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Fig. 2. Anisomycin caused the degradation of EGFR and this was
abolished by SB203580. (A) SW480 cells were treated with 30 uM of
anisomycin for the indicated times and then protein extracts were
prepared, (B) SW480 colon cancer cells were pretreated with the
indicated doses of SB203580 for 1 h and then 30 uM of anisomycin was
added into the medium, followed by incubation for 24 h. Protein extracts
were then prepared and examined by Western blotting using anti-EGFR
antibodies. An antibody to GAPDH was used to control for protein loading,
The lower bar graph shows the quantification data corresponding to the
above results obtained by the Western blot analysis. The asterisk
indicates a significant difference (x, p <0.05) with respect to the control
(lane 2).

dependent manner (Fig. 2A, upper panel), Moreover, the degradation of
EGFR induced by anisomycin was significantly suppressed when the cells
were pretreated with p38 MAPK specific inhibitor, SB203580 [19]
(Fig. 2B), thus indicating that p38 MAPK pathway acts in anisomycin-in-
duced EGFR downregulation in SW480 colon cancer cells.

3.2. Anisomycin caused the phosphorylation of EGFR at Ser1046/7, but not
Tyr1045 in SW480 colon cancer cells

Next, the effect of anisomycin on the phosphorylation of EGFR was
examined at two different sites, Ser1046/7 and Tyr1045, since the phos-
phorylations at these sites have been reported to play critical roles in
EGFR downregulation [11.20]. EGFR at Ser1046/7 was phosphorylated
by anisomycin at a peak of 30 min to 1 h (Fig, 3A, upper panel), However,
anisomycin has a negligible effect on the phosphorylation of EGFR at
Tyr1045, even though 10 min exposure to EGF (100 ng/ml) clearly in-
duced phosphorylation at this site (Fig. 3A, middle panel). In contrast,
EGF caused the phosphorylation at Tyr1045 and subsequent degradation
of EGFR (Fig. 3B, second and third panels). Interestingly, EGF had littie ef-
fect on either the EGFR phosphorylation at Ser1046/7 or the phosphory-
lation of p38 MAPK (Fig. 3B, first and fourth panels). These results in
EGF-treated cells are different from the cells treated with anisomycin
(Figs. 1 and 3A).

3.3. The internalized EGFR by anisomycin is not associated with ¢-Cbl in
SW480 colon cancer cells

EGFR and an ubiquitin ligase, c-Cbl were double stained using immu-
nofluorescence microscope study to examine whether the internalized
EGFR by anisomycin is associated with c-Cbl. Anisomycin caused the
internalization of EGFR in SW480 cells (Fig. 3C, panel 3). Interestingly,
the internalized EGFR (red signal) induced by anisomycin were not colo-
calized with c-Cbl (green signal; Fig. 3C, panel 12), whereas those induced

by EGF were clearly colocalized with c-Cbl (Fig. 3C, panel 11). A further
immuno-coprecipitation assay was conducted to examine the binding
of EGFR and c-Cbl and EGF, but not anisomycin, induced the EGFR binding
to c-Cbl (Fig. 3D). Taken together with the above results shown in the
Western blot analysis (Fig. 3A and B), these results strongly suggest that
the internalized EGFR induced by anisomycin are not associated with c-
Cbl.

3.4. The inhibition of p38 MAPK, but not SAPK/INK suppressed the
phosphorylation of EGFR at Ser1046/7

As shown in Fig. 1, anisomycin stimulated the activation of p38 MAPK
and SAPK/JNK in SW480 cells. In addition, anisomycin caused the phos-
phorylation of EGFR at Ser1046/7 (Fig. 3A). Therefore, the effects of p38
MAPK specific inhibitor, SB203580 or SAPK/JNK specific inhibitor,
SP600125 [21] on the phosphorylation of EGFR at Ser1046/7 were exam-
ined. As shown in Fig. 4A, 20 uM of SB203580, which truly suppressed the
p38 MAPK phosphorylation induced by anisomycin, clearly inhibited
anisomycin-induced phosphorylation of EGFR at Ser1046/7 (upper panel,
lane 4 in comparison to lane 2), In contrast, the phosphorylation of EGFR
at Ser1046/7 was not inhibited when the cells were pretreated with
10 uM of SP600125, which strongly suppressed the phosphorylation of
SAPK/INK induced by anisomycin (Fig. 4B, lane 4 in comparison to lane
2). These results lead to the speculation that the p38 MAPK pathway is in-
volved in the phosphorylation of EGFR at Ser1046/7. To verify these above
results, the effect of gene silencing was examined using p38 MAPK-siRNA
on the phosphorylation of EGFR at Ser1046/7 in SWA480 cells, The knock
down selectively decreased the expression of p38 MAPK (Fig. 4C third pa-
nel). In p38 MAPK-knocked down SW480 cells, the phosphorylated levels
of EGFR at Ser1046(7 were much reduced (Fig. 4C, upper panel, lane 4 in
comparison to lane 2), whereas expression levels of total EGFR were not
changed (Fig. 4C, second panel), These results strongly suggest that the
anisomycin-induced phosphorylation of EGFR at Ser1046/7 was mediated
through p38 MAPK.

4. Discussion

The present study provides the first evidence that p38
MAPK induces the phosphorylation of EGFR at Ser1046/7, a
site which is important for its downregulation. Anisomycin
is an antibiotic isolated from Streptomyces griseolus that
inhibits protein synthesis by blocking peptidy] transferase
activity in eukaryote ribosomes [22]. Anisomycin intrinsi-
cally initiates intracellular signals and immediate-early
gene induction [23] and anisomycin-activated protein ki-
nases p45 and p55 but not p44/p42 MAPK are implicated
in the induction of c-fos and c-jun [24]. In the present study,
anisomycin caused activation of p38 MAPK and SAPK/JNK,
but not p44/p42 MAPK in SW480 human colon cancer cells.
In addition, the potency of anisomycin for growth inhibition
(IC<sub>s0</sub>) of SW480 cells was 50 nM (data not shown).
In addition, anisomycin caused the degradation of EGFR as
well as its phosphorylation at Ser1046/7, but not Tyr1045
residues, a site which is essential for its binding to ubiquitin
ligase, c-Cbl (Figs. 1 and 3A). Moreover, the internalized
EGFR induced by anisomycin was not associated with c-
Cbl, whereas those induced by EGF were phosphorylated
at Tyr1045 and clearly associated with c-Cbl (Fig. 3B-D). It
has previously been shown that serine residues (including
Serine 1046/7) are essential for EGFR internalization and
degradation, while ubiquitination and direct c-Cb! binding
to Tyr1045 is not critical for initial ligand-induced internal-
ization of EGFR [25]. Indeed, the present findings, that aniso-
mycin caused the downregulation of EGFR via
phosphorylation at Ser1046/7 but failed to induce EGFR
phosphorylation at Tyr1045 or the association with c-Cbl,
are consistent with those of the previous study [25]. How-
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Fig. 3. (A) Anisomycin caused the phosphorylation of EGFR at Ser1046/7, but not Tyr1045. SW480 cells were treated with 30 uM of anisomycin for the
indicated times and then the protein extracts were prepared and examined by Western blotting using anti-phospho-EGFR (Ser1046/7) and phospho-EGFR
(Tyr1045) antibodies, respectively. An antibody to GAPDH was used to control for protein loading, {B) EGF caused phosphorylation of EGFR at Tyr1045, but
not Ser1046/7, SW480 cells were treated with 100 ng/ml of EGF for the indicated times and then protein extracts were prepared and examined by Western
blotting using anti-phospho-EGFR (Ser1046/7), phospho-EGFR (Tyr1045), anti-EGFR, phospho p38 MAPK and p38 MAPK antibodies, respectively. p-EGFR
indicates phospho-EGFR, (C) the internalized EGFR induced by anisomycin is not associated with c-Cbl, SW480 cells were first labeled for 15 min at 37 °C
with an anti-EGFR antibody which recognizes the extracellular domain of the EGFR. They were then treated with either EGF {100 ng/mi) or anisomycin
(30 uM) for 30 min at 37 °C, followed by fixation with paraformaldehyde. After the permeabilization of the cells with 0.1% Triton X-100, the cells were
exposed ta anti-c-Cbl antibodies {(1:100 dilution) for 1 h and then treated with Alexa 546 conjugated anti-mouse secondary antibodies for EGER (red signal)
and Alexa 488 conjugared anti-rabbit secondary antibody for ¢-Cbl (green signal). After washing, the cells were exposed to DAPI (blue signal) for 20 min and
then examined by fluorescence microscopy. Representative results from at Jeast three independent experiments are shown, {D) anisomycin does not induce
the EGFR binding to ¢-Cbl, The cells were first treated with vehicle, 100 ngfml of EGF or 30 4M of anisomycin for 30 min. Then, cell lysates (500 pg each)
were prepared and incubated for 12 h at 4 °C with an anti-EGFR antibody pre-coupled to anti-mouse igG-agarose beads. The bound protein was then
analyzed by Western blotting with anti-c-Cbl antibodies. Arrow indicates the c-Cbl protein which is bound to EGFR. M,W. indicates molecular weight.

ever, the possibility that c-Cbl plays a role in internalization
of EGFR induced by Anisomycin cannot be excluded. Further
investigation is required to clarify the role of c-Cbl in EGFR
internalization. Moreover, SB203580 canceled anisomycin-
induced phosphorylation of EGFR at Ser1046/7 (Fig. 4A)
and its subsequent degradation (Fig. 2B). Furthermore, gene
silencing using p38 MAPK-siRNA suppressed anisomycin-
induced phosphorylation of EGFR at Ser1046/7 (Fig. 4C). Ta-
ken together, these results strongly suggest that p38 MAPK
directs the EGFR downregulation through its phosphoryla-
tion at Ser1046/7 in SW480 human colon cancer cells.

