lesions ?’. The remarkable increase in hepatic Tnf-a
mainly produced by macrophages also supported the link between cholesterol and macrophage
activation, especially in A/J mice. Then, the cytokines from activated macrophages might
stimulate other cells including fibroblasts, leading to an increase in fibrosis markers such as
collagen and Tgf-p1. In addition, MALDI-MSI analysis showed that m/z 772.462, which
corresponds to the [M+H]" ion of phosphatidylcholine (P-18:1 (11Z)/18:0) or
phosphatidylethanolamine (18:0/20:2 (11Z, 14Z)), was located in aggregated foamy macrophages.
Recent studies revealed that macrophage metabolism, including upregulated fatty acid synthesis,
changes dynamically in the inflammatory response 2* %°. In addition, some phospholipids are

30 31 Further studies are needed for detailed

involved in promoting liver regeneration
characterization of the effects of these phospholipids on the progression of liver fibrosis.
Diets containing high-fat and cholesterol have been reported to play an important role

in the dysregulation of lipid metabolism'* *2. In the present study, the HFCC diet decreased TG

17
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clearance from the liver, as indicated by low levels of VLDL-TG and ApoB, resulting in hepatic
lipid accumulation. The low serum TG levels in HFCC-fed mice despite high fat intake may be
partly due to the low release of VLDL-TG as well as the reduced expression of ApoC3, an
inhibitor of LPL, which catalyzes the hydrolysis of lipoprotein TG. The HFCC diet also reduced
FASN expression, consistent with previous studies '* . It is possible that excessive lipid
accumulation may cause negative feedback regulation of FASN in the liver, although the reason
for the discrepancy between expression of FASN and Srebplc, a transcription factor involved in
lipogenesis, was unclear. Further investigation such as whole-transcriptomic analysis will help
clarify the mechanism by which NASH develops in mice fed the HFCC diet.

It is known that the severity of NASH and fibrosis is greater in diabetes patients ** 3,
The HFCC diet-fed mice showed NASH with high levels of serum ALT in the A/J strain only. The
diet also induced hepatic cholesterol accumulation, abnormal lipoprotein metabolism and an
increase in inflammatory cytokines seen in human NASH %7, although there were no significant
changes in body weight and serum levels of glucose, insulin and leptin. These results suggest that
the HFCC diet causes dysregulation of lipid metabolism and hepatic inflammation even in the
absence of obesity. This is in contrast to the report by Farrell ef al., in which NASH did not occur
in non-diabetic mice **. The contribution of cholate via downregulation of Acsl1 levels may be
one of the causes of obesity suppression *. Hepatic cholesterol accumulation also has been known
to be a critical factor in the development of hepatic steatosis and the progression to steatohepatitis
in animal models and NASH patients *° 32 41-42_ Yasutake et al. reported that non-obese NAFLD
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patients had significantly higher cholesterol intake than obese NAFLD patients *3. Several reports
have shown that about one-third of NAFLD patients are non-obese, especially in the Asian region
2444 The A/J model of non-obese NASH in this study not only serves as a useful fibrosis model
but also demonstrates that caution is warranted in the consumption of high-fat and cholesterol in

non-obese individuals.
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Figure legends

Figure 1

Levels of hepatic and serum lipids and a liver injury markers in C57BL6/J and A/J mice fed the
normal, LC and HC diets for 9 weeks. Triglyceride (TG) levels of the liver (A) and serum (B). C:
TG levels in very low density lipoprotein (VLDL). D: Apolipoprotein B (ApoB) mRNA levels.
Total-cholesterol levels of the liver (E) and serum (F). G: Serum concentrations of ALT. Data are
expressed as means + SE. n = 4 to 6 mice per group. *P<0.05, The significant strain x diet
interaction is detected by two-way ANOVA. "P<0.05, as determined by Tukey’s test among the
3 diet groups in the same strain and by t-test between 2 strains fed with the same diet, respectively.
Strain X diet interactions were not significant. ALT, alanine aminotransferase; HC, high-

cholesterol; LC, low-cholesterol; T-chol, total cholesterol; TG, triglyceride.

