Carcinogenesis, 2015, Vol. 36, No. 12, 1539-1549

doi:10.1093/carcin/bgv143
Advance Access publication October 22, 2015
Original Manuscript

ORIGINAL MANUSCRIPT

Connexin 32 and luteolin play protective roles in non-
alcoholic steatohepatitis development and its related
hepatocarcinogenesis in rats

Hiroyuki Sagawa'?, Aya Naiki-Ito**, Hiroyuki Kato?, Taku Naiki’, Yoriko Yamashita’,
Shugo Suzuki?, Shinya Sato?!, Kosuke Shiomi?, Akihisa Kato'?, Toshiya Kuno?,
Yoichi Matsuo?, Masahiro Kimura?, Hiromitsu Takeyama? and Satoru Takahashi®

‘Department of Experimental Pathology and Tumor Biology, 2Department of Gastroenterological Surgery and *Department of
Gastroenterology and Metabolism, Nagoya City University Graduate School of Medical Sciences, 1-Kawasumi, Mizuho-cho,
Mizuho-ku 467-8601, Nagoya, Japan

*To whom correspondence should be addressed. Tel: +81 52 853 8156; Fax: +81 52 852 3179; Email: ayaito@med.nagoya-cu.ac.jp

Abstract

Non-alcoholic steatohepatitis (NASH) has the potential to lead to the development of cirrhosis and hepatocellular
carcinoma (HCC). Connexin (Cx) 32, a hepatocyte gap-junction protein, plays a preventive role in hepatocarcinogenesis.
However, the precise contribution of Cx32 in the development of NASH has not been established. In this study, we aimed
to clarify the role of Cx32 and the chemopreventive effect of luteolin, an antioxidant flavonoid, on the progression of
NASH and NASH-related hepatocarcinogenesis. Cx32 dominant negative transgenic (Cx32ATg) and wild-type (Wt) rats

at 10 weeks of age were given diethylnitrosamine and fed methionine-choline-deficient diet (MCDD) or MCDD with
luteolin for 12 weeks. MCDD induced steatohepatitis and fibrosis along with increased inflammatory cytokine expression
and reactive oxygen species in the liver. These effects were more severe in Cx32ATg rats as compared with Wt rats, and
significantly suppressed by luteolin in both genotypes. Concerning NASH-related hepatocarcinogenesis, the number of
glutathione S-transferase placental form (GST-P)-positive foci was greater in Cx32ATg versus Wt rats, and significantly
reduced by luteolin in Cx32ATg rats. Microarray analysis identified brain expressed, X-linked 1 (Bex1) as an upregulated
gene in Cx32ATg rat liver. Quantitative RT-PCR and in situ hybridization revealed that increased Bex1 mRNA was localized
in GST-P-positive foci in Cx32ATg rats, and the expression level was significantly decreased by luteolin. Moreover, Bex1
knockdown resulted in significant growth inhibition of the rat HCC cell lines. These results show that Cx32 and luteolin
have suppressive roles in inflammation, fibrosis and hepatocarcinogenesis during NASH progression, suggesting a potential
therapeutic application for NASH.

Introduction

Non-alcoholic fatty liver disease is a common risk factor for
chronic liver disease, and it has become as a major worldwide
public health problem (1,2). Non-alcoholic fatty liver disease
comprises a spectrum of diseases ranging from simple stea-
tosis to steatohepatitis [non-alcoholic steatohepatitis (NASH)],
fibrosis and ultimately cirrhosis (3). It has been clearly demon-
strated that NASH is a predisposing factor for the development

of hepatocellular carcinoma (HCC) (4). NASH is increasingly rec-
ognized as a liver manifestation of metabolic syndrome related
to obesity, insulin resistance, type 2 diabetes mellitus and
dyslipidemia (3,5). A ‘two-hit model’ has been postulated as a
potential mechanism responsible for the pathogenesis of NASH.
The metabolic syndrome provides the first hit, and the second
hit can result from various factors, including mainly oxidative
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Abbreviations

a-SMA a-smooth muscle actin

Bex1 brain expressed, X-linked 1

Cx connexin

Cx32ATg Cx32 dominant negative transgenic

DEN diethylnitrosamine

GJ gap-junctional

GJIC gap-junctional intercellular communication
GST-P glutathione S-transferase placental form
HCC hepatocellular carcinoma

IL interleukin

MCDD methionine—choline-deficient diet

NAS non-alcoholic fatty liver disease activity score
NASH non-alcoholic steatohepatitis

NF-xB nuclear factor-xB

ROS reactive oxygen species

Wt wild-type

stress, inflammation and gut-derived endotoxins (6,7). In addi-
tion, among other critical risk factors for NASH, aging is strongly
associated with the development and progression of NASH (8).
Aging alters the liver morphology and signaling pathways, and
it results in decreased liver function (9).

