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Abstract

Background: Cholesterol levels and bile acid metabolism are important
drivers of metabolic dysfunction-associated steatohepatitis (MASH) progres-
sion. Using a mouse model, we investigated the mechanism by which
cholesterol exacerbates MASH and the effect of colestyramine (a bile acid
adsorption resin) and elobixibat (an apical sodium-dependent bile acid
transporter inhibitor) concomitant administration on bile acid adsorption and
MASH status.

Methods: Mice were fed a high-fat high-fructose diet with varying concen-
trations of cholesterol to determine changes in fatty liver according to liver
status, water intake, defecation status, insulin resistance, bile acid levels,
intestinal permeability, atherosclerosis (in apolipoprotein E knockout mice),
and carcinogenesis (in diethylnitrosamine mice). Using small interfering
ribonucleic acid (siRNA), we evaluated the effect of sterol regulatory element
binding protein 1c (SREBP1c) knockdown on triglyceride synthesis and fatty
liver status following the administration of elobixibat (group E), colestyramine
(group C), or both (group EC).

Results: We found greater reductions in serum alanine aminotransferase
levels, serum lipid parameters, serum primary bile acid concentrations,
hepatic lipid levels, and fibrosis area in EC group than in the monotherapy
groups. Increased intestinal permeability and watery diarrhea caused by
elobixibat were completely ameliorated in group EC. Group EC showed

Abbreviations: amylin MASH, amylin liver metabolic dysfunction-associated steatohepatitis; ApoE(KO), apolipoprotein E knockout; ASBT, apical sodium-dependent
bile acid transporter; BAS, bile acid sequestrant; BD, basal diet; CA, cholic acid; CDCA, chenodeoxycholic acid; Col1a1, collagen 1a1; CYP7a1, cytochrome P450
7A1; DCA, deoxycholic acid; EC, elobixibat and cholestyramine; FC, free cholesterol; FITC, fluorescein isothiocyanate; FXR, farnesoid X receptor; HFHF, high-fat
high-fructose; LBP, lipopolysaccharide-binding protein; MASLD, metabolic dysfunction-associated steatotic liver disease; MASH, metabolic dysfunction-associated
steatohepatitis; TC, total cholesterol; TG, triglyceride.
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INTRODUCTION

Metabolic dysfunction-associated steatotic liver disease
(MASLD), formerly known as NAFLD, is a hepatic
manifestation of metabolic syndrome.['-3l MASLD
includes metabolic dysfunction-associated steatohepa-
titis (MASH), which encompasses inflammatory and
progressive diseases associated with liver cancer or
cirrhosis.[24]

Accumulation of triglycerides (TGs) in hepatocytes is
a hallmark of MASLD and MASH. While the exact
mechanisms are unclear, various factors, including
lipotoxicity, inflammation, insulin resistance, and oxida-
tive stress, can promote the progression of steatosis to
MASH.! Cholesterol intake is also strongly associated
with the progression of MASH.[9 Since free cholesterol
(FC) is highly hepatotoxic, a pathway mediated by TG
production maintains constant cholesterol accumula-
tion. Neutral fat accumulation has also been suggested
to protect the liver.[7:8l

Effective drug treatments for MASH have not yet
been established. Nevertheless, the restoration of
normal cholesterol levels is an important part of the
treatment strategy. Bile acid synthesis is an important
factor in cholesterol excretion. In patients with MASH,
the total bile acid concentration in the blood is
approximately twice that in healthy individuals.®
Impaired bile acid metabolism has recently been shown
to contribute to the pathophysiology of metabolic
diseases, including MASLD.[10]

Elobixibat—initially developed for hyperlipidemia—is
an absorbed inhibitor of the ileal bile acid transporter
and the apical sodium-dependent bile acid transporter
(ASBT). With the administration of an ASBT inhibitor,
bile acids are excreted in stool without being reab-
sorbed. Therefore, the inhibition of ASBT conceivably
reduces bile acid pool size and indirectly stimulates the
hepatic production of bile acids from FC.'l The main
side effect of ASBT inhibitors is diarrhea, also known as
bile acid diarrhea, which has promoted their use in
Japan for treating chronic constipation. Recent studies
using nonabsorbable ASBT inhibitors demonstrated
improved liver conditions in rodent models of
MASLD.['? However, a multicenter phase 2 randomized

reduced plaque formation rates in the entire aorta and aortic valve of the
atherosclerosis model, and reduced tumor counts and tumor burden in the
carcinogenesis model.

Conclusions: Excessive free cholesterol in the liver can promote fatty liver
disease. Herein, combination therapy with EC effectively reduced free cho-
lesterol levels in MASH model mice. Our study provides strong evidence for
combination therapy as an effective treatment for MASH.

control trial (NCT02787304) of volixibat was terminated
prematurely owing to a lack of efficacy and the
occurrence of treatment-emergent adverse events
(Philip, N. 2019 EASL Abstract no: 5212). Furthermore,
the effects of ASBT inhibitors on MASH have not yet
been established.

Colestyramine is an anion-exchange resin or bile
acid sequestrant (BAS). BAS absorbs bile acids,
decreasing their reabsorption. As the bile acid pool is
reduced, cholesterol is converted into bile acid.
Therefore, colestyramine has been used to treat
hyperlipidemia. The main side effects are consti-
pation and stomach/abdominal fullness. An estimated
70%—96% of patients with chronic diarrhea with
bile acid malabsorption respond to short-course
cholestyramine.[13!

Colestimide—a BAS—improved steatosis and aspar-
tate aminotransferase levels in 17 patients with MASH
with hyperlipidemia receiving 3 g/d.['¥ However, in
patients with biopsy-proven MASH, colesevelam at
3.75 g/d for 24 weeks increased liver fat deposition
(detected by MRI proton density fat fraction) without
affecting steatosis, cellular injury, or lobular inflamma-
tion (according to a liver biopsy assessment).l!5]
Therefore, the effect of BAS on MASH remains
controversial.

