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Combination of acyclic retinoid with branched-chain amino
acids inhibits xenograft growth of human hepatoma cells in

nude mice

Masahito Shimizu, Yohei Shirakami, Hiroyasu Sakai, Junpei Iwasa, Makoto Shiraki,
Koji Takai, Takafumi Naiki and Hisataka Moriwaki

Department of Medicine, Gifu University Graduate School of Medicine, Gifu, Japan

Aim: Combination chemoprevention is a promising strategy
to improve the prognosis of hepatocellular carcinoma (HCC). A
malfunction of retinoid X receptor-o. (RXR-) due to phospho-
rylation by Ras/mitogen-activated protein kinase is closely
associated with liver carcinogenesis and acyclic retinoid (ACR)
can prevent HCC development by inhibiting RXR-o: phosphory-
lation. The present study examined the possible combined
effects of ACR plus branched-chain amino acids (BCAA), which
can also prevent the development of HCC in obese patients
with liver cirrhosis, in human HCC xenografts in nude mice.

Methods: This study examined the effects of the combina-
tion of ACR plus BCAA on the growth of Huh7 human HCC
xenografts in nude mice. The effects of the combination on
the phosphorylation of RXR-a, extracellular signal-regulated
kinase (ERK), Akt and insulin-like growth factor-1 receptor
(IGF-1R) proteins, and on the expression levels of retinoic acid
receptor-B {RAR-B) and p21“* mRNA, were also examined by
western blot and real-time reverse transcription polymerase
chain reaction analyses, respectively.

Results: The combined treatment with ACR plus BCAA
significantly inhibited the growth of Huh7 xenografts. The
combination of these agents caused a marked inhibition
of the phosphorylation of RXR-a, ERK, Akt and IGF-1R pro-
teins in the xenografts. In addition, the expression levels of
RAR-B and p21°"" mRNA significantly increased by these
agents.

Conclusion: The combination of ACR and BCAA restores
the function of RXR-o. by inhibiting its phosphorylation
and increasing the level of RAR-B, a heterodimeric partner
for RXR-o, and thus suppresses the growth of HCC xeno-
grafts. Therefore, this combination might be an effective
regimen for the treatment and, probably, chemoprevention
of HCC.

Key words: acyclic retinoid, branched-chain amino acids,
hepatoceliular carcinoma, phosphorylated retinoid X
receptor-o, retinoic acid receptor-

INTRODUCTION

HE POOR PROGNOSIS for patients with hepato-

cellular carcinoma (HCC) has created an urgent
need to develop more effective strategies for prevention
of this malignancy. Retinoids, which have tumor-
suppressive and chemopreventive properties in vari-
ous organs, are considered to be promising agents for
improving outcomes in individuals with HCC.*? A clini-
cal trial demonstrated that the administration of acyclic
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retinoid (ACR), a synthetic retinoid that targets retinoid
X receptor-o. (RXR-0), significantly reduced the inci-
dence of post-therapeutic recurrence of HCC.?> ACR
inhibits growth in human HCC cells by inducing apo-
ptosis and arrest of the cell cycle in Gy~G;.** The inhi-
bition of growth in cancer cells by ACR is also associated
with induction of cellular levels of retinoic acid
receptor-f (RAR-B), an important retinoid receptor for
regulation of apoptosis, and the inhibition of RXR-a
phosphorylation.”® The latter effect is more significant
because the accumulation of phosphorylated (i.e. inac- -
tivated) RXR-o. (p-RXR-0t) interferes with the function of
normal RXR-0. in a dominant-negative manner, and
therefore plays a critical role in the development of
HCC.Z‘),]()

In addition, ACR acts synergistically with various
agents (e.g. B-interferon, OSI-461, trastuzumab, valproic
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acid and vitamin K;) that target other signaling pathways
in suppressing growth and inducing apoptosis in human
HCC cells.*''"** These findings have clinical signifi-
cance for the treatment and chemoprevention of HCC
because the combined use of two or more agents can
diminish drug toxicity while exerting synergistic effects.
Branched-chain amino acids (BCAA; leucine, isoleucine
and valine), which improve protein malnutrition in
patients with liver cirthosis, are candidate partners in
ACR-based combination chemoprevention because a
recent clinical trial showed that oral supplementation
with these agents reduced the risk of HCC in obese
patients with chronic viral liver disease. ' Treatment with
BCAA also prevents the development of liver tumori-
genesis in a rodent model, while also inhibiting the
growth of HCC cells.***® The purpose of this study
is to investigate whether the combination of ACR plus
BCAA significantly inhibits the growth of human HCC
xenografts and to examine the possible mechanisms of
this action.

