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Introduction
Primary liver cancer, mostly hepatocellular carcinoma (HCC), 

is a global health problem, and represents the fifth most common 
malignancy and the third most common cause of death worldwide 
[1]. Although more than 80% of newly diagnosed cases occur in 
Eastern Asia as well as sub-Saharan Africa, the incidence of HCC 
has been increasing steadily in Western countries [2]. According to 
the American Cancer Society [3], more than 24,000 new cases and 
nearly 19,000 deaths are estimated to occur in the United States due 
to liver cancer (including biliary cancers) in 2010 alone, ranking it 
as the third leading cause of death in men between the ages of 40 
and 59. The majority of HCC patients have underlying chronic liver 
diseases, the etiology of which includes viral infection (hepatitis B 
and C), alcohol abuse, metabolic disorders, and exposure to dietary 
hepatocarcinogens including aflatoxins and nitrosamines [4-7]. 
Surgical resection and liver transplantation are considered to be 
the curative treatments for HCC; however, only limited numbers 
of patients with localized tumors are amenable to these curative 
approaches [8]. The recent advent of non-surgical and locoregional 
therapies, such as ethanol injection, radiofrequency ablation and 
radioembolization, can improve the survival of selected patients with 
tumors confined to the liver but further add to the complexity of HCC 
management [9]. Sorafenib, the only drug approved by the United 
States Food and Drug Administration for the treatment of advanced 
HCC, increases the median survival time by less than three months 
[10]. However, this drug does not defer the symptomatic progression 
of the disease, costs about $5,400 per month for treatment [11], 
and possesses severe adverse effects including a significant risk of 
bleeding [12]. In view of the severity of the disease and the limited 
treatment options, a critical need exists for novel chemopreventive 
strategies which reduce the current morbidity and mortality 
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Abstract
Hepatocellular carcinoma (HCC), a hypervascular tumor, is one of the most common and lethal cancers worldwide. 

We previously showed that resveratrol, a dietary polyphenol, inhibits rat liver carcinogenesis through antioxidative and 
antiinfl ammatory mechanisms. As resveratrol possesses antiangiogenic properties, we hypothesize that it may exert 
chemoprevention of hepatocarcinogenesis by suppressing angiogenesis. The antiangiogenic effect of resveratrol was 
investigated by analyzing livers from our previous study in which resveratrol (50-300 mg/kg) exerted chemopreventive 
action against diethylnitrosamine (DENA)-induced rat liver tumorigenesis. Hepatic angiogenesis was evaluated by 
microvessel density (MVD) based on immunohistochemical staining of CD31-positive endothelial cells. The expression 
of hepatic vascular endothelial growth factor (VEGF) and hypoxia-inducible factor-1α (HIF-1α) were determined by 
immunohistochemistry. Sixteen weeks following the administration of DENA, there was a substantial increase in hepatic 
MVD as compared to normal liver. A dramatic increase in hepatic VEGF and HIF-1α was observed in DENA-treated 
animals compared to normal counterparts. Treatment with resveratrol dose-dependently abrogated the DENA-induced 
increased MVD as well as the elevated expression of VEGF and HIF-1α. DENA-initiated hepatocarcinogenesis in rats 
exhibits substantial neovascularization possibly due to overexpression of VEGF upregulated by HIF-1α. Resveratrol 
exerts a remarkable angiosuppressive effect in DENA-evoked hepatocellular carcinogenesis. Resveratrol-mediated 
inhibition of angiogenesis could be achieved by suppressing VEGF expression through downregulation of HIF-
1α. These results, in conjunction with our previous fi ndings, provide evidence that angiosuppression is involved in 
resveratrol-mediated chemoprevention of rat liver carcinogenesis and support the potential use of this natural agent in 
the prevention and therapy of HCC.

associated with HCC. 

