Int. J. Mol. Sci. 2012, 13 586

which is involved in CRC development because it mediates inflammatory signaling pathways and can
therefore be an important target for chemoprevention (Figure 2) [100].

7. Prevention of Obesity-Related HCC via the Nutraceutical Approach—BCAA and GTCs
Effectively Prevent Obesity-Related Liver Carcinogenesis

In addition to established risk factors such as hepatitis and alcohol consumption, obesity and its
related metabolic abnormalities increase the risk of HCC [6-8,11]. NASH is also an important
pathological condition when considering the prevention of obesity-related HCC because it progresses
to cirrhosis and finally develops into HCC [53,54]. In order to elucidate the pathogenesis of obesity-
and NASH-associated HCC and evaluate the mechanisms of how chemopreventive agents suppress
these diseases, we developed a useful preclinical model using db/db mice and a liver carcinogen
N-diethylnitrosamine (DEN) [101]. We found that db/db mice, which have severe steatosis, are more
susceptible to DEN-induced liver tumorigenesis than the genetic control mice, and this oncogenic
sensitivity is associated with the activation of the IGF/IGF-1R axis and induction of chronic
inflammation in the liver [13,101-103].

Using this experimental model, we also investigated the possible inhibitory effects of BCAA and
EGCG on obesity-related liver tumorigenesis. We found that BCAA supplementation significantly
suppressed the development of hepatic preneoplastic lesions, known as foci of cellular alteration
(FCA), in obese and diabetic db/db mice by inhibiting the expression of IGF-1, IGF-2, and IGF-1R in
the liver [101]. The development of liver neoplasms, including hepatic adenoma and HCC, was
also reduced by BCAA supplementation and this was associated with improvement of insulin
resistance, reduction of serum levels of leptin, and attenuation of hepatic steatosis and fibrosis [101].
Yoshiji et al. [104] also reported that the chemopreventive effect exerted by BCAA supplementation
against HCC in obese and diabetic rats was associated with the suppression of vascular endothelial
growth factor expression and hepatic neovascularization. In addition, drinking water containing
EGCQG significantly inhibited the development of FCA and hepatic adenoma, and improved hepatic
steatosis [103]. The serum levels of insulin, IGF-1, and IGF-2 and the phosphorylation of the IGF-1R,
ERK, Akt, and GSK-3p proteins in the liver were reduced by EGCG consumption [103]. EGCG also
decreased the levels of free fatty acids and TNF-q in the serum and the expression of TNF-a, IL-6, IL-1,
and IL-18 mRNAs in the liver, indicating that it prevents obesity-related liver tumorigenesis by inhibiting
the IGF/IGF-1R axis, improving hyperinsulinemia, and attenuating chronic inflammation [103]. Thus,
both BCAA and GTCs may be useful for the chemoprevention of liver carcinogenesis in obese
individuals (Figure 3).
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Figure 3. Mechanisms of action of GTCs and BCAA in the inhibition of obesity-related
liver carcinogenesis.
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8. Conclusions

In the present social and medical circumstances, the consequences of obesity and its related
metabolic abnormalities, including cancer, are critical issues that need to be resolved. Among human
cancers, CRC and HCC are the most representative malignancies affected by obesity. In this review,
we indicate the possibility that the nutraceutical approach for targeting and restoring metabolic
homeostasis may be a promising strategy to prevent the development of obesity-related CRC and HCC.
Tea catechins, especially GTCs, are considered one of the most practical agents for the prevention of
obesity-related carcinogenesis because the safety and efficacy of GTCs as chemopreventive agents
have been demonstrated in recent interventional trials [69,71]. BCAA is also a feasible agent because
its preparations are widely used in clinical practice for patients with chronic liver diseases, and a
randomized controlled trial has shown that BCAA supplementation can prevent HCC in such patients
who are obese [8,20]. Thus, active intervention using GTCs and BCAA might be an effective approach
for the chemoprevention of obesity-related CRC and HCC.
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Abnormalities in the expression and function of retinoid X receptor (RXR), a master regulator of the
nuclear receptor superfamily, are associated with the development of hepatocellular carcinoma (HCC).
Dysfunction of farnesoid X receptor (FXR), one of the nuclear receptors that forms a heterodimer with
RXR, also plays a role in liver carcinogenesis. In the present study, we examined the effects of acyclic ret-
inoid (ACR), a synthetic retinoid targeting RXRao, plus GW4064, a ligand for FXR, on the growth of human
HCC cells. We found that ACR and GW4064 preferentially inhibited the growth of HLE, HLF, and Huh7

5:2’/ ‘é\;(i):?e:tinoi d human HCC cells in comparison with Hc normal hepatocytes. The combination of 1 uM ACR plus 1 M
GWA064 GWA4064 synergistically inhibited the growth of HLE cells by inducing apoptosis. The combined treatment
Hepatocellular carcinoma with these agents acted cooperatively to induce cell cycle arrest in the Go/G; phase and inhibit the phos-
RXRo. phorylation of RXRa, which is regarded as a critical factor for liver carcinogenesis, through inhibition of