METHODS

Materials

N ACYCLIC RETINOID (peretinoin) was supplied

by Kowa Pharmaceutical (Tokyo, Japan). BCAA
was obtained from Ajinomoto (Tokyo, Japan). The BCAA
composition (2:1:1.2 = leucine : isoleucine : valine) was
set at the clinical dose used for the treatment of decom-
pensated liver cirrhosis in Japan.'®

Experimental procedure

Thirty-two male BALB/c nude mice (5 weeks of age) were
obtained from Charles River Japan (Tokyo, Japan).
Xenograft tumors were made by the s.c. injection of
Huh?7 human HCC cells (Japanese Cancer Research
Resources Bank, Tokyo, Japan) into the flanks of the mice
at a concentration of 5 x 10° cells per 200 yL." The mice
were randomly divided into four groups (eight mice per
group) 1 week after tumor cell injection. The mice in
group 2 (ACR alone) were given the basal diet, CRF-1
(Oriental Yeast, Tokyo, Japan), containing 0.03% ACR
with free access to feeding for 5 weeks. Group 3 (BCAA
alone) was given the basal diet supplemented with 3.0%
BCAA (w/w). The mice in group 4 {combination group)
received a diet containing 0.03% ACR and 3.0% BCAA.
Group 1 was given the basal diet and served as an
untreated control. The tumor volume was calculated at
the termination of the experiment using the formula:
largest diameter x (smaller diameter)® x 0.5.

© 2012 The Japan Society of Hepatology
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Protein extraction and western blot analysis

Total protein was extracted from the xenografts of Huh7
cells and equivalent amounts of protein (20 mg/lane)
were examined by a western blot analysis.*” The primary
antibodies for RXR-0, (AN-197 and D-20), extracellular
signal-regulated kinase {ERK), phosphorylated ERK
{p-ERK), Akt, phosphorylated Akt (p-Akt), insulin-like
growth factor-1 receptor (IGE-1R), phosphorylated
IGF-1R (p-IGF-1R) and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) have been previously
described.>'*¥* The AN-197 antibody is regarded as a
specific antibody for the phosphorylated form of RXR-o.
protein.®*® The intensities of the blots were quantified
with NIH Image software ver. 1.62.

RNA extraction and quantitative real-time
reverse transcription polymerase chain
reaction analysis

Total RNA was isolated from the xenografts of Huh?
cells using the RNAqueous-4PCR kit (Ambion Applied
Biosystems, Austin, TX, USA). The cDNA was amplified
from 0.2 pg of total RNA using SuperScript III First-
Strand Synthesis System (Invitrogen, Carlsbad, CA,
USA). The primers used for the amplification of RAR-B,
p21°"* and GAPDH-specific genes have been previously
described.*" A quantitative real-time RT-PCR analysis
was performed in a LightCycler (Roche Diagnostics,
Mannheim, Germany) with SYBR Premix Ex Taq
(TaKaRa Bio, Shiga, Japan).'® The gene expression levels
were normalized to the GAPDH expression levels using
a standard curve.

Statistical analysis

The data are expressed as the mean * standard devia-
tion. Statistical significance of the difference in mean
values was assessed by one-way ANOVA, followed by
Scheffé's t-test.