Using a mouse model, this study examines the role
of cholesterol in MASH progression. We hypothesized
that combination therapy with an ASBT inhibitor and
BAS might reduce serum bile acid levels and ameliorate
diarrhea without increasing portal endotoxin levels,
ultimately imparting a beneficial treatment effect.

METHODS
Ethics statement

All animals used in this study received humane care
according to the standards outlined in the Guide for the
Care and Use of Laboratory Animals. Moreover, this
study was conducted following the Guidelines for the
Care and Use of Laboratory Animals of the Yokohama
City University Medical School (Yokohama, Japan). The
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protocol was approved by the Committee on the Ethics
of Animal Experiments of the Yokohama City University
Graduate School of Medicine (permit number: F-A-15-
016).

Drugs, animals, and experimental design

High-fat high-fructose cholesterol loading
model

All animals were housed under conventional conditions
with controlled temperature, humidity, and light (12-h light-
dark cycle) and provided food and water. After acclimatiza-
tion with a basal diet (BD), 8-week-old male C57/B6J mice
(CLEA Japan, Tokyo, Japan) were divided into 5 groups,
according to diet, for 20 weeks: a control (BD), high-fat diet
(40% kcal, Primex partially hydrogenated vegetable oil
shortening), high fructose (22% by weight), and cholesterol
(0%, 0.2%, 0.6%, and 2%; Research Diets, New Bruns-
wick, NJ). A mouse loaded with fats (40% kcal), fructose
(22% by weight), and 2% cholesterol (2% by weight) is
known as an amylin liver MASH (amylin metabolic
dysfunction-associated steatohepatitis) model. All surgeries
were performed under sodium pentobarbital anesthesia,
and all efforts were made to minimize suffering. The
experimental protocol is outlined in Supplemental Figure
S1A, http://links.lww.com/HC9/A615. Additionally, to exam-
ine changes in cholesterol loading over time, 8-week-old
male C57/B6J mice (CLEA Japan, Tokyo, Japan) were fed
BD, a high-fat diet (40% kcal), a high-fructose diet (22% by
weight) with no added cholesterol, and the amylin MASH
diet (Research Diets) for 1, 4, and 8 weeks. In each group,
liver enzyme levels and lipid content in the liver were
determined, and real-time PCR was performed over time.
The experimental protocol is outlined in Supplemental
Figure S1B, http://llinks.lww.com/HC9/A615.

siRNA knockdown of SREBP1c

Eight-week-old male C57/B6J mice (CLEA Japan) were
fed an amylin liver MASH diet—enriched in fat (40% kcal,
Primex partially hydrogenated vegetable oil shortening),
fructose (22% by weight), and cholesterol (2% by weight)
—for 20 weeks (Research Diets). For the last 4 weeks,
Ambion in vivo siRNA (Thermo Fisher Scientific, Tokyo,
Japan) with the antisense of SREBP1c¢ target sequence
5’-UACAUCUUUAAAGCAGCGGGT-3’ were combined
with invivofectamine 3.0 (Thermo Fisher Scientific) to
form complexes following the manufacturer’s instruc-
tions. The complex was injected into MASH model
mice by means of the tail vein at 20 ug per mouse every
three days for 4 weeks. PBS was used as a control. The
experimental protocol is outlined in Supplemental Figure
S1C, http://links.lww.com/HC9/A615.

Elobixibat and colestyramine treatment in a
MASH model

Elobixibat was purchased from EA Pharma (Tokyo,
Japan), and colestyramine from Sanofi (Tokyo, Japan).
A BD containing 22% protein, 6% fat, and 47%
carbohydrate was prepared. An amylin MASH diet—
enriched in fat (40% kcal, Primex partially hydrogenated
vegetable oil shortening), fructose (22% by weight), and
cholesterol (2% by weight)—was purchased from
Research Diets. Eight-week-old male C57BL/6J mice
(CLEA Japan) were divided into groups for 20 weeks
according to diet: a BD, amylin MASH, amylin MASH/
elobixibat (10 mg/kg/d, week 16-20), amylin MASH/
colestyramine (0.5 g/kg/d, week 16—20), and amylin
MASH)/elobixibat/colestyramine group. The experimen-
tal protocol is outlined in Supplemental Figure S1D,
http://links.lww.com/HC9/A615.

Apolipoprotein E knockout mice

After acclimatization with the BD, 8-week-old male
apolipoprotein E knockout [ApoE(KO)] mice (CLEA
Japan) were divided into groups for 24 weeks according
to diet: BD, amylin MASH, amylin MASH/elobixibat
(10 mg/kg/d, week 16—24), amylin MASH/colestyramine
(0.5 g/kg/d, week 16-24), and amylin MASH/elobixibat/
colestyramine groups. The experimental protocol is
outlined in Supplemental Figure S2A, http:/links.lww.
com/HC9/A616. After 24 weeks, the heart and aorta
were perfused with saline by means of the left ventricle,
removed, and fixed with 4% paraformaldehyde.

Diethylnitrosamine model

Male B6C3F1 mice (CLEA Japan) were intraperitoneally
administered 50 mg/kg body weight diethylnitrosamine
(Sigma-Aldrich, St. Louis, MO)—an environmental car-
cinogen that produces mutagenic DNA adducts that
cause genetic sequence mismatch and predispose the
liver to HCC formation—I'6-"9 from 6 to 12 weeks of age,
with a 2-week interval between injections. Carcinogene-
sis was observed after 28 weeks of diethylnitrosamine
administration and amylin MASH diet (Supplemental
Figure S3, http://links.lww.com/HC9/A617). Liver dissec-
tion was performed at 32 weeks of age. The experimental
protocol is outlined in Supplemental Figure S2B, http://
links.lww.com/HC9/A616.

The groups of mice were fed for 32 weeks as follows:
a BD, amylin MASH diet (group MASH), amylin MASH/
elobixibat (10 mg/kg/d, week 24-32), amylin MASH/
colestyramine (0.5 g/kg/d, week 24-32), or amylin
MASH)/elobixibat/colestyramine diet. The number of
malignant nodules (dysmorphic or dyschromic nodules
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with a diameter of >5 mm) was determined by
macroscopic examination of the liver.

