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Hepatocyte apoptosis has been implicated in the progression of nonalcoholic steatohepatitis. However, it is unclear

whether the induction of tumor necrosis factor (TNF)-a-mediated hepatocyte apoptosis in the simple fatty liver triggers

liver fibrosis. To address this question, high-fat diet-fed mice were repeatedly administered D-galactosamine, which

increases the sensitivity of hepatocytes to TNF-a-mediated apoptosis. In mice treated with a high-fat diet plus

D-galactosamine, hepatocyte apoptosis and liver fibrosis were induced, whereas both apoptosis and fibrosis were inhibited

in these mice following gut sterilization with antimicrobials or knockout of TNF-a. Furthermore, liver fibrosis was dimin-

ished when hepatocyte apoptosis was inhibited by expressing a constitutively active inhibitor of nuclear factor jB kinase

subunit b. Thus, hepatocyte apoptosis induced by intestinal dysbiosis or TNF-a up-regulation in the steatotic liver caused

fibrosis. Organ fibrosis, including liver fibrosis, involves the interaction of cyclic adenosine monophosphate-response ele-

ment-binding protein-binding protein (CBP) and b-catenin. Here, hepatocyte-specific CBP-knockout mice showed

reduced liver fibrosis accompanied by hepatocyte apoptosis diminution; notably, liver fibrosis was also decreased in mice in

which CBP was specifically knocked out in collagen-producing cells because the activation of these cells was now

suppressed. Conclusion: TNF-a-mediated hepatocyte apoptosis induced fibrosis in the steatotic liver, and inhibition of

CBP/b-catenin signaling attenuated the liver fibrosis due to the reduction of hepatocyte apoptosis and suppression of the

activation of collagen-producing cells. Thus, targeting CBP/b-catenin may represent a new therapeutic strategy for treat-

ing fibrosis in nonalcoholic steatohepatitis. (Hepatology Communications 2018;2:407-420)

Introduction

N
onalcoholic fatty liver disease (NAFLD)(1) is
a component of metabolic syndrome and a
spectrum of liver disorders ranging from sim-

ple steatosis to marked inflammation and nonalcoholic
steatohepatitis (NASH), which might cause liver fibro-
sis. Although simple steatosis is benign, survival time is
shorter in the case of patients with liver fibrosis than in
those without fibrosis.(2) The fibrogenic action of liver
myofibroblasts is stimulated by hepatocyte apoptosis,(3,4)

and patients with NASH present an increase in hepato-
cyte apoptosis in liver biopsy specimens(5) or apoptosis
biomarkers in plasma.(6) Thus, hepatocyte apoptosis,
induced by both death receptor-mediated and organelle-
initiated mechanisms,(7) is considered to be involved in
disease progression in NAFLD.(8)

A multiple parallel hits model has been suggested for
disease progression. Several factors, including lipopoly-
saccharide (LPS) and tumor necrosis factor-a (TNF-a),
play critical roles in the progression from steatosis to
NASH,(9) and activation of the LPS/toll-like receptor
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(TLR)-4 pathway from bacterial overgrowth in the gut
microbiota is involved in the progression to NASH.(10)

The roles of TNF-a in liver fibrosis have been reported.
For example, the liver injury and fibrosis induced by bile
duct ligation are reduced in TNF-a–/– mice; however,
exogenous administration of TNF-a decreases collagen
a1(I) messenger RNA (mRNA) expression in isolated
rat hepatic stellate cells (HSCs),(11) which represent a
major fibrogenic cell type in the liver. Moreover, TNF-
a mediates hepatotoxic effects in mice harboring aber-
rant gut microbiota in the NASH model induced using
the methionine-choline-deficient diet (MCDD).(12)

Liver macrophages respond to TLR ligands and pro-
duce TNF-a,(13) which is the predominant mediator of
hepatocyte apoptosis in the acute liver injury model
induced using D-galactosamine (GalN) plus LPS.(14)

TNF-a levels are increased in the serum of patients
with NAFLD,(15) and mice deficient in TNF receptors
show diminished steatosis, inflammation, and fibrosis in
the MCDD-induced NASH model.(16) LPS or TNF-a
stimulation alone does not trigger hepatocyte apoptosis
because TNF-a induces anti-apoptotic signals,(17,18)

and TNF receptor-mediated hepatocyte apoptosis
requires hepatocyte sensitization, such as through GalN
treatment.(19) In NAFLD, simple steatosis does not
sensitize hepatocytes to LPS-induced liver injury and
TNF-a-induced apoptosis.(20) Thus, although inhibi-
tion of TNF-a/TNF receptors has been reported to
produce beneficial effects in animal models of

