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Suppression of Renin-Angiotensin System Attenuates
Hepatocarcinogenesis Via Angiogenesis Inhibition in Rats
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Abstract. Recent studies have shown that the renin-
angiotensin system (RAS) as well as angiogenesis is involved
in tumor development. The aim of the present study was to
examine the interaction of RAS, angiogenesis and a potent
angiogenic factor, namely the vascular endothelial growth
factor (VEGF), in the hepatocarcinogenesis process. In a
diethylnitrosamine-induced rat hepatocarcinogenesis model, a
clinically used angiotensin-converting enzyme inhibitor,
perindopril  (PE), significantly suppressed glutathione
S-transferase placental form (GST-P)-positive preneoplastic
lesions along with inhibition of neovascularization in the liver.
The hepatic expression of VEGF was also attenuated. The
degree of angiogenesis correlated well with the development of
preneoplastic lesions. Our in vitro study showed that PE
significantly suppressed VEGF-induced tubular formation and
the migration of endothelial cells (EC), whereas it did not
affect the proliferation of EC. These results suggested that RAS
plays an important role in hepatocarcinogenesis, at least partly
through VEGF-mediated angiogenesis.

Angiogenesis is a complex and critical process essential to
support the growth of solid tumors (1, 2). Any tumor mass
in excess of a few cubic millimeters totally depends on the
formation of a vascular network that provides the growing
tumor with oxygen and essential nutrients. Until recently, it
was believed that angiogenesis starts at a relatively late stage
when the tumor has attained a size of several hundred
microns to 1 mm in diameter or when the tumor contains
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roughly 10°-10% cells. Recently, it was demonstrated that
angiogenesis begins at a very early stage, even when the
tumor contains only 100-300 cells (3). The recent studies
have revealed that angiogenesis can also be induced at the
clarified the
carcinogenic procedures in several types of experimental
models, such as the RIP1-Tag2 pancreatic B-cell islet
carcinoma in transgenic mice (4, 5). In this model,

early stages of tumor formation, and

treatment with an angiogenic inhibitor resulted in a
significant reduction in the number of angiogenic islets and
in a substantial reduction of tumor growth (6).

To date, many positive and negative angiogenic factors
have been identified (2, 7, 8). Among the positive factors,
the vascular endothelial growth factor (VEGF) is the most
important factor regarding tumor angiogenesis. VEGF is a
specific mitogen for endothelial cells (EC) in vitro and can
be an angiogenic factor for neovascularization in vivo (9-11).
It has been shown that it is secreted abundantly in several
human tumors and animal experimental models. An increase
of the VEGF expression in human surgical specimens has
been shown to correlate with aggressive behavior and poor
prognosis. In animal experimental models, overexpression of
VEGF enhanced the tumor growth, angiogenesis and
dissemination, whereas suppression of VEGF inhibited the
tumor growth in many tumor cell types (9-11).

Hepatocellular carcinoma (HCC) is one of the most
common malignancies in the world with an estimated
incidence of more than one million new cases annually (12,
13). One of the notable features of HCC in clinical practice
is hypervascularity. As such, several studies have shown that
the VEGF expression was up-regulated in the tumor lesion
of HCC more than in the non-cancerous lesion (14-19). We
have reported that overexpression of VEGF significantly
increased HCC development along with augmentation of
neovascularization (20). A recent study on the EC markers
in dysplastic lesions of the liver has suggested that
alterations in the hepatic microcirculation occur at a very
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early stage of liver carcinogenesis (21). Another clinical
report showed that angiogenesis in the liver gradually
increased from low-grade dysplastic nodules during
hepatocarcinogenesis, before emergence of morphologically
identifiable HCC (22). In an experimental study, a semi-
synthetic compound of fumagilin, TNP-470, which possesses
anti-angiogenic activity, suppressed the progression of HCC
(23). In agreement with these studies, we found that
neovascularization and VEGF expression increased stepwise
during hepatocarcinogenesis (24).

The rennin-angiotensin system (RAS) normally regulates
renal blood flow and fluid homeostasis, and plays an
important role in the regulation of local hemodynamics in
several organs (25). In the liver, it has been shown that RAS
is frequently activated in patients with chronic liver diseases,
such as cirrhosis (26). Angiotensin (AT)-1I, which is
produced by the proteolytic cleavage of its precursor AT-I
via an angiotensin-converting enzyme (ACE), has been
shown to induce neovascularization in experimental models
both in vitro and in vivo, and it also increased the VEGF
expression (26). We have previously reported that AT-II
played an important role in HCC tumor development and
hepatocarcinogenesis (27, 28). To date, however, studies on
the correlation between RAS, VEGF and angiogenesis
during hepatocarcinogenesis are very limited.