Figure 2

Representative liver histopathology in C57BL6/J and A/J mice fed the normal, LC and HC diets
for 9 weeks. A: Hematoxylin and eosin (H&E)-, Oil red O- and Sirius red-stained sections; scale
bars = 200 um. B: Positive area of Sirius red staining. Data are expressed as means = SE. n =4 to
6 mice per group. *P<0.05, as determined by Tukey’s test among the 3 diet groups in the same
strain. Two-way ANOVA did not identify significant strain x diet interactions. C-K: Unique
structure of aggregated macrophages and ring-shaped fibrosis in the liver of A/J mice fed the HC
diet. H&E (C) and Sirius red (D) staining. Immunohistochemistry of collagen type I (E), IV (F),
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Mac-2 (G), CD204 (H), MCP-1 (J), and PDGF-Rp (K). Polarized light microscopy (I). Insets

show higher magnification images of ring-shaped fibrosis and Maltese cross (D and I,

respectively). Panels G and K are serial sections. Panels C and I are the same section. Briefly,

after observation by polarized light microscopy, the same sections were stained with H&E and

the location of the Maltese cross was determined. Scale bars = 50 um (C-K). CV, central vein (D

and F).

Figure 3

MALDI-MSI images and mass spectra in liver sections obtained from A/J mice fed the HC and

normal diets for identification of phospholipids.

A: Optical and mass spectrometry images of liver sections. B: Images of hematoxylin and eosin

(H&E) sections from adjacent sections. Dashed lines indicate the same region observed by

MALDI-MSI; black circles, the site of aggregated foamy macrophages; the inset shows a higher

magnification image of the dotted-line rectangle; arrows indicate aggregated foamy macrophages.

C and D: Product ion of m/z 772.462 after tandem MS analysis in positive-ion (C) and negative-

ion (D) mode. [M+H]*, protonated molecule; [M-H]", deprotonated molecule; MS/MS, tandem

MS. Scale bars = 2 mm

Figure 4

Gene and protein expression in the liver of C57BL6/J and A/J mice fed the normal, LC and HC

28



543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

Ichimura-Shimizu, et al

diets for 9 weeks. The levels of mRNA and protein involved in fibrogenesis (A-C), inflammatory
response (D) and lipid metabolism (E-H) were analyzed by real-time PCR and western blotting
and are expressed relative to the B6-N group and to B-actin levels, respectively. Data are
expressed as means + SE. n = 4 to 6 mice per group for mRNA and n = 4 mice per group for
protein expression. * P<0.05, A significant strain x diet interaction is detected by two-way
ANOVA. TP<0.05, as determined by Tukey’s test among the 3 diet groups in the same strain. The
strain X diet interaction was not significant. Acsll, long-chain acyl-CoA synthase 1; ApoB,
apolipoprotein B; ApoC3, apolipoprotein C3; Collal, procollagen type I, alpha 1; Col4al,
procollagen type IV, alpha 1; Srebp-lc, sterol regulatory element-binding protein 1c; Tgf-B1,

transforming growth factor; Tnf-a, tumor necrosis factor-a

Figure 5

A proposed model showing interactions between macrophages and myofibroblasts during the
onset of fibrosis in a NASH model of HFCC diet-fed A/J strain mice. Macrophages phagocytose
excess lipids including cholesterol (yellow circles), aggregate, and then resemble a nest of
macrophages containing cholesterol crystals. Hepatic stellate cells migrate near the macrophage

nest and produce collagen fibers (wavy red lines) as myofibroblasts.
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Forward primer

Reverse primer

Abcg5
Abcg8
Acsll
ApoC3
ApoB
B-actin
Collal
Col4al
Cyp7al
11-6
Ldlr

p65

5'-AACATACAAGAGATGCCCATTCC-3'

5'-TGCAATGCCCTCTACAACTCC-3'

5-CTTAAATAGCATCGCAACCCG-3'

5'-AGCTACTCCAGGTAATGCCC-3'

5-GTCTACTTCCACCCACAGTCCC-3'

5'-ATAACCCTGAAGTGCTCGACATC-3'

5'-GGAAGAGCGGAGAGTACTGG-3'