The regulation of RTK including EGFR, is important for
the control of cancer cells, since they exert oncogenic sig-
nals in many types of cancer cells |8]. There are several
mechanisms by which EGFR becomes oncogenic including:
(1) increased EGFR levels, (2) autocrine andfor paracrine
growth factor loops, (3) heterodimerization with other
EGFR family members and cross-talk with heterologous
receptor systems, (4) defective receptor downregulation
and (5) activating mutations [14]. Therefore, the EGFR-

mediated pathway is one of the most promising targets
for the development of new strategies in anti-cancer treat-
ments, The Ser1046/7 phosphorylation sites act to sup-
press signal transduction by the wild-type EGFR [10,12].
In addition, serines 1046, 1047, 1057 and 1142 in the car-
boxy-terminal region of the receptor are sites phosphory-
lated by CaM kinase Il [13] Therefore, the finding that
p38 MAPK activation in addition to CaM kinase Il caused
EGFR phosphorylation at Ser1046/7 and its subsequent
downregulation introduces a new therapeutic strategy to
counter cancer cells that strongly express EGFR including
colon, lung, pancreas and breast. in other words, based
on the current findings, serine phosphorylation of EGFR
or p38 MAPK activation might be considered a new thera-
peutic target against cancer cells.

There is increasing evidence that the activation of p38
MAPK has a suppressive effect on tumorigenesis [15,26]
and that a variety of agents, in addition to specific ligands
like EGF and transforming growth factor o, can induce the
activation of p38 MAPK and internalization of EGFR into
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Fig. 4. The inhibition of p38 MAPK, but not SAPK/INK, suppressed the
anisomycin-induced phosphorylation of EGFR at Ser1046/7, SW480 colon
cancer cells were pretreated with 20 uM of SB203580 (A) or 10 uM of
SP600125, (B) for 1h and then exposed to 30 uM of anisomycin for
30 min. Protein extracts were then prepared and examined by Western
blotting using anti-phospho p38 MAPK, phospho-SAPK/JNK and phospho-
EGFR (Ser1046/7), respectively. An antibody to GAPDH was used to
control for protein loading, (C) effect of gene silencing using p38 MAPK-
siRNA-transfection into SW480 cells. The cells were incubated with
100 nM of p38 MAPK-siRNA or negative control-siRNA at 37 °C for48 hin
FCS-free DMEM, followed by exposure to anisomycin (30 pM) for 48 h.
Protein extracts were then prepared and examined by Western blotting
using anti-EGFR and p38 MAPK, respectively. Representative results from
triplicate jndependent experiments with similar results are shown, p-
EGFR indicates phospho-EGFR. NC: negative control.

endosomal vesicles, These agents include oxidative stress
[27], ultra-violet irradiation [28], gemcitabine [6] and cis-
platin [29]. Since these agents have been reported to acti-
vate p38 MAPK it is possible that EGFR phosphorylation at
Ser1046/7 induced by p38 MAPK might provide a new as-
pect of cancer therapy. However, further investigation is
required to understand how EGFR phosphorylation at ser-
ine residues causes its downregulation. In conclusion, the
current results strongly suggest that p38 MAPK controls
EGFR downregulation via the phosphorylation at
Ser1046/1047.
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ARTICLE INFO ABSTRACT

Article history: A malfunction of retinoid X receptor-a (RXRo) due to phosphorylation is associated with
Received 27 March 2009 the development of hepatocellular carcinoma (HCC) and acyclic retinoid (ACR), which tar-
Received in revised form 18 May 2009 gets RXRo, can prevent the development of second primary HCC. Valproic acid (VPA), a his-

Accepted 18 May 2009 tone deacetylase {HDAC) inhibitor, induces apoptosis and cell cycle arrest in cancer cells.

VPA can also enhance the sensitivity of cancer cells to retinoids. The present study exam-
ined the possible combined effects of ACR plus VPA in HepG2 human HCC cell line. The
combination of 5 pM ACR and 1 mM VPA, about the IC;5 value for both compounds, syner-

I,ig’,z?crdr:tmoid gistically inhibited the growth of HepG2 cells without affecting the growth of Hc normal
Valproic acid human hepatocytes. The combined treatment with ACR plus VPA also acted synergistically
Hepatocellular carcinoma to induce apoptosis and Go-G; cell cycle arrest in HepG2 cells. This combination further
Phosphorylated RXRa, exerted a synergistic inhibition of the phosphorylation of RXRa, ERK, Akt and GSK-38 pro-
Synergism teins and caused an accumulation of acetylated histones H3 and H4 proteins. VPA

enhanced the ability of ACR to raise the cellular levels of RARp and p21“"", The combina-
tion of these agents markedly increased both the RARE and RXRE promoter activities in
HepG2 cells. These results suggest that ACR and VPA cooperatively increase the expression
of RARB and p21°™!, while inhibiting the phosphorylation of RXRa, and these effects were
associated with induction of apoptosis and the inhibition of cell growth in HepG2 cells. This
combination might therefore be an effective regimen for the chemoprevention and chemo-
therapy of HCC.

© 2009 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

The prognosis for patients with hepatocellular carci-
noma (HCC) is poor because of its high incidence and

Abbreviations: ACR, acyclic retinoid; Cl, combination index; ERK, recurrence rate in livers demonstrating chronic inflamma-

extracellular signal-regulated kinase; GSK-3B, glycogen synthase kinase- tion and/or cirrhosis. Therefore, in order to improve the
3p; HCC, hepatocellular carcinoma; HDAC, histone deacetylase; MAPK, prognosis, there is a critical need to develop more effective
mitogen-activated protein kinase; PI3K, phosphatidylinositol 3-kinase; strategies for achieving the chemoprevention of HCC and
RAR, retinoic acid receptor; RARE, retinoic acid receptor responsive one of the promising agents for this purpose is retinoids

element; RT-PCR, reverse transcription PCR; RXR, retinoid X receptor;

RXRE, retinoid X receptor responsive element; TUNEL, terminal deoxy- (1-3]. Retinoids, a group of structural and functional ana-

nucleotidy! transferase-mediated dUTP nick-end labeling; VPA, valproic logues of vitamin A, exert fundamental effects on the reg-
acid. ulation of epithelial cell growth, differentiation and

* Corresponding author. Tel.: +81 (58) 230 6313; fax: +81 (58) 230 development [4‘51. Retinoids exert their bio]ogica] func-
6310.

tions primarily by regulating gene expression through

E-mail address: shimim-gif@umin.ac,jp (M. Shimizu). 5 o, A
v I ) two distinct nuclear receptors, the retinoic acid receptors

T These authors contributed equally to this work.
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(RARs) and the retinoid X receptors (RXRs), which are both
composed of three subtypes (o, g and v) [4,5]. Among these
receptors, RXRa plays an essential role in controlling nor-
mal cell proliferation and metabolism, and acts as a master
regulator of nuclear receptors [4,5].

Because of its essentiality, abnormality in the function of
RXRa is highly associated with the development of various
human malignancies, including HCC, and therefore might
be regarded as a critical target for cancer chemoprevention
and chemotherapy [2,6]. We have previously reported that
liver carcinogenesis is accompanied by the accumulation of
the phosphorylated (i.e. dysfunctional) form of RXRa (p-
RXRa) protein {7-9]. Furthermore, acyclic retinoid (ACR),
a synthetic retinoid which targets RXRa, reduced the inci-
dence of post-therapeutic recurrence of HCC and improved
survival rate of patients (1). ACR inhibits experimental liver
carcinogenesis and induces apoptosis in human HCC-de-
rived cells and this is associated with inhibition of RXRa
phosphorylation as well as induction of cellular levels of
RARB [10-12]. Moreover, the effects of ACR in suppressing
growth and inducing apoptosis in HCC cells are synergisti-
cally enhanced when the agent is combined with specific
drugs that target other signaling pathways [13-16]. There-
fore, not only used as the sole regimen, the combination
chemoprevention using ACR as a key agent might be an
effective strategy to prevent the development of HCC.

Recent studies have revealed histone deacetylase (HDAC)
inhibitors, including valproic acid (VPA), to inhibit growth
and induce apoptosis in human HCC-derived cells [17-19].
In addition, HDAC inhibitors are one of the promising
partners of retinoid-based combination chemoprevention
and chemotherapy because a greater growth-inhibitory
effect was observed with the combination in various types
of cancer cells [20-22]. The purpose of this study is to test
a synergistic effect of ACR plus VPA on the growth of human
HCC cells and to examine the possible mechanisms.

2. Materials and methods
2.1. Materials

ACR (NIK-333) was supplied by Kowa Pharmaceutical
Co., Ltd. (Tokyo, Japan). VPA was purchased from Wako
Pure Chemical Industries, Ltd. (Osaka, Japan). Anti-RXRa,
anti-RAR and anti-p21"! antibodies were from Santa
Cruz Biotechnology (Santa Cruz, CA). The primary antibod-
ies for ERK, phosphorylated ERK, Akt, phosphorylated Akt,
GSK-3B, phosphorylated GSK-3B, acetylated histones H3
and H4 proteins were from Cell Signaling Technology (Bev-
erly, MA). The antibody against GAPDH was from Chem-
icon International (Temecula, CA, USA).