Connexin (Cx) 32, a major gap-junctional (GJ) protein of
hepatocytes, plays an important role in liver tissue homeostasis
(10). In our previous study, we examined transgenic rats carrying
a dominant negative mutant of Cx32 under control of an albu-
min promoter to determine the role of Cx32 in hepatotoxicity
and hepatocarcinogenesis (11). Cx32 dominant negative trans-
genic (Cx32ATg) rats have a greatly decreased capacity for GJ
intercellular communication (GJIC) and are highly susceptibil-
ity to liver carcinogens (11,12). Other studies have also reported
that Cx32 has essential functions in protection against hepato-
carcinogenesis in rats and humans (13,14). Recently, we reported
that old rats exhibit markedly decreased Cx32 protein expres-
sion in the liver and high susceptibility to diethylnitrosamine
(DEN)-induced hepatocarcinogenesis, similar to Cx32ATg rats
(15). This finding suggests that Cx32 dysfunction is at least par-
tially involved in hepatocarcinogenesis in old rats; however, the
relationship between Cx32 and NASH has not been studied yet.

Flavonoids are phytochemical compounds present in various
fruits and vegetables, tea, wine, seeds and other foods or bev-
erages derived from plant sources. It has been recognized that
dietary flavonoids have biological activities including antioxi-
dant, anti-inflammatory and antitumor effects in humans (16—
18). Suppression of the development and progression of NASH
by intake of flavonoids may contribute to chemoprevention
of NASH and NASH-related HCC. For instance, resveratrol and
quercetin have been shown to decrease steatosis and hepatocel-
lular damage in rodents (19,20). Luteolin (3',4,5,7-tetrahydroxy
flavone) is a flavonoid present in celery, green pepper, parsley,
perilla leaf and chamomile tea. It possesses many beneficial
properties including antioxidant, anti-inflammatory, antidia-
betic and antiproliferative functions (21). However, the effect of
luteolin ingestion on NASH has not established.

In this study, we adopted a rat model of NASH induced by
a methionine-choline-deficient diet (MCDD), and we examined
the role of Cx32 in the development of NASH and hepatocar-
cinogenesis by comparing Cx32ATg rats and their wild-type (Wt)
littermates. In addition, the preventive effects of luteolin on
NASH were also determined in each rat genotype. Furthermore,
to identify the genes responsible for NASH-related hepatocar-
cinogenesis, cDNA microarray analysis, in situ hybridization and
in vitro analysis were performed.

Materials and methods

The detailed description for the Materials and methods is available in
Supplementary Materials and Methods, available at Carcinogenesis Online.

Animal treatments

Male Cx32ATg rats and Wt littermates at 10 weeks of age received MCDD
(Oriental BioService, Inc., Kyoto, Japan) or MCDD alone with luteolin (100
ppm) for 12 weeks, beginning 2 days after administration of a single intra-
peritoneal injection of 200mg/kg DEN (Tokyo Kasei Kogyo Co. Ltd, Tokyo,
Japan). The four groups studied were Cx32ATg, Cx32ATg rats receiving
MCDD (n = 19); Cx32ATg+L, Cx32ATg rats receiving MCDD with luteolin
(n =19); Wt, Wt rats receiving MCDD (n = 18); Wt+L, Wt rats receiving MCDD
with luteolin (n = 19). Four rats in each group were killed at the second
week, and other rats were killed at the 12th week following feeding of
experimental diets.

Histological analysis of NASH

The livers were immediately excised, weighed and cut into slices 3-4mm
thick. They were then fixed in 10% buffered formalin, embedded in par-
affin and routinely processed for histological evaluation (2-3 pm thick).
Sections were stained with hematoxylin and eosin (H&E) or Azan and
were also used for immunohistochemistry for a-smooth muscle actin (a-
SMA; Dako, Tokyo, Japan). Additional frozen sections were cut into 6 pm
thick slices and used for oil red O staining. For each liver section used for
a-SMA and oil red O staining, five images were taken at random at x20
magnification and digitized using an image analyzer (fluorescence micro-
scope, BZ-9000, Keyence, Osaka, Japan). The ratio of the stained area to
the total area in the liver was expressed as a percentage. The percentage
stained area for each image was then averaged to give a mean score per
liver section. Progression of steatohepatitis was evaluated using a non-
alcoholic fatty liver disease activity score (NAS) that represents a sum of
three scores, namely, severity of steatosis (0-3), lobular inflammation (0-2)
and hepatocyte ballooning (0-3). NAS and scores for fibrosis (0-4) were
diagnosed by three experienced pathologists (A.N.,Y.Y. and S.T.), according
to the method described by Kleiner et al. (22). Briefly, for steatosis, speci-
mens were classified into grades 0-3 (0: steatosis occupying <5% of the
hepatic parenchyma; 1: 5-33%; 2: >33-66%; 3: >66%). For lobular inflamma-
tion, specimens were classified into grades 0-3 (0: no inflammatory foci;
1: <2 inflammatory foci; 2: 2-4 inflammatory foci; 3: >4 inflammatory foci
per 200x field). For hepatocyte ballooning, specimens were classified into
grades 0-2 (0: none; 1: few balloon cells; 2: many cells or prominent bal-
looning). The staging of fibrosis was classified into stage 04 (0: none; 1:
perisinusoidal or periportal; 2: perisinusoidal and periportal; 3: bridging
fibrosis; 4: cirrhosis).