RESULTS

Combined treatment with ACR plus
BCAA significantly inhibits growth of
HCC xenografts

S SHOWN IN Figure 1, neither treatment with

0.03% ACR alone nor 3.0% BCAA alone inhibited
the growth of Huh7 xenografts. These findings suggest
that such doses of ACR and BCAA are insufficient to
suppress the tumor growth of HCC in the present study,
although similar concentrations of these agents have
had a significant effect on preventing the development
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Figure 1 Effects of the combination of acyclic retinoid {(ACR)
plus branched-chain amino acid (BCAA) on the growth of
Huh?7 xenografts. BALB/c nude mice were injected s.c. with
5 x 10° Huh?7 cells. One week after the injection, the mice were
divided into four groups and treated as follows for 5 weeks:
group 1, untreated control group (Con); group 2, 0.03% ACR-
treated group; group 3, 3.0% BCAA-treated group; group 4,
0.03% ACR and 3.0% BCAA-treated group. The tumor volumes
in each group at the termination of experiment are repre-
sented. Bars, standard deviation. *P < 0.01, significant differ-
ences obtained by comparisons to groups 1, 2, and 3.

of HCC in clinical trials.>"® On the other hand, the
simultaneous treatment of the mice with these concen-
trations of ACR plus BCAA produced a significant
decrease in the growth of HCC xenografts; the tumor
volume was inhibited by 73% in the combination
treatment group in comparison to the control group
(P<0.01).

BCAA inhibits the phosphorylation of Akt
and IGF-1R, and enhances the suppression
of the RXR-a and ERK phosphorylation by
ACR in HCC xenografts

Retinoid X receptor-o. phosphorylation by Ras/mitogen-
activated protein kinase is closely associated with the
development of HCC, and thus might be a critical target
for chemoprevention of HCC.*® BCAA inhibits the acti-
vation of IGF-1R and Akt and this is associated with the
cancer chemopreventive effects of this agent.'®” There-
fore, the combined effects of ACR plus BCAA on the
phosphorylation of RXR-a, ERK, Akt and IGF-1R pro-
teins were investigated in Huh?7 xenografts. The expres-
sion levels of p-RXR-a and p-ERK proteins, which
decreased in the ACR alone-treated group in compari-
son to the control group (Fig. 2a, column 2), decreased

ACR plus BCAA in hepatoma xenografts 1243

to a greater extent when the mice were treated with the
combination of ACR plus BCAA (Fig. 2a, column 4).
The expression levels of p-Akt and p-IGF-1R pro-
teins, which were decreased in the BCAA alone-treated
group (Fig. 2a, column 3), were also further reduced
by combined treatment with ACR plus BCAA (Fig. 2a,
column 4).

Combined treatment of ACR plus BCAA
induces the RAR-B and p21°"* mRNA in
HCC xenografts

The combined effect of ACR plus BCAA on the induc-
tion of the RAR-B and p21“"* mRNA was next examined
because, in addition to the inhibition of RXR-o. phos-
phorylation, ACR is known to inhibit the growth of
HCC cells by enhancing the expression of these mol-
ecules.**” Semiquantitative RT-PCR analyses showed
that treatment with both ACR alone and BCAA alone
tended to increase the levels of RAR-f mRNA, but the
differences were not significant (Fig. 2b, columns 2 and
3). On the other hand, when ACR was combined with
BCAA, the expression levels of this mRNA were signifi-
cantly enhanced in comparison to the control group
(Fig. 2b, column 4). In addition, treatment with ACR
alone and the combination of ACR plus BCAA signifi-
cantly increased the expression of p21“"' mRNA
(Fig. 2¢, columns 2 and 4), a negative modulator of cell
cycle progression,” in comparison to the control group.

DISCUSSION

OMBINATION CHEMOPREVENTION IS often
advantageous because it provides the potential
for additive or, in some instances, synergistic effects
between specific agents. The present study dearly indi-
cated that the combination of ACR plus BCAA, both
of which exert chemopreventive properties on HCC
development,™'® causes potent inhibition of growth in
human HCC xenografts. The hypotheses that explain
this beneficial effect are summarized in Figure 3.
Initially, it should be emphasized that the phospho-
rylation of RXR-o¢ and ERK proteins was strongly inhib-
ited by the combination of ACR plus BCAA. This study
and prior ones®®'® show that ACR alone inhibits
the phosphorylation of these proteins, thus indicating
that BCAA could enhance the effect of ACR in HCC
xenografts. These findings seem to be significant because
restoration of the function of RXR-0, as a master regula-
tor of nuclear receptors by targeting its phosphorylation
might be an effective strategy for the prevention and
treatment of HCC.2 BCAA may support the effect of