2.2. Cell lines and cell culture conditions

The HepG2 human HCC cell line was obtained from the
Japanese Cancer Research Resources Bank (Tokyo, Japan)
and was maintained in DMEM medium (Invitrogen, Carls-
bad, CA) supplemented with 10% FCS. The Hc human nor-
mal hepatocyte cell line was purchased from Applied Cell
Biology Research Institute and was maintained in a CS-S

complete medium (Cell Systems Biotechnologie Vertrieb
GmbH, St. Katharinen, Germany). The cells were cultured
in an incubator with humidified air with 5% CO, at 37 °C.

2.3. Cell proliferation assays

Three thousand HepG2 or Hc cells were seeded on 96-
well plates. The following day, the indicated concentra-
tions of ACR or VPA were added to each well and the cells
were then incubated for an additional 48 h. The stock solu-
tions were prepared and test concentrations were set
according to reference #15 for ACR and #19 for VPA,
respectively. The number of viable cells in replica plates
was then counted using the Trypan Blue dye exclusion
method, as previously described [1G]. To determine
whether the combined effects of ACR plus VPA were syner-
gistic, HepG2 cells were treated with the combination of
the indicated concentrations of ACR and VPA for 48 h and
the combination index (CI)-isobologram was calculated
as described previously [15,23].

2.4. Protein extraction and western blot analysis

Total cellular protein and acid soluble proteins were ex-
tracted, respectively, and equivalent amounts of protein
were examined by a Western blot analysis using specific
antibodies, as previously described [16,18]. To detect the
expression level of p-RXRa protein, RXRo protein was
affinity purified from the total cell extracts using anti-
RXRo antibody-immobilized Sepharose beads and then
was subjected to Western blot analyses using an anti-
phosphoserine antibody [7]. GAPDH expression served as
a loading control. The intensities of protein bands were
quantified using NIH image software version 1.62.

2.5. RNA extraction and semiquantitative RT-PCR analysis

RNA extraction and a semiquantitative RT-PCR analysis
were done as described previously [12,24]. Total RNA was
isolated from frozen HepG2 cells using TRIzol reagent as
recommended by the manufacturer (Invitrogen). The cDNA
was amplified from 1 pg of total RNA using SuperScript
one-step RT-PCR with the platinum Taq system (Invitro-
gen). The primers used for amplification of RARB and
p21°"®1 specific gene are described previously {24]. The
amplified products obtained with actin-specific primers
[12] served as internal control. By using a thermal control-
ler (Programmable Thermal Controller; MJ] Research Inc,,
Watertown, MA), 35-cycle rounds of PCR were chosen for
the data analysis of expression of RARB and p21“"? mRNAs,
respectively, because a semiquantitative assessment indi-
cated that under this condition the reaction had not yet
reached a plateau and thus was still in the log phase. The
intensities of PCR products stained with ethidium bromide
were quantified using NIH image software version 1.62.

2.6. TUNEL assays
HepG2 cells were treated with 5 uM ACR alone, 1 mM

VPA alone, or the combination of these agents for 48 h
on cover slips. The cells were then fixed with 3.7%
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formaldehyde at room temperature for 10 min, permeabi-
lized with 0.3% Triton X-100 in TBS (pH 7.4), and stained
with a terminal deoxynucleotidyl transferase-mediated
dUTP nick-end labeling (TUNEL) methods using the In Situ
Cell Death Detection Kit, Fluorescein (Roche Diagnostics,
Mannheim, Germany), as described previously [16].

2.7. Cell cycle assays

HepG2 cells were treated with test drugs for 48 h. The
harvested cells were stained with propidium iodide (Sig-
ma, St. Louis, MO), and the samples were then analyzed
for DNA histograms and cell cycle phase distribution by
flow cytometer using a FACS Calibur instrument (Becton
Dickinson, Franklin Lakes, NJ). The data were analyzed by
using the CELL Quest computer program (Becton Dickin-
son), as described previously [24].

2.8. RARE and RXRE reporter assays

Reporter assays were performed as described previ-
ously [16]. HepG2 cells were transfected with RARE or
RXRE reporter plasmids (750 ng/35 mm dish), which were
provided by the late Dr. K. Umesono (Kyoto University,

H. Tatebe et al. /Cancer Letters 285 (2009) 210-217

Kyoto, Japan), along with pRL-CMV (Renilla luciferase,
100 ng/35 mm dish; Promega, Madison, WI, USA) as an
internal standard to normalize the transfection efficiency.
Transfections were performed using UniFector reagent
(B-Bridge, Sunnyvale, CA, USA) according to the manufac-
turer's protocol. After exposure of the cells to the transfec-
tion mixture for 24 h, the cells were treated with 5 uM ACR
alone, 1 mM VPA alone, or the combination of these agents

Table 1
Combined effects of ACR and VPA on HepG2 cells.

ACR concentration (mM) VPA concentration (mM)

0.1 0.5 1 2
1 - - ++ 4+
5 - S P it
10 + ++ +H+ P
20 + +++ it ++++
Note: “~*, CI > 1.3 antagonism; “~*, CI 1.1-1.3 moderate antagonism; “£",

C10.9-1.1 additive effect; +", Cl 0.8-0.9 slight synergism; “++", C1 0.6-0.8
moderate synergism; “+++", Cl 0.4-0.6 synergism; “++++", Cl 0.2-0.4
strong synergism.

Abbreviations: Cl, combination index; ACR, acyclic retinoid; VPA, valproic
acid,
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Fig. 1. Inhibition of cell growth by ACR and VPA. (A) and (B), HepG2 human HCC cells and Hc human normal hepatocytes were treated with the indicated
concentrations of ACR or VPA for 48 h. (C) and (D), HepG2 cells were treated with the indicated concentrations of ACR alone, VPA alone, and various
combinations of these agents for 48 h. The numbers of viable cells in replica plates were then counted using the Trypan Blue dye exclusion method and
expressed as a percentage of the control value. Error Bars, SD of triplicate assays. (E), The data obtained in (C) and (D) were used to calculate the combination

index, as described in the “Section 2",
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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), as previ-
ously described [16].

2.9. Statistical analysis

The data are expressed as the mean z SD. Statistical sig-
nificance of the difference in mean values was assessed
with one-way ANOVA, followed by Sheffe's t-test.

3. Results

3.1. ACR and VPA causes preferential inhibition of growth in HepG2 human
HCC cells in comparison with Hc normal hepatocytes

The initial experiments examined the growth-inhibitory effect of ACR
and VPA on HepG2 and Hc cell lines. As shown in Fig. 1A and B, ACR and
VPA inhibited the growth of HepG2 cells with an ICsp value of about
21.6 uM and 2.4 mM, respectively, and these values were smaller than
those which were observed in Hc normal human hepatocytes. These re-
sults suggest that ACR and VPA preferentially inhibit the growth of HepG2
cells in comparison to normal human hepatocytes (Fig. 1A and B).

3.2, ACR plus VPA causes synergistic inhibition of growth in HepG2 cells

Next, the effect of combined treatment of ACR plus VPA on the growth
of HCC cells was examined (Fig. 1C-E). When the HepG2 cells were trea-
ted with a range of concentrations of these agents, the combination of as
little as 5 uM ACR and 1 mM VPA, about the ICys value for both com-

A Western Blot Analysis
1 2 3 4
ACR - + - +
VPA - - + +

RARB mwm“

p21CP1 1

Acetyled-H4
Acetyled-H3

GAPDH

Protein expression ratio
O = NWh_OONO®

1. Con 2. ACR

3.VPA 4. ACR+VPA

pounds, exerted synergistic growth inhibition because the Cl-isobolo-
gram analysis [15,23] gave the CI index of 3+ to this combination
(Fig. 1E and Table 1). These findings suggest that ACR plus VPA might
be an effective cornbination for the inhibition of HCC cell growth due to
their synergistic efficacy (Fig. 1E and Table 1).

3.3. ACR plus VPA causes a synergistic increase in the levels of RARB and
p21°" and an accumulation of acetylated histones H3 and H4 proteins in
HepG2 cells

ACR inhibited the growth of HCC cells by inducing celiular levels of
RARB and p21°7" [12,15]. p21“™ is also a target of VPA to inhibit cell pro-
liferation in HCC cells [19]. Therefore, the combined effects of ACR plus
VPA in induction of the cellular levels of both RARS and p21°'"" in HepG2
cells were examined. Western blot and RT-PCR analyses revealed that
treatment with 5 {M ACR caused an increase in the cellular levels of RARB
and p21“"! proteins and mRNAs in these cells (Fig. 2, Group 2). The levels
of acetylated histone H3 protein was also increased by ACR in these cells
(Fig. 2A, Group 2). In addition, there was a marked increase in the cellular
levels of RARB and p21“®" and an accumulation in acetylated histones H3
and H4 proteins by the treatment with 1 mM VPA (Fig. 2, Group 3), More-
over, the expression of these molecules was significantly enhanced when
the cells were treated with the combination of ACR plus VPA (Fig. 2,
Group 4).