Detection of reactive oxygen species production

Frozen liver sections from 10 rats in each group were cut 6 pm thick and
incubated with 5 pM dihydroethidium (Life Technologies, Carlsbad, CA) in
PBS for 15min in the dark. The slides were washed with PBS and assessed
at 518/605nm with an image analyzer (Keyence). Five images per rat were
taken at random with same exposure time at x40 magnification, and then,
the average fluorescence intensity in the nucleus of hepatocytes was
quantified using an optional software (BZ-analysis application, Keyence).

Immunohistochemical staining for Cx32 and Cx26

The detailed methods for fluorescence immunohistochemistry employed
in the study have been described previously (15). Frozen sections were
cut 5 pm thick and fixed in cold acetone and 10% buffered formalin.
A polyclonal rabbit antibody against Cx32 (Life Technologies) was used
with biotin-conjugated anti-rabbit IgG and TRITC-labeled streptavidin
(Life Technologies) to visualize the endogenous proteins using an image
analyser (Keyence). A monoclonal mouse antibody against Cx26 (Life
Technologies) was used with biotin-conjugated anti-mouse IgG and FITC-
labeled streptavidin (Life Technologies).

In situ hybridization

A fragment of brain expressed, X-linked 1 (Bex1) cDNA was cloned into
the pGEM-T vector (Promega, Madison, WI), and antisense and sense
Bex1 riboprobes were prepared using pGEM-T/Bex1 as the template with
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a digoxigenin RNA labeling kit (Roche Diagnostics, Basel, Switzerland). In
situ hybridization was carried out to detect Bex1 mRNA expression in glu-
tathione S-transferase placental form (GST-P)-positive foci in this study
(n = 3) and in HCC in Cx32ATg and Wt rats in a previous study (n = 3) (23).
To avoid variations in staining intensity, the assay was performed on all
sections on the same day with the same reagents. After deparaffinization,
sections were treated with 20mg/ml proteinase K for 60min at 37°C, post-
fixed in 4% paraformaldehyde for 10min and then placed in hybridization
solution containing digoxigenin-labeled antisense riboprobes for 16-18h
at 50°C. After hybridization, the sections were washed in 2x saline sodium
citrate/50% formamide for 30min at 50°C, treated with 50 pg/ml of RNase
(Roche Diagnostics) in 2x saline sodium citrate for 30min at 37°C, rinsed
in buffer A (100mM maleic acid, 150mM NacCl, pH 7.5) for 10min and
then incubated in buffer C [1% blocking reagent (Roche Diagnostics) dis-
solved in buffer A] for 30min. Alkaline phosphate-conjugated sheep anti-
digoxigenin Fab fragments (1:1000, Roche Diagnostics) in buffer C were
subsequently applied for 30 min, followed by washing in buffer A contain-
ing 0.2% Tween 20 and buffer B [100mM Tris-HCI (pH 9.5), 100mM NacCl,
50mM MgCl,]. Hybridization signals were detected with nitro-blue tetra-
zolium chloride/5-bromo-4-chloro-3’-indolylphosphatase p-toluidine salt
solution (Roche Diagnostics). The specificity of in situ hybridization was
confirmed by parallel hybridization of the sections with sense riboprobes.

Cell culture

Rat HCC cell lines HSU-C2 and HSU-C6 have been established previously
from a HCC induced by DEN and N-nitrosomorpholine in male F344 rats
in our laboratory (24). The two cell lines were used less than five passages
from the initial establishment and were maintained in Dulbecco’s modified
Eagle’s culture medium (Life Technologies) with 10% fetal bovine serum at
37°C under 5% CO, conditions. To test no changes in typical HCC charac-
teristics occurred, overexpression of GST-P in these cells was confirmed
by quantitative RT-PCR and western blotting for every experiment in this
study. Rat hepatocyte cell line, Clone 9, authenticated before shipment
was obtained from the European Collection of Cell Culture (Salisbury, UK),
maintained in Ham’s F12 culture medium (Life Technologies) and used in
experiments within a month.

Retroviral transduction of rat Bex1 and cell
growth assay

Construction of rat Bexl-encording retroviral vector was performed as
described previously (25). Briefly, rat Bexl cDNA was generated from
RNA extracted from liver tissue of Cx32ATg rats. The cDNA was ampli-
fied by PCR using the following primers: 5-AAAAAGCAGGCTCCAC
CATGGAGTCCAAAGATCAAGG-3" and 5-AGAAAGCTGGGTTCAGGGCATAA
GGCAAAA-3 and adaptor primers 5-GGGGACAAGTTTGTACAAAAAA
GCAGGCT-3" and 5-GGGGACCACTTTGTACAAGAAAGCTGGGT-3". The Bex1
cDNA was subcloned into a donor vector, pPDONR221. After sequence con-
firmation, the Bex1 cDNA was cloned into a destination vector, pMSCVpuro.
For production of recombinant retroviruses, the retroviral vector harboring
the gene interest was transfected into 293T cells with TransIT-293 (Mirus
Bio LLC, Madison, WI), and the culture medium was harvested at 48h after
transfection. Titer of the recombinant viruses was greater than 1x10° drug-
resistant colony forming units per milliliter on Hela cells. One milliliter
of its culture fluid was added with polybrene to Clone 9 cells, which were
grown in Ham’s F12 medium supplemented with puromycin. The drug-
resistant cell lines, Clone 9-Bex1 and Clone 9-Ctrl (negative control infected
with retrovirus), were seeded at 1x10° cells in six-well plates, and the cell
number was counted on day 3 for cell proliferation.

