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ABSTRACT
Objective: Genistein is a recognized isoflavone present in soybeans with antioxidant, anti-
inflammatory, antiangiogenic and antitumor activities. This study aimed to test ability of genistein
in modulating versican/platelet derived growth factor (PDGF) axis in HCC.
Methods: HCC was experimentally induced in male Sprague-Dawley rats then treated with 25 or 75
mg/kg genistein. Antioxidant activities of genistein was assessed by measuring the gene expression
of Nrf2 and the hepatic levels of malondialdehyde (MDA), superoxide dismutase (SOD) and reduced
glutathione. Expression of versican, PDGF, protein kinase C (PKC) and ERK-1 protein was assessed by
Western blotting and immunostaining.
Results: HCC induced an elevation in oxidative stress, PDGF, versican, PKC and ERK protein
expression levels. Genistein significantly reduced an HCC-induced increase in oxidative stress.
Moreover, genistein dose-dependently reduced HCC-induced elevation of PDGF, versican, PKC and
ERK protein expression levels. Moreover, genistein helped retain a normal hepatocyte structure
and reduced fibrous tissue deposition, especially in high dose.
Conclusions: Genistein exerted antitumor and antioxidant effects and therefore suppress HCC
development via inhibition of the PDGF/versican bidirectional axis, suppressing both ERK1 and
PKC as downstream regulators. Therefore, genistein is a potential novel therapeutic candidate for
improving the outcome of patients with HCC.
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Highlights

. Genistein is an isoflavones present in various soybeans and
soy products.

. Genistein produced antitumor activity not only due to its
antioxidant activity.

. Genistein expression of versican, PDGF, PKC and ERK.

. Genistein produced hepatoprotective effects.

Introduction

Hepatocellular carcinoma (HCC) is the main cause of death in
patients with cirrhosis. HCC is the fifth most prevalent liver
disease and is characterized by a poor prognosis, being the
second most common cause of cancer-related mortality [1].
HCC can result from exposure to numerous factors, including
chronic hepatitis C or hepatitis B viral infection, high alcohol
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consumption and diabetes [2]. HCC is an inflammatory
disease, with more than 90% of patients with HCC developing
chronic liver damage [3,4]. The prognosis of HCC is poor due
to the high rate of metastasis and recurrence of the disease
[5]. The molecular pathways that underlie HCC invasion
remain elusive, which impedes the discovery of novel thera-
peutics. Several patients succumb to HCC due to the lack of
effective treatments. Therefore, it is crucial to find more
effective treatment strategies to ameliorate HCC outcomes.

It has previously been reported that platelet-derived
growth factor (PDGF), as a member of the proinflammatory
growth factor family, serves an important role in regulating
the synthesis of versican. Moreover, PDGF upregulates versi-
can mRNA expression. PDGF expression levels are strongly
correlated with HCC grade and invasion, indicating the
important role of PDGF in the onset, progression, invasion
and metastasis of HCC [6]. Moreover, protein kinase C (PKC)
expression levels are strongly correlated with PDGF
expression levels; therefore, PKC inhibitors can be used as
novel anticancer drugs [7]. Furthermore, the ERK/PDGF

signaling pathway contributes to the carcinogenesis of HCC
and is considered to be a suitable candidate for the detection
of high-risk patients a target for cancer pain treatment [8–10].

Genistein is a soybean isoflavone product that serves as an
angiogenesis inhibitor and a phytoestrogen. It exhibits a
broad range of important properties, including anti-inflam-
matory, antioxidant, antiproliferative and antiangiogenic
effects, all of which confer genistein chemopreventive poten-
tial [11]. Furthermore, genistein has been reported to inter-
fere with estrogen receptors in animals and humans,
producing effects similar to estrogen [12], as well as acting
on androgenic receptors [13]. Genistein has also been
determined to display antiviral activity against rotavirus infec-
tion [14].