3.4. ACR plus VPA synergistically induces apoptosis and Gy-G; arrest in
HepG2 cells

p219"" negatively modulates the cell cycle progression and thus is
considered to be an important target for cancer therapeutic strategy
[25]. RARB is an important retinoid receptor with respect to the regula-
tion of apoptosis {2G]. Because ACR and VPA cooperatively increased

B RT-PCR Analysis
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Fig. 2. Effects of the combination of ACR plus VPA on expression of RARS and p21°*"' and on accumulation of acetylated histones H3 and H4 proteins in
HepG2 cells. After the cells were treated with vehicle (Group 1), 5 uM ACR alone (Group 2), 1 mM VPA alone (Group 3), or the combination of 5 uM ACR plus
1 mM VPA (Group 4) for 24 h, the proteins or mRNAs were extracted from these samples, (A), The expression levels of RARB, p219"!, acetylated histones H3
and H4 proteins were examined by a Western blot analysis using the respective antibodies. Equal protein loading was verified by the detection of GAPDH.
(B), The expression levels of RARB and p21“"" mRNAs were examined by semiquantitative RT-PCR analysis using the RARB or p21°*! specific primers. Actin
primers were used as a control, The results obtained from Western blot analysis (A} and RT-PCR analysis {B) were quantitated by densitometry and are
displayed in the lower panels. Columns and lines indicate mean and SD, respectively. *, p < 0.01, compared with vehicle-treated cells (Group 1); #, p < 0.05,
compared with ACR {(Group 2) and VPA {Group 3)-treated cells. Repeat Western blots and RT-PCR assays gave similar results.
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the expression levels of both p21“"! and RAR (Fig. 2), the next series of
experiments examined whether the synergistic growth inhibition in
HepG2 cells by the combination (Fig. 1E and Table 1) might be associated
with the induction of apoptosis and the specific changes in the cell cycle
distribution. In TUNEL assays (Fig. 3A), the treatment of HepG2 cells with
either 5 uM ACR (Group 2) or 1 mM VPA (Group 3) alone induced TUNEL-
positive cells in approximately 10% of the total viable cells, respectively.
Moreover, the combination of these agents markedly enhanced the induc-
tion of apoptosis in 27.5% of total viable cells (Group 4). Cell cycle analysis
by DNA flow cytometry (Fig. 3B) revealed that after 48 h treatment with
either ACR or VPA alone, the population of HepG2 cells in Gg-G, increased
from 27% (Group 1) to 34% (Group 2) or 36% (Group 3), respectively. With
the combined treatment, the population of cells in this phase markedly
increased to 41% when compared to control untreated cells (Group 4).
These results strongly suggest the synergism in inducing apoptosis and
in the Go-G; phase cell cycle arrest by the combined treatment of ACR
plus VPA,

3.5. ACR plus VPA synergistically suppress the phosphorylation of RXRe, ERK,
Akt and GSK-3p proteins in HepG2 cells

RXRa phosphorylation plays a critical role in the development of HCC
and thus might be a promising target for HCC chemoprevention {2,7-9].
Therefore, the effect of combination of ACR plus VPA on the phosphoryla-
tion of RXRo and related signaling molecules was investigated in HepG2
cells. As shown in Fig. 3C, there was a significant decrease in the expres-
sion levels of p-RXRa and p-ERK proteins when the cells were treated
with 5 pM ACR (Group 2). Treatment with 1 mM VPA also caused a
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marked decrease in the expression levels of p-Akt and p-GSK-3p proteins
(Group 3). Moreover, the expression levels of p-RXR«, p-ERK, p-Akt and p-
GSK-3p proteins were greatly decreased when the cells were treated with
the combination of these agents {(Group 4).

3.6. VPA enhances the induction of both RARE and RXRE promoter activities
by ACR

RARs and RXRs modulate the expression of target genes by interacting
with RARE or RXRE elements located in the promoter regions of these
genes [4,5]. Therefore, whether VPA might enhance the transcriptional
activity of the RARE or RXRE promoters induced by ACR was next exam-
ined using transient transfection luciferase reporter assays. As shown in
Fig. 4, 5 uM ACR (Group 2) and 1 mM VPA (Group 3) significantly in-
creased both RARE and RXRE reporter activities in comparison to control
untreated cells, respectively. Moreover, when VPA was combined with
ACR, there was a synergistic increase in the transcriptional activity of
these reporter activities (Group 4),

4. Discussion

The present study clearly indicated that the combina-
tion of ACR plus VPA caused a synergistic inhibition of
growth in HepG2 human HCC cells (Fig. 1E and Table 1)
and that this was associated with the induction of apopto-
sis and arrest of the cell cycle in Go-G; (Fig. 3A and B). The

C
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Fig. 3. Effects of the combination of ACR plus VPA on induction of apoptosis (A), progression of cell cycle (B) and phosphorylation of RXRot, ERK, Akt and
GSK-3p proteins (C) in HepG2 cells. (A) and (B), HepG2 cells were treated with vehicle (Group 1), 5 pM ACR alone (Group 2), 1 mM VPA alone (Group 3), or
the combination of 5 M ACR plus 1 mM VPA (Group 4) for 48 h. The cells were then stained using the TUNEL method to evaluate induction of apoptosis (A)
or were stained with propidium iodide to analyze progression of cell cycle (B). (A), TUNEL-positive cells were counted and expressed as the percentage of
the total cell number (500 cells were counted in each flask). (B), The distribution of cells in the Go-G, phase of cell cycle was calculated in each group.
Columns and lines indicate mean and SD, respectively. p < 0.05, compared with vehicle-treated cells (Group 1); **, p < 0.01, compared with vehicle-treated
cells (Group 1); #+, p < 0.01, compared with ACR (Group 2) and VPA (Group 3)-treated cells. Representative results from three independent experiments
with similar results. (C), HepG2 cells were treated with vehicle (Group 1), 5 tM ACR alone (Group 2), 1 mM VPA alone (Group 3), or the combination of 5 uM
ACR plus 1 mM VPA (Group 4) for 24 h and the cell lysates were then prepared. The cell extracts were examined by a Western blot analysis using respective

antibodies. Repeat Western blots gave similar results,
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Fig. 4. Effects of the combination of ACR plus VPA on transcriptional activity of RARE (A) and RXRE (B) promoters in HepG2 cells. Transient transfection
reporter assays were performed with the indicated luciferase reporter in the presence of vehicle {Group 1), 5 uM ACR alone {(Group 2), T mM VPA alone
(Group 3), or the combination of 5 pM ACR plus 1 mM VPA (Group 4). Relative luciferase activity was determined after 24 h, Columns and lines indicate
mean and SD, respectively. %, p < 0.05, compared with vehicle-treated cells (Group 1); ++, p < 0.01, compared with ACR (Group 2) and VPA (Group 3)-treated
cells. Representative results from three independent experiments with similar results.

combination of these agents also acts synergistically to in-
duce the cellular levels of p21“F! and RARP (Fig. 2). We
have previously reported that ACR alone can induce apop-
tosis and inhibit the growth of human HCC and squamous
cell carcinoma cells by arresting the cell cycle in Go-G4 and
increasing the cellular levels of the RARB and p21¢™
[12,15,24]. Therefore, VPA might have enhanced the
expression of RARp and p21°%! caused by ACR in the pres-
ent study.

A hypothetical scheme which explains the synergism
generated by the combination of ACR plus VPA is proposed
in Fig. 5. It is reported that the promoter region of both the
p219%" and RARB genes contain RARE [27,28], which ex-
plains why ACR alone causes an increase in the cellular lev-
els of these molecules (Fig. 2). HDAC inhibitors, including
VPA, also strongly activate the expression of the p21°"!
[19,29]. There is an interesting report that introduction of
p219F1 gene into cells transcriptionally activates the up-
stream promoter region of the RARS gene [30]. The tran-
scriptional activation by p300 and CREB binding protein
(CBP), both of which are histone acetyltransferases and
thus controlling the transcription of RARE target genes
[3], is stimulated by co-expression of p21¢** [31]. In addi-
tion, treatment of RARB-overexpressed squamous carci-
noma cells with retinoid induced p21°™, p300/CBP and
histone H4 acetylation, while down-regulating the expres-
sion of HDAC1 {32]. These reports might explain how VPA
alone also increased the cellular levels of both the p21¢*!
and RARB (Fig. 2) and this substantial induction of
p21°""! and RARB could therefore up-regulate the expres-
sion of these molecules in the present study (Fig. 5). The
levels of both RARB and p21°""! increased by the combina-
tion of ACR plus VPA (Fig. 2) therefore induce a synergistic
growth inhibition in HepG2 cells (Fig. 1E and Table 1) by
activating the RARE promoter activity (Fig. 4A).

Moreover, recent studies revealed that ACR is not only
the ligand for retinoid receptors. Indeed, RXRa phosphory-
lation is highly associated with the development of HCC
and ACR dephosphorylates and restores the function of this
receptor by inactivating the Ras/MAPK/ERK signaling path-
way [2,7-9,11,14]. Therefore, the inhibition of the activa-
tion of ERK and phosphorylation of RXRa proteins by ACR
(Fig. 3C) is consistent with these previous reports that
ACR can inhibit Raf-1-bound Ras activity and phosphoryla-
tion of ERK, thereby inhibiting the growth of HCC cells
[7,11,14]. In addition, the combinations of ACR plus spe-
cific agents, which target RXRo phosphorylation, synergis-
tically inhibited the growth of HCC cells [14,16]. These
findings suggest that p-RXRa and its upstream kinases
might be useful targets for inhibiting the growth of HCC
cells when considering the combination with ACR. In the
present study VPA alone inhibited the phosphorylation of
Akt and the combination of ACR plus VPA synergistically
decreased the expression of p-RXRa protein in HepG2 cells
(Fig. 3C). These findings seem to be interesting because
unpublished results show that, in addition to the Ras/
MAPK/ERK, the PI3 K/Akt signaling pathway also phos-
phorylates RXRat in HCC cells (Shimizu M. and Sakai H.,
unpublished data). Therefore, the inhibition of Akt phos-
phorylation and restoration of the function of RXRa as a
master regulator of nuclear receptors by VPA (Fig. 3C)
might induce a synergistic effect in the combination with
ACR (Fig. 5).