In the current study, we examined the effect of
suppression of RAS using perindopril (PE), a clinically used
ACE inhibitor (ACE-I), in conjunction with alteration of
hepatic angiogenesis and VEGF. We also attempted to
investigate the possible mechanisms involved in vitro.

Materials and Methods

Animals and reagents. Male Fisher 344 rats, aged 6 weeks, were
purchased from Japan SLC Inc. (Hamamatsu, Shizuoka, Japan).
They were housed in stainless-steel, mesh cages under controlled
conditions of temperature (23+3°C) and relative humidity
(50£20%), with 10-15 air changes per hour and light illumination
for 12 hours a day. The animals were allowed access to food and
tap water ad libitum throughout the acclimatization and
experimental periods. DEN (Nakarai, Kyoto, Japan) was diluted
with 0.9 % sodium chloride at a concentration of 200 mg/ml. PE
was supplied by Daiichi Pharmaceutical Co. (Tokyo, Japan).

Animal treatment. The experimental period was 12 weeks. In total,
30 rats were divided into 3 groups (n=10 each). After a week of
acclimatization, the rats in groups 2 and 3 (G2 and G3, respectively)
were given a single intraperitoneal (i.p.) dose of DEN (200 mg/kg
body weight), were partially hepatectomized in week 3, given PE at
doses of 0 and 2mg/kg/day by gavage from week 3 for 9 weeks, and
then were killed at the end of week 12. In the negative control
group (G1), phosphate-buffered saline (PBS) was injected instead
of DEN and a partial hepatectomy was performed. All animal
procedures were performed according to approved protocols and in
accordance with the recommendations for the proper care and use
of laboratory animals.
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Table L. Effect of PE on general findings and GST-P-positive preneoplastic
lesions in DEN-treated liver.

Treatment Final body  Relative liver GST-P-positive
weight (g) weight (g/100 g lesions
body wt.)
No. Size

(/em?2) (mm?/102)
DEN 252+202 2.84+0.22 28.8+3.9 49+1.2
DEN+PE  250*18 2.76+0.24 13.4+2.2b 1.6+0.4b
PBS 258+16 2.80%0.19 N.D. N.D.

aData represent mean=SD
bStatistically significant difference from DEN-treated group (p<0.01)

Immunohistochemistry. Five-millimeter-thick slices from the major
liver lobes were fixed in ice-cold acetone and embedded in paraffin.
Then, serial sections were prepared from each fixed liver. The first
section was routinely stained with hematoxylin and eosin for
histological examination. The other sections were immunohisto-
chemically reacted for demonstration of anti-GST-P (Medical
Biological Laboratories Co., Nagoya, Japan). The remaining
portions of the liver specimen were snap-frozen and kept at -80°C.
Semi-quantitative analysis of the preneoplastic lesions was carried
out with the Fuji-BAS 2000 image analyzing system (Fuji, Tokyo,
Japan), as described previously (29).

mRNA expressions of CD31 and VEGF in the liver. The mRNA
expressions of VEGF and CD31, which is used widely as a marker
of neovascularization, were evaluated by real-time PCR as described
previously (30). Real-time PCR was performed with the ABI Prism
7700 Sequence Detection System (PE Applied Biosystems, Foster
City, CA, USA), according to the manufacturer’s manual. Relative
quantitation of the gene expression was performed as described in
the manual by using glyceralaldehyde-3-phosphate dehydrogenase
as an internal control.

In vitro proliferation, angiogenesis and migration assay. Because PE is
a prodrug, the active form, perindoprilat, was used for the in vitro
studies. The in vitro proliferation, tubular formation and migration of
EC in the presence or absence of perindoprilat (1 uM and 100 pM)
were determined as described previously (n=6 per group) (28).

Statistical analysis. To assess the statistical significance of the inter-
group differences in the quantitative data, Bonferroni’s multiple
comparison test was used after one-way analysis of variance
(ANOVA). This was followed by Barlett’s test to determine the
homology of variance.