Genistein is reported to be less harmful to healthy cells
than HCC cells by inducing G2/M arrest and apoptosis [15].
However, to the best of our knowledge, there have been no
previous studies investigating the effect of versican/PDGF/
PKC signaling pathway inhibition by genistein in HCC. There-
fore, the aim of the present study was to assess the

Figure 1. Effect of genistein at 25 and 75 mg/kg on hepatic oxidative stress and antioxidant markers. (a) gene expression of Nrf2, (b) Malondialdehyde, (c) hydro-
gen peroxide, (d) superoxide dismutase and (e) reduced glutathione levels compared with the normal control in TAA-induced HCC rats. Data are expressed as the
mean ± SEM, *P < 0.05 vs. control; #P < 0.05 vs. HCC group; and $P < 0.05 versus, HCC + 75 mg/kg genistein group. HCC, hepatocellular carcinoma; TAA, thioace-
tamide; C, control; G, genistein.
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chemopreventive and hepatoprotective effects of genistein
in HCC via investigating its effect on the versican/PDGF/PKC
and ERK signaling pathways. For induction of HCC in rats,
thioacetamide was used [3,4,16,17].

Materials and methods

Animal experiments. In total, 50 male four weeks old Sprague–
Dawley rats (weight, 180-200 g) were used in the present
study. The experimental protocols and all procedures were
approved by the Faculty of Pharmacy, Mansoura University
Research Ethics Committee (Mansoura, Egypt; approval no.
2020-181). Rats were kept in 12 h light / 12 h dark cycle
Rats were divided randomly into five groups with 10
animals per group. Animals were kept as 5 rats per each
cage at the beginning of the study. The five groups were as
follows: (i) Control group, rats were intraperitoneally (i.p.)
injected with PBS, 10 mM, pH 7.4; (ii) genistein-treated
control group, rats received 75 mg/kg genistein (Sigma-
Aldrich; Merck KGaA) daily for 16 weeks by oral gavage; (iii)
HCC group, rats received 200 mg/kg thioacetamide (TAA;
Tocris Bioscience), i.p. injected twice a week for 16 weeks;
(iv) HCC treated with genistein, rats received 25 mg/kg genis-
tein by oral gavage daily for 16 weeks; and (v) HCC treated
with genistein, rats received 75 mg/kg genistein by oral
gavage daily for 16 weeks. From day one, animals in both
HCC groups treated with genistein were injected with
200 mg/kg TAA i.p., twice a week for 16 weeks, along with
daily oral genistein treatment. The concentrations of genis-
tein and method of administration used were selected
according to those used in previous studies to treat cancer

in rats [18,19]. Furthermore, preliminary studies were per-
formed to ensure the effectiveness of the selected doses in
cancer treatment.

Sample collection. Blood samples (2 ml)were collected from
retro-orbital plexus of each rat anesthetized with thiopental
sodium (40 mg/kg, i.p.) via puncture of the retro-orbital
plexus. Blood from the rats was centrifuged at 3000 rpm for
5 min and the serum was subsequently stored at −80̊C prior
to liver function analysis. Whole rat livers were freshly
extracted, rinsed with normal saline and dissected into two
parts. One part was fixed in 10% buffered formaldehyde for
morphological and histopathological investigation. The
second was homogenized in a 10-fold volume of 0.01 M
sodium potassium phosphate buffer, pH 7.4 and stored at
−80̊C for biochemical analysis.

Morphologic analysis. Formalin fixed liver samples were cut
into 5-μm sections and stained with Masson’s trichrome and
Periodic acid Schiff (PAS) stains. Sections were anonymously
coded and examined in a masked manner using a digital
camera-aided computer system (Nikon Corporation).

Immunohistochemistry. Immunohistochemical analyses
were performed using 5-μm paraffin sections incubated
with monoclonal antibodies for versican, PDGF, PKC and
ERK-1 (Abcam) in 1:500 dilution at 4̊C over night. Sections
were subsequently treated with secondary antibodies
(Abcam) conjugated to HRP. Then, 2% DAB in 50 mM Tris-
buffer, pH 7.6, was added as a chromogen. Slides were coun-
terstained with hematoxylin and examined in a masked
manner using a digital camera-aided computer system
(Nikon Corporation) [20].