HCC represents one of the most vascular tumors and is 
associated with a high propensity for vascular invasion [13,14]. 
Angiogenesis, a process that leads to the formation of new blood 
vessels from preexisting ones, has been shown to play an important 
role in the growth and progression of HCC. The proliferation and 
migration of endothelial cells, constituents of blood vessels, result 
in the formation of microvessels as well as vascular networks. It 
has been well established that tumor angiogenesis is a complex 
multistep process driven by an imbalance of the downregulation of 
antiangiogenic factors and upregulation of proangiogenic factors 
[15]. Vascular endothelial growth factor (VEGF), a heparin-binding 
homodimeric glycoprotein, is the most important angiogenic factor 
that stimulates the growth and migration of the endothelial cells [16]. 
Expression of VEGF is regulated by microenvironmental as well as 
genetic alterations in tumor cells. Hypoxia due to elevated metabolic 
activities and oxygen consumption by rapidly proliferating tumor cells 
is considered to be a key microenvironmental factor of angiogenesis, 
and hypoxia-induced factors (HIFs) are known to stimulate VEGF [17]. 
Emerging studies provide convincing evidence that angiogenesis 
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is involved in the early stages of multistage hepatocarcinogenesis 
[18,19]. Hepatocellular carcinogenesis depends on stepwise 
progression from the preneoplastic lesions with inflammation to 
the neoplastic stages with initiation and promotion of angiogenesis. 
Consequently, interference of the angiogenic process could be a 
valuable strategy in the prevention of HCC. It has been postulated 
that the best approach to inhibit angiogenesis is to intervene as early 
as possible during the carcinogenic process, even prior to overt tumor 
formation. The link between angiogenesis and cancer development 
and the ease of detection of this process in accessible tissues early 
in carcinogenesis make angiogenesis as a biomarker and target in 
cancer chemoprevention [20]. It has been hypothesized that effective 
chemopreventive agents block tumor angiogenesis, a concept termed 
as “angioprevention” [21]. Indeed, several phytochemicals, including 
dietary agents belonging to diverse chemical groups with cancer 
chemopreventive activities, have been shown to share antiangiogenic 
properties [22-25]. Nevertheless, chemoprevention of HCC through 
attenuation of angiogenesis has not been investigated in detail.

Resveratrol (3,4,5-trihydroxy-trans-stilbene, Figure 1), a naturally 
occurring polyphenol present in grapes, red wine and peanuts, has 
been shown to possess potent anticancer effects against various 
human cancer cells in vitro and a chemopreventive effect against 
breast, colon, esophagus, lung and skin carcinogenesis in vivo 
[26,27]. Nevertheless, the mechanism-based chemopreventive action 
of this dietary polyphenol against HCC has not been investigated 
until recently [28]. Our laboratory has reported, for the first time, that 
dietary resveratrol affords chemoprevention of hepatic tumorigenesis 
in a two-stage model of hepatocarcinogenesis in rats initiated with 
the dietary carcinogen diethylnitrosamine (DENA) and promoted by 
phenobarbital (PB) [29]. Although the molecular mechanisms of liver 
tumor inhibitory effects of resveratrol have not been completely 
elucidated, we have found that resveratrol suppressed DENA-induced 
elevated levels of hepatic cell proliferation, inflammatory response, 
and oxidative stress and also triggered apoptosis of DENA-initiated 
hepatocytes in a dose-responsive fashion [29-32]. As abnormal cell 
proliferation, inflammation and reactive oxygen species play vital roles 
in angiogenesis [33,34], the antiproliferative, antiinflammatory and 
antioxidant agent resveratrol may have an antiangiogenic role, which 
may be linked to its previously observed antihepatocarcinogenic 
effect. In fact, recent studies have shown that resveratrol exhibits a 
potent inhibitory effect on tumor angiogenesis in vivo in chemically-
induced skin carcinogenesis [35] as well as xenografted skin, breast, 
colon, pancreas, lung and brain cancer models in rodents [36-43]. The 
angiosuppressive effects of resveratrol could be mediated through 
the inhibition of HIF-1 and VEGF expression as observed in various 
cancer cell lines [44-48]. In view of these studies, we hypothesize 
that resveratrol-mediated chemoprevention of experimental 
hepatocarcinogenesis could be achieved, at least in part, through 
suppression of neovascularization. The objective of the present 
study was to investigate the effects of resveratrol on angiogenesis 

and expression of hepatic VEGF and HIF-1 during DENA-initiated 
rat liver carcinogenesis. The liver tissues were harvested from a 
previously reported chemopreventive study in which rats exposed 
to dietary resveratrol (50-300 mg/kg) exhibited 22-60% inhibition of 
hepatic tumor formation, respectively [29]. In this study, we have 
demonstrated for the first time that resveratrol remarkably inhibited 
angiogenesis by suppressing the expression of VEGF and HIF-1 in 
the liver subjected to DENA-initiated hepatocellular transformation, 
which may represent a novel molecular mechanism of resveratrol 
chemoprevention of liver cancer. 