5-AACTTCGCCTCCAGGAACG-3'

5-TACAGAGTGCTGGCCAAGAG-3'

5'"TGAGAAAAGAGTTGTGCAATGG-3'

5-CCTATTGCACTGGTTGCCC-3'

5'-CTCTGGCGAATGGCTTTACT-3'

5-GTTGGATCCACCACAAGTGAAG-3'

5'-AGATCCATGCAGGCACTATCC-3'

5'- GGTTCTCTATGCAGAATTCTCCTCC-3'

5-GCACCTACGTACCATGAGTC-3'

5-ATCTGGAAGCTGCCTCTTCTT-3

5-GGGTACCCGATCTGCAGACA-3'

5'-CAGACGGCTGAGTAGGGAAC-3'

5'-CAAACCGCACACCTGCTAATG-3'

5'-ATGCTATCTAGTACTGGCAGGTTG-3'

5'-TCCAGTTTGGTAGCATCCATCA-3'

5-AATGTGGAGCTCGTCCTCTG-3'

5'-AGGGGAAACAGATCGTCCAT-3'
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Srebp-1c ~ 5-ACAGTCCAGCCTTTGAGGATAG-3' 5-GACACAGAAAGGCCAGTACACA-3'
Tgf-p1 5'-GCAACATGTGGAACTCTACCAGAA-3' 5'-GACGTCAAAAGACAGCCACTC-3'
Tnf-a 5-CAGGCGGTGCCTATGTCTCA-3' 5-GGCTACAGGCTTGTCACTCGAA-3'

Abcg, ATP-binding cassette transporter; Acsll, long-chain acyl-CoA synthase 1; ApoB, apolipoprotein B; ApoC3, apolipoprotein C3; Collal, procollagen type I, alpha 1;
Col4al, procollagen type 1V, alpha 1; Cyp7al, cytochrome P450 7A1; HmgCoAr, 3-hydroxy-3-methylglutaryl coenzyme A reductase; 11-6, interleukin-6; Ldlr, low-density

lipoprotein receptor; Srebp-1lc, sterol regulatory element-binding protein 1c; Tgf, transforming growth factor; Tnf-a, tumor necrosis factor-o
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566  Table 2 Cumulative energy intake, body weight and organ weights of C57BL6/J and A/J mice fed the normal, LC and HC diets for 9 weeks.

Strain C57BL6/J Al

Diet type Normal LC HC Normal LC HC
Final BW (2) 274 + 0.8 278 + 0.6 269 += 0.6 26.1 = 0.8 246 + 037 264 + 0.7
BW gain (%) 119 + 28 13.1 + 43 10.7 + 2.8 23.6 + 8.6 139 + 25 203 + 5.0
Cumulative energy intake (kcal) 920 + 23 940 + 68 948 + 35 908 + 16 917 + 32 832 + 19
Liver weight/BW (%) 503 = 0.59 6.84 + 0.46 742 + 0.48%* 481 + 0.20% 920 + 0.68*7 885 £ 0.42%*f
Epididymal fat pad weight/BW (%) 1.68 + 0.20 1.40 + 0.08 1.32 + 0.04 1.69 + 0.38 098 + 0.19 139 + 023
Spleen weight/BW (%) 026 + 0.01 0.37 + 0.03* 041 + 0.06% 025 + 0.02 040 + 0.02% 0.38 + 0.04*

567  Values are expressed as means + SE. The significant strain x diet interaction is detected by two-way ANOVA in ratio of liver and spleen weight to BW.

568  The strain x diet interaction is not revealed in final BW but there is a significant difference between each LC groups, as determined by t-test between 2 strains fed with the
569  same diet. *P<0.05 vs. C57BL6/J-Normal; "P<0.05 vs. C57BL6/J-LC; ¥P<0.05 vs. C57BL6/J-HC; §P<0.05 vs. A/J- Normal. BW, body weight; LC, low-cholesterol; HC,
570  high-cholesterol.

571

572

32



573

574

575

576

577

Table 3 Serum parameters of C57BL6/J and A/J mice fed the normal, LC and HC diets for 9 weeks.