Sample collection and serological
examination

The method is described in Appendix 1, http:/links.lww.
com/HC9/A627.

Liver histology

The method is described in Appendix 2, http://links.lww.
com/HC9/A627.

Tumor analysis

The diameter of each visible tumor (>0.5 mm) was
used to calculate tumor volume using the formula: 4/
3xnr’. The sum of individual tumor volumes was
considered the tumor burden.

Evaluation of atherosclerosis

The method is described in Appendix 3, http://links.lww.
com/HC9/A627.

Western blotting

Nuclear proteins were extracted from liver and ileum
tissues using a nuclear extraction kit (Abcam, Cam-
bridge, MA) following the manufacturer’s instructions.
Proteins were incubated with primary antibodies and
horseradish peroxidase—conjugated secondary antibod-
ies (Cell Signaling Technology, Danvers, MA). The
primary antibody was farnesoid X receptor (FXR; Cell
Signaling Technology; catalog number 72105). Glycer-
aldehyde 3 phosphate dehydrogenase was used as a
loading control for total protein.

Hepatic and ileal RNA isolation and real-
time PCR analyses

The methods are described in Appendix 4, http://links.
Ilww.com/HC9/AB27.

Liquid chromatography-tandem mass

spectrometry

The method is described in Appendix 5, http:/links.lww.
com/HC9/A627

Statistical analysis

Data are presented as the mean+ SE. Differences
between 2 groups were assessed using Student f test.
Statistical significance was set at p<0.05. Statistical
analyses were performed using JMP software v.14
(SAS Institute, Cary, NC).

RESULTS

Effect of cholesterol loading in high-fat
high-fructose diet

Table 1 shows the characteristics of mice fed an high-
fat high-fructose (HFHF) diet with added cholesterol
(0%, 0.2%, 0.6%, and 2%) for 20 weeks. The HFHF diet
with no cholesterol increased body weight, liver weight,
epididymal weight, and subcutaneous fat compared
with the BD. Adding more than 0.2% cholesterol
resulted in markedly higher increases in body and
liver weights.

The areas of Oil Red O staining were increased by
the HFHF diet, and even more so with the amylin MASH
diet (Figure 1A, B). The HFHF diet also increased TG,
total cholesterol (TC), and cholesterol ester levels in the
liver to about 8-fold, 2-fold, and 9-fold that of the BD
diet, respectively (Figure 1C). Adding more than 0.2%
cholesterol significantly increased the TC and FC levels
in the liver.

Sirius Red staining showed that liver fibrosis
increased with cholesterol load. The mMRNA expression
of collagen 1a1 (Col1a1) and ACTA2—markers of liver
fibrosis—also increased with cholesterol load.

Supplemental Figure S4, http://links.lww.com/HC9/
A618 shows the changes in plasma bile acid levels with
the addition of cholesterol to the HFHF diet. The HFHF
diet with 0% or 0.2% cholesterol did not alter the total,
primary, or secondary bile acid plasma levels compared
with the BD. Compared to the HFHF diet without
cholesterol, the amylin MASH diet increased the plasma
levels of total, primary, and secondary bile acids by 1.9-
fold, 2.1-fold, and 1.4-fold, respectively. Cholic acid
(CA), chenodeoxycholic acid (CDCA), and B-muricholic
acid plasma levels were highest in the amylin
MASH group.

In the cholesterol-loaded groups, total, primary, and
secondary bile acids were all elevated in stool samples. CA,
deoxycholic acid (DCA), and B-muricholic acid fecal levels
were also increased compared to the BD group (Supple-
mental Figure S5, http:/links.lww.com/HC9/A619).

Fluorescein isothiocyanate (FITC) and lipo-
polysaccharide-binding protein (LBP) were used to
evaluate intestinal permeability. Figure 1G shows the
relative change in fluorescence intensity between diets.
Fluorescence intensity was comparable between the
HFHF and BD groups but increased significantly in the


http://links.lww.com/HC9/A627
http://links.lww.com/HC9/A627
http://links.lww.com/HC9/A627
http://links.lww.com/HC9/A627
http://links.lww.com/HC9/A627
http://links.lww.com/HC9/A627
http://links.lww.com/HC9/A627.
http://links.lww.com/HC9/A627.
http://links.lww.com/HC9/A627
http://links.lww.com/HC9/A627
http://links.lww.com/HC9/A618
http://links.lww.com/HC9/A618
http://links.lww.com/HC9/A619

COMBINED, ELOBIXIBAT, AND COLESTYRAMINE REDUCED CHOLESTEROL TOXICITY 5

TABLE 1 Characteristics of mice fed a high-fat high-fructose diet with added cholesterol
HFHF+no
Parameters BD cholesterol
Body weight (g) 31.6+0.5 406+1.27
Liver weight (g) 1.2+0.03 2.1+0.19°
Epididymal adipose 0.8+0.08 2.1+0.19°
tissue weight (g)
AST (IU/L) 61.3+12.2 138.9+ 14.7°
ALT (IU/L) 226+1.8 122.4+11.4°
Total cholesterol (mg/dL) 83.7+2.7 204.6 +5.9°
Free fatty acid (UEQ/L) 672.1+15.3 727.7£55.7
Fasting plasma glucose 111.7+6.1 135.7 +£8.9%
(mg/dL)
Insulin (ng/mL) 1.7+0.5 54+1.12
HOMA-IR 0.5+0.2 1.7+0.3°

HFHF+0.2% HFHF+0.6% HFHF+2%
cholesterol cholesterol cholesterol
454+0.7° 449+0.7° 446+05°
3.7+0.08° 3.6+0.14° 41+0.15°
2.2+0.14 2.4+0.14 2.6+0.08°
253.6+48.4 220.9 +27.6° 277.0+37.0°
263.6 +26.6° 264.0 +39.4° 258.6+37.7°
300.3+10.2° 308.3+12.9° 270+ 11.5°
926.4 +59.9° 871.8+25.0° 1016.9 +49.5°
183.6+11.8 174.0+4.5 196.3+15.9°
4.4+0.8 53+17 7.3+1.8
2.0+05 2.3+0.7 41+0.9°

Note: Data are presented as the mean + SE (n=7-8). Significance was determined using Student ¢ test.