siRNA transfection and cell growth assay

Two selected sequences of rat Bex1-siRNA and MISSION siRNA Universal
Negative Control with no significant homology to any known rat genes
were purchased from Sigma-Aldrich (St Louis, MO). The rat HCC cell lines,
HSU-C2 (5x10% and HSU-C6 (5x10%), were seeded in six-well plates and
transfected with Bex1-siRNA #1, #2, and negative control siRNA at a final
concentration of 40nM using Lipofectamine RNAIMAX (Life Technologies)
according to the manufacturer’s instructions. Three days after transfec-
tion, silencing efficiency was evaluated by quantitative RT-PCR and west-
ern blotting. For monitoring cell proliferation, cells were trypsinized on
day 3 after transfection, and the cell numbers were then counted.

H.Sagawaetal. | 1541

Statistical analysis

Differences in quantitative data, expressed as mean + SD, between groups
were compared by one-way ANALYSIS OF VARIANCE with Tukey multiple
comparison tests (for analysis of data between two and more groups) or
Student’s t-test (for analysis of data between two groups) using Graph Pad
Prism 5 (GraphPad Software, Inc., La Jolla, CA).

Results

Cx32 dysfunction promotes the development of
steatohepatitis and fibrosis

Initially, to explore the relationship between NASH development
and function of hepatocyte GJIC, we investigated MCDD-induced
rat NASH using the Cx32ATg model. There was no significant
difference in the final body weights and liver weights among
the four groups at both weeks 2 and 12 (Supplementary Table 2,
available at Carcinogenesis Online). Serum levels of hepatic
enzymes, including aspartate aminotransferase, alanine ami-
notransferase and alkaline phosphatase, were elevated by
intake of MCDD in all groups, and there was no significant dif-
ference among the groups at week 12 (Supplementary Table 2,
available at Carcinogenesis Online). Initially, the effect of Cx32
dysfunction on the development of NASH was determined.
At week 2, simple liver steatosis was induced by MCDD in all
groups, and the severity in Wt rats was equivalent to that of
Cx32ATg (Figure 1A and B). Mild infiltration of inflammatory
cells was recognized only in Cx32ATg rat livers (Supplementary
Figure 1, available at Carcinogenesis Online). Intake of MCDD for
12 weeks induced hepatic fibrosis in addition to strong fatty
changes and inflammation in livers. There was diffuse paren-
chymal fatty deposition throughout the lobule, and there was no
significant genotype-related difference (Figure 2A). Clusters of
neutrophils mixed with mononuclear cells and hepatocellular
ballooning were frequently observed in the Cx32ATg rat liver,
but the degree of these changes in Wt was milder (Figure 2A and
B). As a result, NAS was significantly higher in Cx32ATg rats than
in Wt (Figure 2C). Hepatic fibrogenesis was evaluated by Azan
staining and immunohistochemical staining for a-SMA. Fibrosis
around the portal tracts was observed in Wt rats. In comparison,
more extensive fibrogenesis was evident in Cx32ATg rats; the
developing fibrous septa were extended not only from the portal
area to the centrilobular zone but also to adjacent portal tracts.
Cirrhosis with bridging fibrosis was also recognized in some
Cx32ATg rat livers (Figure 2A-D). Immunostaining of a-SMA
revealed many myofibroblasts with strong expression within
the collagen band in Cx32ATg rat liver, indicating induction of
an active fibrogenic reaction (Figure 2B and E).

Luteolin attenuates steatohepatitis and fibrosis in
both Cx32ATg and Wt rats

To elucidate the chemopreventive effects of luteolin on the
sequence of NASH, liver histopathology was examined in
Cx32ATg and Wt rats fed either MCDD or MCDD with luteolin.
H&E and oil red O staining revealed that the luteolin decreased
hepatic fat deposition in both rat genotypes, and this trend
was significant in Wt rats at week 2 (Figure 1A-C). Luteolin also
significantly decreased steatosis in Wt rats, and prominently
suppressed lobular inflammation and hepatocyte ballooning,
resulting in a decreased NAS in both Cx32ATg and Wt rats at
week 12 (Figure 2A-C). Azan staining and immunostaining for
a-SMA revealed that fibrosis was reduced by luteolin in both
Cx32ATg and Wt rats, and this tendency was significant in
Cx32ATg rats (Figure 2A, B, D and E).
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Figure 1. The development of steatosis is attenuated by luteolin in rats. Cx32ATg and Wt rats were fed MCDD or MCDD plus luteolin for 2 weeks. (A) H&E and (B) oil
red O staining of liver sections from each group. Scale bars: (A) upper, 5mm; (A) lower and (B), 50 pm. (C) The area of fat deposition was measured by oil red O staining.
Data are presented as mean + SD, n = 4 per group, *P < 0.05 indicates statistical significance between the groups shown.