Ichimura-Shimizu, et al

Strain C57BL6/J A/J

Diet type Normal LC HC Normal LC HC
AST (IU/L) 19.6 + 2.4 413 £ 103 509 + 39 450 + 105 69.6 + 252 739 + 129
AST/ALT ratio 1.71 0.49 1.66 + 0.29 143 £ 0.12 323 + 0.76 126 = 0.13% 094 + 0.15°
Glucose (mg/ml) 193 17 302 + 57 177 + 20 235 £+ 50 271 £+ 26 188 + 14
Insulin (ng/ml) 0.53 0.16 036 + 0.14 0.14 + 0.02 030 + 0.08 032 £+ 0.15 0.10 + 0.03
Leptin (ng/ml) 1.14 0.51 046 =+ 0.14 0.17 + 0.13 1.66 + 0.94 0.87 + 0.06 0.84 + 0.04
LDL-C (mg/dl) 6.6 0.2 244 + 2.5% 31.8 + 3.5% 83 + 0.57 40.0 + 3.2%f% 340 + 2.5%
HDL-C (mg/dl) 477 + 3.7 362 + 1.8 439 + 09 452 + 1.6 422 + 34 478 + 4.5

Values are expressed as means + SE. The significant strain x diet interaction is detected by two-way ANOVA in the AST/ALT ratio and LDL-C levels. ¥*P<0.05 vs.

C57BL6/J-Normal; TP<0.05 vs. C57BL6/J-LC; *P<0.05 vs. C57BL6/J-HC; ¥P<0.05 vs. A/J- Normal. ALT, alanine aminotransferase; AST, aspartate aminotransferase; LC,

low-cholesterol; LDL-C, cholesterol in low density lipoprotein; HC, high-cholesterol; HDL-C, cholesterol in high density lipoprotein.
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Table 4 Histopathological evaluation of the liver in C57BL6/J and A/J mice fed the normal, LC

and HC diets for 9 weeks.
C57BL6/J A/
Normal LC HC Normal LC HC

Item/Group Grade (n=5) (n=0) (n=4) (n=5) (n=5) (n=5)
Steatosis 0 5 2 0 5 0 0
1 0 3 3 0 3 0
2 0 1 1 0 2 5
Lobular inflammation 0 5 2 2 5 0 0
1 0 2 1 0 1 1
2 0 1 1 0 4 4
3 0 1 0 0 0 0
Hepatocyte ballooning 0 5 2 1 5 0 0
1 0 2 1 0 2 2
2 0 2 2 0 3 3
NAFLD activity score (NAS)*  0-2 5 4 1 5 0 0
3-4 0 0 2 0 1 1
5-8 0 2 1 0 4 4
Fibrosis 0 5 0 1 5 0 0
1 0 6 2 0 4 2
2 0 0 1 0 1 3

*For the NAS, scores of 5 to 8 were considered to be diagnostic for NASH, and scores of 0 to 2
were considered to be not diagnostic for NASH. Values indicate the number of mice. LC, low-
cholesterol; HC, high-cholesterol.

34



Figl

=
]

(mg/g tissue)

)
o

200

)

f—
¥y
o

=
=}
o

(mg/g tissue

Ln
=

Hepatic TG

C57BL6/)

Hepatic TC

A/l

C57BL6/J

A/l

Serum TG

T
= 1
¥
=1
-
-

C57BL6/]

A/l

Serum TC

C57BL6/!

A/l

30

20

(mg/dl)

10

U/L

VLDL-TG
2 : = 2.0
— I s
1 E
E= 10
L2
20
3=
. — 0.0
C57BL6/] A/l
Serum ALT
IT—l
i

I-

C57BL6/!