Evaluation of hepatoprotective effects. The serum activity of
alanine amino transferase (ALT), aspartate amino transferase
(AST), alkaline phosphatase, gamma glutamyl transferase
(GGT) and albumin (BioDiagnostic Co.) were quantified spec-
trophotometrically to assess the hepatoprotective effects.

Antioxidant activity. Hepatic tissue levels of malondialde-
hyde (MDA), hydrogen peroxide, superoxide dismutase
(SOD) and reduced glutathione (GSH) were quantified using
commercially available kits purchased from BioDiagnostic Co.

ELISA. α-fetoprotein (AFP) levels were analyzed using com-
mercially available ELISA kits (Wuhan USCN Business Co., Ltd.).

Quantitative real-time polymerase chain reaction (RT–PCR).
The PCR analysis was performed as described previously by
our group [4]. The sequence of Nrf2 the forward primer 5′-
GAGACGGCCATGACTGAT-3′ and reverse primer, 5′-
GTGAGGGGATCGATGAGTAA-3′ and for GAPDH, the forward
primer 5′- CCATCAACGACCCCTTCATT-3′ and reverse primer
5′- CACGACATACTCAGCACCAGC-3′.

Western blotting. The protein expression levels of PDGF,
versican, PKC and ERK in liver samples were determined as
described previously [21]. Briefly, total protein was quantified
using a protein assay (Bio-Rad Laboratories, Inc.). Total
protein was separated (20 μg/lane) using SDS-PAGE and sub-
sequently transferred to a nitrocellulose membrane. Primary
antibodies (1:500) were purchased from Sigma-Aldrich
(Merck KGaA) and were incubated with the membranes at
4̊C overnight. Membranes were reprobed with 1:2000 β-
actin at room temperature (Sigma-Aldrich; Merck KGaA) in
PBST containing 5% non-fat milk. Following primary incu-
bation, membranes were incubated with HRP-conjugated
sheep anti-rabbit secondary antibodies (1:5000). Protein
bands were visualized using enhanced chemiluminescence.
These data are expressed as the relative optical density.

Figure 2. Effect of genistein at 25 and 75 mg/kg on liver images in in (a) the
control group, (b) the control group treated with 75 mg/kg genistein, (c) the
HCC group, (d) the HCC group treated with 25 mg/kg genistein and (e) the
HCC treated with 75 mg/kg genistein.
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Statistical analysis. Data are expressed as the mean ± SEM.
Normality of sample distribution was examined using the Kol-
mogorov–Smirnov test. The Kaplan-Meier method was used
to assess rat survival. For determining differences among
groups, one way ANOVA followed by Bonferroni post hoc
test was used. Statistical analysis was performed using SPSS
version 20 (IBM Corp.). P < 0.05 was considered to indicate a
statistically significant difference.

Results

Effect of oral genistein treatment on HCC-induced oxidative
stress. HCC rats displayed a 2.51 and 2.92-fold increases in
hepatic MDA and hydrogen peroxide levels, respectively. In
addition, HCC rats showed 57%, 60% and 63% decrease in
hepatic Nrf2, GSH and SOD levels, respectively, compared
with the control group. However, treating HCC rats with gen-
istein resulted in a dose-dependent reduction in MDA and
hydrogen peroxide levels, as well as a dose-dependent
increase in GSH, SOD and Nrf2 levels compared with the
HCC group (Figure 1). These results indicated that genistein
may have antioxidant effects in HCC rats.

Effect of genistein on HCC-induced mortality and AFP
elevation. Liver images from HCC rats showed increased
number of nodules as compared with the control group.
Treatment of HCC rats with genistein results in a dose

dependent reduction in the number of nodules in the liver
of rats (Figure 2). In addition, treating HCC rats with 25 mg/
kg of genistein increased the rat survival rate from 30% in
the HCC group to 50%. Furthermore, HCC rats treated with
75 mg/kg genistein displayed an increased survival rate of
90%. At the end of the experiment, control rats and control
rats treated with genistein 75 mg/kg exhibited 100% survival.
Rat survival was also associated with a significant reduction in
AFP serum levels compared with the control group (Figure 3).
These results therefore demonstrated that genistein may
produce therapeutic effects against HCC by reducing mor-
tality rate and AFP serum levels.