FXR ERK and Stat3 phosphorylation. This combination also increased the expression levels of p21** and SHP
Synergism mRNA, while decreasing the levels of c-myc and cyclin D1 mRNA in HLE cells. In addition, a reporter assay
indicated that the FXRE promoter activity was significantly increased by treatment with ACR plus
GW4064. Our results suggest that ACR and GW4064 cooperatively inhibit RXRo phosphorylation, mod-
ulate the expression of FXR-regulated genes, thus resulting in the induction of apoptosis and the inhibi-
tion of growth in HCC cells. This combination might therefore be effective for the chemoprevention and
chemotherapy of HCC.
© 2012 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Nuclear receptors are ligand-dependent transcription factors
that are involved in various physiological processes. Retinoid X
receptors (RXRs) are regarded as master regulators of nuclear
receptors because they play an essential role in controlling normal
cell proliferation and metabolism by forming a heterodimer with
other nuclear receptors [1,2]. Therefore, abnormalities in the

Abbreviations: ACR, acyclic retinoid; Cl, combination index; DAPI, 4',6-diamidi-
no-2-phenylindole; ERK, extracellular signal-regulated kinase; FXR, farnesoid X
receptor; FXRE, farnesoid X receptor response element; GAPDH, glyceraldehyde 3-
phosphate dehydrogenase; HCC, hepatocellular carcinoma; IFN, interferon; MAPK,
mitogen-activated protein kinase; PARP, poly (ADP-ribose) polymerase; RAR,
retinoic acid receptor; RARE, retinoic acid response element; RTK, receptor tyrosine
kinase; RT-PCR, reverse transcription PCR; RXR, retinoid X receptor; SHP, small
heterodimer partner; Stat3, signal transducer and activator of transcription 3;
TUNEL, terminal deoxynucleotidy! transferase-mediated dUTP nick-end labeling.
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expression and function of RXRs are closely associated with the
development of various disorders, including cancer, whereas using
a retinoid might be an effective strategy for the prevention and
treatment of human malignancies [3]. A malfunction of RXRa,
one of the subtypes of RXR, due to phosphorylation by the Ras/
MAPK signaling pathway is profoundly associated with liver carci-
nogenesis [4-8]. On the other hand, administration of acyclic reti-
noid (ACR), a synthetic retinoid which targets RXRo, reduced the
incidence of post-therapeutic recurrence of hepatocellular carci-
noma (HCC) and improved the survival rate of patients with this
malignancy [9,10]. ACR also inhibits the growth of HCC-derived
cells by inducing apoptosis and cell cycle arrest in the Go/G; phase
[11,12]. These findings suggest that nuclear receptors, especially
RXRa, are critical targets for the prevention and treatment of HCC.

Farnesoid X receptor (FXR), which has been characterized as a
bile acid receptor, is also a member of the nuclear receptor super-
family of ligand-dependent transcription factors that form hetero-
dimers with RXR [13]. FXR has been shown to be essential in
controlling bile acid, lipid, and glucose homeostasis [13]. It also
plays a critical role in normal liver regeneration and promotes liver
repair after injury by mediating its related signaling pathways [14].
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In addition, recent studies have revealed that aberrations in FXR
are involved in liver carcinogenesis. FXR deficiency in mice leads
to the development of neoplasms in the liver, including hepatic
adenoma, HCC, and hepatocholangiocellular carcinoma [15,16]. A
significant decrease in FXR expression and activity is also observed
in human HCC samples [17]. Therefore, targeting FXR and improv-
ing its function might be a promising strategy for the prevention
and treatment of HCC.

Recently, combination therapy and prevention have garnered
much interest in the cancer field because they can synergistically
inhibit growth and induce apoptosis in cancer cells. In human
HCC-derived cells, ACR acts synergistically with other agents, such
as interferon (IFN)-8, OSI-461, vitamin Ky, valproic acid, and trast-
uzumab, in suppressing growth and inducing apoptosis [11,18-
21). The agents that inhibit RXRo phosphorylation are among
the most promising agents to use in combination with ACR
[11,20,21]. In addition, the induction of nuclear receptors that
dimerize with RXR, such as retinoic acid receptor (RAR)-B, and
activation of these receptors by their ligands may also lead to syn-
ergistic growth inhibition in HCC cells when combined with ACR
[11,19]. GW4064, a synthetic ligand for FXR, is known to induce
the expression of genes involved in the transport of bile acids in
the liver and intestines [22,23]. GW4064 also inhibits the growth
of breast and prostate cancer cell lines [24-26], whereas the anti-
cancer effects of this agent on HCC cells have not been evaluated.
In the present study, we examined the effects of GW4064 on the
growth of human HCC cells. We also investigated whether the
combination of ACR plus GW4064 exerts synergistic growth inhib-
itory effects on HCC cells and examined the possible mechanisms
responsible for such synergy.

2. Materials and methods
2.1. Materials

ACR (NIK-333) was supplied by Kowa Pharmaceutical Co. Ltd., (Tokyo, Japan).
GW4064 was purchased from Sigma-Aldrich (St. Louis, MO, USA). The anti-RXRo
antibody was from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The primary
antibodies for ERK, phosphorylated ERK (p-ERK), Stat3, phosphorylated Stat3 (p-
Stat3), PARP, and GAPDH were from Cell Signaling Technology (Beverly, MA, USA).