@p <0.05 versus BD group.
p<0.01 versus HFHF + no cholesterol group.
°p <0.05 versus HFHF + no cholesterol group.

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; BD, basal diet; HFHF, high-fat high-fructose; HOMA-IR, homeostasis model

assessment of insulin resistance.

amylin MASH group. LBP levels were increased by
loading more than 0.2% cholesterol compared with the
HFHF diet. Furthermore, IL-6 levels were significantly
elevated in the amylin MASH group, and TNFa levels
were significantly elevated in the 0.6% cholesterol and
amylin MASH groups compared with those in the HFHF
diet group (Figure 2).

FXR—a nuclear receptor—uses bile acids as ligands
to regulate target gene expression. Western blotting of
the liver showed that FXR expression was suppressed in
the amylin MASH—fed mice (Figure 2B), consistent with
the expression of small heterodimer partner and bile salt
export pump, which are downstream signals of FXR in
the liver. Figure 2C shows the expression of ASBT
(suppressed by FXR) and FGF15 (activated by FXR) in
ileal PCR. FGF15 mRNA expression was upregulated,
whereas ASBT expression was downregulated. Western
blotting of the ileum showed that the HFHF and amylin
MASH diets upregulated FXR expression compared with
BD (Figure 2D).

Regarding the gene expression of proteins involved
in lipid synthesis, the HFHF diet increased the mRNA
expression of sterol regulatory element-binding tran-
scription factor 1c (SREBf1c) and suppressed that of
SREBf2. Cholesterol addition did not alter SREBf1c
expression but significantly suppressed SREBf2
expression at concentrations of 0.2% or more. The
expression of SREBf1c, fatty acid synthase, acetyl-
CoA carboxylase 1, and stearoyl-CoA desaturase 1
was increased by the amylin MASH diet compared
with the HFHF diet. The levels of cytochrome P450
7A1 (CYP7a1)—a rate-limiting enzyme involved in
hepatic bile acid synthesis from cholesterol—were
lower with the BD and cholesterol-loaded diets than

with the HFHF diet. Moreover, adding more than 0.2%
cholesterol to the HFHF diet significantly reduced the
levels of microsomal triglyceride transfer protein, a
transporter that excretes cholesterol esters as VLDL
from the liver.

Supplemental Figure S6, http://links.lww.com/HC9/
A620 shows the time-dependent increase in serum
alanine aminotransferase levels and hepatic TG and FC
content with continued cholesterol loading. Real-time
PCR of the liver showed that SREBP1c, fatty acid
synthase, acetyl-CoA carboxylase 1, stearoyl-CoA
desaturase 1, and CYP7a1 expression peaked 1 week
after cholesterol loading. These changes tend to be
alleviated gradually with continued cholesterol loading,
whereas SREBP2 expression remains strongly sup-
pressed with continued loading.

SREBP1c knockdown using siRNA

Using siRNA, we evaluated the effect of SREBP1c
knockdown on TG synthesis and fatty liver status. To
confirm the efficient knockdown of SREBP1c, we
assessed the change in SREBP1c expression 2 days
after the first injection of siRNA. We observed a
significant knockdown of 52% in the siRNA compared
to the control group (fed a normal diet for 16 weeks;
Supplemental Figure S1C, http://links.lww.com/HC9/
AB15).

Knockdown of SREBP1c resulted in an 8% reduction in
body weight (siRNA group, 35.9+0.7; control group,
38.9+0.7, p=0.008) and a 16% reduction in liver weight
(siRNA group, 3.2+0.2; control group, 3.8+0.2,
p=0.016; Supplemental Table S1, http:/links.lww.com/
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FIGURE 1 (A) Liver sections from the BD, HFHF, and cholesterol-loaded groups. Representative images of hematoxylin and eosin and Oil

Red O staining results. (B) Areas of Oil Red O staining in the livers of mice fed a BD, HFHF, or HFHF diet with added cholesterol (n=6-7). (C) TG,
TC, and FC contents were measured in the livers of mice fed a BD, HFHF, or HFHF diet with added cholesterol (n=7-8). (D) Sirius Red staining.
(E) Areas of Sirius Red staining in the livers of mice fed a BD, HFHF, or HFHF diet with added cholesterol (n =5-6). (F) Expression of Col1a1 and
ACTA2 mRNA in mice fed a BD, HFHF, or HFHF diet supplemented with cholesterol (n=7-8). (G) Fluorescence intensity (n=5) and lipo-
polysaccharide-binding protein (LBP, n =6-8) levels in mice fed a BD, HFHF, or HFHF diet supplemented with cholesterol. Data are presented as
the mean + SE. Significance was determined using Student f test. *p <0.05, **p <0.01. Abbreviations: amylin MASH, amylin liver metabolic
dysfunction-associated steatohepatitis; BD, basal diet; CE, cholesterol ester; Col1a1, collagen 1a1; FC, free cholesterol; HFHF, high-fat high-
fructose; LBP, lipopolysaccharide-binding protein; TC, total cholesterol; TG, triglyceride.
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FIGURE 2 (A) Real-time PCR of the liver samples of mice fed a BD, HFHF, or HFHF with added cholesterol diet (n=5-8). (B) Liver-FXR
protein levels in mice fed a BD, HFHF, or HFHF diet supplemented with cholesterol (n=4). (C) Real-time PCR of ileum samples from mice fed a
BD, HFHF, or HFHF diet supplemented with cholesterol (n=5-6). (D) lleum-FXR protein levels in mice fed a BD, HFHF, or HFHF diet supple-
mented with cholesterol (n=4). Data are presented as the mean + SE. Significance was determined using Student ¢ test. *p <0.05, **p<0.01.
Abbreviations: ACC1, acetyl-CoA carboxylase 1; amylin MASH, amylin liver metabolic dysfunction-associated steatohepatitis; BD, basal diet;
BSEP, bile salt export pump; CYP7a1, cytochrome P450 7A1; FAS, fatty acid synthase; FXR, farnesoid X receptor; HFHF, high-fat high-fructose;
MTTP, microsomal triglyceride transfer protein; SCD1, stearoyl-CoA desaturase 1.