Effect of genistein on liver function tests. As indicated in
Figure 4, compared with the control group, ALT, AST, Alkaline
phosphatase and GGT serum levels were significantly elev-
ated in the HCC group, whereas there was a significant
reduction in serum albumin levels. Treating HCC rats with
genistein resulted in a significant reduction in ALT, AST, Alka-
line phosphatase and GGT serum levels and elevated serum
albumin levels compared with HCC group, especially in the
group treated with 75 mg/kg genistein. These results
suggested genistein produced hepatoprotective effects
against HCC rats.

Effect of genistein on HCC-induced morphological changes.
Examination of the rat liver samples from the control
groups stained with Masson’s trichrome revealed the

Figure 3. Effect of genistein at 25 and 75 mg/kg on survival rate and AFP serum levels in TAA-induced HCC rats. (a) Rat survival rate. (b) AFP serum levels were
determined using ELISA. Data are presented as the mean ± SEM, *P < 0.05 vs. control; #P≤0.05 vs. HCC group; $P < 0.05 vs. HCC + 75 mg/kg genistein group. AFP,
α-fetoprotein; TAA, thioacetamide; HCC, hepatocellular carcinoma; C, control; G, genistein.
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absence of fibrosis. However, images captured of the liver
tissue in the HCC group demonstrated highly stained
fibrous septa compared with the control group. Treating
HCC rats with genistein decreased fibrous tissue deposition,
especially following treatment with 75 mg/kg genistein
(Figure 5). Furthermore, as displayed in Figure 6, samples
stained with PAS displayed a normal appearance in the
control groups. The PAS staining was reduced in the HCC
group compared with the control group and significantly
increased in HCC rats treated with genistein. Therefore,
these results suggested that genistein may improve the hep-
atocyte structure.

Effect of genistein on HCC-induced PDGF protein expression
level elevation in hepatic tissue. HCC rats revealed a significant
elevation in PDGF protein expression levels compared with
the control groups. However, oral administration of genistein
resulted in a significant decrease in PDGF protein expression

levels in a dose-dependent manner. Moreover, hepatic sec-
tions from the HCC group demonstrated a significant increase
in areas stained with anti-PDGF antibodies as compared with
the control group. However, treatment of HCC rats with the
higher dose of genistein significantly reduced the positively
stained area compared with HCC and to be similar levels as
those seen in the normal control group (Figure 7). Therefore,
genistein blocked HCC-induced expression of PDGF without
affecting the control group.

Effect of genistein on HCC-induced versican protein
expression level increases. TAA injection resulted in a signifi-
cant elevation in versican protein expression levels com-
pared with the control groups. However, treating HCC
rats with genistein resulted in a decrease in versican
protein expression levels in a dose-dependent manner.
Furthermore, hepatic sections from the HCC group dis-
played a significant increase in areas stained with anti-

Figure 4. Effect of genistein at 25 and 75 mg/kg on serum liver markers levels in TAA-induced HCC rats. (a) ALT, (b) AST, (c) alkaline phosphatase, (d) GGT and (e)
albumin levels. Data are expressed as the mean ± SEM, *P < 0.05 vs. control; #P < 0.05 vs. HCC group; and $P < 0.05 vs. HCC + 75 mg/kg genistein group. GPT,
glutamine aminotransferase; TAA, thioacetamide; HCC, hepatocellular carcinoma; C, control; G, genistein.
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versican antibodies. However, treatment with
genistein significantly reduced the positively stained
areas to levels similar to those of the normal control

group in rats treated with the higher dose of genistein
(Figure 8).

Effect of genistein on HCC-induced PKC protein expression
level increases. HCC rats demonstrated a significant increase
in PKC protein expression levels compared with the control
groups. Hepatic sections stained with anti-PKC antibody
revealed an increased area of staining in the HCC group com-
pared with the control groups. However, treating the HCC
group with genistein resulted in a PKC protein expression
level reduction in a dose-dependent manner. The
PKC protein expression levels in the group treated with
75 mg/kg genistein was similar to that of the control group
(Figure 9).