© 2012 The Japan Society of Hepatology
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Figure 2 Effects of the combination of acyclic retinoid (ACR) plus branched-chain amino acid (BCAA) on phosphorylation of
retinoid X receptor-o (RXR-a), extracellular signal-regulated kinase (ERK), Akt and insulin-like growth factor-1 receptor (IGF-1R)
proteins and expression levels of retinoic acid receptor-f (RAR-B) and p21°" mRNA in Huh7 xenografts. The xenografts were
excised from each animal at the termination of the experiment and tumor extracts were examined by a western blot analysis
using the respective antibodies (a) or were examined by a quantitative real-time reverse transcription polymerase chain reaction
analysis using RAR-B (b) and p21"™ (c) specific primers. (a) Western blot analysis for glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) was performed using a single membrane and equal protein loading was verified by the detection of this protein.
Repeat western blots yielded similar results. Lanes, protein samples from each group (left). The intensities of blots were quan-
titated by densitometry (right). (b,c) The expression levels of RAR-B (b) and p21°" (c) genes were normalized to GAPDH
expression. Bars, standard deviations of triplicate assays. *P < 0.05, significant differences obtained by comparison to the control
group (group 1). p-, phosphorylated.

© 2012 The Japan Society of Hepatology
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Figure 3 Hypothetical schematic representation of the effect of the combination of acydlic retinoid (ACR) plus branched-chain
amino acid {(BCAA) on growth inhibition in hepatocellular carcinoma (HCC) xenografts. ACR can bind to both retinoic acid
receptor (RAR) and retinoid X receptor (RXR) as a ligand (a), and activate the retinoic acid responsive element (RARE) promoter
activity, thus increasing the levels of both RAR-B and p21“"" because the promoter region of these molecules contains RARE. In
parallel, ACR inactivates the Ras/mitogen-activated protein kinase signaling pathways (b). This signaling pathway phosphorylates
RXR-0, and thus impairs the function of this receptor in a dominant-negative manner (c). On the other hand, BCAA inhibits the
activation of IGF-1R and its downstream Akt, which is also involved in RXR-o0 phosphorylation (d). Cooperative inhibition of
RXR-0. phosphorylation by ACR plus BCAA might restore the function of this receptor and subsequently increase RAR-B expression.
This induction of RAR-B and its activation by the ligand ACR might produce a positive feedback effect on the expression of RAR-B
itself (e), thus enhancing inhibition of growth in HCC cells {f). Induction of p21“"" might support this positive feedback effect (g).
For additional details see the “Discussion” section. ERK, extracellular signal-regulated kinase; IGF-1R, insulin-like growth factor-1

Teceptor.

ACR, at least in part, by inhibiting the activation of
IGF-1IR and its downstream Akt, because some types
of receptor tyrosine kinases (RTK), incduding IGF-1R,
might phosphorylate RXR-a through the phosphoryla-
tion of ERK and Akt. ACR and BCAA reduce the devel-
opment of HCC and suppress the growth of cancer
cells by inhibiting the activation of specific RTK, includ-
ing IGF-1R and epidermal growth factor receptor
(EGFR).*'¢2* BCAA also suppresses insulin-induced
hepatic tumor cell proliferation by inhibiting ERK and
Akt phosphorylation.'® The previous reports showing
that there is a cross-talk between EGFR and IGF-1R, and
that the simultaneous targeting of these RTK induces a
synergistic inhibition of growth in HCC cells, might give
this hypothesis credibility.®*

The reduction in the dominant negative effect of
RXR-¢. phosphorylation by combining ACR plus BCAA
might activate the transcriptional activity of retinoic acid
responsive element (RARE).*'® This is associated with
the increased expression of RAR-B and p21“" mRNA
because the promoter region of these genes contains
RARE.?? RAR-B, which is also a receptor for ACR, can

exert tumor-suppressive effects in cancer cells.” There-
fore, the induction of RAR-B by the treatment with ACR
plus BCAA might have played a critical role in inhibiting
the growth of HCC xenografts in the present study.
In addition, this induction might be, at least in part,
associated with p21“"* upregulation by ACR plus BCAA
because introduction of the p21°" gene into cells
induces RAR- expression and sensitizes cancer cells to
retinoid treatment.® This hypothesis may be supported
by recent reports that a substantial induction of RAR-B
and p21“™ produces positive feedback effects on the
expression of RAR-B.%1?