The PI3 K/Akt pathway plays a critical role in liver car-
cinogenesis and HDAC inhibitors have the ability to inhibit
the activation of this signaling pathway [33-35]. The phos-
phorylation (i.e. inactivation) of serine/threonine protein
kinase GSK-3p, which is mediated by PI3 K/Akt, also plays
a critical role in cell growth and resistance to apoptosis
in HCC cells, and it is thus considered to be one of the
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Fig. 5. A hypothetical schematic representation of the effect of the combination of ACR plus VPA on growth inhibition in HCC cells, ACR can bind to both
RAR and RXR as a ligand, thus resulting in activation of the RARE promoter activity (A). Because the promoter region of both the p21"" and RARB genes
contain RARE, ACR can cause an increase in cellular levels of these molecules. VPA also increases the expression of p21°"! and RARp by remodeling the
chromatin template and increasing the histone acetylation by inhibiting the HDAC activity (B). Therefore, the combination of ACR plus VPA cooperatively
activates the expression of p21“"' and RARB. Thus induced RARB (C) and its activation by the ligand ACR could further up-regulate the promoter activity of
both the p21“"! and RARp genes. In addition, the up-regulation of p21°™ itself could also activate the promoter region of the RARS gene (D), thus
synergistically inducing apoptosis, controlling the cell cycle and enhancing growth inhibition in HepG2 cells (E). In parallel, ACR inactivates the Ras/MAPK/
ERK (F) and VPA inhibits the PI3 K/Akt signaling pathways (G), respectively. Because these signaling pathways phosphorylate RXRo and thus impairing the
function of this receptor, cooperative inhibition of RXR« phosphorylation by ACR and VPA might restore the function of this receptor (H) and subsequently

activate the RARE promoter activity. These effects also contribute to the growth inhibition of HCC cells. For additional details see Section 4.

promising targets to inhibit HCC cell proliferation [36,37)].
Therefore, in addition to the restoration of the function of
RXRa, the inhibition of the GSK-3B phosphorylation and
thus reactivating this protein by inhibiting the Akt activa-
tion (Fig. 3C) also seems to be significant with respect to
the inhibitory effects of the combination of ACR plus VPA
on HCC cell proliferation.

Finally, it should be noted that a number of clinical tri-
als using retinoids plus VPA are conducted for the treat-
ment of myeloid malignancies and, importantly, a
hematologic improvement was observed in these trials
[38]. It is also significant that treatment with retinoids plus
VPA is well tolerated in these clinical studies [38]. A clini-
cal trial demonstrated that the administration of ACR re-
duced the incidence of post-therapeutic recurrence of
HCC without causing any untoward effects (1). In this trial
the plasma concentration of ACR was approximately the
same as the dosage used in the present study (1). The dos-
age of VPA in the present study is also confirmed to be an
effective and safe blood concentration [39]. In addition, the
observation that the combination of appropriate dosages of
ACR and VPA can inhibit the growth of human HCC cells
without affecting the  growth of normal hepatocytes
(Fig. 1A and B) should encourage further clinical studies
using these materials to investigate HCC chemoprevention
and chemotherapy. In conclusion, the results of our pres-
ent study suggest that combining ACR with VPA might
hold promise as a clinical modality for the prevention
and treatment of HCC, due to their synergistic effects.
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The receptor tyrosine kinase vascular endothelial growth factor (VEGF)
receptor (VEGFR) plays an important role in tumor angiogenesis of
hepatocellular carcinoma (HCC). (-)-Epigallocatechin gallate (EGCG), the
major biologically active component of green tea, inhibits growth in
a variety of human cancer cells by inhibiting the activation of several
types of receptor tyrosine kinases. In this study, we examined the
effects of EGCG on the activity of the VEGF-VEGFR axis in human HCC
cells. The levels of total and phosphorylated (i.e. activated) form of
VEGFR-2 protein (p-VEGFR-2) were observed to increase in a series of
human HCC cell lines in comparison to the Hc normal human hepato-
cytes. EGCG preferentially inhibited the growth of HUH7 HCC cells,
which express constitutive activation of the VEGF-VEGFR axis, in
comparison to Hc cells. Treatment of HuH7? cells with EGCG caused a
time- and dose-dependent decrease in the expression of VEGFR-2 and
p-VEGFR-2 proteins. The production of VEGF from HuH7 cells was
reduced by treatment with EGCG. Drinking of EGCG significantly
inhibited the growth of HuH7 xenografts in nude mice and this was
associated with inhibition of the activation of VEGFR-2 and its related
downstream signaling molecules, including ERK and Akt. EGCG
drinking also decreased the expression of Bcl-x, protein and VEGF
mRNA in the xenografts. These findings suggest that EGCG can exert,
at least in part, its growth-inhibitive effect on HCC cells by inhibiting
the VEGF-VEGFR axis. EGCG might therefore be useful in the treatment
of HCC. (Cancer Sci 2009; 100: 1957-1962)

CC, which commonly arises in the liver with chronic inflam-
mation and cirrhosis, is a major health care problem world-
wide.! Because the prognosis of patients with HCC is poor, there
is a critical need to develop more effective strategies for the
therapy and prevention of this malignancy. Recent studies have
revealed that the aberrant activation of several RTK and related
downstream pathways of signal transduction play a critical role
in the development of HCC and thus might be promising targets
for the treatment of this cancer.*® For instance, sorafenib, a
multikinase inhibitor that targets the serine-threonine kinases
Raf-1 and B-Raf and the RTK activity of VEGFR-1, VEGFR-2,
and VEGFR-3 and platelet-derived growth factor receptor-f3, has
shown a survival benefit in patients with HCC.® In preclinical
experiments, sorafenib exerted antiproliferative effects on the
HCC-derived cell lines and reduced tumor growth by inhibiting
angiogenesis in a mouse xenograft model of human HCC.®®
It is widely accepted that neovascularization and angiogenesis
play a key role in the growth of solid tumor.™® VEGF, which
binds to and activates VEGFR, is important in pathological angio-
genesis, and the VEGF-VEGFR axis is therefore closely associated
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with tumor growth.”® In particular, HCC is a well-known hyper-
vascular tumor and a close relationship has been demonstrated
between VEGF expression and either angiogenic activity or tumor
progression in HCC % Overexpression of VEGFR is also observed
in human HCC and this has been shown to correlate with a poor
prognosis."*? In addition, several HCC cell lines express VEGFR
and VEGF may act as an autocrine growth factor in stimulating
the proliferation of these cells."® These findings suggest that
inhibition of the VEGF-~VEGFR axis can theoretically reduce
angiogenesis and tumor growth in HCC, and several agents that
target this axis have been developed for the treatment of HCC 2>
In a recent phase II study, bevacizumab, a humanized anti-VEGF
monoclonal antibody, alone or in combination with cytotoxic
agents was used as treatment for patients with HCC and they
showed a moderate antitumor activity."*!® In HCC cells, RT'K787,
a tyrosine kinase inhibitor of VEGFR, inhibited tumor cell pro-
liferation and induced apoptosis both in vivo and in vitro.'¥

Numerous epidemiological and experimental studies suggest
that green tea catechins have both anticancer and cancer chemo-
preventive effects at various organ sites.'5-'® One of the anticancer
mechanisms of green tea or its constituents is explained by their
inhibitory effect on angiogenensis. Namely, EGCG, the major
biologically active component of green tea, induces potent inhi-
bition of VEGF-dependent tyrosine phosphorylation of VEGFR-2
and this is associated with the suppression of in vitro angiogen-
esis.!"” The production of VEGF by cancer cells decreases after
treatment with EGCG, thus contributing to its potent antiangiogenic
activity.??! Green tea extract and EGCG also caused a decrease
in VEGF production by HCC cells{** however, whether EGCG can
inhibit activation of the VEGF-VEGFR axis, thus inducing growth
inhibition of HCC tumor, has not yet been examined. In the present
study we investigated in detail the effects of EGCG on activation
of the VEGF-VEGFR axis and the growth of HCC cells using
in vitro and in vivo models.

Materials and Methods

Chemicals. EGCG was obtained from Mitusi Norin Co. (Tokyo,
Japan).

Cell lines and cell culture conditions. Six human HCC cell lines,
HLF, PLC/PRF/5, HepG2, HuH7, HLE, and Hep3B, were
obtained from the Japanese Cancer Research Resources Bank
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(Tokyo, Japan) and maintained in DF10 medium containing
DMEM (Invitrogen, San Diego, CA, USA) supplemented with
10% fetal bovine serum (Invitrogen). The Hc human normal
hepatocyte cell line was purchased from Applied Cell Biology
Research Institute (Kirkland, WA, USA) and maintained in CS-C
complete medium (Cell Systems Biotechnologie Vertrieb, St
Katharinen, Germany). The cells were cultured in an incubator
with humidified air with 5% CO, at 37°C.