2.2. Cell lines and cell culture conditions

HLE, HLF, and Huh7 human HCC cell lines were obtained from the Japanese Can-
cer Research Resources Bank (Tokyo, Japan). HLE and HLF cells were maintained in
DMEM and Huh7 cells were in RPMI1640 media, respectively. All media were sup-
plemented with 10% FCS and 1% Penicillin/Streptomycin. Hc human normal hepato-
cyte cell line was purchased from Cell Systems (Kirkland, WA, USA) and maintained
in a CS-S complete medium (Cell Systems). These cells were cultured in an incuba-
tor with humidified air with 5% CO, at 37 °C.

2.3. Cell proliferation assays

One thousand of HCC (HLE, HLF, and Huh7) or Hc cells were seeded on 96-well
plates. The following day, the medium was changed to serum free medium and the
cells were treated with the indicated concentrations of ACR or GW4064 for 48 h.
Cell proliferation assays were performed using a MTS assay (Promega, Madison,
WI, USA) according to the manufacturer’s instructions. To determine whether the
combined effects of ACR plus GW4064 were synergistic, HCC cells were treated
with combinations of the indicated concentrations of ACR and GW4064 for 48 h
and the combination index (Cl)-isobologram was calculated. Variable ratios of drug
concentrations were used in the studies, and mutually exclusive equations were
used to determine the Cls. Each CI was calculated from the mean affected fraction
at each drug ratio concentration (triplicate), as described previously [11,19,27].

2.4. Apoptosis assays

TUNEL, caspase-3 activity, and Annexin V assays are conducted to evaluate
apoptosis. For TUNEL assay, HLE cells (1 x 10°) were treated with 1 1M ACR alone,
1 1M GWA4064 alone, or the combination of these agents for 48 h on glass bottom
culture dishes. The cells were then fixed with 4% paraformaldehyde at room tem-
perature for 10 min, permeabilized with 0.3% Triton X-100 in TBS (pH 7.4), and

stained with both 4’,6-diamidino-2-phenylindole (DAPI) and terminal deoxynucleo-
tidyl transferase-mediated dUTP nick-end labeling (TUNEL) methods using the In
Situ Cell Death Detection Kit, Fluorescein (Roche Diagnostics, Mannheim, Germany)
[11].

Caspase-3 activity and Annexin V assays were performed using HLE cells that
were treated with the same concentration of test drugs for 72 h. The cell lysates
were prepared and the caspase-3 activity assay was done using the Apoalert Cas-
pase Fluorescent Assay Kit (Clontech Laboratories, Mountain View, CA, USA). The
Annexin V-binding capacity of treated cells was investigated by flow cytometry
using the Annexin V-FITC apoptosis detection kit [ (BD, Franklin Lakes, NJ, USA). Cul-
tured cells were washed with cold phosphate-buffered saline before incubation
with Annexin V-FITC in a buffer containing propidium iodine (PI). Stained cells were
analyzed by flow cytometry using the FACScan (BD). Annexin V-FITC-positive and PI
negative cells were considered to be populations undergoing apoptosis.

2.5. Cell cycle assays

HLE cells were treated with I pM ACR alone, 1 uM GW4064 alone, or the com-
bination of these agents for 72 h in DMEM medium with 1% FCS. The harvested cells
were stained with Pl using Cell Cycle Phase Determination Kit (Cayman, Ann Arbor,
M, USA), and the samples were then analyzed for DNA histograms and cell cycle
phase distribution using a FACScan flow cytometer. The data were analyzed by
using the CellQuest computer program (BD) [11].

2.6. Protein extraction and Western blot analysis

Equivalent amounts of extracted protein were examined by a Western biot
analysis using specific antibodies [21]. To detect the expression level of phosphor-
ylated RXRa (p-RXRat) protein, total phosphoprotein was affinity-purified from the
total cell extracts using a PhosphoProtein Purification Column (QIAGEN, Valencia,
CA, USA) and then was subjected to the Western blot analyses using an anti-RXRot
antibody. GAPDH expression served as a loading control. The intensities of protein
bands were quantified using NIH image software version 1.45.

2.7. RNA extraction and quantitative RT-PCR analysis

Total RNA was isolated from the HLE cells using the RNAqueous-4PCR kit
(Ambion Applied Biosystems, Austin, TX, USA) and ¢DNA was amplified from
0.2 pg of total RNA using the SuperScript 1l First-Strand Synthesis System (Invitro-
gen, Carlsbad, CA, USA) [28]. Quantitative real-time reverse transcription-PCR (RT-
PCR) analysis was performed using specific primers that amplify the c-myc, small
heterodimer partner (SHP), p21°", cyclin D1, and B-actin genes. The specific primer
sets for p21'", cyclin D1, and B-actin were used as described elsewhere [12,29].
The sequences for c-myc- and SHP-specific primers were as follows: FMYC (5'-
CCC TGA GCG ATT CAG ATG AT-3') and RMYC (5’-GCT CCA GGA TGT TGT GGT TT-
3", and FSHP (5’-GCT GTC TGG AGT CCT TCT GG-3") and RSHP (5-ACC TGA GCA
AAA GCA TGT CC-3"), respectively.