NASH,(12,16,21,22) it remains unclear whether the
induction of TNF-a-mediated hepatocyte apoptosis in
the simple fatty liver triggers liver fibrosis.
Almost all aspects of embryonic development and the

pathogenesis of numerous human diseases involve the
molecule b-catenin.(23) Notably, knockout of b-catenin,
specifically in hepatocytes, attenuates liver injury and
hepatocyte apoptosis induced by GalN plus LPS or
GalN plus TNF-a.(24,25) Following liver injury, HSCs
undergo activation and change phenotypically from qui-
escent retinoid-storing HSCs into collagen-producing
and contractile myofibroblast-like cells. Notably in
mice, an inhibitor of the interaction between b-catenin
and cyclic adenosine monophosphate-response ele-
ment-binding protein-binding protein (CBP) reduces
liver fibrosis mediated by bile-duct ligation (BDL),
CCl4,

(26) or hepatitis C virus(27) and prevents HSC acti-
vation, which results in a reduction of collagen expres-
sion in vitro.(26) Liver macrophages contribute to liver
fibrosis; depletion of liver macrophages suppresses liver
fibrosis following BDL(28) and decreases myofibroblasts
in a liver tumor.(29) Moreover, inhibition of CBP/b-cat-
enin promotes liver fibrosis resolution by macro-
phages.(26) Although macrophages contribute to NASH
development,(30) the role of CBP/b-catenin in liver
macrophages during liver fibrosis in NASH is unclear.
In this study, we sought to clarify the effects of

hepatocyte apoptosis in fatty liver on liver fibrosis and
the roles of CBP/b-catenin in hepatocyte apoptosis
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and liver fibrosis. Thus, we developed a new animal
model of liver fibrosis with steatosis by using a high-fat
diet (HFD) plus GalN treatment and investigated how
knocking out CBP in hepatocytes, fibroblasts, or mac-
rophages affects hepatocyte apoptosis and liver fibrosis
in the fibrosis model.

Materials and Methods

STUDY APPROVAL

All experiments were conducted in accordance with
institutional guidelines (Guide for the Care and Use of
Laboratory Animals, prepared by the National Acad-
emy of Sciences), and the protocol was approved by
the Research Committee of Komagome Hospital.

ANIMALS AND TREATMENTS

Five-week-old male wild-type (C57BL/6J) mice
were obtained from Japan SLC (Shizuoka, Japan).
Detailed information regarding the genetically modi-
fied mice is provided in the Supporting Experimental
Procedures. Hepatic steatosis was induced by feeding
the animals an HFD (62.2% calories from fat, HFD-
60; Oriental Yeast, Tokyo, Japan) for 8 weeks. Control
mice were fed a normal diet (12.6% calories from fat,
CE-2; CLEA Japan, Tokyo, Japan). The animals were
intraperitoneally injected with or without GalN (20
mg/mouse; Nacalai Tesque, Kyoto, Japan) twice a
week for 8 weeks. For Cre recombinase expression in
fibroblast-knockout CBP (CBPfibro-KO) mice, tamoxi-
fen (4 mg/mouse, T5648; Sigma-Aldrich, St. Louis,
MO) was intraperitoneally administered twice a week
for 8 weeks. In these mice, CBP expression is known
to diminish in collagen-producing cells, such as acti-
vated HSCs. For gut sterilization, mice were orally
administrated an antimicrobial mixture containing
ampicillin (1 g/L), neomycin (1 g/L), metronidazole
(1 g/L), and vancomycin (0.5 g/L), according to a pub-
lished protocol.(31) The antimicrobial treatment was
started concurrently with HFD feeding and was con-
tinued for 8 weeks; the treatment induced swelling of
the cecum (data not shown), which indicated effective
gut sterilization. After recording body weight, the mice
were anesthetized and humanely killed through blood
withdrawal from the inferior vena cava or the portal
vein. The liver was immediately removed, and part of
the dissected liver tissue was frozen in liquid nitrogen
and part was fixed with 10% formalin for histologic
analysis. For recording hepatocellular damage, serum

alanine aminotransaminase (ALT) levels were mea-
sured (Oriental Yeast).

OTHER EXPERIMENTAL
PROCEDURES

Other experimental procedures are described in the
Supporting Experimental Procedures. These include
histologic analysis, hydroxyproline measurement, mea-
surement of triglycerides, western blotting, LPS mea-
surement, quantitative real-time reverse-transcription
polymerase chain reaction, and statistical analysis.