A/)

ApoB

0

C57BL6/) A/

] Normal
O LC
[ HC



o
[}
o
w

=

C57BL6/)

Sirius red-positive area

A/l

[ Normal
O LC
| HC




Fig3

Intensity (arbitrary units)

Intensity (arbitrary units)

Optical image

.

|

Normal

m/z 772.462

Normal

Positive-ion mode [M+H]*

g40.529.582

713435

m/z

341

772.462

Negative-ion mode [M-H]

184.063
156.0
160,955
140.068
26.081 |
124.077| | 573.458
Ll s 206.049 573.458
: T 262.091 406.000
j.. n.il 1 l LL l.ll i _ILL : . |m1h.| .L\..\. P
m/z
79,048
241,375
153.214
97.090 i 283 97
: ]
419.858 600.189

770.376




Fig4

Relative mRNA level

50 -

{to B6-N group)

6.0 -
5.0 A

-actin

om

N/

W20 -
1.0 A

0.0

30 A

20 A

10 A1

4.0 A
3.0 -

C
Collal Col4al Tef-B1
i} 3.0 - -
,—|"L| B . . B 3.0 : ** | B
] T e
33 3 — 3
< 3 20 - < 3 20 - o <
; £5 g S -
— EZF E= £
2845 . 28 40 3
® 2 m 2 ki
& H 2 H H &
| 0.0 0.0
C57BL6/J A/) C57BL6/] A/) C57BL6/1 A/]
FASN
*
1 %
l—*|
x | C57BL6/) A/l
Normal LC HC Normal LC HC
FASN ™ . muUN 273kD
B-actin — A5 kD

C57BL6/) A/

D
Tnf-a
*
30.0 1
,'#*‘ ' 3
= 250 1 ] 3
3 200 - == g
[=T1] o
Zz 150 - :|_ IS
o b
S 100 - -
2 o
~— 50 - 9
C57BL6/] A/)
G
Acsll
2.0 A
a X
33 FeF .
z 5 I l_—|
o= B0 T
E = 1.0 A1 3]
¢ 2
3 H]
s
0.0 ﬁ-
C57BL6/] A/

(to B&6-N group)

Relative mRNA level

Srebp-1c
20 -
1.0 -
0.0 I
C57BL6/] A/)
[0 Normal
H O LC
ApoC3 l HC
2.0
g =z S
E — ——
z 1.0 —
a
i
0.0 [1 -

C57BL6/)

A/l



Figd

Phagocytosed
excess lipids

Macrophage

D-\ﬁerenf\aﬂon

@ Myofibroblast

Hepatic stellate cell

(/’\
o &

%

Collagen

fibers



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Supplemental figure legends

Supplemental Figure S1

Representative liver histopathology in C57BL6/J and A/J mice fed the normal and HC diets for 9
weeks. In the liver of C57BL6/J mice fed the HC diet, cholesterol crystals showing Maltese
crosses were observed in the round white cells like lipid droplets in H&E staining. The arrows
indicate same cells of the same liver section. The cholesterol crystals are surrounded by Mac-2-
and CD204-positive macrophages, but differs from A/J mice in that there were few nest-like
cluster of macrophages. Fibrosis is formed by linear fibers extending between hepatocytes (arrow
heads), unlike the ring-shaped fibrosis seen in A/J mice. MCP-1 is positive not only around
fibrotic lesions but also in some lymphocytes, although MCP-1 is a cytokine expressed by

activated stellate cells. Scale bars = 50 um. CV, central vein; P, portal tract; N.D., not detected.

Supplemental Figure S2
MALDI-MSI images of m/z 369.6 ion in liver sections from A/J mice fed the HC and normal diets.

This molecular ion at m/z 369.6 was diffusely distributed in the liver section. Scale bars =2 mm.

Supplemental Figure S3

Gene expression in the liver of C57BL6/J and A/J mice fed the normal, LC and HC diets for 9
weeks. The levels of mRNA involved in inflammation (A) and cholesterol metabolism (B) were
measured by real-time PCR and are expressed relative to the B6-N group. Data are expressed as
means + SE. n =4 to 6 mice per group. * P<0.05, A significant strain x diet interaction is detected
by two-way ANOVA. 1P<0.05, as determined by Tukey’s test among the 3 diet groups in the

same strain. The strain X diet interaction was not significant. Abcg, ATP-binding cassette



25  transporter; Cyp7al, cytochrome P450 7A1; HmgCoAr, 3-hydroxy-3-methylglutaryl coenzyme

26 Areductase; 11-6, interleukin-6; Ldlr, low-density lipoprotein receptor.
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