Cell viability assays. Cell viability assays were conducted using
the MTT cell proliferation kit I (Roche Diagnosis Co., India-
napolis, IN, USA), according to the manufacturer’s instructions,
as described previously.?® Three thousand HuH7 or He cells were
seeded into 96-well plates. Twenty-four hours later, the cells were
treated with the indicated concentrations of EGCG (0-100 pg/mL)
for 48 h in DF10 medium, and cell viability was examined. All
assays were carried out in triplicate.

VEGF production assays. HuH7 cells were plated into six-well
plates and grown to 70% confluence. After washing with PBS,
the cells were treated with the indicated concentrations of EGCG
(0-100 pg/mlL) in serum-minus medium for 24 h. The cell-free
medium was then collected and the amounts of VEGF secreted
by the cells into the medium were measured using a VEGF ELISA
kit (R&D Systems, Minneapolis, MN, USA), according to the
manufacturer’s instructions.

Protein extraction and western blot analysis. Total protein was
extracted from the cell lines or xenografts of HuH7 cells and
equivalent amounts of protein (20 pg/lane) were subjected to a
western blot analysis, as described previously.®** The primary
antibodies for ERK, p-ERK, Akt, and p-Akt were described pre-
viously.®» The primary antibodies for VEGFR-2 (#2479), p-
VEGFR-2 (#2478), Bcl-x, (#2762), and GAPDH (#2118) were
purchased from Cell Signaling Technology (Beverly, MA, USA).
An antibody to GAPDH served as a loading control.

RNA extraction and semiquantitative RT-PCR analysis. A semiquan-
titative RT-PCR analysis was carried out, as described previously.®®
Total RNA was isolated from the xenopgrafts of HuH7 cells using
ISOGEN reagent (Nippon Gene Co., Tokyo, Japan), according to
the manufacturer’s instructions. The cDNA was amplified from
1 ng of total RNA using SuperScript one-step RT-PCR with the
platinum Tagq system (Invitrogen). The primers used for amplifi-
cation of VEGF and GAPDH specific genes were as follows: VEGF
forward, 5'-CTA CCT CCA CCA TGC CAA GT-3'; VEGF reverse,
5-AAA TGC TTT CTC CGC TCT GA-3"; GAPDH forward, 5’
CGA GAT CCC TCC AAA ATC AA-3’; and GAPDH reverse,
5-TTC AGC TCA GGG ATG ACC TT-3'. Using a thermal
controller (Programmable Thermal Controller; MJ Research, Water-
town, MA, USA), 35-cycle rounds of PCR were chosen for data
analysis of the mRNA expression as a semiquantitative assessment
indicated that the reaction had not reached a plateau and was
still in log phase. The amplified products obtained with GAPDH-
specific primers served as an internal control. The intensities of
the PCR products stained with ethidium bromide were quantified
using the NIH Image software program version 1.62 (URL: http://
rsb.info.nih.gov/nih-image/index.html).

In vivo experimental protocol. Twenty-four male BALB/c nude
mice (5 weeks of age) were obtained from Charles River Japan
(Tokyo, Japan). All mice were maintained at Gifu University Life
Science Research Center, according to the Institutional Animal
Care Guidelines, and were housed in plastic cages with free access
to drinking water (tap water supplemented with or without EGCG)
and the pelleted basal diet CRF-1 (Oriental Yeast Co., Tokyo,
Japan). Xenograft tumors were made by subcutaneous injection
of HuH7 cells, at a concentration of 5 x 108 cells per 200 uL,
into the flanks of these mice. One week after tumor cell injection,
the mice were randomly divided into three groups (eight mice
per group) and then treated with (groups 2 and 3) or without
(group 1) EGCG for 5 weeks. The mice in groups 2 and 3 were
given tap water containing 0.01 or 0.1% EGCG, respectively.

1958

VEGFR-2 |

p-VEGFR-2 [

Fig. 1. The expression levels of total vascular endothelial growth factor
receptor (VEGFR)-2 and phosphorylated vascular endothelial growth factor
receptor (p-VEGFR)-2 proteins in human hepatoceliular carcinoma cell lines
and Hc normal hepatocytes. Total protein extracts were prepared from
70% confluent cultures of the indicated cell lines and equivalent amounts
of protein (20 ug/lane) were examined by western blot analysis using
appropriate antibodies. Repeat western blots gave similar results,

The concentrations of EGCG (0.01 and 0.1%) were established
according to the findings of previous reports®’?® because these
doses could exert anticancer properties without causing various
side effects in any organs. The mice in group 1 were given tap
water and served as an untreated control. A freshly prepared
solution of EGCG in tap water was supplied to the experimental
mice three times a week. The tumor size and bodyweight were
measured once a week and the tumor volume was calculated
using the formula: largest diameter X (smallest diameter)? x 0.5.

Statistical analysis. The data were expressed as the mean + SD.
The statistical significance of the difference in mean values was
tested using a one-way analysis of variance (ANOVA) and the
unpaired z-test. Significance was defined as a P-value less than
0.05. All analyses were carried out using the StatView ver. 5.0
software program (SAS Institute, Cary, NC, USA).

Resulits

Expression of VEGFR-2 and p-VEGFR-2 proteins in human HCC cell
lines and Hc normal hepatocytes. Among the VEGFR, VEGFR-2 is
considered to be the major mediator of the mitogenic and angio-
genic effects of VEGE."® We therefore initially examined whether
VEGFR-2 protein is overexpressed and constitutively activated
in HLF, PLC/PRF/5, HepG2, HuH7, HLE, and Hep3B human HCC
cell lines and in Hc human normal hepatocytes using western blot
analysis. Among these HCC cell lines, the level of VEGFR-2
protein was observed to markedly increase in the HLF and HLE
cells, whereas it was moderately expressed in Hep3B and HuH7
cells (Fig. 1). The level of phosphorylated (i.e. activated) VEGFR-
2 protein (p-VEGFR-2) also increased in these four cell lines,
thus indicating the constitutive activation of this receptor (Fig. 1).
Moreover, all HCC cell lines that were examined in this experiment
significantly expressed VEGFR-2 and p-VEGFR-2 proteins in
comparison to the Hc normal human hepatocytes (Fig. 1).

Effects of EGCG on the growth of HuH7 and Hc cells. We then
examined the growth-inhibitory effects of EGCG on HuH7 and
Hc cell lines using MTT assays. As shown in Figure 2, EGCG
inhibited the growth of HuH7 cells with an IC,, value of approxi-
mately 25 ug/ml.. However, the Hc cells were more resistant to
EGCG because the IC,, value with this agent was approximately
84 ug/mL (Fig. 2). These findings suggest that EGCG preferen-
tially inhibits the growth of HuH7 HCC cells, which express higher
levels of the VEGFR-2 and p-VEGFR-2 proteins, when compared
with Hc cells that do not express these proteins (Fig. 1).

Effects of EGCG on the expression and activation of VEGFR-2 in HuH7
cells. We next examined whether EGCG alters the expression and
activation of VEGFR-2 in HuH7 cells. A time-course study
indicated that when the cells were treated with 25 pg/ml EGCG,
which is the same as the IC,; concentration determined by the
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Fig. 2. Inhibition of cell growth by (~)-epigallocatechin gallate (EGCG) in

HuH7 human hepatocellular carcinoma cells and Hc normal hepatocytes.
These cells were treated with the indicated concentrations of EGCG or
DMSO for 48 h and cell viability assays were conducted using the MTT
system. Results are expressed as a percentage of growth with 100% repre-
senting control cells treated with DMSO alone. Bars, SD of triplicate assays.
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Fig. 3. Effects of (-)-epigallocatechin gallate (EGCG) on expression levels
of total vascular endothelial growth factor receptor (VEGFR)-2 and phos-
phorylated vascular endothelial growth factor receptor (p-VEGFR)-2 proteins
in HuH7. The cells were treated with (a) 25 pg/mL EGCG for the indicated
times (0, 3, 6, 12, and 24 h, time course study) or (b) the indicated concen-
tration of EGCG (0, 5, 10, 25, 50, and 100 ug/mL, dose-dependence study)
for 6 h, and the cell extracts were then examined by western blot analysis
using the respective antibodies. An antibody to GAPDH served as a loading
control. Similar results were obtained in a repeat experiment.

MTT assays (Fig. 2), a marked decrease was observed in the
expression levels of both VEGFR-2 and p-VEGFR-2 proteins
within 6 h of the addition of this agent (Fig. 3a). When the cells
were treated with the indicated concentrations of EGCG (0-
100 pg/mL) for 6 h, the expression levels of VEGFR-2 as well
as p-VEGFR-2 proteins were also inhibited in a dose-dependent
manner (Fig. 3b).

Effects of EGCG on VEGF production by HuH7 cells. VEGF, which
is produced by cancer cells, has been reported to play a critical

Shirakami et al.
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Fig. 4. Effects of (-)-epigallocatechin gallate (EGCG) on production of

vascular endothelial growth factor (VEGF) by HuH7 cells. The cells were
treated with the indicated concentration of EGCG (0, 0.01, 0.1, 1.0, 10,
and 100 pug/mL) in serum-free medium for 24 h. The medium was then
collected and assayed for VEGF using an ELISA kit. Bars, SD of triplicate
assays. *P < 0.05, **P < 0.01: significant differences obtained by comparison
with EGCG-untreated control group.

role in tumor angiogenesis.”® We therefore next examined the
effects of EGCG on production of VEGF by HuH7 cells using
an ELISA system. As shown in Figure 4, HuH7 cells secreted an
abundant amount of VEGF into the growth medium when the cells
were cultured in serum-free medium for 24 h and, interestingly,
a low (10 pg/mL, less than IC,, value) and high (100 pg/mL)
concentration of EGCG significantly reduced the production of
VEGF from these cancer cells.