Materials and Methods
Chemicals

Trans-resveratrol (~98% pure) was purchased from Organic Herb, 
Inc. (Changsha, Hunan, P.R. China). DENA and PB were obtained from 
Sigma-Aldrich (St. Louis, MO). Goat polyclonal platelet/endothelial 
cell adhesion molecule-1 (PECAM-1, also referred to as CD31) 
antibody, mouse polyclonal VEGF antibody, rabbit polyclonal HIF-1 
antibody and ABC staining systems were purchased from Santa Cruz 
Biotechnology (Santa Cruz, CA). All other chemicals and reagents 
were procured from Fisher Scientific (Pittsburgh, PA). 

Animals and treatment

Liver samples utilized in the present study were originated 
from our previously reported chemopreventive study following our 
established two-stage rat hepatocarcinogenesis protocol [29]. All 
animal procedures were approved by the Institutional Animal Care 
and Use Committee at the Northeastern Ohio Universities Colleges 
of Medicine and Pharmacy in accordance with National Institutes 
of Health guidelines. Briefly, pathogen-free female Sprague-Dawley 
rats (Charles River Laboratories, Wilmington, MA), were divided into 
five groups. While one group served as the vehicle control (normal 
group), initiation of hepatocarcinogenesis in all other four groups 
was performed by a single intraperitoneal injection of DENA at a dose 
of 200 mg/kg, followed by promotion with PB at a concentration of 
0.05% (w/v) in drinking water, which was started two weeks after the 
DENA injection and continued until the end of the study. Rats had 
free access either to a pulverized standard diet (for normal and DENA 
control groups) or the same diet supplemented with various amounts 
of resveratrol equivalent to a daily dose of 50, 100 or 300 mg/kg 
body weight (for the three resveratrol-treated groups). Treatment 
with resveratrol was initiated 4 weeks prior to DENA injection and 
continued for 20 consecutive weeks. At the end of the study (20 
weeks), the livers from several groups were subjected to perfusion 
and subsequently excision under anesthesia. The results on the 
incidence, multiplicity and size distribution of hepatic nodules have 
already been reported [29]. A portion of the non-nodular liver tissue 
from various rat groups was collected, snap-frozen in liquid nitrogen 
and subsequently stored in a freezer at -80°C. These liver tissues 
were utilized for various assays described below. The rationale for 
using non-nodular tissue is the fact that DENA produced nodules of 
different sizes which may cause different hypoxic conditions resulting 
in differential induction of VEGF [49]. This could introduce errors in 
the interpretation and comparison of experimental results. 

Immunohistochemical analysis

Immunohistochemical detection of CD31, VEGF and HIF-1 
in ~10-m thick hepatic sections was performed by standard 
immunohistochemical techniques. In short, the sections were 
hydrated in 1X phosphate-buffered saline (PBS) for 5 min. Antigen 
retrieval was performed by incubating the sections in 10 mM sodium 

Figure 1: Structure of trans-resveratrol.
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citrate buffer (pH 6.0) at 80°C for 10 min. The sections were cooled 
to room temperature for 20 min. All ensuing steps were carried 
out at room temperature. Following a 5-min wash with 1X PBS, the 
endogenous peroxidases were blocked by 1% hydrogen peroxide 
in PBS for 5 min. The sections were washed as before and blocked 
for 1 h in PBS containing 1.5% normal serum. The slides were then 
incubated overnight with primary antibodies against CD31, VEGF and 
HIF-1 (1:50 dilution) at 4°C in a humidified chamber. After washing 
with PBS, the sections were incubated with horseradish peroxidase 
(HRP)-conjugated secondary antibodies at 1:100 dilutions for 30 
min at 37°C. The immune reactions were visualized by immersing 
the slides in 3,3-diaminobenzidine tetra hydrochloride reagent. The 
sections were counterstained with hematoxylin. Negative control 
sections were processed simultaneously with the omission of the 
primary antibodies. All sections were dehydrated, mounted with 
cover slips and viewed under a light microscope (VisaVision, VWR 
International, West Chester, PA). 