Luteolin decreases induction of preneoplastic
lesions in Cx32ATg rats

We also found an effect of luteolin on NASH-related hepatocar-
cinogenesis in Cx32ATg and Wt rats. DEN exposure tended to
induce a greater number of preneoplastic GST-P-positive foci in
the livers of Cx32ATg versus Wt rats at weeks 2 and 12. GST-P-
positive foci were decreased by luteolin intake in both Cx32ATg
and Wt rats, and this trend was significant in Cx32ATg rats at
week 12 (Figure 3A-C).

Reduced expression of Cx32 and Cx26 associated
with NASH is prevented by luteolin

To explore the hepatic expression level of GJIC proteins during
the development of NASH, and how the expression is affected by
luteolin, immunohistochemical staining for Cx32 and Cx26 was
performed using Wt rat livers. The expression of Cx32 and Cx26
proteins was punctate at the hepatocyte membrane in Wt rats
without MCDD treatment (Figure 4A). Their expression gradually
decreased during NASH progression in MCDD-treated Wt rats,
and this reduction occurred only during the steatosis phase at

week 2 (Figure 4B and C). Luteolin suppressed the reduction in
hepatic protein expression of Cx32 and Cx26 at both weeks 2
and 12 (Figure 4B and C). The protection against Cx32 down-
regulation by luteolin was also confirmed by western blotting
(Figure 4D).

Oxidative stress and inflammatory cytokines
induced by MCDD are elevated by Cx32 disruption
and normalized by luteolin

We next investigated differences in hepatic oxidative stress
among the four groups assessed by measuring reactive oxy-
gen species (ROS) formation. Dihydroethidium staining assays
indicated that ROS production was enhanced in the liver dur-
ing NASH, and the level was higher in Cx32ATg rats than in Wt.
Furthermore, luteolin significantly suppressed the production
of ROS in both Cx32ATg and Wt rats (Figure 5A and B). mRNA
expression of inflammation- and fibrosis-related cytokines was
used as parameters for NASH activity. The mRNA expression
of Interleukin (IL)-6 was significantly upregulated in Cx32ATg
rats as compared with Wt (Figure 5C). Luteolin significantly
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Figure 2. Steatohepatitis and fibrosis are exacerbated by Cx32 dysfunction and are protected against by luteolin. Cx32ATg and Wt rats were fed MCDD or MCDD plus
luteolin for 12 weeks. (A) H&E and Azan staining of liver sections from each group; scale bars = 200 um. (B) H&E, Azan staining and immunohistochemistry for a-SMA
of liver sections from each group; scale bars = 25 pm. (C) Histopathological analysis of steatohepatitis with severity scores including steatosis, lobular inflammation,
hepatocellular ballooning and NAS. (D and E) Analysis of fibrosis with Azan staining (D) or a-SMA staining (E). Data are presented as mean + SD, n = 14-15 per group,
*P < 0.05, **P < 0.01, **P < 0.001 indicate statistical significance between the groups shown.

suppressed mRNA expression of IL-18 and IL-6 in Cx32ATg rats their expression was significantly downregulated by luteolin
(Figure 5C). The mRNA expression of fibrosis-related cytokines, in Cx32ATg rats (Figure 5D). These gene expression changes
including Tgf-B, Collal, Timp1l, Timp2 and Ctgf, were upregu- had a clear correlation with NAS, degree of fibrosis and ROS

lated in the liver of Cx32ATg compared with Wt rats, and production. Furthermore, western blotting analysis indicated

220z 1890100 82 U 159n6 AQ 1.8/G9EZ/6ESL/Z |/9E/BI0IHE/UIOIED/WOD"dNODIWBPEDE/:SANY WOl POPEOUMOQ



1544 | Carcinogenesis, 2015, Vol. 36, No. 12

Luteolin

Luteolin = +

Number (/cm?)

=

w
IS

[
5]

=)

A\

@)

Number (/cm?)

Cx32ATg Wt Cx32ATg Wt

Area (mm?/cm?)

-

Cx32ATg Wt Cx32ATg Wt

Figure 3. Luteolin decreases induction of preneoplastic foci in Cx32ATg rats with NASH. Cx32ATg and Wt rats were fed MCDD with or without luteolin for 2 or 12 weeks.
(A) Representative GST-P-positive foci induced by DEN in liver sections of each group at 2 (upper, scale bars = 50 pm) and 12 weeks (lower, scale bars = 200 um). (B and
C) Number and area of GST-P-positive hepatic foci induced by DEN at 2 weeks (B) and 12 weeks (C). Data are presented as mean + SD, n = 14-15 per group, *P < 0.01

indicates statistical significance between the groups shown.

significantly lower IkB-a and higher phosphorylated nuclear
factor-xB (NF-kB) expression in Cx32ATg rats than Wt (IkB-a,
P <0.01; NF-xB, P < 0.01), which tended to be attenuated by luteo-
lin treatment (Figure 5E).