2.8. FXRE reporter assays

HLE cells were transfected with FXR response element (FXRE) reporter plasmids
(100 ngfwell in 96-well dish), which were kindly provided by Dr. T. Nishimaki-
Mogami (National Institute of Health Sciences, Tokyo, Japan), along with pRL-CMV
(Renilla luciferase, 10 ng/well in 96-well dish; Promega) as an internal standard to
normalize the transfection efficiency. Transfections were done using Lipofectamine
LTX Reagent (Invitrogen). After exposure of the cells to the transfection mixture for
24 h, the cells were treated with 1 pM ACR alone, 1 uM GW4064 alone, or the com-
bination of these agents for 24 h. The cell lysates were then prepared, and the lucif-
erase activity of each cell lysate was determined using a dual-luciferase reporter
assay system (Promega) [11].

2.9. Statistical analysis

The data are expressed as the means + SD. Statistical significance of the differ-
ences in the mean values was assessed with a one-way ANOVA, followed by Tu-
key-Kramer’s multiple comparison tests. Values of P < 0.05 were considered to be
significant.

3. Results

3.1. ACR and GWA4064 cause preferential inhibition of the growth of
human HCC cells in comparison with Hc normal hepatocytes

In our initial study, we examined the growth inhibitory effect of
ACR and GW4064 on HLE, HLF, and Huh7 human HCC cells and on
Hc hepatocytes. ACR inhibited the growth of HCC cells with an ICsq
value of less than 4 pM. The HLF cells were most susceptible to ACR
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because the ICsq value with this agent was 2 uM (Fig. 1A). GW4064
also inhibited the growth of this series of HCC cells with an ICsg
value of about 1.4 uM (Fig. 1B). On the other hand, Hc cells were
resistant to these agents up to 5 uM (Fig. 1). These results suggest
that ACR and GW4064 preferentially inhibit the growth of HCC
cells compared with that of normal hepatocytes.

3.2. ACR plus GW4064 cause synergistic inhibition of the growth of
HCC cells

Next, the effects of combined treatment were examined with a
range of concentrations of ACR plus GW4064 to determine whether
they synergistically inhibited the growth of HLE (Fig. 2A), HLF
(Fig. 2B), and Huh7 (Fig. 2C) HCC cells. We found that the Cl indices
for less than 1 uM ACR (0.5 or 1 uM) plus less than 0.5 pM GW4064
(0.1 or 0.5 uM) were 1+(slight synergism), 2+(moderate synergism),
or 3+(synergism), respectively, in this series of HCC cells (Fig. 2D and
Table 1). These findings suggest that ACR plus GW4064 might be an
effective combination for the inhibition of HCC cell growth due to
their synergistic activity. The combination of 1 uM ACR (about
ICy5 value) and 1 puM GWA4064 (about 1C3q value) in HLE cells
(Fig. 2A and D, and Table 1) was used for the following experiments
because a Cl-isobologram analysis gave this combination a Cl index
of 1+(0.88), indicating slight synergism.

3.3. ACR plus GW4064 cooperatively induce apoptosis in HLE cells

We next examined whether the synergistic growth inhibition in
HLE cells induced by treatment with ACR plus GW4064 might be
associated with the induction of apoptosis. In TUNEL assays, the
treatment of HLE cells with either T uM ACR or 1 uM GW4064 alone
induced TUNEL-positive cells in approximately 19.3% or 11.9% of the
total viable cells, respectively. However, the combination of these
agents markedly enhanced the induction of apoptosis, with 51.6%
of the total viable cells being TUNEL-positive (Fig. 3A). Similar re-
sults were also observed in the Western blot analysis for PARP
expression; the combination of ACR plus GW4064 markedly en-
hanced PARP cleavage, indicating the induction of apoptosis
(Fig. 3B). We also found an increase in the levels of caspase-3 activ-
ity in ACR alone- and GW4064 alone-treated cells, and this was sig-
nificantly enhanced when the cells were treated with a combination
of these agents (Fig. 3C). In addition, the percentage of Annexin
V-positive cells, which was increased by treatment with GW4064
alone, was substantially increased by the combined treatment with
ACR plus GW4064 (Fig. 3D). These findings suggest that the
combination with ACR plus GW4064 synergistically inhibited
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growth of HLE human HCC cells, mainly, through the induction of
apoptosis.

3.4. ACR plus GW4064 cooperatively induce Go/G; cell cycle arrest in
HLE cells

A cell cycle analysis was performed using DNA flow cytometry
to determine whether the synergistic effects on growth inhibition
caused by combined treatment with ACR plus GW4064 were asso-
ciated with specific changes in cell cycle distribution. As shown in
Fig. 4, the combined treatment with 1 uM ACR plus 1 pM GW4064
significantly increased the percentage of cells in the Go/G; phase in
comparison to that of untreated cells (76.1 + 4.3% vs. 57.3 £ 5.8%,
P <0.05), whereas the population of cells in this phase was not sig-
nificantly increased by treatment with ACR alone (63.6 + 3.0%) or
GW4064 alone (65.3 +4.5%). These findings suggest that the com-
bination of ACR plus GW4064 cooperatively induced Go/G; phase
cell cycle arrest in HLE human HCC cells.

3.5. ACR plus GWA4064 additively suppress the phosphorylation of
RXRa, ERK, and Stat3 proteins in HLE cells

RXRa phosphorylation plays a critical role in the development
of HCC and might be a promising target for HCC chemoprevention
[4-8]. Therefore, the effects of the combination of ACR plus
GW4064 on the phosphorylation of this nuclear receptor and re-
lated signaling molecules were investigated in HLE cells. As shown
in Fig. 5, when the cells were treated with 1 uM ACR, there was a
marked decrease in the expression levels of p-RXRo and p-Stat3
proteins. Treatment with 1 pM GW4064 alone also decreased the
expression levels of p-ERK and p-Stat3 protein. Moreover, the
expression levels of p-RXRo, p-ERK and p-Stat3 proteins were
markedly decreased when the cells were treated with the combi-
nation of these agents.