Effects of EGCG on the growth of HCC xenografts in nude mice.
‘We next examined whether the growth inhibition of the treatment
with EGCG in HuH7 cells was also observed in vivo using a nude
mouse xenograft model. Figure 5 shows that drinking water with
not only a high concentration (0.1%), but also a low concentration
(0.01%) of EGCG strongly inhibited the growth of the HuH7
xenograft during treatment with this agent (5 weeks). The tumor
volume of the mice treated with 0.1% EGCG was less than that
of tumors in 0.01% EGCG-drinking mice, but the difference was
not significant (Fig. 5). All of the treatments were well tolerated
and the bodyweights remained stable in all groups during the
experiment (data not shown). There were no pathological altera-
tions suggesting toxicity of EGCG in the liver, spleen, and kidneys
of mice (data not shown).

Effects of EGCG on the activation of VEGFR-2 and its downstream
signaling molecules and on the cellular levels of Bcl-x_in xenografts
of HuH7 cells. We next examined whether treatment with EGCG
inhibits the activation of VEGFR-2 and its multiple downstream
signaling pathways in the HuH7 xenografts. Drinking both 0.01
and 0.1% EGCG decreased the total levels of VEGFR-2 and Akt
proteins in these xenografts (Fig. 6a). There was also a marked
decrease in the levels of p-VEGFR-2, p-ERK, and p-Akt proteins
by treatment with both concentrations of EGCG (Fig. 6a). In
addition, EGCG caused a decrease in the levels of Bcl-x;, an anti-
apoptotic Bcl-2 family member, in HuH7 xenogrfts (Fig. 6a).

Effects of EGCG on the expression of VEGF mRNA in xenografts of
HuH7 cells. A semiquantitative RT-PCR study showed that there
was a significant decrease in the level of VEGF mRNA in the
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xenografts of mice treated with 0.1% EGCG compared to that of
the tumors in control mice (Fig. 6b). Therefore, the inhibitory
effect of EGCG on the production of VEGF was not only observed
in vitro (Fig. 4) but also in vivo.
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Fig. 5. Effects of (-)-epigallocatechin gallate (EGCG) on the growth of

HuH7 xenografts in nude mice. Male BALB/c nude mice were injected
subcutaneously with 5 x 10° HuH7 cells. One week after the injection, the
mice were divided into three groups and treated with following conditions
for 5 weeks: group 1, control group (tap water drinking group, 0); group
2, 0.01% EGCG-drinking group (O); and group 3, 0.1% EGCG-drinking
group (®). The growth curve of HuH7 tumors in each group are repre-
sented. Bars, SD. *P < 0.05: significant differences obtained by comparison
with EGCG-untreated control group.
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Discussion

The results of the present study clearly indicate that EGCG
effectively suppresses the growth of HuH7 human HCC cells both
in vitro (Fig. 2) and in vivo (Fig. 5) and this was associated with
inhibition of the VEGF-VEGFR axis (Figs 3,6a). It should be
particularly emphasized that not only a high concentration (0.1%),
but also a low concentration (0.01%) of EGCG similarly inhibited
the growth of HCC xenografts by blocking the VEGF-VEGEFR axis
to the same extent (Figs 5,6a). This is the first report indicating
a low dose of EGCG (0.01%) to be sufficient to reduce HCC
tumor growth, although the feeding protocol of EGCG at a high
dose (0.1%), which mimics an approximate consumption of six
cups of green tea per day by an average adult human, has been
used in mice in many prior chemopreventive studies.'¢?® These
findings, together with the result of a previous study reporting
that drinking 0.05% EGCG also significantly repressed the tumor
growth of highly angiogenic sarcoma xenografts by inhibiting
angiogenesis in vivo,*® might thus be preferable when considering
the clinical use of this agent because a lower dose is more accep-
table for administration to patients.

One of the main mechanisms of how EGCG can block the
VEGF-VEGFR axis in cancer cells is explained by its efficacy
in reducing VEGF secretion from these cells °-*» The expression
of VEGF is regulated by micro-environmental alterations, such
as hypoxia, and recent studies have revealed that HIF-1 strongly
activates transcription of the VEGF gene by phosphorylating the
ERK and Akt proteins.”*'-*® The increased expression of VEGFR
and HIF-10, the regulated subunit of HIF-1, is considered to
play a role in the progression of HCC.®% Hepatitis C virus infec-
tion leads to the stabilization of HIF-lo. via activation of the
MAPK-ERK and PI3K~Akt signaling pathways, thus leading to
neovascularization.®® In the present study we demonstrated that
EGCG reduces the expression of VEGF mRNA and production
of this growth factor by inhibiting the activation of ERK and
Akt proteins in HuH7 cells (Figs 4,6b). These findings are
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Effects of (-)-epigallocatechin gallate (EGCG) on activation of vascular endothelial growth factor receptor (VEGFR)-2, its related downstream

signaling pathways, and on the cellular levels of Bcl-xL proteins and vascular endothelial growth factor (VEGF) 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 or (b) a semiquantitative RT-PCR analysis using VEGF-specific primers. An antibody to GAPDH served as a loading control (A). Amplified PCR
products obtained with GAPDH-specific primers served as internal controls. (b) The results obtained from RT-PCR analysis were quantified by densitometry
and are displayed in the lower panel. Bars, SD of triplicate assays. *P < 0.05: significant differences obtained by comparison with EGCG-untreated control

group. p-, phosphorylated.
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consistent with those of a previous report, in which green tea
extract and EGCG were observed to cause a drastic decrease in
VEGF expression at both the mRNA and protein levels by sup-
pressing the expression of HIF-1o and blocking both the PI3K-
Akt and MAPK-ERK signaling pathways in HepG2 human HCC
cells.®® Because several HCC cell lines express the constitutive
activation of VEGFR-2 (Fig. 1), our findings, together with those
of the previous report,® suggest the possibility that EGCG might
be able to inhibit cell growth by disrupting the VEGF-VEGFR-
related autocrine loop that exists in HCC cells.

The transcription of VEGF mRNA is also induced by the acti-
vation of a variety of RTK.?” For instance, activation of the IGF-
1-IGF-1 receptor axis induces expression of the VEGF gene via
induction of HIF-1¢..®" Both the activation of EGFR and HER2
induce the secretion of VEGF by activating the PI3K-Akt signaling
pathway.®?33 These reports seem to be significant when con-
sidering the characteristic effects of EGCG because this agent can
inhibit not only VEGFR-2 (Figs 3,6a), but also the activation of
several other RTK, including IGF-1R, EGFR, HER2, and HER3,
and multiple downstream signaling pathways in human HCC and
colon cancer cells.?328 One of the possible mechanisms for this
remarkable range of effects by EGCG might be associated with its
ability to bind directly to all of these receptors, thereby inhibiting
their tyrosine kinase activities, perhaps because of sufficient homo-
logies in their kinase domain.®® This presumption might be
supported by the previous report that EGCG can act directly to
inhibit the kinase activity of some RTK.®7*® The recent report
describing that EGCG inhibits the binding of VEGF to VEGFR in
a concentration-dependent manner® also encourages this hypo-
thesis. In addition, the effects of EGCG to decrease the total
levels of VEGFR-2 itself contribute to inhibit activation of the
VEGF-VEGEFR axis in the present study (Figs 3,6a). These findings
are consistent with a recent report that green tea extract could
decrease the expression of both VEGFR-1 and VEGFR-2 on
human umbilical vein endothelial cells.“®

In addition to the direct effects of EGCG on specific RTK at
the cell surface, recent studies revealed that EGCG exerts its

effects on RTK indirectly by targeting the lipid organization of -

the plasma membrane, so-called ‘lipid rafts’, which are associated
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with these RTK. Indeed, the inhibitory effect of EGCG on EGF
binding to the EGFR and the subsequent dimerization of this
receptor is associated with alterations in the lipid rafts of colon
cancer cells.“? EGCG also decreases cell surface-associated EGFR
by inducing the internalization of EGFR into endosomal vesicles,
thereby inhibiting the activation of this receptor and exerting
anticancer effects.“? Because VEGFR-2 is also localized to lipid
rafts,“® future studies would be required to elucidate whether
the inhibitory effect of EGCG on the activation of VEGFR-2
is associated with alterations in membrane lipid order in cancer
cells.