HC9/A626). There were no statistically significant differ-  (siRNA group, 246.0 +4.2; control group, 205.5 +12.4,
ences in the weight of the epididymal adipose tissue. p=0.021), aspartate aminotransferase (siRNA group,
SREBP1c knockdown mice had higher levels of TC 170.6 + 15.7; control group, 122.0 + 14.1, p=0.048), and
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alanine aminotransferase (siRNA group, 244.4 +22.1;
control group, 157.3+23.3, p=0.024). Liver TG and
cholesterol ester contents were lower in the siRNA group
(Figure 3B). A statistically significant decrease in the levels
of blood bile acids, mainly primary bile acids such as CA
and CDCA, was observed (Supplemental Figure S7,
http://links.lww.com/HC9/A621). In terms of the extent of
liver fibrosis, SREBP1¢ knockdown mice showed marked
progression of liver fibrosis (Figure 3C). The expression of
ColMla1 and ACTA2 was enhanced by SREBP1c
knockdown.

Efficacy of elobixibat and cholestyramine
in the MASH mouse model

Table 2 shows the characteristics of the MASH model
mice treated with elobixibat and cholestyramine (EC),
for which we observed no significant difference. Water
intake was 1.7-fold higher in the elobixibat group than
in the cholestyramine group. The number of feces and
fecal water content increased 1.8- and 1.6-fold,
respectively, in group E compared to group MASH.
In the EC group, the number of feces and fecal water
content were 44% and 30% lower, respectively, than in
group E. Body weight, liver weight, and the weight of
epididymal adipose tissue increased 1.5-, 3.2-, and
3.8-fold, respectively, in the MASH group compared
with the BD group; compared to the MASH group, they
decreased by 10%, 24%, and 13% in group E and by
9%, 12%, and 9% in group C, respectively. The
combination of EC reduced these levels by 22%, 52%,
and 48%, respectively, compared with the MASH
group. Aspartate aminotransferase and alanine
aminotransferase levels in the blood were higher in
the MASH group, lower in the elobixibat group, and
remarkably lower in the EC group compared with the
MASH and monotherapy groups. The increase in
blood TC and free fatty acid levels in the MASH
group was less than half that in the EC group. Insulin
resistance, according to a homeostasis model
assessment of insulin resistance (HOMA-IR),
increased in the MASH group and decreased most
remarkably in the EC group.

Steatosis and fibrosis of the liver were clearly
observed in our histological analysis of the MASH
group (Figure 4). The Oil Red O staining area was
smaller in group E (p=0.006) and group EC (p <0.001)
mice than in the MASH group. Compared with the
MASH group, the area stained by Sirius Red was
smaller in groups E (p<0.001), C (p<0.001), and EC
(p<0.001). The levels of TC, FC, and TG in liver tissue
increased 6-, 4-, and 22-fold, respectively, in the MASH
group compared with the BD group. Hepatic TG content
decreased in both groups E and C and decreased
remarkably in the EC group. For TC and FC, there was
no statistical change in group C compared with the

MASH group, though there was a statistically significant
decrease in group E, and a further decrease in the
EC group.

Supplemental Figure S8, http://links.lww.com/HC9/
A622 shows the changes in plasma bile acid levels of
the MASH model after treatment with EC. The MASH
group showed the highest total, primary, and second-
ary plasma bile acid levels. Elobixibat alone reduced
the total and primary bile acid levels by 45% and 61%,
respectively. The addition of cholestyramine to the
amylin MASH diet did not alter total or primary bile acid
levels but reduced secondary bile acid levels by 33%.
The combination of EC significantly reduced the total,
primary, and secondary bile acid levels compared to
the MASH group. As shown in Supplemental Figure
S9, http://links.lww.com/HC9/A623, total, primary, and
secondary bile acid levels in stool samples were the
highest in group E. The combination of cholestyramine
and elobixibat reduced the levels of secondary
bile acids, but the levels of primary bile acids
remained high.

In the MASH group, both FITC and LBP levels were
more than twice those in the BD group. In group E, FITC
levels were twice as high as those in the MASH group.
LBP levels were comparable between the MASH and
BD groups. Compared with the BD group, intestinal
permeability and hyperendotoxemia were increased by
elobixibat, while cholestyramine improved intestinal
permeability and further reduced endotoxin levels. As
shown in Figure 5, IL-6 and TNFa levels exhibited a
pattern similar to that of LBP.

Figure 5A shows the results of real-time PCR
analysis of the liver samples. Concerning lipid
synthesis, SREBf1c expression was suppressed and
that of SREBf2 was increased in the EC group. In the
MASH group, microsomal triglyceride transfer protein
levels decreased to about half of those in the BD group
and increased by 1.5-fold those in the EC group.

Compared with that in the BD group, the expression
of CYP7a1—a marker of bile acid synthesis—was
significantly elevated in the MASH group, and increased
by more than 2-fold in groups E and C. In the EC group,
it increased more than 3-fold. Compared to the BD
group, western blotting showed that the amount of
hepatic FXR was significantly lower in the MASH group
and significantly higher in the EC group (Fig. 5B). The
expression of bile salt export pump and small
heterodimer partner was further upregulated in the EC
group compared to the MASH group, suggesting that
the FXR system in the liver was accelerated in the
EC group.