3.6. ACR plus GW4064 cooperatively affect the expression levels of
p21°P1 c-myc, cyclin D1, and SHP mRNA in HLE cells

We next examined the combined effects of ACR plus GW4064
on the expression levels of p21'*!, c-myc, and cyclin D1 mRNA
in HLE cells because these genes control cell proliferation and cell
cycle progression. The quantitative RT-PCR analyses revealed that
treatment with neither 1 uM ACR nor 1 pM GWA4064 alone had
any apparent effect on the expression levels of p21°F!, c-myc,
and cyclin D1 mRNA. However, when the cells were treated with
the combination of these agents, there was a significant increase
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Fig. 1. Inhibition of cell growth by ACR and GW4064 in HLE, HLF, and Huh7 human HCC cells and Hc normal hepatocytes. HLE, HLF, Huh7, and Hc cells were treated with the
indicated concentrations of ACR (A) or GW4064 (B) for 48 h. Cell viability was determined by MTS assay and was expressed as a percentage of the control value. Error Bars, SD

of triplicate assays.
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Fig. 2. Inhibition of cell growth by ACR alone, GW4064 alone, and various combinations of these agents in HCC cells. HLE (A), HLF (B), and Huh7 (C) cells were treated with the
indicated concentrations of ACR alone, GW4064 alone, and various combinations of these agents for 48 h. Cell viability was determined by MTS assay and expressed as a
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Table 1
Combined effects of ACR and GW4064 on HCC cells.
HLE HLF HuH7
ACR concentration (M) ACR concentration (1M} ACR concentration (|1M)
GW4064 concentration (M} 0.5 1 2 0.5 1 2 0.5 1 2
0.1 At ++ + L i + + +44 +4 ++
0.5 ++ ++ + et ++ + 4 + +
1 + + * et + + + + +

Note: “+", Cl 0.9~1.1 additive effect; “+ ", CI 0.8~0.9 slight synergism; “++", Cl 0.6~0.8 moderate synergism; “+++”, Cl 0.4-0.6 synergism;
Abbreviations: Cl, combination index; ACR, acyclic retinoid.
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Fig. 3. Effects of the combination of ACR plus GW4064 on induction of apoptosis in HLE cells. The cells were treated with vehicle, 1 uM ACR alone, 1 tM GW4064 alone, or the
combination of 1 uM ACR plus 1 pM GW4064 for 48 h or 72 h. TUNEL assays (A) and Western blot analysis using a PARP-specific antibody (B, upper panel) were performed
using cells treated with test drugs for 48 h. Caspase-3 activity assays (C) and Annexin V assays (D) were performed using samples treated for 72 h. (A) TUNEL-positive cells
were counted and examined as the percentage of the DAPI-positive cell number (500 cells were counted in each flask). (B) The intensities of the cleaved PARP (c-PARP) blots
were quantified using densitometry. Columns and lines indicate mean and SD of triplicate assays (lower panel). (C) Caspase-3 activity was performed with a fluorometric
system. (D) Cultured cells were incubated with Annexin V-FITC in a buffer containing propidium iodine (PI). Stained cells were then analyzed by flow cytometry. Annexin V-
FITC-positive and Pl-negative cells were counted as apoptotic cells, #: P <0.05, compared with vehicle treated cells. ##: P <0.05, compared with vehicle, ACR alone, or

GW4064 alone treated cells.
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Fig. 4. Effects of the combination of ACR plus GW4064 on induction of the Go/Gy
cell cycle arrest in HLE cells. HLE cells were treated with vehicle, 1 pM ACR alone,
1 pM GW4064 alone, or the combination of 1 uM ACR plus 1 pM GW4064 for 72 h.
The cells were then stained with propidium iodide to analyze their cell cycle
progression. The distributions of cells in the Go/G; of the cell cycle were calculated
using a FACScan. Error Bars, SE of triplicate assays. #: P<0.05, compared with
vehicle treated cells.

in the levels p21°'"! and a decrease in the levels of c-myc and cy-

clin D1 mRNA expression (Fig. 6A-C). In addition, the expression

level of SHP mRNA, which is one of the target genes of FXR
[17,25,30,31], was also significantly increased by the combination
treatment with ACR plus GW4064 (Fig. 6D).

3.7. ACR enhances the induction of FXRE promoter activities by
GW4064

FXR and RXRs modulate the expression of target genes by inter-
acting with FXRE elements located in the promoter regions of such
genes [13]. Therefore, we next examined whether ACR might en-
hance the transcriptional activity of the FXRE promoter induced
by GW4064 using transient transfection luciferase reporter assays.
As shown in Fig. 6E, 1 pM GW4064 significantly increased the FXRE
reporter activity in comparison with control HLE cells which were
not treated with either ACR or GW4064. Moreover, when the cells
were treated with a combination of 1 pM GW4064 plus 1 pM ACR,
there was a significant increase in the transcriptional activity of the
FXRE reporter, thus suggesting that treatment with these agents
might cooperatively enhance the FXRE reporter activity.