Effect of genistein on HCC-induced ERK-1 protein
expression level increases. The HCC group demonstrated a
significant elevation in ERK-1 protein expression levels
compared with the control groups. Moreover, hepatic sec-
tions from the HCC rats displayed an increase in areas
stained with anti-ERK-1 antibodies compared with the
control groups. However, treating the HCC group with
genistein resulted in a reduction in ERK-1 protein
expression levels in a dose-dependent manner. The ERK-1
protein expression levels in the group treated with
75 mg/kg genistein were similar to those of the control
group (Figure 10).

Discussion

HCC is considered to be the primary hepatic malignancy and
is a leading cause of cancer-related mortality worldwide [22].
HCC is highly resistant to radiotherapy and surgical resection
ablation therapy [23]. The liver microenvironment consists of
several components, including the extracellular matrix (ECM),
immune cells, Kupffer cells, endothelial cells, fibroblasts, cyto-
kines and various growth factors, which makes the hepatic
carcinogenic tissue microenvironment vulnerable to recur-
rence as well as the development of de novo HCC tumors
[24]. In a carcinogenic tissue microenvironment, proteoglycan
expression is altered significantly and, therefore, proteogly-
cans can be considered as attractive therapeutic targets in
HCC [6]. In the present study, HCC significantly increased ver-
sican protein expression levels, which could lead to changes
in tumor cell survival, angiogenesis and metastasis and facili-
tate tumor progression [25]. Targeting versican, one of the
proteoglycans in the tumor microenvironment, may offer a
novel therapeutic approach to cancer. The aim of this study
was to investigate the effect of blocking PDGF-modulated
versican expression on HCC pathogenicity in vivo.

In the past decade, there has been an increasing interest in
potential cancer chemopreventive agents obtained from
natural sources [20]. Genistein as a soy isoflavone has
drawn attention because of its potential beneficial effects
on degenerative diseases, including cancer. A study has
reported that genistein can target numerous critical molecu-
lar targets. These studies have also demonstrated that genis-
tein also has proapoptotic, cell cycle arrest, antiangiogenic,
antimetastatic, antiproliferative and anti-inflammatory prop-
erties [11]. However, genistein is considered to be a liver
cancer suppressor in vitro [26]. Recently, it has been
demonstrated that the chemoprotective effect of genistein
may be attributed to its proapoptotic and anti-inflammatory
effects via mechanisms involving AMP-activated protein
kinase [27].

Figure 5. Hepatic sections stained with Masson’s trichrome stain. (a) No fibrosis
was demonstrated in the control group or the (b) control group treated with
75 mg/kg genistein. (c) HCC displayed green stained broad fibrous septa
(arrows). (d) HCC treated with 25 mg/kg genistein demonstrated a mild
decrease in fibrous tissue deposition (arrow). (e) HCC treated with 75 mg/kg
genistein displayed very mild fibrous tissue deposition (arrow). Scale bars,
100 µm. HCC, hepatocellular carcinoma.

Figure 6. Hepatic sections stained with PAS stain. Livers in (a) the control
group and (b) the control group treated with 75 mg/kg genistein displayed
a healthy appearance. (c) HCC rats displayed a decreased positivity in staining
compared with the control group. (d) HCC rats treated with 25 mg/kg genistein
displayed a slight increase in staining positivity compared with the untreated
HCC group. (e) HCC treated with 75 mg/kg genistein displayed a markedly
increased staining positivity compared with the untreated HCC group. Scale
bars, 100 µm. PAS, periodic acid Schiff; HCC, hepatocellular carcinoma.

14 Y. M. EL-FAR ET AL.



Therefore, the present study explored a number of new
insights concerning the in vivo molecular mechanism of oral
genistein as a chemopreventive and hepatoprotective
agent on TAA-induced HCC in rats. The results indicated
that genistein may possess antiangiogenic, antimetastatic,
antiproliferative and antioxidant properties and may there-
fore suppress hepatocarcinogenesis and HCC progression
via inhibition of the PDGF/versican bidirectional axis. This
may suppress both ERK1 and PKC as downstream regulators
of the interaction between PDGF and its corresponding
receptor.