Results

INDUCTION OF HEPATOCYTE
APOPTOSIS IN STEATOSIS
STIMULATES LIVER FIBROSIS
IN MICE

Hepatocytes were sensitized by repetitive adminis-
tration of GalN to HFD-fed mice in order to investi-
gate whether liver fibrosis is triggered by the induction
of TNF-a-mediated hepatocyte apoptosis in the sim-
ple fatty liver. Liver fibrosis and HSC activation were
induced in mice treated with an HFD plus GalN, as
demonstrated by sirius red staining and hydroxyproline
content (Fig. 1A, upper panel, 1B; Supporting Fig.
S1A, upper panel), mRNA and protein expression of
collagen (Fig. 1C, left panel, 1D), mRNA expression
of the fibrosis-related marker secreted protein acidic
and rich in cysteine (SPARC) (Fig. 1C, right panel),
and expression of the HSC-activation marker a-
smooth muscle actin (a-SMA) (Fig. 1A, lower panel,
1E; Supporting Fig. S1A, lower panel). In contrast to
the combination treatment, the HFD or GalN treat-
ment alone did not induce HSC activation or liver
fibrosis. Liver steatosis, as examined by Sudan IV
staining and triglyceride measurement in the liver, was
induced by both an HFD and an HFD plus GalN in
mice, and this was accompanied by an increase in
body weight (Fig. 2A-C). However, infiltration of
inflammatory cells and inflammatory foci were only
observed in the liver of mice treated with an HFD plus
GalN (Fig. 2A; Supporting Fig. S1B), suggesting
that the steatosis induced by an HFD is not suffi-
cient for induction of inflammation and fibrosis. More-
over, terminal deoxynucleotidyl transferase–mediated
deoxyuridine triphosphate nick-end labeling-positive
(apoptotic) cells were increased only in the mice
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treated with an HFD plus GalN, and examination
under high magnification revealed that the apoptotic
cells were hepatocytes (Fig. 2A,D). In accordance
with apoptosis induction, mRNA expression of TNF-
a was increased only in mice treated with an HFD
plus GalN (Fig. 2E). These results suggest that GalN
treatment triggers TNF-a-mediated hepatocyte apo-
ptosis in the steatotic liver induced by an HFD and
that liver fibrosis develops in the fatty liver in which
hepatocyte apoptosis has been induced. In the well-

established NASH model developed using the
choline-deficient diet (CDD), we observed hepatocyte
ballooning and severe inflammatory cell infiltration
together with liver fibrosis (Supporting Fig. S2).
However, in the HFD plus GalN model, these effects
were milder than those in the CDD model and we
did not detect hepatocyte ballooning (Fig. 2A) or
ALT elevation (Fig. 2F), suggesting that severe hepa-
tocellular injury is not necessary for the induction of
liver fibrosis.
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FIG. 1. Liver fibrosis is induced by GalN administration in HFD-fed mice. Mice were fed a normal diet or an HFD and were or
were not intraperitoneally injected with GalN. (A,B) Collagen deposition was assessed by staining with sirius red (A, upper panels;
original magnification 340) and by measuring the hydroxyproline content (B). a-SMA expression was examined through immunohis-
tochemical staining with an anti-a-SMA antibody (A, lower panels; 340). (C) Expression of the indicated mRNA variants in the
liver was determined using quantitative real-time reverse-transcription polymerase chain reaction. (D,E) Liver protein extracts were
separated on sodium dodecyl sulfate–polyacrylamide gel electrophoresis gels and then immunoblotting was performed with antibodies
against collagen 1, collagen 3, a-SMA, and GAPDH. Results are presented as the means 6 SD of data collected from at least four
independent experiments. *P < 0.05, one-way analysis of variance (B) and Kruskal–Wallis test (C). Abbreviation: GAPDH, glyceral-
dehyde 3-phosphate dehydrogenase.
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FIG. 2. Hepatocyte apoptosis is induced by GalN administration in HFD-fed mice. Mice were fed a normal diet or an HFD and were
or were not intraperitoneally injected with GalN. (A) Hepatic lipid deposition was assessed by staining with Sudan IV (original magnifi-
cation 3600), and inflammatory cell infiltration and inflammatory foci were assessed using hematoxylin and eosin staining (magnification
3200). Apoptotic nuclei were identified using TUNEL staining (magnification 340 and 3600). (B) Hepatic lipid content was assessed
by measuring triglycerides. (C) Body weight was measured. (D) TUNEL-positive cells identified in high-power fields were counted.
(E) mRNA expression of TNF-a in the liver was measured using quantitative real-time reverse-transcription polymerase chain reaction.
(F) Serum ALT levels were determined. Results are shown as the means 6 SD of data collected from at least four independent experi-
ments. *P < 0.05, Kruskal–Wallis test (B,C,D) and one-way analysis of variance (E,F). Abbreviations: H-E, hematoxylin and eosin;
HPF, high-power field; TUNEL, terminal deoxynucleotidyl transferase–mediated deoxyuridine triphosphate nick-end labeling.
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LPS AND TNF-a ARE INVOLVED
IN HEPATOCYTE APOPTOSIS
AND LIVER FIBROSIS IN MICE
TREATED WITH AN HFD PLUS
GalN