Determination of angiogenesis

Hepatic microvessel density (MVD) was used as an index of 
angiogenesis. The MVD was measured by immunohistochemical 
staining of liver specimens with antibody specific for CD31 expression 
by vascular endothelial cells. The MVD was determined following the 
procedure of Weinder et al. [50] with modifications. In short, two 
to three systematically spread areas of high-density microvessels 
(defined as any brown-stained endothelial cell or cellular cluster clearly 
separated from adjacent blood vessels, tumor cells and connective 
tissue elements) per sample were selected and the number of CD31-
positive brown microvessels was counted. Neither the presence of 
red blood cells nor a vessel lumen was required for a structure to 
be considered as a microvessel. The results were expressed as the 
mean number of vessels per high power (100×) field. The mean MVD 
quantity was calculated based on 4 random fields per animal and 4 
animals per group. 

Expression of VEGF and HIF-1

Immunohistochemically-positive cells for VEGF and HIF-1 
showed brown granules predominantly in the cytoplasm and nucleus, 
respectively. One thousand cells from at least 4 separate tissue 
sections were analyzed per animal and 4 animals per group were used 
for immunohistochemical analysis. The percentage of positive cells 
was calculated. The expression of VEGF and HIF-1 were evaluated 
semi-quantitatively on the basis of the percentage of immunopositive 
cells.

Statistical analysis

Results are presented as mean±SEM. One-way analysis of 
variance was performed to estimate overall significance followed by 
post-hoc analysis using the Student-Neuman-Keuls test. A P-value less 
than 0.05 was considered to be statistically significant. All statistical 
analyses and graphical representation were performed using a 
commercial software program (SigmaStat 3.1, Systat Software, Inc., 
San Jose, CA).

Results
Resveratrol inhibits angiogenesis in DENA-induced rat liver 
carcinogenesis

Angiogenesis is not only involved in the growth and progression 
of liver tumor, but it also plays a crucial role in early events 
of multistage hepatocarcinogenesis [18,19]. Accordingly, we 
investigated the antiangiogenic effects of resveratrol during DENA-
initiated hepatocarcinogenesis in rats by immunostaining of hepatic 
sections for an endothelial cell marker, CD31. While CD31-positive 
cells were seldom found in normal rat livers (Figure 2A), there was an 
increase in the expression of immunopositive cells in DENA-treated 
rats as compared to normal rats (Figures 2B and 2C), indicating 
elevated angiogenesis. Treatment with resveratrol at 50 mg/kg did not 
alter the expression of CD31-positive cells in DENA-treated animals 
(Figure 2D). However, there was a decrease in CD31 expression in 
the livers of rats treated with resveratrol with a dose of 100 (Figure 
2E) or 300 mg/kg (Figure 2F), with the most significant decrease 

Figure 2: Effects of resveratrol on hepatic CD31 expression during 
DENA-initiated hepatocarcinogenesis in female Sprague-Dawley rats. 
Rats were sacrifi ced 20 weeks following the commencement of the study and 
immunohistochemistry was performed to detect CD31. Arrowheads indicate 
immunohistochemical staining of CD31 (magnifi cation: 100×). (A) Near absence 
of immunopositivity in normal liver; (B) and (C) intense immunoreactivity in 
DENA control liver; (D) no alteration of expression in 50 mg/kg resveratrol group; 
(E) decreased expression in 100 mg/kg resveratrol group; and (F) near absence 
of CD31 expression in 300 mg/kg resveratrol group are noticed.

Figure 3: Effects of resveratrol on microvessel density (MVD) during 
DENA-initiated hepatocarcinogenesis in female Sprague-Dawley rats. Rats 
were sacrifi ced 20 weeks following the commencement of the study and MVD 
was determined by counting the number of CD31-positive blood vessels per fi eld 
in selected vascularized areas. Each bar represents the mean ± standard error 
(n = 4 livers). aP<0.001 as compared to normal group; bP<0.01 and cP<0.001 as 
compared to DENA control.
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occurring in the latter group. We have also used CD31 as a marker 
for MVD estimation, and MVD values have been compared among 
the various animal groups (Figure 3). DENA treatment alone afforded 
a significant (P<0.001) increment in MVD compared to normal. 
Although resveratrol treatment with 50 mg/kg did not influence the 
MVD compared to DENA control, a statistically significant (P<0.01 
or 0.001) decrease in MVD value was noticed following the medium 
(100 mg/kg) or high (300 mg/kg) dose treatment group of resveratrol, 
respectively (Figure 3). Our data indicate that resveratrol suppresses 
DENA-evoked angiogenesis in rat liver in a dose-dependent fashion. 