Acyclic retinoid has an agonistic activity for both RAR
and RXR.? Therefore, the reduction of the dominaunt-
negative effect of RXR-o. phosphorylation and the induc-
tion of the RAR-B expression by the combination of ACR
plus BCAA might exert a significant inhibition of growth
in the HCC xenografts. Because this study shows the
possibility that the combination treatment consisting of
ACR plus BCAA is an effective regimen for the treatment
of HCC, we presume that this combination might also
be useful for the prevention of HCC. In order to confirm

© 2012 The Japan Society of Hepatology
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this prediction, future studies are required to determine
whether this combination treatment prevents the devel-
opment of HCC using chemically-induced liver car-
cinogenesis in a rodent model with, for example,
diethylnitrosamine.

In conclusion, this study, as well as prior ones,* "'
indicates that the combination chemoprevention using
ACR as a key agent might be an effective strategy for the
prevention and treatment of FICC. Among such regi-
mens, particularly combining ACR with BCAA might
hold promise as a clinical modality for the chemopre-
vention of HCC because clinical trials have shown that
both of these agents can significantly prevent the devel-
opment of HCC without causing any adverse effects.>*
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Obesity and its associated disorders, such as non-alcoholic steato-
hepatitis, increase the risk of hepatocellular carcinoma. Branched-
chain amino acids (BCAA), which improve protein malnutrition
in patients with liver cirrhosis, reduce the risk of hepatocellular
carcinoma in these patients with obesity. In the present study, the
effects of BCAA supplementation on the spontaneous develop-
ment of hepatic premalignant lesions, foci of cellular alteration,
in db/db obese mice were examined. Male db/db mice were given
a basal diet containing 3.0% of either BCAA or casein, a nitro-
gen-content-matched control of BCAA, for 36 weeks. On killing
the mice, supplementation with BCAA significantly inhibited the
development of foci of cellular alteration when compared with
casein supplementation by inhibiting cell proliferation, but induc-
ing apoptosis. BCAA supplementation increased the expression
levels of peroxisome proliferator-activated receptor-y, p21°™!
and p27%™! messenger RNA and decreased the levels of c-fos
and cyclin D1 mRNA in the liver. BCAA supplementation also
reduced both the amount of hepatic triglyceride accumulation
and the expression of interleukin (IL)-6, IL-1B, IL-18 and tumor
necrosis factor-a mRNA in the liver. Increased macrophage infil-
tration was inhibited and the expression of IL-6, TNF-u, and
monocyte chemoattractant protein-1 mRNA in the white adipose
tissue were each decreased by BCAA supplementation. BCAA
supplementation also reduced adipocyte size while increasing the
expression of peroxisome proliferator-activated receptor-a, per-
oxisome proliferator-activated receptor-y and adiponectin mRNA
in the white adipose tissue compared with casein supplementa-
tion. These findings indicate that BCAA supplementation inhibits
the early phase of obesity-related liver tumorigenesis by attenu-
ating chronic inflammation in both the liver and white adipose
tissue. BCAA supplementation may be useful in the chemopre-
vention of liver tumorigenesis in obese individuals.