Bex1 gene is upregulated and involved in
preneoplastic foci development in Cx32ATg rats

To identify genes related to hepatocarcinogenesis during
NASH development, microarray analysis of liver tissue sam-
ples was performed (Supplementary Tables 3 and 4, available
at Carcinogenesis Online). Many genes were upregulated more
than 2-fold in Cx32ATg rats as compared with Wt, and they
were mostly related to hepatic inflammation and metabolism.
Among the upregulated genes in Cx32ATg rats, the Bex1 gene
appeared to have carcinogenic potential because it was not only
upregulated in Cx32ATg rats but also decreased by luteolin in
correlation with the number of GST-P-positive foci at week 12
(Supplementary Table 3, available at Carcinogenesis Online and
Figure 3C). Quantitative RT-PCR confirmed that expression of
Bex1 mRNA in Cx32ATg rats was more than two times higher
than in Wt and was significantly inhibited by luteolin treatment
in Cx32ATg (Figure 6A). To confirm the involvement of Bex1 in
NASH-related hepatocarcinogenesis, the localization of Bex1l
mRNA was examined by in situ hybridization. Bex1 mRNA was
partially localized in hepatocytes including GST-P-positive foci,
but not in other tissues in the liver. Therefore, Bex1 expression
in GST-P-positive foci was classified according to the intensity
grade. The percentage of Bex1 and GST-P-positive foci (grade 1 or
2) was higher in Cx32ATg rats than Wt. In accordance with this
finding, the total intensity score of Bex1 in GTS-P-positive foci
was significantly increased in Cx32ATg rats as compared with
that in Wt (Figure 6B and Supplementary Table 5, available at
Carcinogenesis Online). Furthermore, the Bex1 mRNA level was
decreased by luteolin treatment in both genotypes (Figure 6B
and Supplementary Table 5, available at Carcinogenesis Online).

Bex1 controls cell proliferation of hepatocytes and
HCC cells

Bex1 expression was significantly increased in HCC cell lines as
compared with normal hepatocyte cell lines (Supplementary
Figure 2, available at Carcinogenesis Online). To evaluate the
potential influence of Bex1 on hepatocarcinogenesis, we overex-
pressed Bex1 in Clone 9 hepatocytes and performed knockdown
of its expression using RNAI in the rat HCC cell lines HSU-C2
and HSU-C6 (24). Forced Bex1 overexpression induced about
2-fold increase in cell proliferation in Clone 9, and western blot
analysis indicated that phosphorylated NF-kB level was elevated
along with Bex1 expression (Figure 6C). Quantitative RT-PCR and
western blot analysis revealed that the expression of Bex1 was
significantly attenuated by two Bex1-siRNAs in HCC cell lines.
The silencing of Bex1 expression induced significant inhibi-
tion of cell proliferation as compared with the negative control
siRNA-transfected group (Figure 6D). Western blotting revealed
that Bex1 silencing led to a decrease in phosphorylated proteins
in both NF-xB and SAPK/JNK signaling pathways in rat HCC cells,
although SAPK/JNK signaling was not affected by Bex1 overex-
pression in Clone 9 (Figure 6C and E).

Discussion

In the present study, we demonstrated a preventive effect of Cx32
on the development of MCDD-induced NASH and NASH-related
hepatocarcinogenesis in rats. MCDD feeding is recognized as a
convenient method for inducing NASH in rodents. In addition to
steatosis, active infiltration of inflammatory cells and hepato-
cyte injury also occur in the liver. Furthermore, enhancement
of proinflammatory cytokines and oxidative stress are observed
in the liver of mice fed MCDD (26). However, MCDD ingestion
does not induce fibrosis in rodents rapidly (27). In the present
experiments, ROS generation, severe inflammation and bridg-
ing fibrosis were observed in Cx32ATg rats. Cx32ATg rats were
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Figure 4. Cx32 and Cx26 expression are reduced in NASH and the reduction is prevented by luteolin. (A-C) Immunohistochemical staining for Cx32 and Cx26 in liver
sections from Wt non-treated control (A), and those fed MCDD or MCDD plus luteolin for 2 weeks (B) and 12 weeks (C). Positively stained hepatocytes are indicated by
arrowheads, and Cx26-positive endothelial cells are indicated by arrows; scale bars = 25 pm. (D) Western blotting for Cx32 and Cx26 proteins in livers of Wt rats fed

MCDD or MCDD with luteolin for 12 weeks. Each lane represents an individual rat.

used in this report instead of a knockout model because these
rats carried a dominant negative mutant of Cx32 that blocked
gap-junction-dependent but not gap-junction-independent
function of Cx32, which arrowed us to assess only the gap-junc-
tion-dependent roles of this protein. Therefore, the results in the
present study indicated that GJIC formed by Cx32 may regulate
cellular levels of ROS in the liver. Moreover, hepatic Cx32 protein
expression began to decrease during the steatosis phase and
almost disappeared during the late fibrosis phase in Wt rats.