Resveratrol suppresses VEGF expression during DENA-initiated 
hepatocarcinogenesis

As VEGF is involved in the angiogenic process, we next examined 
whether or not the inhibitory effect of resveratrol on DENA-
stimulated angiogenesis was correlated with VEGF expression. 
There was a significant increase in VEGF immunostaining in the 
cytoplasm of cells from DENA control animals (Figures 4B and 4C) as 
compared to normal counterparts (Figures 4A). A marginal change 
in the expression of VEGF following the low dose of resveratrol 
(50 mg/kg, Figure 4D) and significant reduction in VEGF expression 
by medium (100 mg/kg, Figure 4E) or high (300 mg/kg, Figure 4F) 
dose of resveratrol were noticed. The semi-quantitative evaluation 
of VEGF expression in several groups is depicted in Figure 5. DENA 
elicited more than an 18-fold increase (P<0.001) in VEGF expression 
as compared to normal animals. There was no difference between the 
VEGF expression of DENA control group and resveratrol (50 mg/kg) 
plus DENA group. We also found that VEGF expression was markedly 
(P<0.001) suppressed by resveratrol at 100 mg/kg or 300 mg/kg in 
the liver of DENA-exposed rats, and the extent of this inhibitory effect 
was similar in magnitude to the suppression of neovascularization as 
measured by MVD.

Resveratrol suppresses HIF-1 expression during DENA 
hepatocarcinogenesis

Since the transcription factor HIF-1 regulates the expression of 
VEGF, we further investigated whether or not resveratrol-mediated 
suppression of VEGF expression was linked to the inhibition of HIF-
1. Our immunohistochemical results reveal almost no expression of 
HIF-1 in the livers of normal animals (Figure 6A). On the other hand, 
a substantial increase in HIF-1 immunoreactivity was noticed in the 
cell nucleus in liver sections generated from DENA-initiated animals 

Figure 4: : Effects of resveratrol on hepatic vascular endothelial growth 
factor (VEGF) expression during DENA-initiated hepatocarcinogenesis 
in female Sprague-Dawley rats. Rats were sacrifi ced 20 weeks following 
the commencement of the study and immunohistochemistry was performed 
to detect VEGF. Arrowheads indicate immunohistochemical staining of VEGF. 
(A) Near absence of immunopositivity in normal liver (100 ); (B) and (C) intense 
immunoreactivity in DENA control liver (100 and 250× respectively); (D) no 
alteration of expression in 50 mg/kg resveratrol group (100×); (E) decreased 
expression in 100 mg/kg resveratrol group (100×); and (F) near absence of 
VEGF expression in 300 mg/kg resveratrol group (100×) are noticed. 
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Figure 5: Semi-quantitative analysis of hepatic vascular endothelial growth 
factor (VEGF) expression during DENA-initiated hepatocarcinogenesis in 
female Sprague-Dawley rats. One thousand cells were counted per animal 
and the results were based on 4 animals per group. Each bar represents the 
mean ± standard error (n = 4 livers). aP<0.001 as compared to normal group; 
bP<0.001 as compared to DENA control.
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Figure 6: Effects of resveratrol on hepatic hypoxia inducible factor 
(HIF)-1α expression during DENA-initiated hepatocarcinogenesis in 
female Sprague-Dawley rats. Rats were sacrifi ced 20 weeks following the 
commencement of the study and immunohistochemistry was performed to 
detect HIF-1α. Arrowheads indicate immunohistochemical staining of HIF-1α. 
(A) Near absence of immunopositivity in normal liver (100×); (B) and (C) intense 
immunoreactivity in DENA control liver (100 and 250× respectively); (D) no 
alteration of expression in 50 mg/kg group (100×); (E) decreased expression in 
100 mg/kg resveratrol group (100×); and (F) near absence of HIF-1α expression 
in 300 mg/kg resveratrol group (100×) are noticed. 
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(Figures 6B and C). While resveratrol at 50 mg/kg did not modify HIF-
1 expression (Figure 6D), a moderate reduction of immunoreactivity 
by 100 mg/kg (Figure 6E) and a maximum inhibition by 300 mg/kg 
(Figure 6F) resveratrol were observed. Figure 7 shows the percentage 
of hepatic HIF-1 -positive cells in various groups of animals. There 
was a significant (P<0.001) increase in HIF-1-positive cells in DENA 
control group compared to normal control. Resveratrol treatment at 
a dose of 100 mg/kg or 300 mg/kg significantly (P<0.001) attenuated 
the hepatic HIF-1-protein expression in animals challenged with 
DENA compared to DENA control animals. 