4. Discussion

The prognosis for patients with HCC is poor and more effective
strategies for the chemoprevention and chemotherapy of this
malignancy are urgently required. The present study provides the
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Fig. 5. Effects of the combination of ACR plus GW4064 on the phosphorylation of RXRo,, ERK, and Stat3 proteins in HLE cells. HLE cells were treated with vehicle, 1 uM ACR
alone, 1 tM GWA4064 alone, or the combination of 1 uM ACR plus 1 uM GW4064 for 12 h. The extracted proteins were examined by a Western blot analysis using the
respective antibodies (left panels). The intensities of the blots were quantified using densitometry. Columns and lines indicate means and SD of triplicate assays (right panels).
Repeat Western blots gave similar results. =: P <0.05, $: P <0.01, #: P<0.001, compared with vehicle treated cells.
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Fig. 6. Effects of the combination of ACR plus GW4064 on the expression of p21°', c-myc, cyclin D1, and SHP mRNA and on the transcriptional activity of the FXRE promoter
in HLE cells. HLE cells were treated with vehicle, 1 ptM ACR alone, 1 pM GW4064 alone, or the combination of 1 M ACR plus 1 uM GW4064 for 24 h. The extracted mRNAs
were examined by a quantitative real-time RT-PCR analysis using the p21°"! (A), c-myc (B), cyclin D1 (C), and SHP (D) specific primers. The expression levels of each mRNA
were normalized to the level of -actin mRNA. Values represent the means + SD of triplicate analyses. *: P<0.05. (E) A transient transfection reporter assay was performed
with the FXRE luciferase reporter in the presence of vehicle, 1 uM ACR alone, 1 pM GW4064 alone, or the combination of 1 tM ACR plus 1 pM GW4064. Relative luciferase
activity was determined after 24 h. Columns and lines indicate the means and SD of triplicate assays. #: P < 0.001, **: P<0.05.

first evidence that GW4064, a synthetic ligand for FXR, preferen-
tially inhibits the growth of HCC cells compared with Hc normal
hepatocytes. This study also clearly indicates that the combination
of GW4064 plus ACR, which is expected as a HCC chemopreventive
agent [8-10], cause a synergistic inhibition of growth in HLE
human HCC cells and that this is associated with the induction of
apoptosis. This combination also acted cooperatively to induce
the arrest of the cell cycle in the Go/G¢ phase and the expression
of p21“"! and SHP mRNA, but suppress the expression levels of
c-myc and cyclin D1 mRNA.

As illustrated in Fig. 7, we presume that the synergism gener-
ated by the combination of ACR plus GW4064 is mainly associated

with the enhancement of the FXRE reporter activity. FXR regulates
the expression of target genes by binding either as a monomer or
as a heterodimer with RXR to the FXRE [13]. Therefore, in the pres-
ent study, ACR and GW4064 cooperatively enhanced the binding of
FXR to the FXRE promoter, thereby enhancing the expression of its
target genes (Fig. 7, as indicated by A). Among the FXR target genes,
SHP is considered to play a role in the inhibition of cell growth
because it is a pivotal cell death receptor that targets the mito-
chondria, leading to the induction of apoptosis and inhibition of
tumor growth [32]. GW4064 suppresses the growth of cancer cells
through the activation of FXR targeted genes, including SHP
[17,25,30,31]. SHP has also been shown to be a direct negative
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Fig. 7. A hypothetical schematic representation of the effects of the combination of ACR plus GW4064 on growth inhibition in HCC cells. ACR and GW4064 can bind to their
receptors, RXRo and FXR, as ligands, and subsequently activate the FXRE promoter activity (A). ACR and GW4064 also inhibit RXRot phosphorylation, which is involved in liver
carcinogenesis, by inhibiting ERK and Stat3 phosphorylation (B). The inhibition of RXRa phosphorylation by these agents might restore the function of this nuclear receptor as
a heterodimeric partner for FXR (C), thus resulting in the activation of the FXRE promoter activity. Cooperative activation of this promoter activity by ACR and GW4064
regulates the expression of target genes, such as p21<™, c-myc, cyclin D1, and SHP, which play a critical role in the induction of apoptosis, control of cell cycle progression,

and inhibition of cancer cell growth (D). For additional details see Section 4.

regulator of cyclin D1 gene transcription [30]. Treatment with
1 uM GW4064 alone did not significantly increase the expression
levels of SHP mRNA in the present study, whereas its expression
was clearly increased by combined treatment with ACR plus
GW4064. These findings may indicate that the concentration of
1 uM is insufficient to increase the levels of SHP mRNA in HCC cells
and, therefore, an appropriate partner, such as ACR, is required for
GW4064 to exert a synergistic effect on growth inhibition in HCC
cells (Fig. 7).