These novel results indicate that the Cx32 gene is responsible
for protecting against the progression of NASH and suggest that
Cx32ATg rats represent an ideal model for the study of NASH.
Our previous study revealed that Cx32 protein expression was
decreased in aged rats (15), consistent with the fact that aging
is a risk factor for NASH progression. The expression of Cx26,
another hepatocyte GJ protein, was also decreased in NASH.
This suggests that Cx26 may also play a role in preventing NASH
progression.
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Figure 5. Increased oxidative stress and inflammatory cytokine expression in NASH by Cx32 disruption are attenuated by luteolin. Cx32ATg and Wt rats were fed
MCDD or MCDD plus luteolin for 12 weeks. (A and B) Microscopic pictures (A) and quantitative data (B) for ROS production detected by dihydroethidium staining in
the liver from each group. Data are presented as mean + SD, n = 10 per group, *P < 0.01, ****P < 0.0001 indicate statistical significance between the groups shown,; scale
bars = 25 um. (C and D) mRNA level for the inflammation-related cytokines IL-1f, IL-18, tumor necrosis factor a and IL-6 (C), and fibrosis-related cytokines Tgf-Zf,
Collal, Timp1, Timp2 and Ctgf (D) as measured by quantitative RT-PCR. Data are presented as mean + SD, n = 5 per group, *P < 0.05, *P < 0.01 indicate statistical signifi-
cance between the groups shown. (E) Protein levels of NF-«B, pNF-kB and NF-kB suppressor IkB-a were measured by western blotting. Each lane represents an individual
rat. The levels of pNF-«B and IxB-a were significantly different between the Cx32ATg and Wt groups (IkB-a, P < 0.01; NF-kB, P < 0.01).

In the present study, Cx32ATg rats were susceptible to the
development of NASH-related hepatocarcinogenesis, and this
finding was consistent with the results of previous carcinogenic
tests (12,15,23). For example, induction of preneoplastic GST-P-
positive foci by DEN in Cx32ATg rats was more than three times
as that in Wt rats at 20 weeks (12). However, this difference in

carcinogenic susceptibility between the two genotypes was less
than 2-fold and became even smaller with progression of NASH
in the present study. This may be due to a reduction of Cx32
expression during NASH development in Wt rats. Previous stud-
ies by our group and others indicated that Cx32 is involved in
hepatocarcinogenesis in a multistep manner, i.e. the incidence
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Figure 6. Bex1 is upregulated in hepatic preneplastic foci of Cx32ATg rats with NASH and promotes proliferation of HCC cells. Cx32ATg and Wt rats were fed MCDD or
MCDD plus luteolin for 12 weeks. (A) Bex1 mRNA level was measured by quantitative RT-PCR. Data are presented as mean + SD, n = 5 per group, “P < 0.05, *P < 0.01 indi-
cate statistical significance between the groups shown. (B) Immunohistochemical staining for GST-P protein and in situ hybridization for Bex1 mRNA using antisense
and sense probes in liver sections from each group; scale bars = 100 pm. The intensity of in situ hybridization was graded from 0 to 2. Representative findings for grade 0
(Cx32ATg and Wt rats with luteolin), 1 (Wt rats without luteolin) and 2 (Cx32ATg rats without luteolin). (C) Bex1 was retrovirally transduced into the rat hepatocyte cell
line, Clone 9. Cell numbers were counted at 3 days after seeding. Data are presented as mean + SD of four independent experiments. ***P < 0.001 as compared with Clone
9-ctrl. Expression levels of Bex1, NF-kB and SAPK/JNK signaling proteins (Cdc42, Mkk and Jnk) were measured by western blotting. (D) The rat HCC cell lines, HSU-C2
and HSU-C6, were transfected with either negative control (NC) siRNA or Bex1-siRNA. The Bex1 mRNA level in each cell type was measured by quantitative RT-PCR. Cell
numbers were counted at 3 days after siRNA transfection. Data are presented as mean = SD of four independent experiments. **P < 0.001, ****P < 0.0001 as compared
with NC siRNA group. (E) Expression levels of Bex1, NF-xB, SAPK/JNK signaling proteins (Cdc42, MKk, Jnk and pc-Jun) and Cyclin D1 were measured by western blotting.