Results

General findings and GST-P-positive preneoplastic lesions. All
rats survived throughout the experiment. Neither the body
weight nor liver weights changed in any of the experimental
groups (Table I). PE treatment did not cause alteration of
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Figure 1. (4): Effects of PE (an ACE-I) on the mRNA expressions of CD31 in the liver. The mRNA expressions were examined by real-time PCR as described
in the "Materials and Methods" section. The mRNA expressions of CD31 significantly increased during hepatocarcinogenesis. PE significantly suppressed the
CD31 gene expression as compared to the DEN-treated group. PBS: PBS-treated rats (G1); DEN: DEN-treated control rats (G2); PE: DEN+PE (2 mglkg)-
treated group (G3). The data represent means = SD (n=10). *: Statistically significant differences as compared with the DEN-treated control group (p<0.01).
(B): Relationship between the development of GST-P-positive preneoplastic lesions and the CD31 mRNA expression in the liver. The degree of angiogenesis
correlated well with the development of preneoplastic lesions. The equation was y= 0.22+0.034x. The correlation efficient was 0.66.
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Figure 2. Effects of PE on the mRNA expressions of VEGF in the liver.
Similar to that of CD31 expression, the mRNA expression of VEGF
significantly increased by treatment with DEN. PE significantly suppressed
the VEGF gene expression as compared to the DEN-treated group. PBS:
PBS-treated rats (G1); DEN: DEN-treated control rats (G2); PE:
DEN+PE (2 mg/kg)-treated group (G3). The data represent means = SD
(n=10). *: Statistically significant differences as compared with the DEN-
treated control group (p<0.01).
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the serum ALT levels. Neither ascites nor organ
abnormalities were observed at the end of the experiment in
any of the groups (data not shown). No histological changes
indicating liver injury or liver fibrosis development were
observed, except for the development of glutathione
S-transferase placental form (GST-P)-positive preneoplastic
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Figure 3. Effect of PE on the VEGF-induced EC proliferation in vitro. Cell
proliferation was measured by MTT assay after harvest from 24 h to 96 h as
described previously (20). PE did not affect the proliferation of EC even at a
high concentration (100 uM). The data represent means * SD (n=6). Cont:
VEGF (10 ng/ml)-treated control group; +PE (1) and (100): the active form
of PE, perindoprilat,-treated group at 1 uM and 100 uM, respectively.

lesions. As shown in Table I, the number and size of GST-P-
positive preneoplastic lesions were significantly suppressed
by treatment with PE. No GST-P-positive lesions developed
in the PBS-treated group.
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Figure 4. Effect of PE on the VEGF-induced EC tubular formation and migration in vitro. PE significantly suppressed the EC tubular formation (A)
and migration (B) even at a low concentration (1 uM). The microvessel index was measured by an image analyzer system, and the double chamber
system was employed for the migration assay, as described previously (20). The data represent means=SD (n=6). Cont: VEGF (10 ng/ml)-treated control

group; PE: the active form of PE, perindoprilat,-treated group at 1 uM.

Relationship between neovascularization and the GST-P-
The effect of PE on
neovascularization in the liver was examined to elucidate
whether or not the inhibitory effect of RAS inhibition by PE
on the GST-P-positive lesions is associated with any
alteration of angiogenesis. As shown in Figure 1A, CD31
mRNA expression was significantly increased in the DEN-
treated control group, and the expression of CD31 in the
PE-treated group was markedly suppressed as compared to

positive  preneoplastic  lesions.

the control group. Next, the possible relationship between
neovascularization and the GST-P-positive preneoplastic
lesions was examined. The development of GST-P-positive
lesions strongly correlated with CD31 gene expression
(r=0.66: y=0.22+0.034x) (Figure 1B).

Effect of RAS inhibition on VEGF expression. Since it has
been reported that RAS inhibition suppressed VEGF
expression in HCC (28), we examined the effect of PE on
the VEGF expression during hepatocarcinogenesis. Almost
parallel to the results of CD31 expression, VEGF expression
was significantly increased during hepatocarcinogenesis.
Moreover, the treatment with PE markedly attenuated the
VEGF expression in the DEN-treated liver (Figure 2).