Discussion
HCC is one of the most prevalent and lethal cancers and the 

incidence of this cancer are expected to rise in the United States 
as well as rest of the world. Considering the limited treatment 
options and grave prognosis of HCC, preventive control, especially 
chemoprevention, has been proposed as the best strategy for 
considerably lowering the prevalence of this disease. Emerging 
experimental data based on in vitro and in vivo studies provide 
substantial evidence that a variety of dietary agents have the 
potential of preventing HCC [51-54]. Resveratrol, a polyphenolic 
antioxidant and antiinflammatory agent of dietary origin, has 
shown great promise as a chemopreventive agent against oxidative 
stress and inflammation-driven HCC [28,55]. We have previously 
reported the novel finding that dietary resveratrol significantly 
inhibits experimental hepatocarcinogenesis in rats initiated with 
the environmental hepatocarcinogen DENA by inhibiting cell 
proliferation and inducing apoptosis [29]. We have also found that 
DENA-induced rat hepatocarcinogenesis involves generation of 
oxidative stress and inflammation, and dietary resveratrol ameliorates 
oxidative stress and suppresses inflammatory cascades in a dose-
responsive fashion during DENA-initiated rat liver carcinogenesis 
[30,31]. In the present study, we have shown for the first time that 
antiangiogenic mechanisms are also involved in resveratrol-mediated 
chemoprevention of experimental hepatocarcinogenesis.

Angiogenesis, a complex and critical process, is essential 
for the growth and maintenance of solid tumors, especially 
HCC which represents a malignancy characterized by distinct 

hypervascularization [13,15]. This has been supported by the fact 
that a solid tumor cannot grow beyond a few millimeters in size 
without angiogenesis. It has been considered that angiogenesis 
increases tumor diameter from several hundred microns to 1 mm 
when the tumor mass consists of approximately 105   106 cells [56]. 
Several studies have shown that angiogenesis not only plays an 
important role in tumor growth, but also in early events of neoplastic 
transformation, including hepatocarcinogenesis [18,57,58]. Yoshiji 
and colleagues [59] found that angiogenesis was increased stepwise 
during DENA-initiated hepatocarcinogenesis in mice. MVD has 
been considered as a reliable quantitative index for assessment 
of angiogenesis with prognostic importance in HCC. MVD can be 
determined by immunohistochemical staining of vascular endothelial 
cells with an antibody specific to endothelial cell markers, for 
example BHN9, CD31, CD34, CD105, FVIII-RAb, von Willebrand factor 
and Ulex europaeus agglutinin 1, and then counting the number of 
microvessels per unit area. Though the endothelial expression of 
CD31, CD34 and BNH9 was not detected in cirrhotic and dysplastic 
nodules, all HCC specimens were found to be positive for one of these 
endothelial cell markers [19]. Roncalli and coworkers [60] reported an 
increased CD31 expression in HCC and high-grade dysplastic nodules 
as compared to low-grade dysplastic nodules, which has significant 
implication in the diagnosis of HCC. In the present study, we have 
determined the extent of MVD by immunohistochemical staining 