Bacterial overgrowth in the gut microbiota plays a
role in the progression to NASH.(10) To examine the
involvement of the microbiota in liver fibrosis, we ana-
lyzed the LPS concentration in portal blood and the
composition of the gut microbiota. In mice treated
with an HFD or an HFD plus GalN, the LPS concen-
tration in portal blood was elevated (Supporting Fig.
S3A). The composition of the gut microbiota in the
HFD and HFD plus GalN groups varied markedly
from that in the control or GalN groups (Supporting
Fig. S3B), and Proteobacteria, which produce LPS,
were increased in these groups (Supporting Fig. S3C).
Gut sterilization by antimicrobial treatment reduced
liver fibrosis and a-SMA expression but did not affect
liver steatosis (Fig. 3A-D; Supporting Fig. S1C). Gut
sterilization prevented LPS elevation in mice treated
with an HFD plus GalN (Fig. 3E). Similarly, TNF-a
induction (Fig. 3C) and hepatocyte apoptosis (Fig. 3F)
were reduced by the antimicrobial treatment. More-
over, liver fibrosis and hepatocyte apoptosis induced by
the HFD plus GalN were inhibited in TNF-a–/– mice
(Fig. 4; Supporting Fig. S1D) and expression of TNF-
a was eliminated (Supporting Fig. S4A), whereas stea-
tosis was induced in the TNF-a–/– mice. These results
suggest that TNF-a is a key mediator of hepatocyte
apoptosis and liver fibrosis. Thus, we propose that in
mice treated with an HFD or HFD plus GalN, dys-
biosis in the gut microbiota likely causes an elevation
in the amount of LPS in the portal blood, which trig-
gers TNF-a production from liver macrophages by
acting through TLR4; the produced TNF-a then
induces apoptosis in the GalN-sensitized hepatocytes.
This initial hepatocyte apoptosis might result in fur-
ther induction of TNF-a through macrophage activa-
tion, which in turn might induce further apoptosis in
GalN-sensitized hepatocytes, mediating liver fibrosis.

HEPATOCYTE APOPTOSIS
STIMULATES LIVER FIBROSIS IN
MICE TREATED WITH AN HFD
PLUS GalN

As noted above, liver fibrosis develops in the fatty
liver in which hepatocyte apoptosis has been induced

in mice treated with an HFD plus GalN. Because
nuclear factor (NF)-jB activation prevents TNF-a-
mediated hepatocyte apoptosis,(32) we used inhibitor of
NF-jB kinase subunit b (IKK2)hep-CA mice in which
NF-jB was activated in the liver,(33) as determined by
an increase in phosphorylated IjB and the NF-jB tar-
get molecule A1 and a decrease of nonphosphorylated
IjB (Supporting Fig. S4B) as previously reported, to
determine whether hepatocyte apoptosis is causally
related to liver fibrosis. Untreated IKK2hep-CA mice
showed no liver injury or inflammation(34) and resisted
hepatocyte apoptosis and HSC activation induced by
hepatocyte-specific knockout of NF-jB regulatory
subunit IKK-gamma (also known as NEMO).(33) In
accordance with these previous reports, untreated
IKK2hep-CA mice exhibited no liver fibrosis (data not
shown). Notably in these mice, liver fibrosis and hepa-
tocyte apoptosis triggered by treatment with an HFD
plus GalN were inhibited despite steatosis induction
(Fig. 5; Supporting Fig. S1E). These results suggest
that inhibition of hepatocyte apoptosis by hepatocyte-
specific expression of constitutively active IKK2
reduced liver fibrosis in mice treated with an HFD
plus GalN. Thus, hepatocyte apoptosis stimulates liver
fibrosis in this disease model.