In vitro proliferation, angiogenesis and migration assays. To
examine the involvement of RAS in angiogenesis in vitro, we
elucidated the direct effect of PE on EC from several
aspects. As shown in Figure 3, PE did not affect the
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proliferation of EC even at a high concentration (100 uM).
The VEGF-induced EC tubule formation in the presence or
absence of PE was also investigated. Contrary to the effect
on proliferation, PE significantly suppressed EC tubule
formation even at a low dose (1 uM). Our semi-quantitative
analysis showed that the total length of tubules formed in
the PE-treated group was significantly less than that in the
untreated control group (p<0.01) (Figure 4A). Figure 4B
shows the results of the VEGF-induced EC migration assay.
Similar to the EC tubular formation, EC migration was
significantly suppressed as compared to the control group
by treatment with PE (p<0.01).

Discussion

HCC is one of the common malignancies with poor
prognosis in the world (12). Since most cases of HCC
develop in patients with chronic liver diseases, such as liver
cirrhosis, only a few patients can undergo a radical
operation due to their limited hepatic
Consequently, several alternative therapies have been

reserves.

employed, such as a trans-arterial embolization and
percutaneous intratumoral ethanol injection. However, to
date there is still no satisfactory improvement in prognosis
of HCC. One of the reasons for the poor prognosis of HCC
is the high rate of recurrence. It has been shown that this
high recurrence rate, even after curative therapy, is due to
intrahepatic metastasis or multicentric development of each
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respective neoplasm clone (13). Since the high-risk group of
HCC development seems to be clearer than in other types
of tumors, it is likely that a primary or secondary
chemopreventive agent would be beneficial in improving the
prognosis of HCC. Several agents, such as interferon and
acyclic retinoid, have been shown to prevent secondary
HCC recurrence. However, there are still problems in their
clinical application concerning the cost and long-term
toxicity, respectively (31). A retrospective cohort study of
5207 patients receiving ACE-I or other hypertensive drugs,
with a 10-year follow-up, demonstrated that ACE-I
treatment may decrease the incidence of adult cancer and
fetal cancer (32). The other hypertensive drugs, e.g., calcium
channels blockers, diuretics and f-blockers, have no
apparent effects on the risk of cancer development.

In the current study, it was found that PE significantly
inhibited the hepatic preneoplastic foci at a clinically
comparable low dose, along with suppression of neovascula-
rization and VEGF expression. The degree of development
of the preneoplastic lesions correlated with the induction of
neovascularization in the liver. An in vitro study revealed
that PE did not inhibit the proliferation of EC. We
previously reported that PE did not affect the proliferation
of HCC cells in vitro either (33), suggesting that the
inhibitory effect of PE was not related to cytotoxicity. We
also reported that VEGF expression increased stepwise
during hepatocarcinogenesis and that suppression of VEGF
signaling markedly attenuated HCC development (24). It
has been shown that AT-II induced VEGF in several types
of cells, including tumor cells in a dose-dependent fashion.
AT-1I also induces the proliferation of EC (34). PE
significantly suppressed the VEGF mRNA expression in
HCC cells and EC (35). In the current study, we observed
that PE markedly attenuated VEGF-induced EC tubular
formation and migration in vitro. PE also markedly
suppressed the VEGF-induced augmentation of tumor
growth (36). Taken together, it is likely that PE suppressed
VEGF expression, which increased during hepato-
carcinogenesis, and this suppression consequently
attenuated the neovascularization in the liver.

Recently, the VEGF-neutralizing monoclonal antibody
(Bevacizumab) has been approved for treatment of
metastatic colon cancer in the U.S.A. (37). However, it is
likely that a considerable time will be required before this
agent is applied for patients with HCC. The treatment with
Bevacizumab is an injection therapy, which may not always
be convenient for all patients since long-term administration
is commonly required for chemoprevention against HCC.
ACE-I is an orally available agent, and it is already widely
used without serious side-effects such as myelosuppression.
PE is used in more than 100 countries, and the safety of its
administration to patients with liver cirrhosis has been
reported (38). A noteworthy finding in this study was that a

significant inhibitory effect on hepatocarcinogenesis along
with suppression of neovascularization by PE could be
observed at a clinically comparable low dose, as described
previously (28).

In summary, we have shown that RAS plays an important
role in hepatocarcinogenesis, at least partly through VEGF-
mediated angiogenesis, and that treatment with ACE-I
significantly inhibits hepatocarcinogenesis along with
suppression of neovascularization and VEGF expression in
the liver. Since ACE-I is widely used in clinical practice,
suppression of RAS by ACE-I may represent a potential new
strategy for chemoprevention against HCC in the future.
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