Previous studies have reported that genistein exhibits
potent antiangiogenic properties. It is well known that

angiogenesis is a fundamental step in tumor growth, as
PDGF is a protein essential to pericyte recruitment, which is
a critical aspect of blood vessel maturation [28]. Studies
have demonstrated that PDGF is a key pathogenic factor in
multiple solid tumors [29] and there is strong evidence that
the PDGF family serves a fundamental role in liver cirrhosis
and, therefore, HCC development [30].

PDGF/PDGF receptor tyrosine kinase activity has been
determined to stimulate the transcription, translation and
posttranslational processing of versican in arterial smooth
muscle. It has also been demonstrated that genistein selec-
tively inhibits versican biosynthesis in monkey arterial
smooth muscle cells stimulated by PDGF [31]. Therefore, it

Figure 7. Effect of genistein at 25 and 75 mg/kg on hepatic PDGF protein expression levels in TAA-induced HCC rats. (a) PDGF protein expression levels were
determined via western blotting. Photomicrographs of immunohistochemically stained hepatic sections using anti-PDGF antibodies in the following groups:
(b) Control group; (c) control group treated with genistein at 75 mg/kg; (d) HCC group; (e) HCC rats treated with 25 mg/kg genistein; and (f) HCC rats treated
with 75 mg/kg genistein. (g) Relative immune-staining score of PDGF showing increase in HCC sections that was reduced by genistein treatment. Scale bars,
50 µm. *P < 0.05 vs. control; #P≤0.05 vs. HCC group; and $P < .05 vs. HCC + 75 mg/kg genistein group. PDGF, platelet derived growth factor; TAA, thioacetamide;
HCC, hepatocellular carcinoma; C, control; G, genistein.
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can be hypothesized that genistein can act as a blocker of
tyrosine kinase activity, which could modulate versican
expression levels and hence attenuate HCC development in
vivo via numerous signaling pathways.

The present study demonstrated that oral adminis-
tration of genistein resulted in a dose-dependent downre-
gulation in PDGF protein expression levels in HCC rats.
These results are consistent with those reported in other
studies, which demonstrated that genistein exerted antian-
giogenic activity via downregulating VEGF and PDGF in
human bladder cancer cell lines [32]. Furthermore, the
genistein-treated groups, especially at a dose of 75 mg/
kg, exhibited a significant decrease in versican protein

expression levels. Growing evidence has revealed that ver-
sican expression levels are upregulated in numerous malig-
nant tumors, which is correlated with a poor prognosis,
reduced survival rate and increased mortality rate [33–
35]. This data is supported by the results of the present
study, whereby in the HCC group significantly higher ver-
sican protein expression levels and a decrease in survival
rate by 70% were demonstrated, compared with the
normal control group. The impact of versican expression
in HCC development remains elusive and unclear;
however, a recent study by Zhangyuan et al. [35] reported
that versican V1 promoted the proliferation and metastasis
of HCC via activation of the EGFR/PI3 K/AKT signaling

Figure 8. Effect of genistein at 25 and 75 mg/kg on hepatic versican protein expression levels in TAA-induced HCC rats. (a) Versican protein expression levels were
determined via western blotting. Photomicrographs of immunohistochemically stained hepatic sections using anti-versican antibodies in the following groups: (b)
Control group; (c) control group treated with genistein at 75 mg/kg; (d) HCC group; (e) HCC rats treated with 25 mg/kg genistein; and (f) HCC rats treated with
75 mg/kg genistein. (g) Relative immune-staining score of versican showing increase in HCC sections that was reduced by genistein treatment. Scale bars, 50 µm.
*P < 0.05 vs. control group; #P < 0.05 vs. HCC group; and $P < 0.05 vs. HCC + 75 mg/kg genistein group. TAA, thioacetamide; HCC, hepatocellular carcinoma; C,
control; G, genistein.
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pathway. This study also demonstrated that versican, a
component of the ECM, could profoundly affect the
tumor microenvironment by affecting cancer-associated
fibroblasts (CAFs) [35].