CBP DEFICIENCY REDUCES
LIVER FIBROSIS INDUCED
BY AN HFD PLUS GalN IN MICE

We had previously reported that PRI-724, a selec-
tive inhibitor of the CBP/b-catenin interaction,
attenuates CCl4 or BDL-induced liver fibrosis.(26)

Similarly, PRI-724 treatment reduced the liver fibrosis
induced by an HFD plus GalN despite steatosis induc-
tion (Supporting Fig. S5). As b-catenin associates with
TNF-a-mediated hepatocyte apoptosis,(25) we next
examined the contribution of CBP/b-catenin signaling
in our model. In the liver of mice treated with an
HFD plus GalN, expression levels of Wnt/b-catenin
target genes were increased compared to levels in con-
trol diet-fed mice (Fig. 6A). mRNA expression of glu-
tamine synthetase and S100A4, which are regulated by
b-catenin signaling, was increased in the liver of mice
treated with an HFD plus GalN; however, an HFD or
GalN alone did not affect the expression (Fig. 6B),
suggesting that b-catenin signaling is activated in livers
in which hepatocyte apoptosis and liver fibrosis are
induced.
Glutamine synthetase and S100A4 protein expres-

sion were increased and were observed in parenchymal
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and nonparenchymal cells, respectively (Fig. 6C,D).
This suggests that b-catenin signaling is activated in
both parenchymal and nonparenchymal cells. To
directly investigate the involvement of b-catenin

signaling in liver fibrosis, hepatocyte specific b-catenin
knockout (b-cateninhep-KO) mice were treated with an
HFD plus GalN. Here, liver fibrosis, infiltration of
inflammatory cells, and hepatocyte apoptosis were
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FIG. 3. Gut sterilization attenuates liver fibrosis induced by an HFD plus GalN. Mice were treated with an HFD plus GalN supple-
mented with or without antimicrobials for 8 weeks. (A,B) Collagen deposition was assessed by staining with sirius red (A, upper panels;
original magnification 340) and by measuring the hydroxyproline content (B). (C) Liver protein extracts were separated using sodium
dodecyl sulfate–polyacrylamide gel electrophoresis and immunoblotted with antibodies against a-SMA, TNF-a, and GAPDH. (D)
Hepatic lipid content was assessed through triglyceride measurement. (E) LPS levels in portal blood were measured. (A,F) Apoptotic
nuclei were identified using TUNEL staining (A, lower panels; magnification 340). TUNEL-positive cells identified in high-power
fields were counted (F). Results are presented as the means 6 SD of data collected from at least four independent experiments. *P <
0.05, Kruskal–Wallis test (B,D,F) and one-way analysis of variance (E). Abbreviations: GAPDH, glyceraldehyde 3-phosphate dehydro-
genase; HPF, high-power field; TUNEL, terminal deoxynucleotidyl transferase–mediated deoxyuridine triphosphate nick-end labeling.
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attenuated (Supporting Fig. S6A), although fibrosis in
the steatotic liver could not be evaluated using these
mice because liver triglyceride concentration and body
weight did not increase relative to the control
(Supporting Fig. S6B,C).
Metabolic abnormality might exist in b-cateninhep-KO

mice, and so we developed conditional CBP-knockout
mice. CBPhep-KO mice, in which expression of CBP
was eliminated in hepatocytes (Supporting Fig. S4C),
showed reduced liver fibrosis (Fig. 7A,B; Supporting
Fig. S1F) accompanied by a lack of a-SMA expression
(Fig. 7C) compared to control CBP-flox mice after
treatment with an HFD plus GalN. In addition,
induction of hepatocyte apoptosis was also attenuated

in the CBPhep-KO mice (Fig. 7A,D). Moreover, the
increase in glutamine synthetase and S100A4 expres-
sion in the liver induced by an HFD plus GalN was
inhibited in these mice. These results suggest that
CBP knockout in hepatocytes results in the suppres-
sion of hepatocyte apoptosis and of subsequent liver
fibrosis. Furthermore, CBPfibro-KO mice, in which
expression of CBP was eliminated in activated HSCs
(Supporting Fig. S4D), also showed reduced liver
fibrosis (Fig. 7A,B) accompanied by a lack of increase
in a-SMA and S100A4 expression (Fig. 7C). In con-
trast to CBPhep-KO mice, the CBPfibro-KO mice exhib-
ited hepatocyte apoptosis and glutamine synthetase
expression (Fig. 7A,C,D). Thus, the fibrotic pathway
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FIG. 4. TNF-a deficiency reduces liver fibrosis and hepatocyte apoptosis induced by an HFD plus GalN. TNF-a1/1 and TNF-a–/–