Figure 5C shows real-time PCR of the ileum
samples. Compared with those in the BD group,
ASBT levels in the ileum decreased to 21% in the
MASH group. Compared to that in the MASH group, the
expression of ASBT increased 3.7-fold in group E, 3.4-
fold in group EC, and 7.9-fold in group C. Conversely,
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FIGURE 3 (A) Oil Red O staining of liver sections from SREBP1c knockdown and control mice (n=6-7). (B) TG, TC, and FC contents were
measured in the livers of SREBP1c knockdown and control mice (n=6-7). (C) Sirius Red staining and areas of Sirius Red staining in the livers of
SREBP1c¢ knockdown and control mice (n=6-7). (D) Real-time PCR of liver samples from SREBP1c knockdown and control mice (n=5). Data
are presented as the mean + SE. Significance was determined using Student ¢ test. *p <0.05, **p < 0.01. Abbreviations: CE, cholesterol ester;
CYP7a1, cytochrome P450 7A1; FC, free cholesterol; Si-RNA, small interfering ribonucleic acid; TC, total cholesterol; TG, triglyceride.

FGF15 expression was upregulated in the MASH group ~ Improvement of atherosclerosis
and downregulated in the E, C, and EC groups. This

finding indicates that the FXR system was suppressed Supplemental Figure S10, http://links.lww.com/HC9/
in the ileum in the EC group. A624 shows histological images of the liver and lipid
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TABLE 2 Characteristics of MASH model treated with elobixibat and cholestyramine
AMLM AMLM+Elobixibat
Basal diet AMLM AMLM+Elobixibat +Colestyramine +colestyramine
Parameters (group BD) (group MASH) (group E) (group C) (group EC)
Food intake (g/d) 3.09+0.09 3.22+0.05 3.38+0.16 3.38+0.11 3.16+0.04
Water intake (mL/d) 5.16+0.28 3.53+0.41% 6.23+0.28° 4.17+0.15 3.8+0.12
Stool water content (%) 51.75+2.95 36.71+£1.72° 58.54 +1.85° 32.63+1.92 40.81+1.12
Stool particle count 81.88+4.52 50.38 +2.94° 89.00+2.71° 39.63+2.43° 50.25+2.85
(particle number/day/
mouse)
Body weight (g) 29.2+0.6 43.3+0.6° 38.8+1.3° 39.4+0.8° 33.8+0.7°
Liver weight (g) 1.3+0.03 4.2+0.18° 3.2+0.19° 3.7+0.11° 2+0.10°
Epididymal adipose 0.6 +0.07 2.3+0.11° 2.0+0.14 21+0.16 1.2+0.12°
tissue weight (g)
HOMA-IR 0.41+0.16 2.94+0.712 1.50+0.47 1.42+0.49 0.81+0.45°
Total cholesterol (mg/dL) 83.6+24 260.4 +10.9% 2246+17.3 235.5+15.3 126.1+12.9°
AST (IU/L) 57.5+11.2 292.375 + 37.9° 169 + 14.9° 275+63.8 111.3+26.7°
ALT (IU/L) 21.8+11.2 239.5+37.9% 94.9+14.9° 197.3+63.8 32.6+26.7°
Free fatty acid (UEQ/L) 723.8+58.6 1061.1+50.5° 781.6 +60.0° 824 +55.0° 426.8 +47.0°

Note: Data are presented as the mean + SE (n=6-8). Significance was determined using Student f test.

@p <0.05 versus BD group.
p <0.05 versus MASH group.
°p<0.01 versus MASH group.

Abbreviations: ALT, alanine aminotransferase; AMLM, amylin liver metabolic dysfunction-associated steatohepatitis; AST, aspartate aminotransferase; BD, basal diet;
C, cholestyramine; E, elobixibat; EC, elobixibat and cholestyramine; HOMA-IR, homeostasis model assessment of insulin resistance; MASH, metabolic dysfunction-

associated steatohepatitis.

profiles in the liver of ApoE (KO) mice fed basal and
amylin MASH diets and of those treated with EC.
Similar to C57BL/6J mice, amylin MASH—fed ApoE
(KO) mice showed significant liver steatosis and
fibrosis in the histological analysis (Supplemental
Figure S10, http://links.lww.com/HC9/A624 ). Areas
of Oil Red O staining were smaller in group E
(p=0.04) and group EC (p=0.007) than in the amylin
MASH group. Moreover, areas of Sirius Red staining
were smaller in the E (p=0.001), C (p=0.001), and
EC (p<0.001) groups than in the MASH group. TG
content in the liver was decreased in groups E
(p=0.04), C (p=0.04), and EC (p=0.008). For TC
and FC content in the liver, no statistically significant
change was observed in group C compared to the
MASH group, but there was a statistically significant
decrease in group E and a further decrease in group
EC. The plaque formation rate in the entire aorta was
decreased in groups E and C compared with the
MASH group and was remarkably decreased in the EC
group (Figure 6A). Atherosclerotic lesion formation in
the aortic valve was also more pronounced in the
MASH group than in the BD group but was
significantly improved in the EC group. LDL-
cholesterol levels were higher, and HDL cholesterol
levels were lower in the MASH group than in the BD
group. No change was observed with elobixibat or
cholestyramine alone, but cholesterol levels were
ameliorated with their combined treatment.

Inhibitory effect on HCC

Figure 6D shows the tumor counts and burden. Tumor
count was significantly higher in the MASH group than
in the BD group. Compared with the MASH
group, carcinogenesis was suppressed in the EC
group. The MASH group had a high tumor burden;
however, the combined EC treatment lowered the
tumor burden.

DISCUSSION

In this study, the addition of cholesterol to an HFHF diet
resulted in the progression of fatty liver. A cholesterol
load of 0.2% or more was sufficient to exacerbate
hepatotoxicity and inhibit lipid metabolism parameters.
Liver fibrosis increased with increasing cholesterol
levels. We propose that lipotoxicity, hyperendotoxemia,
and bile acid toxicity were the main mechanisms
exacerbating fatty liver in the cholesterol-loaded mouse
model (Supplemental Figure S11A, http://links.lww.com/
HC9/A625).