Agents that can co-target several different RTK, such as sor-
afenib, are expected to be promising candidates for the treatment
of HCC.®® In conclusion, the ability of EGCG to target both the
VEGF-VEGEFR axis, as demonstrated in the present study, and
other types of RTK that play critical roles in the proliferation of
cancer cells,®2% is thus considered to provide evidence that this
naturally occurring agent may be effective in the chemopreven-
tion and therapy of HCC, and likely of other malignancies as well,
that show hypervascularity.
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Hepatic fibrosis is a major complication of various chronic liver diseases. Activated hepatic stellate cells
(HSCs) play a critical role in the development of liver fibrosis and the axis of platelet-derived growth fac-
tor (PDGF)/PDGF receptor (PDGFR), a member of receptor tyrosine kinases (RTKs), is closely associated
with the activation of HSC. Insulin-like growth factor (IGF)-1 receptor (IGF-1R), which also belongs to
RTKs, interacts with the PDGF/PDGFR axis, thereby cooperatively promoting hepatic fibrosis. We herein
examined the effects of (—)-epigallocatechin gallate (EGCG), which inhibits the activation of several types

!é(e;)géords: of RTKs, on the development of rat liver fibrosis induced by carbon tetrachioride (CCly). Drinking water
Liver fibrosis with 0.1% EGCG significantly decreased the serum levels of both aspartate aminotransferase and alanine
PDGFRB aminotransferase raised by CCly, thus indicating an improvement of liver injury. In CCly-injected rats,
IGF-1R EGCG markedly attenuated hepatic fibrosis and decreased the amount of hydroxyproline in the exper-

CCly imental liver. The expression of PDGFRB and IGF-1R mRNAs in the liver was significantly lowered by
the treatment with EGCG. EGCG also decreased the expression of PDGFRB and a~-smooth muscle actin
proteins, thus indicating the inhibition of HSC activation, These findings suggest that EGCG can exert, at
least in part, an anti-fibrotic effect on the liver by targeting PDGFRB and IGF-1R, EGCG might therefore

be useful in both the prevention and treatment of hepatic fibrosis,

© 2009 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Hepatic fibrosis is a common response to chronic liver injury
from a variety of causes, including infection with hepatic viruses,
drug-related, alcohol and metabolic disorders [1]. Progressive
fibrosis eventually leads to cirrhosis which is often associated with
a high risk of liver failure and hepatocellular carcinoma (HCC)[1,2].
Therefore, the inhibition and prevention of the development of
fibrosis might be an effective strategy to improve the prognosis

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase;
«-SMA, a-smooth muscle actin; EGCG, (-)-epigallocatechin gallate; EGFR, epi-
dermal growth factor receptor; ERK, extracellular signal-regulated kinase; HCC,
hepatocellular carcinoma; HSC, hepatic stellate cell; IGF-1R, insulin-like growth
factor-1receptor; PDGF, platelet-derived growth factor; PDGFR, PDGEreceptor; RTK,
receptor tyrosine kinase.
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of patients with chronic liver disease, Indeed, recent clinical trials
have revealed that treatment with interferon prevents or delays
the development of liver cirrhosis and HCC in patients with chronic
viral hepatitis [3,4].

The activation of hepatic stellate cells (HSCs) plays a key role
in the development of liver fibrosis because activated HSCs are
major cellular source of coillagen in the injured liver [1]. Fol-
lowing liver injury of any etiology, quiescent HSCs transform to
activated cells, which are proliferative and fibrogenic [1]. Several
types of growth factors, cytokines, chemokines and their cognate
receptors are associated with this transition. Among these fac-
tors, autocrine signaling by platelet-derived growth factor (PDGF),
which binds to and activates PDGF receptor (PDGFR), is regarded
as one of the most potent mitogens and chemotactics for HSCs
[5]. The expressions of PDGF and the beta isoform of its receptor
(PDGFR) have been shown to increase in both experimental rat
and human models of liver fibrosis [6,7]. These findings suggest
that the activated PDGF/PDGER signaling pathway may therefore
be a candidate therapeutic target for antifibrogenic therapy in liver
disease,

Numerous in vivo and in vitro studies suggest that green tea
catechins can exert both cancer therapeutic and cancer preventive
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properties at various organ sites {8]. One of the anticancer mecha-
nisms of green tea or its constituents is explained by their inhibitory
effect on the expression and activation of specific receptor tyrosine
kinases (RTKs), such as epidermal growth factor receptor (EGFR),
insulin-like growth factor (IGF)-1 receptor (IGF-1R) and PDGFR},
and related downstream signaling pathways [9-12]. In the present
study we investigated the effects of (—)-epigallocatechin gallate
(EGCG), the major biologically active component of green tea, on
liver fibrosis and on the expression of PDGFRf3 using a rat model of
carbon tetrachloride (CCls )-induced hepatic fibrosis. We also exam-
ined whether EGCG alters the expression of IGF-1R in the fibrotic
liver because this RTK is closely associated with the PDGF/PDGFR
axis and thus plays an important role in liver fibrosis {13].

2. Materials and methods
2.1. Animals and chemicals

Four-week-old male Wistar rats were obtained from Japan SLC,
Inc. (Shizuoka, Japan). CCl; was purchased from Sigma Chemical
Co. (St. Louis, MO). EGCG was provided by the Mitusi Norin Co., Ltd.
(Tokyo, Japan).

2.2. Animal protocol

All rats were maintained at Gifu University Life Science Research
Center, according to the Institutional Animal Care Guidelines, and
were housed in plastic cages with free access to drinking water (tap
water supplemented with or without EGCG) and a pelleted basal
diet, CRF-1 (Oriental Yeast Co., Ltd., Tokyo, Japan). After 1 week
of acclimatization, a total of 26 rats were randomly divided into 4
groups. Groups 1 and 2 (5 rats per group) received an intraperi-
toneal injection of olive oil (0.5 ml/kg body weight, twice a week)
for 8 weeks. Groups 3 and 4 (8 rats per group) received an intraperi-
toneal injection of CCly (0.5 ml/kg body weight, twice a week) for
the same period of time. At the start of the intraperitoneal injec-
tions, the rats in Groups 2 and 4 were given tap water containing
0.1% EGCG. The rats in Groups 1 and 3 were given only tap water
throughout the experiments, A freshly prepared solution of EGCG in
tap water was supplied to the experimental rats three times a week.
At the termination of the experiment (13 weeks of age), all rats were
sacrificed by CO, asphyxiation to determine the development of
hepatic fibrosis.

2.3. Histopathological and immunohistochemical examinations

In all experimental groups, 3-4 um thick sections of 10%
buffered formaldehyde-fixed and paraffin-embedded livers were
stained with either hematoxylin and eosin (H&E) for histopathol-
ogy or Azan stain to observe liver fibrosis. Immunohistochemistry
of o-smooth muscle actin {(x-SMA) was performed using
a primary anti-a-SMA antibody (DAKO, Glostrup, Denmark)
with paraffin-embedded sections, as previously described [14].
Computer-assisted quantitative analyses of fibrosis development
were carried out using the WinROOF image-processing software
program (Mitani Corp., Tokyo, Japan) in three low power (x40)
fields per specimen, as previously described [14].

2.4. Hepatic hydroxyproline analysis

The hepatic hydroxyproline content (wmol/g wet liver) was
quantified colorimetrically in duplicate samples from approxi-
mately 200 mg wet-weight of liver tissues, as previously described
[15].

2.5. Clinical chemistry

At sacrifice, blood samples were collected from the inferior vena
cava and the serum activities of aspartate aminotransferase (AST)
and alanine aminotransferase (ALT) were measured using a stan-
dard clinical automatic analyzer (type 726, Hitachi, Tokyo, Japan).

2.6. Protein extraction and Western blot analysis

Equivalent amounts of protein lysates (30 pg/lane) from the
liver of experimental rats were subjected to a Western blot anal-
ysis, as described previously [16]. Anti-PDGFR antibody was
obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).
Anti-a-smooth muscle actin (a-SMA) antibody was from DAKO, An
antibody to GAPDH (Chemicon International, Temecula, CA) served
as a loading control.

2.7. RNA extraction and quantitative real-time reverse
transcription-PCR analysis

A quantitative real-time reverse transcription-PCR {RT-PCR)
analysis was performed, as described previously [17]. Total RNA
was isolated from the liver of the experimental rats using the
RNAqueous-4PCR kit (Ambion Applied Biosystems, Austin, TX),
according to the manufacturer’s protocol. The cDNA was synthe-
sized from 0.2 pg of total RNA using SuperScript 1lI First-Strand
Synthesis System (Invitrogen, San Diego, CA). The primers used for
the amplification of PDGFRp, IGF-1R and GAPDH specific genes are
described previously [18,19]. Real-time PCR was done in a Light-
Cycler (Roche Diagnostics Co., Indianapolis, IN) with SYBR Premix
Ex Taq (TaKaRa Bio Inc., Shiga, Japan). The expression level of both
the PDGFRP and IGF-1R genes was normalized to the GAPDH gene
expression level, Each experiment was done in triplicate and the
average was then calculated.

2.8. Statistical analysis

The data are expressed as the mean + SD. The statistical signif-
icance of the difference in the mean values was evaluated using
one-way analysis of variance (ANOVA) and the unpaired t-test. Sig-
nificance was defined as a p value ofless than 0.05. All analyses were
performed using the StatView ver. 5.0 software (SAS Institute, Cary,
NC).

3. Results

3.1. Effects of EGCG on the serum levels of AST and ALT in
CCly-injected rats

As shown in Fig, 1, the serum AST and ALT levels significantly
increased in the CCly-injected group (Group 3, p<0.01) in compar-
ison to the control group (Group 1, olive oil-injected group), but
they did not increase in the treatment with EGCG alone (Group 2).
When compared to the CCls-treated group, drinking water with
0.1% EGCG (Group 4) gave lower serum levels of both AST (p<0.01)
and ALT (p <0.01), thus indicating suppression of the liver injury
(Fig. 1).

3.2, Effects of EGCG on the liver fibrosis in CCls-injected rats

Examinations of the Azan-stained sections indicated that treat-
ment with CCl, resulted in the development of marked liver fibrosis
(Fig. 2C and G). On the other hand, drinking water with 0.1% EGCG
significantly prevented the liver fibrosis in comparison to the CCly-
injected group (Fig. 2D and H). No evidence of fibrosis was observed
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