mice were treated with an HFD plus GalN. (A,B) Collagen deposition was assessed using sirius red staining (A, upper panels; original
magnification 340) and by measuring the hydroxyproline content (B). (C) Hepatic lipid content was assessed by measuring triglycer-
ides. (A,D) Apoptotic nuclei were identified using TUNEL staining (A, lower panels; magnification 340). TUNEL-positive cells
identified in high-power fields were counted (D). Results are shown as the means 6 SD of data collected from at least four indepen-
dent experiments. *P < 0.05, one-way analysis of variance (B) and Kruskal–Wallis test (C,D). Abbreviations: HPF, high-power field;
TUNEL, terminal deoxynucleotidyl transferase–mediated deoxyuridine triphosphate nick-end labeling.
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from hepatocyte apoptosis induced by an HFD plus
GalN was blocked at collagen-producing cells, such as
activated HSCs in CBPfibro-KO mice. These results
suggest that the S100A4-expressing cells were
collagen-producing cells.
The activated CBP/b-catenin complex functions in

liver fibrosis both by promoting hepatocyte apoptosis
and by activating HSCs. Unlike the aforementioned
two conditional knockout mice, macrophage specific
CBP-knockout (CBPmac-KO) mice, in which expres-
sion of CBP was eliminated in macrophages (Support-
ing Fig. S4E), showed liver fibrosis and hepatocyte
apoptosis at levels comparable to those in CBP-flox
mice after treatment with an HFD plus GalN (Fig.
7A,B,D). Increased expression of a-SMA, glutamine

synthetase, and S100A4 in the liver was also observed
in these mice. These results suggest a minor role for
macrophage CBP/b-catenin in hepatocyte apoptosis
and liver fibrosis.
Furthermore, in contrast to b-cateninhep-KO mice,

the three types of conditional CBP-knockout mice
showed liver steatosis (Fig. 7E). Elevation of mRNA
expression of TNF-a by an HFD plus GalN was
observed in the liver of CBPfibro-KO and CBPmac-KO

mice. Conversely, there was no significant difference in
TNF-a between control and CBPhep-KO mice (Sup-
porting Fig. S7). Because apoptosis was reduced in
CBPhep-KO mice, any subsequent additional response,
including TNF-a production mediated by initial hepa-
tocyte apoptosis, might be attenuated in these animals.
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FIG. 5. IKK2hep-CA mice show reduced liver fibrosis and hepatocyte apoptosis induced by an HFD plus GalN. Alb-Cre and
IKK2hep-CA mice were treated with an HFD plus GalN. (A,B) Collagen deposition was assessed by staining with sirius red (A, upper
panels; original magnification 340) and by measuring the hydroxyproline content (B). (C) Hepatic lipid content was assessed by
measuring triglycerides. (A,D) Apoptotic nuclei were identified using TUNEL staining (A, lower panels; magnification 340).
TUNEL-positive cells identified in high-power fields were counted (D). Results are presented as the means 6 SD of data collected
from at least four independent experiments. *P < 0.05, one-way analysis of variance (B) and Kruskal–Wallis test (C,D). Abbreviations:
Alb-Cre, albumin promoter-driven Cre recombinase; HPF, high-power field; TUNEL, terminal deoxynucleotidyl transferase–medi-
ated deoxyuridine triphosphate nick-end labeling; WT, wild type.
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Discussion
In this study, we investigated the contribution of

hepatocyte apoptosis to the progression of liver fibrosis

in steatotic liver in mice. Our results suggest that hepa-
tocyte apoptosis stimulates liver fibrosis and that the
CBP/b-catenin complex functions in liver fibrosis by
promoting hepatocyte apoptosis and activating HSCs.
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FIG. 6. b-catenin signaling in the liver is activated by an HFD plus GalN. Mice were fed a normal diet or an HFD and were or
were not intraperitoneally injected with GalN. (A) mRNA expression levels of the indicated b-catenin target genes in the liver were
determined using the RT2 Profiler PCR Array. (B) mRNA expression of glutamine synthetase and S100A4 in the liver was deter-
mined using quantitative real-time RT-PCR. (C,D) Expression of glutamine synthetase and S100A4 was examined by performing
immunohistochemical staining (C, upper panels; original magnification 3100, lower panels; 3200) and western blotting (D) with spe-
cific antibodies. Liver protein extracts were separated using sodium dodecyl sulfate–polyacrylamide gel electrophoresis and then immu-
noblotted with antibodies against glutamine synthetase, S100A4, and GAPDH. Results are shown as the means 6 SD of data
collected from at least four independent experiments. *P < 0.05, one-way analysis of variance. Abbreviations: GAPDH, glyceraldehyde
3-phosphate dehydrogenase; RT-PCR, reverse-transcription polymerase chain reaction.
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These findings offer novel therapeutic possibilities for
the treatment of liver fibrosis progression in NASH.
Hepatic steatosis, hepatocyte ballooning, and lobular