We showed that MASH may be caused by suppres-
sion of SREBP2 and upregulation of SREBP1¢ expres-
sion. SREBP1c promotes the transcription of genes
required for fatty acid synthesis, whereas SREBP2
activates genes required for cholesterol synthesis.
Moreover, excessive hepatic cholesterol retention
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FIGURE 4 (A) Oil Red O staining results of liver sections from mice fed a basal diet (BD), amylin liver metabolic dysfunction-associated

steatohepatitis (amylin MASH) (MASH group), amylin MASH with elobixibat (E) and cholestyramine alone (C), or amylin MASH with a combination
of elobixibat and cholestyramine (EC). (B) Oil Red O staining area, triglyceride (TG), total cholesterol (TC), and free cholesterol (FC) contents in
the liver samples of mice fed a BD, amylin MASH (MASH group), or amylin MASH with elobixibat and cholestyramine (n=5-7). (C) Sirius Red
(SR) staining in the liver. (D) Areas of SR staining in the liver (n=5-7). (E) Fluorescein isothiocyanate and lipopolysaccharide-binding protein
(LBP) (n=5-7). Data are presented as the mean + SE. Significance was determined using Student t test. * p < 0.05, ** p < 0.01. Abbreviations: BD,
basal diet; C, cholestyramine; CE, cholesterol ester; E, elobixibat; EC, elobixibat and cholestyramine; FC, free cholesterol; LBP, lipo-
polysaccharide-binding protein; MASH, metabolic dysfunction-associated steatohepatitis; TC, total cholesterol; TG, triglyceride.

suppresses SREBP2 expression by negative
feedback.2?l SREBP2 is also a negative regulator of
SREBP1c.l2" |n this study, the activity of SREBP2 was
reduced to suppress the hepatic storage of FC, which
was experimentally increased by cholesterol loading but

could not be controlled. We consider that this model,
with its constant cholesterol uptake, could not limit
cholesterol storage. Furthermore, we speculate that the
lack of SREBP1c regulation due to the suppression of
SREBP2 increased lipid storage. If mice fed an HFHF
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FIGURE 5 (A) Real-time PCR of the liver samples of mice fed a BD, amylin liver metabolic dysfunction-associated steatohepatitis (amylin
MASH) (MASH group), amylin MASH with elobixibat alone (E) and cholestyramine alone (C), or amylin MASH with a combination of EC (n=5-8).
(B) FXR protein levels (n=4). (C) Real-time PCR of the ileum samples of mice fed a BD, amylin MASH (MASH group), amylin MASH with
elobixibat alone (E) and cholestyramine alone (C), or amylin MASH with a combination of EC (n=5-7). Data are presented as the mean + SE.
Significance was determined using Student ¢ test. *p <0.05, **p < 0.01. Abbreviations: ACC, acetyl-CoA carboxylase; ASBT, apical sodium-
dependent bile acid transporter; BD, basal diet; BSEP, bile salt export pump; C, cholestyramine; CYP7a1, cytochrome P450 7A1; E, elobixibat;
EC, elobixibat and cholestyramine; FAS, fatty acid synthase; FXR, farnesoid X receptor; GAPDH, glyceraldehyde 3 phosphate dehydrogenase;
MASH, metabolic dysfunction-associated steatohepatitis; MTTP, microsomal triglyceride transfer protein; SCD1, stearoyl-CoA desaturase 1; SHP,
small heterodimer partner.
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(A) Images of the aortic valve with Oil Red O staining and the percentage area of lesions (Oil Red O positive, n=5-6). The mice

were divided into 5 groups according to diet: a BD, amylin liver metabolic dysfunction-associated steatohepatitis (amylin MASH) (MASH group),
amylin MASH with elobixibat alone (E) and cholestyramine alone (C), or amylin MASH with a combination of EC. (B) Images of the total aorta with
Oil Red O staining and the percentage area of plaque (n=5-6). (C) Serum LDL and HDL cholesterol levels (n=5-7). (D) Images of the livers of
diethylnitrosamine-treated mice fed a BD, amylin MASH (MASH group), amylin MASH with elobixibat alone (E) and cholestyramine alone (C), or
amylin MASH with a combination of EC. Tumor count, tumor count (>5 mm in diameter), and average log, tumor burden (n=9-10). Data are
presented as the mean + SE. Significance was determined using Student ¢ test. *p <0.05, **p <0.01. Abbreviations: BD, basal diet; C, chole-
styramine; E, elobixibat; EC, elobixibat and cholestyramine; MASH, metabolic dysfunction-associated steatohepatitis.

diet with added cholesterol, SREBP1c expression
peaked 1 week after amylin MASH loading, and this
change tended to be moderate thereafter. The deceler-
ation of SREBP1c enhancement is likely due to limited
TG storage. We believe that a tug-of-war exists
between the inhibitory action of SREBP2 and the
deceleration of SREBP1c enhancement over time,
which complicates interpretation.

To assess whether liver injury is exacerbated by
cholesterol load due to cholesterol retention or accu-
mulation of lipids, such as TGs, we knocked down
SREBP1c and found that TG levels were reduced and
FC levels and bile acid concentration, mainly primary
bile acids, were increased in the liver. The decrease in
stored fat reduced body and liver weights but worsened
liver injury. Thus, TG accumulation may be a protective
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compensatory response to the lipotoxicity of increased
FC levels.

In this study, increased FITC and LBP levels in
amylin MASH diet-fed mice suggested possible hyper-
endotoxemia due to increased intestinal permeability. It
has been reported that intestinal permeability is
increased by administering CDCA and DCA, 2223 which
may be involved in intestinal permeability. Previously,
HFD mice treated with dextran sulfate sodium showed
aggravated hepatosteatosis, fibrosis, and hepatic
inflammation, suggesting that barrier dysfunction con-
tributes to disease severity and MASH development.
Moreover, portal endotoxin levels were elevated in HFD
mice but were significantly elevated in HFD dextran
sulfate sodium—administered mice.?*l MASH has been
associated with high blood endotoxin levels.25! Another
report suggested that hyperleptinemia associated with
obesity may increase hepatic KC reactivity to small
amounts of endotoxins, inducing MASH development
by means of inflammatory cytokines, among other
factors.28l In this study, the levels of inflammatory
cytokines, IL-6 and TNFa, were also elevated in the
amylin  MASH group, which may be related to
hyperendotoxemia.