Recent interest has been focused on targeting the
cancer microenvironment using PDGF expression as a
novel therapeutic target for cancer. It has been reported
that CAFs affect the deposition and remodeling of ECM
components and release cytokines and growth factors.
Among those, PDGF can affect cancer cells in a paracrine
manner, which leads to an increase in cancer cell pro-
liferation. Furthermore, CAF-derived PDGF can also
indirectly increase tumor angiogenesis via activation of

VEGF production, which serves a key role in angiogenesis
[36].

The interaction between PDGF and versican could
influence cancer cells in a paracrine manner, which may
lead to an increase in cancer cell proliferation and tumor
angiogenesis [29]. Therefore, genistein reveals a novel and
promising mechanism in terms of its chemopreventive
effect on HCC in vivo. From the present study it can be
hypothesized that genistein attenuates PDGF release, which
in turn downregulates versican concentration, which leads
to a further reduction in the release of PDGF, representing a
positive feedback loop. PDGF and versican also affect PKC iso-
zymes, which act as intermediates in numerous signaling

Figure 9. Effect of genistein at 25 and 75 mg/kg on hepatic PKC protein expression levels in TAA-induced HCC rats. (a) PKC protein expression levels were deter-
mined via western blotting. Photomicrographs of immunohistochemically stained hepatic sections using anti-PKC antibodies in the following groups: (b) Control
group; (c) control group treated with genistein at 75 mg/kg; (d) HCC group; (e) HCC rats treated with 25 mg/kg genistein; and (f) HCC rats treated with 75 mg/kg
genistein. (g) Relative immune-staining score of PKC showing increase in HCC sections that was reduced by genistein treatment. Scale bars, 50 µm. *P < 0.05 vs.
control group; #P < 0.05 vs. HCC group; $P < 0.05 vs. HCC + 75 mg/kg genistein group. PKC; protein kinase C; TAA, thioacetamide; HCC, hepatocellular carcinoma; C,
control; G, genistein.
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pathways associated with tumorigenesis, proliferation, inva-
sion, migration and metastasis and, hence, they have been
the subject of intense research to identify novel drugs for
cancer treatment [37].

To the best of our knowledge, the present study is the first
to reveal the novel and promising chemopreventive mechan-
ism of genistein in HCC in vivo. The results of the present
study suggested that genistein, as a blocker of receptor tyro-
sine kinase, not only affects tumor cells, but also affects CAFs
in the tumor microenvironment. Genistein was demonstrated
to attenuate PDGF release, which in turn downregulated ver-
sican protein expression levels, which may have resulted in
the decreased release of PDGF from CAFs. Therefore, the

PDGF/versican positive feedback loop may be considered as
a promising target to combat HCC development,
invasion and angiogenesis, and overcome tumor therapy
resistance.

It has also been reported that the Ras/Raf/MEK/ERK signal-
ing network serves a significant role in HCC progression [38].
To the best of our knowledge, the present study demon-
strated for the first time that genistein administration
achieved a dose-dependent downregulation of ERK1, as a
component of the MAPK signaling pathway, and PKC
protein expression levels, as well as a significant decrease in
PDGF and versican protein expression levels compared with
the HCC group. Previous studies have demonstrated that