Figure 7: Semi-quantitative analysis of hepatic hypoxia inducible factor 
(HIF)-1α expression during DENA-initiated hepatocarcinogenesis in 
female Sprague-Dawley rats. One thousand cells were counted per animal 
and the results were based on 4 animals per group. Each bar represents the 
mean ± standard error (n = 4 livers). aP<0.001 as compared to normal group; 
bP<0.001 as compared to DENA control.
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Figure 8: Schematic representations of the possible molecular mechanisms 
of resveratrol-mediated angioprevention involved in chemoprevention of 
experimental hepatocarcinogenesis. COX-2, cyclooxygenase-2; DENA, 
diethylnitrosamine; HCC, hepatocellular carcinoma; HIF-1α, hypoxia-inducible 
factor-1α; iNOS, inducible nitric oxide synthase; NF- B, nuclear factor-κB; VEGF, 
vascular endothelial growth factor. DENA upregulates HIF-1α and NF-κB, which 
in turn, results in an elevated expression of VEGF directly or indirectly through 
COX-2 and iNOS. Multiple targets for interference with resveratrol are shown by 
different numbers. 1 and 2: based on the results of this study; 3 and 4: based on 
ref. [30] and 5: based on ref. [31].
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of CD31 cell surface antigen 20 weeks following the administration 
of the hepatocarcinogen DENA. A strong CD31 staining coupled 
with a drastic increase in MVD in the liver of DENA-treated animals 
suggests significant elevation of hepatic neovascularization. A similar 
increase in CD31 or CD34 immunostaining and MVD during DENA 
hepatocarcinogenesis in rodents has been previously observed 
by other groups [59,61-63]. A key observation in this study is the 
resveratrol-mediated dramatic inhibition of CD31 immunostaining 
and consequently MVD in hepatic sections of rats exposed to the 
potent hepatocarcinogen DENA. These results indicate that the 
suppressive effects on angiogenesis by resveratrol may represent 
a novel mechanism underlying the chemopreventive activity of this 
phytochemical against DENA hepatocarcinogenesis. Incidentally, this 
is the first study showing that attenuation of angiogenesis is involved 
in resveratrol chemoprevention of hepatic tumorigenesis in vivo. 
Using the same experimental approach (CD31 immunostaining and 
MVD), several laboratories have previously shown that reseveratrol 
attenuates angiogenesis in various tumor cells xenografted in rodents 
[36,38,39,43]. 

VEGF, also known as the vascular permeability factor, is an 
endothelial cell-specific mitogen that stimulates endothelial cell 
proliferation, resulting in the budding of new blood vessels around 
the growing tumor mass. VEGF mediates its angiogenic effects 
through several receptors; the two most studied of which are VEGF 
receptor (VEGFR) 1 (FLT-1 receptor) and VEGFR 2 (KDR/Flk-1) [64]. The 
VEGF family consists of six different glycoproteins: VEGF-A, VEGF-B, 
VEGF-C, VEGF-D, VEGF-E and placental growth factor [65]. VEGF-A, 
commonly referred to as VEGF, is the best characterized VEGF 
family member. The role of VEGF in HCC-related angiogenesis has 
been extensively studied, and VEGF seems to be the most important 
angiogenic factor in HCC [reviewed in ref. 15]. Recent studies have 
confirmed the correlation between immunohistochemically detected 
VEGF expression and number of microvessels in HCC [66,67]. Several 
studies have shown that VEGF also plays a major role in the early stages 
of hepatocarcinogenesis [18,59,68]. Undoubtedly, VEGF signaling 
is linked to dysregulated angiogenesis in hepatocarcinogenesis, 
and the disruption of VEGF signaling could have a potential role 
in blocking angiogenesis during the early events of hepatocellular 
carcinogenesis. By employing immunohistochemical technique, we 
have studied the expression of VEGF in DENA-initiated early stage of 
hepatocarcinogenesis. A striking increase of hepatic VEGF expression 
in DENA-treated rats provides convincing evidence of elevated VEGF 
activity that well correlates with elevated angiogenesis, supporting 
previous studies [62,63]. Resveratrol displayed a conspicuous 
attenuation of VEGF overexpression in DENA challenged animals, and 
a near normal level of VEGF expression was achieved with the highest 
dose. These results clearly suggest that resveratrol is able to abrogate 
the DENA-induced angiogenic response during hepatocarcinogenesis 
by downregulating the overexpression of VEGF. The present findings 
are in agreement with recent reports showing a relationship between 
resveratrol-mediated inhibition of angiogenesis and a lower VEGF 
level or expression in chemically-induced cutaneous carcinogenesis 
[35] or xenografted pancreatic cancer in mice [39].