Introduction

Obesity is a serious health problem worldwide since it often causes a
number of medical disorders, including metabolic syndrome and type
2 diabetes mellitus. Recent evidence also indicates that obesity and its
related metabolic abnormalities are associated with an increased risk

Abbreviations: BCAA, branched-chain amino acids; FCA, foci of cellular
alteration; HCC, hepatocellular carcinoma: H&E, hematoxylin and eosin: IL:
interfeukin; NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic
steatohepatitis; PCNA, proliferating cell nuclear antigen: PPAR, peroxisome
proliferator-activated receptor; RT-PCR, reverse transcription-PCR; SEM,
standard error mean; TNF-¢t, tomor necrosis factor-ai; WAT, white adipose
tissue.
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of developing hepatocellular carcinoma (HCC (1-5)). Non-alcoholic
fatty liver disease (NAFLD) is a hepatic manifestation of metabolic
syndrome and a subset of patients with this disease can progress to
non-alcoholic steatohepatitis (NASH), which involves the risk of
developing chronic hepatitis, cirrhosis and HCC (6-8). Obesity and
diabetes mellitus have been shown to increase the risk of develop-
ing HCC also in patients with viral hepatitis (3,3). A state of chronic
inflammation caused by insulin resistance and hepatic steatosis is con-
sidered to play a critical role in the development of HCC in several
obesity-related pathophysiological conditions (2,6-10). Therefore,
obese patients, especially those with complications of NASH or
chronic viral hepatitis, are at high risk for developing HCC, and tar-
geting chronic inflammation might be an effective strategy for pre-
venting obesity-related liver carcinogenesis (11).

Branched-chain amino acids (BCAA), which are a group of three
essential amino acids comprising valine, leucine and isoleucine, are
used clinically to improve protein malnutrition in patients with lver
cirrhosis (12,13). Oral supplementation with BCAA prevents progres-
sive hepatic failure and improves event-free survival in patients with
chronic liver diseases (14,15). Moreover, a multicenter, randomized
controlled trial has reported that long-term oral BCAA supplementa-
tion reduced the risk of developing HCC in patients with chronic viral
hepatitis; however, the effect was evident only in the patients who are
obese (3). The results seen in that clinical trial are considered to be asso-
ciated with the improvement of insulin resistance achieved by BCAA
supplementation (13,16). In fact, BCAA supplementation inhibited the
development of carcinogen-induced liver and colorectal carcinogenesis
in obese mice by improving insulin resistance (17,18). Treatment with
BCAA also suppressed insulin-induced proliferation of HCC cells by
antagonizing the anti-apoptotic function of insulin (19).

In addition to improving protein malnutrition and glucose metabo-
lism, BCAA supplementation has been reported to reduce lipid depo-
sition in the liver in recent rodent studies (17,20). Supplementation
with BCAA also retarded excess weight gain and reduced epididymal
white adipose tissue (WAT) weight in mice that fed a high-fat diet
(20). Because chronic low-grade systemic inflammation produced by
excess lipid storage in WAT and liver is involved in both the develop-
ment of NASH and the obesity-related liver tumorigenesis (2,6-10),
BCAA supplementation may prevent the development of liver neo-
plasms in obese mice by reducing excess fat accumulation in WAT
and by improving liver steatosis, thereby attenuating inflammation in
these organs.

The spontaneous development of hepatic preneoplastic lesions,
foci of cellular alteration (FCA), have been previously reported to
be enhanced in obese and diabetic C57BL/KsJ-db/db (db/db) mice,
when compared with C57B6 or C57BL/KsJ-+/+ mice, genetic con-
trols for db/db mice (17). In the present study, we examined the effects
of BCAA supplementation on the spontancous development of FCA
in db/db mice while focusing on the attenuation of inflammation
in both the liver and the WAT. In addition, we investigated whether
BCAA supplementation alters adipocyte size and the expression of
peroxisome proliferator-activated receptor (PPAR)-o, PPAR-y and
adiponectin, which are key regulators of inflammatory signaling in
obese adipose tissue (21-25), in the WAT of db/db mice.

Materials and methods

Mice and diets

Male db/db mice (4 weeks old) were obtained from Japan SLC (Shizuoka,
Japan) and humanely maintained at Gifu University Life Science Research
Center in accordance with Institutional Animal Care Guidelines. BCAA and
casein were obtained from Ajinomoto (Tokyo, Japan). The BCAA composition
(2:1:1.2 = leucine:isoleucine:valine) was set at the clinical dosage used for the
treatment of decompensated liver cirrhosis in Japan (3,14).
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