inflammation are features of NASH.(35) Patients with
NAFLD and liver fibrosis, regardless of steatohepatitis
or NAFLD activity score, present shorter survival
times than do those without fibrosis,(2) and hepatic
fibrosis is the only histologic feature that predicts liver-
related mortality in these patients.(2,36) Thus, fibrosis is
the most important therapeutic target in NASH. In
the injured liver, initial hepatocyte death stimulates

subsequent inflammatory responses, which lead to fur-
ther liver injury and fibrosis. HSC activation and fibro-
genesis are mediated by a complex crosstalk between
damaged parenchymal and nonparenchymal cells, such
as macrophages, which activate HSCs.(37) Hepatocyte
apoptosis has been implicated in disease progression in
NAFLD,(8) and in our model, the induction of TNF-
a-mediated hepatocyte apoptosis by GalN in the stea-
totic liver stimulated liver fibrosis. In contrast to other
well-established NASH models (such as those induced
using MCDD, CDD, a high-fat high-cholesterol diet,
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FIG. 7. CBPhep-KO and CBPfibro-KO mice show reduced liver fibrosis induced by an HFD plus GalN. CBP-flox, CBPhep-KO, CBPfibro-KO,
and CBPmac-KO mice were treated with an HFD plus GalN. (A,B) Collagen deposition was assessed through sirius red staining
(A, upper panels; original magnification 340) and by measuring the hydroxyproline content (B). (C) Liver protein extracts were sepa-
rated using sodium dodecyl sulfate–polyacrylamide gel electrophoresis and then immunoblotted with antibodies against a-SMA, gluta-
mine synthetase, S100A4, and GAPDH. (A,D) Apoptotic nuclei were identified using TUNEL staining (A, lower panels;
magnification 340). TUNEL-positive cells identified in high-power fields were counted (D). (E) Hepatic lipid content was assessed by
measuring triglycerides. Results are presented as the means 6 SD of data collected from at least four independent experiments. *P <
0.05, one-way analysis of variance (B) and Kruskal–Wallis test (D,E). Abbreviations: GAPDH, glyceraldehyde 3-phosphate dehydroge-
nase; HPF, high-power field; TUNEL, terminal deoxynucleotidyl transferase–mediated deoxyuridine triphosphate nick-end labeling.
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and a high-fat high-carbohydrate diet), treatment with
an HFD plus GalN in our model induced liver fibrosis
without an increase in ALT. Elevated ALT levels are
generally considered to represent increased risk of
NASH. However, the ALT level does not correlate
with hepatocyte apoptosis,(38) and patients with
NAFLD presenting normal levels of ALT might also
exhibit severe fibrosis.(39-41) These reports and our
results suggest that for the induction of liver fibrosis,
hepatocellular injury accompanied by a deviation of
liver enzyme levels is not necessary whereas hepatocyte
apoptosis is sufficient. Intestinal dysbiosis is implicated
in disease progression in NAFLD, and gut-derived
LPS directly affects macrophages and HSCs,(42) which
results in liver fibrosis. Accordingly, gut sterilization
ameliorated liver fibrosis and concurrently reduced
hepatocyte apoptosis in mice treated with an HFD
plus GalN. Thus, the gut microbiota-derived LPS in
portal blood increase TNF-a, which induces apoptosis
in the hepatocytes sensitized by GalN. However, in
mice treated with an HFD alone, TNF-a expression
was not increased in the liver despite the occurrence of
LPS elevation in the portal blood, which suggests that
HFD-induced intestinal dysbiosis is not adequate for
triggering TNF-a production and hepatocyte apopto-
sis. Damage-associated molecular-pattern molecules
are released from immunogenic apoptotic cells and
stimulate macrophages(43) that produce proinflamma-
tory cytokines, such as TNF-a.(13) Thus, initial hepa-
tocyte apoptosis might result in further induction of
TNF-a-mediated apoptosis through macrophage acti-
vation in addition to the response to LPS. Consistent
with this concept, the elevation of TNF-a by an HFD
plus GalN was not observed in the liver of CBPhep-KO