In addition, recent studies have revealed that activating FXR
suppresses the expression of cyclin D1 and c-myc, but induces
the expression of p21<*?, by targeting the Wnt/B-catenin signaling
pathway [17,31]. These findings seem to be significant because the
Whnt/B-catenin pathway plays a critical role in liver carcinogenesis,
and thus may be a promising target for the treatment of HCC [33].
In FXR knockout mice, sustained activation of this pathway was
shown to be involved in the development of HCC [17]. On the other
hand, ACR has been shown to exert growth inhibitory effects in
HCC cells by targeting the Wnt/p-catenin pathway [12]. ACR also
induces apoptosis and cell cycle arrest in the Go/G; phase in HCC
cells by regulating the expression of p21°*", cyclin D1, and c-myc
[12,19,34,35]. Therefore, the activation of FXR by GW4064 may
act cooperatively with ACR to inhibit the activation of the Wnt/p-
catenin pathway, subsequently decreasing the expression of cyclin
D1 and c-myc, but increasing the expression of p21*!, as was
demonstrated in the present study.

In addition to chronic inflammation and subsequent cirrhosis of
the liver induced by persistent infection with hepatitis virus,
increased evidence has indicated that a malfunction of RXRo due
to phosphorylation is profoundly involved in the development of
HCC [4-8]. In HCC cells, the Ras/MAPK signaling pathway is highly
activated, leading to phosphorylation of RXRa, which indicates
that the Ras/MAPK pathway and p-RXRa are potential targets for
inhibiting the growth of HCC cells {4-8]. Indeed, ACR dephospho-
rylates RXRa, ERK, and Stat3 proteins, and restores the function
of RXRa, thus inhibiting the growth of HCC cells and suppressing
liver tumorigenesis in obese mice [4,11,20,36]. The combinations
of ACR plus valproic acid or vitamin K, also synergistically

suppressed the growth of HCC cells by inhibiting RXRo phosphor-
ylation {11,20]. Similar to these previous studies [11,20], in the
present study, inhibition of RXRa phosphorylation by the combina-
tion of ACR plus GW4064 may also have restored the function of
RXRat as a master regulator of nuclear receptors, thus contributing
to synergistic growth inhibition in HCC cells (Fig. 7, as indicated by
B). Dephosphorylation of RXRo by this combination treatment may
play a role in the observed enhancement of the FXRE promoter
activity because phosphorylation of RXRo abolishes its ability to
form heterodimers with other nuclear receptors, but inhibition of
this phosphorylation can restore its heterodimeric activity [7].
The combination of ACR plus GW4064 may also promote RXRs
homodimerization and thus enhance the promoter activity of reti-
noid X response element, which is associated with the anticancer
mechanisms of ACR [11,37].

One of the major questions that arose was how the combination
of ACR plus GW4064 could inhibit the phosphorylation of ERK and
Stat3 proteins. One of the mechanisms which might explain this
phenomenon is that the effects of ACR and GW4064 inhibit the
activation of specific receptor tyrosine kinases (RTKs). ACR has
been shown to reduce HCC development and inhibit cancer growth
by targeting growth factors and their corresponding RTKs, such as
the epidermal growth factor (EGF) receptor (EGFR), and down-
stream signaling pathways, including the Ras/MAPK and Jak/Stat3
pathways [29,38]. The activation of FXR by its ligand also reduces
the expression of HER2, a member of the EGFR family of RTKs, and
inhibits EGF-mediated HER2 and ERK phosphorylation in human
breast cancer cells {24]. Therefore, GW4064 may increase the
inhibitory effects of ACR on certain types of RTKs by activating
FXR, which results in the inhibition of ERK and Stat3 phosphoryla-
tion and subsequent RXRa phosphorylation. Future studies are re-
quired to clarify whether both ACR and GW4064 synergistically
exert inhibitory effects on the activation of specific RTKs.

Finally, it should be noted that, in a clinical trial showing the
chemopreventive effects of ACR on the recurrence of secondary
HCC [9,10], the plasma concentration of this agent (which ranged
from 1 to 5 pM) was approximately the same as the concentration
used in the present study (1 uM). In phase II clinical trials, a FXR
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ligand also ameliorated the increase in the alkaline phosphatase
levels in patients with primary biliary cirrhosis and improved the
insulin sensitivity in patients with diabetes and liver steatosis,
although some unfavorable events that might be associated with
FXRE reporter overactivity were observed [39]. The combination
of ACR plus GW4064 may resolve such problems because this com-
bination permits the administration of lower doses of both agents
for treatment. Future pharmacokinetic studies are required to
determine whether the dose of GW4064 used in this study is clin-
ically relevant and pilot studies confirming are thus called for to
clarify the safety of this agent.

In conclusion, the observation that a combination of appropri-
ate concentrations of ACR plus GW4064 can inhibit the growth of
human HCC cells without affecting the growth of normal hepato-
cytes should encourage further clinical studies using these agents
to investigate their potential for HCC chemoprevention and che-
motherapy. The results of our present study suggest that combin-
ing ACR with GW4064 might hold promise as a clinical modality
for the prevention and treatment of HCC, due to their synergistic
effects.
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Aim: The Japanese Nutritional Study Group for Liver Cirrho-
sis (JNUS) was assembled in 2008 with the support of a Health
Labor Sciences Research Grant from the Ministry of Health,
Labor and Welfare of Japan. The goal of the study group was
to propose new nutritional guidelines for Japanese patients
with liver cirrhosis (LC), with the aim of preventing hepatocel-
lular carcinoma.

Methods: Between 2008 and 2010, the member investiga-
tors of JNUS conducted various clinical and experimental
studies on nutrition on LC. These included anthropometric
studies, a questionnaire study on daily nutrient intake,
clinical trials, experimental studies using animal models,
re-evaluation of previous publications and patient education.
Over this 3-year period, the group members regularly dis-
cussed the nutritional issues related to LC, and a proposal was
finally produced.