Bile acids also participate in MASH pathogenesis.[27-29
Primary bile acids are metabolized by the gut microflora
and converted into secondary bile acids, and hydrophobic
bile acids are more cytotoxic.2% Lithocholic acid, DCA,
CDCA, CA, and ursodeoxycholic acid (in increasing order
of hydrophobicity)" can cause adverse effects, including
mitochondrial dysfunction, endoplasmic reticulum stress,
and inflammation.®2 Additionally, changes in bile acid
profiles are highly correlated with intestinal toxemia.®%?!

One feedback mechanism through which the healthy
hepatic system maintains cholesterol and bile acid
homeostasis is mediated by the FXR—a major bile
acid-responsive ligand-activated transcription factor
that regulates bile acid levels. However, in the MASH
model used in this study, hepatic FXR was suppressed
despite high serum bile acid levels. Conversely, in the
small intestine, the expression of FXR and FGF15, a
protein that suppresses bile acid synthesis downstream
of FXR signaling, was increased by the HFHF and
amylin MASH diets compared to BD. It has been
suggested that FXRs in the liver and small intestine
behave in opposite manners. Lipopolysaccharides
suppress hepatic FXR expression.3*35 Hyperendotox-
emia in the portal vein may also suppress hepatic FXR
expression, resulting in dysregulation of bile acid
synthesis. The inhibition of FXR activity by p-muricholic
acid, which is unique to mice, may also influence its
behavior.3¢! Although a large bile acid pool should
normally enhance the FXR system and suppress bile
acid synthesis, the suppression of hepatic FXR in
MASH model mice due to hyperendotoxemia may result
in persistent bile acid synthesis. A constant supply of
bile acids and cholesterol would undoubtedly disrupt

cholesterol and bile acid homeostasis. In our study, the
amylin MASH diet was found to induce all pathological
stages of MASLD in C57BL/6J mice when fed for
20 weeks.

To focus on the drugs that could convert FC to bile
acids for excretion from the body, we investigated the
effect of elobixibat and colestyramine on MASH
pathology and found that combined treatment (the EC
group) effectively reduced FC retention by reducing the
bile acid pool. With colestyramine, the expression of
ASBT was upregulated by ~6-fold that in MASH mice.
This finding suggests strong, negative feedback be-
tween ASBT and bile acid reabsorption. However, this
feedback did not result in an effective reduction of FC
levels. Although elobixibat alone failed to ameliorate bile
acid reabsorption, the combined therapy effectively
suppressed the negative feedback mechanism. The
reason for elobixibat's low efficacy is that a single
administration increases bile acid levels in stool and
intestinal permeability. Bile acids are known to increase
intestinal permeability. In high-fat diet mice, a DCA-
containing diet increased intestinal permeability by 1.5-
fold compared to the control.22 Moreover, stool bile
acid levels, including levels of secondary bile acids
such as DCA, were significantly elevated in that
study.?2l We speculate that ASBT inhibition may
increase the portal blood concentration of endotoxins
by increasing colonic permeability, thereby accelerating
liver injury. This phenomenon, in turn, increases LBP
expression and promotes hyperendotoxemia, which
may exacerbate liver damage. In combination therapy,
cholestyramine can absorb bile acids and ameliorate
intestinal permeability, ultimately protecting the liver.
The number of pellets and water content of stools
increased in the elobixibat group, which was amelio-
rated by the addition of cholestyramine.

Combination therapy with elobixibat and colestyr-
amine may also be superior in terms of safety as each
could compensate for the side effects of the other
(Supplemental Figure S11B, http://links.lww.com/HC9/
A625). We found that combined administration over the
long term was effective in suppressing the development
of liver cancer and atherosclerosis, which was associ-
ated with the inhibition of MASH. Additionally, the
improvement in LDL-cholesterol levels may have
contributed to atherosclerosis amelioration.

Efficacy against carcinogenesis may be attributed to
the improvement in intrahepatic cholesterol retention
and alteration of bile acid profile, in addition to the
alleviation of liver fibrosis. One previous study reported
a dysregulation of cholesterol metabolism in primary
tumors of patients with HCC, with increased mitochon-
drial cholesterol in HCC cell lines.®”! The beneficial
effects of statins, which inhibit cholesterol biosynthesis,
on HCC have been reported in HCC HepG2 cells,
rodents with chemically induced HCC, and meta-
analyses of clinical trials.[383 Bile acids, a metabolite
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of cholesterol, are also an independent risk factor for
the development of HCC.#% According to previous
reports, FXR-null mice accumulate bile acids and
develop spontaneous HCC in ~90% of cases.[*!l We
believe that the combination of EC, in addition to
improving fibrosis in MASH, lowered FC in the liver and
had a corrective effect on bile acids, thereby preventing
carcinogenesis.

Our study has some limitations. First, we used a single
dose (based on a previous report)l'2 of elobixibat and
colestyramine to compare their therapeutic effect on
MASH. Second, the NAS and fibrosis stages of the liver
samples were not scored according to the method of
Kleiner et al.#2-46l |deally, an expert in mouse histo-
pathology would have conducted the evaluations, but we
have no such expert at our facility. Finally, we have not
been able to prove a causal relationship between MASH
progression and changes in factors that regulate lipids
and bile acids, including SREBP2, CYP7a1, and
microsomal triglyceride transfer protein. To examine the
effects of each factor, it is necessary to conduct detailed
studies that involve gene knockdown or the addition of
external factors that promote the effects of each factor,
which should be performed in the future.

In conclusion, FC levels in the liver can progress to
fatty liver disease. To reduce FC levels, combination
therapy with EC was effective in a mouse model of
MASH. Our findings suggest that combination therapy
could be an effective and safe treatment for MASH.
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