of DEN-induced liver tumors was significantly increased in Cx32 and metastasis to the lung was observed in Cx32ATg rats (12,23).
knockout mice and Cx32ATg rats as compared with Wt litter- These findings suggest that Cx32 disruption acts as a tumor
mates (28,29), and a high incidence of chemically induced HCC promoter in the liver. Moreover, DEN treatment resulted in
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higher incorporation of bromodeoxyuridine into hepatocytes in
Cx32 knockout mice than in Wt mice (28), indicating that Cx32
dysfunction affects the proliferative potential of hepatocytes
through cell cycle regulation. Several studies have reported
possible mechanisms for the contribution of Cx32 to cell cycle
regulation. Fibroblasts established from transgenic mice harbor-
ing human mutant Cx32 resulted in mitotic instability (30), and
another study suggested that loss of Cx32 caused discs large
homolog 1 protein to relocate from the cell membrane to the
nucleus, resulting in cell cycle progression in mouse hepato-
cytes (29). Controlling cell death may be another mechanism
underlying the inhibition of tumor promotion by Cx proteins.
Our previous study indicated that acetaminophen-induced
hepatotoxicity is reduced by inhibition of caspase-dependent
apoptosis in Cx32ATg rats (31). Another GJ protein, Cx43, plays
a critical role in apoptosis induced by soybean-derived serine
protease inhibitor in rat prostate cancer tissue and the human
prostate cancer cell line LNCaP (32). Further investigations are
needed to assess the balance of cell cycle progression and apop-
tosis regulated by Cx32 during hepatocarcinogenesis.

Luteolin is a natural flavonoid that is found in several types
of plants (21). It has been reported that luteolin has antitumor
effects in several types of cancer, including cancer of the pan-
creas, colon, prostate, bile duct and stomach in vitro and in vivo
(33). With respect to liver fibrosis, peritoneal injection of luteo-
lin has been reported to eliminate carbon tetrachloride-induced
hepatic fibrosis in mice and to exert a preventive effect against
hepatic fibrosis in mice due to induction of apoptosis in satel-
lite cells (34,35). In the present study, hepatic ROS production
was significantly attenuated by luteolin administration in both
Cx32ATg and Wt rats. This finding indicates that oral intake of
luteolin exerts an antioxidant effect in the liver, consistent with
in vitro data. In addition to reducing oxidative stress, luteolin
treatment also ameliorated histopathological alterations associ-
ated with steatohepatitis and subsequent fibrosis. These results
highlight the potential of oral luteolin as a novel means for the
prevention of NASH.

Inflammasomes, which are a cytosolic complex of proteins
inside immune cells, are activated by ROS, promote cleavage and
maturation of pronflammatory cytokines such as pro-IL-1f and
pro-IL-18 and play a central role in inflammatory recruitment in
the progression of NASH (36-38). NF-«B is also an essential fac-
tor for inflammatory recruitment in NASH, and NF-«B activation
has been found in human NASH cases and in rodent models (39—
41). It is therefore hypothesized that the mechanisms responsi-
ble for the amelioration of NASH by luteolin treatment involve
mainly the attenuation of both inflammasome activation and
NF-«B signaling pathways, which were suggested by the down-
regulation of expression of the inflammatory cytokines IL-6 and
tumor necrosis factor a.

Bex1 is ubiquitously expressed in various organs including
the brain, liver, pancreas, testes and ovaries (42). It has been sug-
gested that Bex1 has cell type-specific dual function because this
gene is known as a candidate tumor suppressor for brain tumors
and oral squamous cell carcinoma (43,44), while liver tumors
arise in rodents that overexpress Bex1 as a fetal oncogene (45,46).
Higher Bex1 expression compared with surrounding non-can-
cerous liver tissue has been observed in hepatitis B virus-related
HCC in humans (47). The fact that Bex1 was overexpressed in
precancerous GST-P-positive foci and chemically induced HCC
(Supplementary Figure 3, available at Carcinogenesis Online) (23)
in Cx32ATg and Wt rats suggests that Bex1 is deeply involved in
hepatocarcinogenesis in rats as well as NASH-related carcinoma
development. Luteolin is also involved in Bex1 expression and

has been reported to function as a histone deacetylase inhibi-
tor; therefore, Bex1 expression might be epigenetically regulated
by luteolin (48). Vilar et al. (49) reported that Bex1 overexpres-
sion led to G, to S cell cycle progression and neuronal differ-
entiation under serum-free conditions by interacting with p75
neurotrophin receptor, and knockdown of Bex1 has been shown
to activate NF-kB function in pheochromocytoma PC12 cells.
Another study indicated that human Bex1 activates JNK signal-
ing in Ber/Abl* leukemic cells, although downregulation of Bex1
is involved in the pathogenesis of leukemia (50). Transduction of
Bex1 into rat hepatocytes and Bex1 knockdown experiment in
rat HCC cells suggested that Bex1 controls hepatocyte cell pro-
liferation through the NF-xB signaling pathway. As mentioned
above, Bex1 may act differently in different cell types, and fur-
ther investigation is needed to elucidate the mechanistic role of
Bex1 in liver-specific carcinogenesis.

In summary, the present study showed higher NAS with
denser fibrosis in Cx32ATg rats and Cx32 downregulation dur-
ing steatohepatitis in Wt rats, indicating that Cx32 plays a pro-
tective role against NASH progression. Furthermore, luteolin
prevented the progression of NASH, including NASH-related
hepatocarcinogenesis. These findings suggest that Cx32 is
a potential therapeutic target and that luteolin represents a
promising chemopreventive agent for NASH and NASH-related
hepatocarcinogenesis.

Supplementary material

Supplementary Tables 1-5, Supplementary Figures 1-3 and
Supplementary Materials and Methods can be found at http://
carcin.oxfordjournals.org/
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