Figure 10. Effect of genistein at 25 and 75 mg/kg on hepatic ERK-1 protein expression levels in TAA-induced HCC rats. (a) ERK-1 protein expression levels were
determined via western blotting. (b) Photomicrographs of immunohistochemically stained hepatic sections using anti-ERK-1 antibodies in the following groups:
(b) Control group; (c) control group treated with genistein at 75 mg/kg; (d) HCC group; (e) HCC rats treated with 25 mg/kg genistein; and (f) HCC rats treated with
75 mg/kg genistein respectively. (g) Relative immune-staining score of ERK-1 showing increase in HCC sections that was reduced by genistein treatment. Scale
bars, 100 µm. *P < 0.05 vs. control group; #P < 0.05 vs. HCC group; $P < 0.05 vs. HCC + 75 mg/kg genistein group. TAA, thioacetamide; HCC, hepatocellular car-
cinoma; C, control; G, genistein.
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the overexpression of EGF, PDGF and VEGF as upstream
growth factors, combined with RTK, activate the Ras/Raf/
MEK/ERK signaling network in HCC. Furthermore, it has
been revealed that ERK activation also promotes the
expression of EGFR ligands, promoting an autocrine growth
loop critical for tumor growth [39]. A previous study also
determined that versican has EGF-like motifs [35]. It can
therefore be hypothesized that both PDGF and versican
could activate ERK1, as a downstream regulator of the
MAPK signaling pathway, and PKC. These signaling pathways
are implicated in cancer progression, as they induce a
number of cellular events, including proliferation, differen-
tiation, cell migration and cell survival.

PKC isozymes sit at the crossroads of multiple signaling
pathways associated with proliferation, migration, invasion,
tumorigenesis and metastasis and, therefore, they have
been the subject of intense research to identify novel thera-
peutics for cancer [40]. For example, PKC isozymes stimulate
the Ras/Raf/MEK/ERK signaling pathway which serves a
crucial role in cancer cell survival and proliferation [41].

Signaling via PDGF receptors in tumor cells is tightly regu-
lated and controlled. Certain studies have suggested that
there are two main mechanisms that lead to the amplification
of PDGF downstream signaling pathways in tumor cells. First,
PDGF-stimulated cells produce reactive oxygen species (ROS),
which react with cysteine residues at active sites of tyrosine
phosphatases leading to their inhibition. Second, MAP-
kinase phosphatase 3 degradation as a result of the ubiquiti-
nation process, is responsible for the dephosphorylation and
inactivation of ERK, which results in increasing tumor prolifer-
ation and progression [33]. These results also support the
data of the present study, which demonstrated that the
HCC group exhibited a significant upregulation in PDGF
protein expression levels accompanied by a significant
increase in hepatic MDA levels. Furthermore, western blotting
data demonstrated a significant upregulation in ERK1 protein
expression levels.

Signaling pathways involved in PDGF-mediated increases
and PDGF treatments have resulted in increases in versican
core protein synthesis. The effects of PDGF on versican
mRNA are blocked by the inhibition of either the PKC or
the ERK signaling pathways. However, the effect of PDGF
can be blocked by PKC inhibition, but not by ERK inhibition
[42]. Both PKC and ERK activation are required for versican
mRNA core protein expression. Previous studies have indi-
cated that different signaling pathways control different
aspects of PDGF-stimulated versican biosynthesis [43].

During oxidative stress, ROS are constantly produced and
have deleterious effects on all body cells. It has been reported
that oxidative stress serves a key role in the progression of
chronic liver disease and hepatocarcinogenesis [44]. The
present study demonstrated that oral genistein adminis-
tration resulted in dose-dependent antioxidant activity,
reflected by a significant increase in hepatic Nrf2, GSH and
SOD levels and marked suppression of MDA levels. Genistein
was reported to produce antioxidant activity in prostate
cancer cells in vitro via the induction of antioxidant enzyme
expression, such as catalase and superoxide dismutase,
which collectively lead to a significant reduction in ROS
levels [45].

The present study also demonstrated that genistein,
especially at a dose of 75 mg/kg, restored serum GPT, alkaline
phosphatase and albumin levels to those seen in the normal

control group. Furthermore, liver samples of the genistein-
treated groups displayed a decrease in fibrous tissue and col-
lagen deposition compared with the HCC group. Genistein
has been demonstrated to exert hepatoprotective effects in
non-alcoholic fatty liver disease [46]. Furthermore, in the
present study, genistein was demonstrated to markedly
decrease AFP levels and, therefore, significantly increased
rats survival rate up to 90%.

In conclusion, genistein exhibited antitumor activity,
which could not be attributed to its antioxidant activity
alone, but also to its inhibition of versican, PDGF, PKC and
ERK expression. Genistein could also be a potential thera-
peutic candidate, improving the outcomes of patients with
HCC.
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