HIF-1 belongs to the basic helix-loop-helix-periodic acid-Schiff 
transcription factor family that plays a pivotal role in the angiogenic 
process. HIF-1 is a heterodimer that consists of two subunits: the 
oxygen-sensitive HIF-1 and the constitutively expressed HIF-
1 [69]. HIF-1, the active subunit, is produced in response to 
hypoxic conditions, where as it is rapidly degraded by the ubiquitin-
proteosome pathway under normoxic conditions [70]. Under hypoxic 

conditions, HIF-1 escapes from degradation, accumulates quickly, 
subsequently translocates into the nucleus, and heterodimerizes 
with HIF-1. The HIF-1 molecule then binds to a cis-acting enhancer 
element, called “hypoxia-responsive element”, and activates 
transcription of more than 70 survival genes, including VEGF, 
Flt-1, inducible nitric oxide synthase (iNOS), and cyclooxygenase 
(COX-2) [71,72]. Additionally, several pathways independent of 
hypoxia, including inactivation of tumor-suppressor genes as well as 
stimulation by inflammatory cytokines, homones and growth factors, 
have been shown to promote the synthesis and stablilization of HIF-
1 protein [73,74]. Several studies have demonstrated that hypoxia-
driven angiogenesis is stimulated via HIF-1-induced upregulation of 
VEGF in HCC, underlying the important role of HIF-1 in angiogenesis 
and liver tumor growth through regulation of VEGF [17,75,76]. Two 
recent studies have investigated HIF-1 expression and its association 
with VEGF expression and angiogenesis during early stages of 
experimental hepatocarcinogenesis [62,63]. Both studies have shown 
a gradual increase in HIF-1 expression during the dynamic process 
of DENA-initiated rat liver carcinogenesis which correlates with 
elevated VEGF expression and angiogenesis [62,63]. Results of the 
present investigation also show a dramatic overexpression in HIF-
1 in parallel with upregulation of VEGF and increased angiogenesis, 
indicating the involvement of HIF-1 in the regulation of VEGF-
mediated neovascularization during DENA hepatocarcinogenesis. 
Under these experimental conditions, resveratrol substantially 
inhibited the expression of HIF-1, suggesting that this transcription 
factor is a potential target of resveratrol in the prevention of 
VEGF-mediated angiogenesis in an experimental model of hepatic 
neoplasia. Our in vivo data support and strengthen previous in vitro 
results showing the suppression of HIF-1  and VEGF expression by 
resveratrol in various tumor cells, including hepatoma cells [44-
48]. Although the exact mechanisms of resveratrol action on HIF-
1 need to be confirmed by further studies, it is highly likely that 
resveratrol may inhibit HIF-1 expression via blocking the activation 
of phosphatidylinositol 3-kinase/Akt and mitogen-activated protein 
kinase/extracellular signal-related kinase signaling pathways as well 
as regulation of FOXO transcription factors [44,46,48,77].

In conclusion, the results of the present investigation clearly 
indicate that DENA-initiated hepatocarcinogenesis in rats exhibits 
substantial neovascularization possibly due to HIF-1-mediated 
overexpression of VEGF. We also provide the first experimental 
evidence that the dietary polyphenol resveratrol exerts a remarkable 
angiosuppressive effect during the progression of DENA-evoked 
hepatocellular carcinogenesis. Resveratrol-mediated inhibition of 
angiogenesis could be achieved by suppressing VEGF expression 
through downregulation of HIF-1. We have previously shown the 
unique suppressive action of resveratrol against the development of 
DENA-induced hepatic nodules (precursor of HCC) with a simultaneous 
inhibition of another transcription factor nuclear factor-kappaB and 
its downstream target genes, namely COX-2 and iNOS [29-31], which 
are also the target of HIF-1. Thus, our current data together with 
earlier findings suggest that resveratrol exerts potent antiangiogenic 
activities during the early stage of experimental hepatocarcinogenesis 
possibly through multiple interactions with the angiogenic cascade 
(Figure 8). As persistent angiogenic activity represents a hallmark of 
one of the earliest events in the transformation of a nomal cell to 
a neoplastic cell, the resveratrol-mediated angiopreventive response 
may provide vital clues to the molecular basis for its previously 
observed chemopreventive activity against DENA-induced rat liver 
carcinogenesis that mimics human liver cancer. Our present findings, 
in conjunction with an excellent safely profile of resveratrol, reinforce 
the use of this natural agent in the prevention and treatment of HCC. 
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