Results: Based on the results of JNUS projects and discus-
sions among the members, general recommendations were
made on how Japanese patients with LC should be managed
nutritionally. These recommendations were proposed with a
specific regard to the prevention of hepatocarcinogenesis.

Conclusion: The new JNUS guidelines on nutritional man-
agement for Japanese patients with LC will be useful for the
actual nutritional management of patients with LC. The INUS
members hope that these guidelines will form the basis for
future discussions and provide some direction in nutritional
studies in the field of hepatology.
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INTRODUCTION

HE LIVER IS a major organ in nutritional meta-

bolism. Therefore, metabolic abnormalities in
nutritional elements are generally observed in the
progression of chronic liver disease (CLD). Malnutri-
tion, which is characterized by protein-energy malnutri-
tion (PEM), is known as an essential complication in
patients with liver cirrhosis (LC) and is closely associ-
ated with LC prognosis.'” On the other hand, the major
cause of CLD in Japan is infection by hepatitis B virus
(HBV) and hepatitis C virus (HCV) and approximately
34 000 patients with CLD die annually due to hepato-
cellular carcinoma (HCC).**! Importantly, 90% of HCC
cases are associated with LC.'*'® Therefore, standard
therapeutic guidelines on the use of antiviral agents for
CLD patients with HBV and HCV infection have been
established to prevent the occurrence of HCC.'*"
However, because the number of elderly CLD patients is
increasing, patients are often unable to tolerate full anti-
viral therapy. CLD caused by non-alcoholic steatohepa-
titis (NASH), which is associated with overweight status,
has also been increasing,.'*"'® These findings indicate that
total nutritional management, including both diet and
nutritional supplements, is required in order to prevent
the progression of CLD and onset of HCC."**

Japanese dietitians were consulted in preparing the
guidelines of both the Japan Society of Metabolism and
Clinical Nutrition (2003)* and the European Society of
Parenteral and Enteral Nutrition (2006 and 2009).***
In addition, nutritional recommendations for the treat-
ment of LC in Japan were incorporated into guidelines
in Japan in 2010.*° However, specific and detailed
guidelines for the nutritional management of patients
with LC in Japan have been lacking.

From these perspectives, the Japanese Nutritional
Study Group for Liver Cirrhosis (JNUS) was assembled
between 2008 and 2010 in order to establish new nutri-
tional guidelines for LC. The study group was supported
by a Health Labor Sciences Research Grant from the
Ministry of Health, Labor and Welfare of Japan (H20-
Hepatitis-General-005). Here, we describe the guide-
lines on nutritional management of Japanese LC
patients, with the aim of preventing HCC.

METHODS

HE JNUS GROUP performed the following projects:
(i) investigation of clinical and anthropometric
characteristics in Japanese patients with LG; (ii) evalua-
tion of daily nutrient intake (total calories, and
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individual intake of protein, fat, carbohydrate, trace ele-
ments such as iron and zinc, and sodium) using a 3-day
questionnaire in CLD patients; (iii) development of new
biomarkers representing non-protein respiratory quo-
tients (npRQ) measured by indirect calorimetry; (iv)
development of a new analytical system to estimate iron
status in the blood; (v) a prospective controlled trial to
examine whether branched-chain amino acid (BCAA)
granule supplementation prevents recurrence of HCC
after primary HCC treatment; (vi) a prospective double-
blind controlled study evaluating the effects of zinc
supplementation on the ammonia metabolism in LC
patients with hyperammonemia; (vii) a pilot study to
evaluate the effects of late-evening snacks (LES) and a
new treatment (c-glucosidase inhibitor) in LC patients
with impaired glucose tolerance; (viii) an experimental
study to estimate the effects of supplementation of
BCAA granules on the development of HCC in a mouse
model of NASH; (ix) education programs for nutritional
management in both LC patients and the general Japa-
nese population; and (x) re-evaluation of previous
publications concerning nutritional therapies in LC
patients. After repeated discussion of the results, we then
proposed the new guidelines for nutritional manage-
ment of Japanese LC patients with the aim of preventing
HCC.

RESULTS

HE FOLLOWING FINDINGS were obtained: (i)

approximately 30% of patients with LC are over-
weight (body mass index >25), with the incidence being
higher in male LC patients due to NASH and alcohol;
(ii) only 30% of LC patients have adequate dietary
intake for both energy and protein; (iii) iron intake
(mean value, 6.7 mg/day) does not differ among
CLD patients; (iv) percent arm circumference, percent
arm muscle circumference, and serum concentrations
of free fatty acid, tumor necrosis factor (TNF)-o. and
soluble TNF receptors are significantly correlated
with npRQ;”? (v) serum non-transferrin-bound iron
(NTBI) determined by a newly developed high-
performance liquid chromatography system is elevated
in LC patients,***! although further study is necessary to
clarify whether serum NTBI levels are associated with
the development of HCC; (vi) plasma amino acid
imbalance is closely associated with the numbers and
functions of peripheral dendritic cells;? (vii) long-term
zinc supplementation therapy in LC patients tends to
decrease HCC occurrence; (viii) LES and administration
of a-glucosidase inhibitor improve impaired glucose
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