mice in which hepatocyte apoptosis was attenuated.
Because simple steatosis does not sensitize hepato-

cytes,(20) the process of sensitization to apoptosis in
patients with NASH is unclear. GalN has been
reported to block hepatic mRNA transcription by met-
abolic depletion of uridine nucleotides,(44,45) leading to
transcriptional inhibition of anti-apoptotic molecules.
Based on RNA fingerprinting analysis using arbitrarily
primed polymerase chain reaction, we previously
reported that the majority of complementary DNA
bands do not display significant changes in the liver
after GalN treatment, indicating that expression of the
majority of the mRNA population in the liver is not
influenced by GalN treatment.(46) In addition, GalN
treatment increases antioxidant selenoprotein P and
glutathione peroxidase-1 expression in the liver, and
H2O2 treatment sensitizes Huh-7 cells against

TNF-a-induced apoptosis, suggesting possible involve-
ment of reactive oxygen species in the sensitization.(46)

Thus, reactive oxygen species may contribute to the sen-
sitization mechanisms for patients with NASH.
As indicated by the preceding discussion, control of

hepatocyte apoptosis and liver fibrosis is crucial for the
treatment of NASH. We previously reported that
PRI-724, an inhibitor of CBP/b-catenin interaction,
reduces liver fibrosis mediated by BDL, CCl4,

(26) or
hepatitis C virus(27) in mice and directly prevents HSC
activation, which results in a reduction of collagen
expression in vitro.(26) In accordance with our previous
results, CBPfibro-KO mice showed reduced liver fibrosis
after treatment with an HFD plus GalN, which indi-
cates that the activation of CBP/b-catenin signaling
stimulates collagen production by HSCs. Liver macro-
phages contribute to both liver fibrosis and fibrosis
resolution,(28,47,48) and PRI-724 likely enhances the
production of matrix metalloproteinases from M1
macrophages, which accelerates fibrosis resolution.(26)

However, in CBPmac-KO mice, hepatocyte apoptosis
and liver fibrosis were comparable to those in control
CBP-flox mice, which suggests that CBP/b-catenin
signaling in macrophages plays a minor role in the
model used here. In addition to the role of CBP in
fibroblasts, our results revealed the involvement of
CBP/b-catenin signaling in hepatocyte apoptosis after
treatment with an HFD plus GalN. b-cateninhep-KO

mice are resistant to TNF-a-mediated hepatocyte apo-
ptosis because of increased NF-jB activation.(25)

However, an inhibitor of CBP/b-catenin interaction,
ICG-001, reduced NF-jB activation in the hepatoma
cell line Hep3B,(25) which suggests that the anti-
apoptotic effect in CBPhep-KO mice does not depend
on NF-jB activation. In addition to inactivation of
NF-jB, various other pro-apoptotic mechanisms of b-
catenin have been reported. In melanoma cells, activa-
tion of b-catenin signaling enhances the apoptosis
induced by TNF-receptor death-inducing ligand, and
this is accompanied by increased levels of pro-
apoptotic molecules BCL2L11 and BBC3 and a
decreased level of the anti-apoptotic molecule
MCL1.(49) Moreover, conditional expression of an
active form of b-catenin increases apoptosis frequency
in hematopoietic stem/progenitor cells.(50) Thus, anti-
apoptotic mechanisms of some type potentially exist in
CBPhep-KO mice.
Our data do not reveal the source of TNF-a, and

the roles of macrophages in liver fibrosis in the HFD
plus GalN model have not been investigated. The
mechanisms of b-catenin activation in the liver of mice
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treated with an HFD plus GalN also remain unclear as
does the mechanism by which CBP knockout prevents
hepatocyte apoptosis and HSC activation. Thus, fur-
ther investigation is required to resolve these uncer-
tainties. In conclusion, induction of TNF-a-mediated
hepatocyte apoptosis stimulates collagen-producing
cells to trigger liver fibrosis in the steatotic liver. The
inhibition of CBP/b-catenin signaling attenuates the
liver fibrosis due to the reduction of hepatocyte apo-
ptosis and suppression of HSC activation. Thus, tar-
geting CBP/b-catenin represents a new therapeutic
strategy for treating fibrosis in NASH.
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