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ABSTRACT

Background: A growing body of preclinical data indicates that statins may possess antineoplastic properties;
however, some studies have raised the possibility that statins may also have carcinogenic potential. Methods: An
air pouch model was used for angiogenesis. Single or multiple applications of croton oil on the back of Swiss
albino mice with or without initiation by dimethylbenz(a)antheracene (DMBA) were used to evaluate the skin
tumorgenesis, ultrastructural and histological alterations. Results: Atorvastatin (orally, 10 mg/kg/day) produced a
significant (P<0.05) reduction in angiogenesis. Concurrent administration of mevalonate reversed the anti-
angiogenic effect of atorvastatin. However, local injection of atorvastatin (200 pg) into the pouches induced a
significant (P<0.5) increase in angiogenesis that was not reversed by co-administration of mevalonate. The
disturbance of cell polarity, inflammatory response, thickness of epidermal layer, and mitotic index induced by
croton oil were inhibited markedly and dose-dependently (P<0.001) by pre-treatment with atorvastatin. In spite of
the strong anti-inflammatory and anti-proliferative effects of atorvastatin on epidermal cell proliferation, it was
identified that the same doses of atorvastatin in DMBA-initiated and croton oil-promoted skin tumorgenesis in mice
increased the incidence of tumors and their conversion into malignant carcinoma. Conclusion: The reasons for
these discrepancies remain unclear, and could be related to ambivalent effects of atorvastatin on angiogenesis or to
specific differences in the experimental conditions. It is suggested that the pro-angiogenic effect of the drug, which
could be responsible for promotion of skin tumors, is independent of the 3-hydroxy-3-methyl-glutaryl-coenzyme A
reductase inhibition that can be mediated directly by atorvastatin. Iran. Biomed. J. 16 (2): 59-67, 2012
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INTRODUCTION

(HMG-CoA) reductase inhibitors, are used

routinely in the treatment of patients with
cardiovascular disease. Statins have been shown to
exert ‘pleiotropic effects’, that are independent of their
cholesterol-lowering action, such as anti-inflammatory
properties [1], reduction of plaque thrombogenicity [2],
inhibition of cellular proliferation and migration [3],
and improvement of endothelial function [4].
Furthermore, these drugs increase the expression of
endothelial progenitor cells that are involved in
vascular repair [5, 6] as well as in the expression and
activity of endothelial nitric oxide synthase [7, 8].
Statins have been reported to have contradictory effects

Statins, 3-hydroxy-3-methylglutaryl coenzyme A

on angiogenesis, a major pathological component of
diseases such as cancer and coronary heart disease. The
stimulation of angiogenesis considered a potential
approach in the treatment of coronary artery disease,
and its blocking is considered an effective tactic for the
treatment of malignancies. A report has indicated that
simvastatin promote collateral vessel formation in the
hearts subjected to ischemia [9]. On the contrary,
another study has demonstrated that atorvastatin
impairs the myocardial angiogenic response to chronic
ischemia [10] or interrupt angiogenesis [11]. Besides,
several studies have indicated a biphasic effect of
statins on angiogenesis in cultured endothelial cells in
a dose-dependent manner [12, 13]. However, the
reasons for these ambivalent behaviors have not been
fully understood as yet [12, 14]. It has been suggested
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that the diverse effects of statins on angiogenesis are
related to the drug potency and dose, cell type used,
and the microenvironment [15]. The potential effect of
statins on cancer is controversial. The aggressiveness
of cancers can be significantly increased when
angiogenesis is stimulated, it can be speculated that the
pro-angiogenic effects of statins could promote cancer
growth and metastasis.

Statins inhibit the rate-limiting step in the
mevalonate pathway [16], which is essential for the
synthesis of various compounds that include
cholesterol and a number of non-sterol products. The
findings show that non-sterol products of the
mevalonate pathway, such as farnesyl diphosphate and
other phosphorylated products are essential for various
cellular processes suggests and the statins may
influence tumor cell growth and differentiation [16,
17]. Based on experimental data and several clinical
observations, it has been claimed that extrahepatic and
cholesterol-lowering independent effects of statins may
play a potentially beneficial role in the treatment of
cancer [18, 19]. However, the majority of clinical trials
that aimed to demonstrate the anticancerous effects of
statins did not obtain conclusive results [20].

Moreover, the most recent reports published on these
effects do not support the hypothesis that statins
strongly reduce the risk of cancer [21-23]. Among
different biological effects of statins, some effects
could inhibit tumor growth (e.g. by inhibiting Ras and
Rho oncoproteins), whereas other actions may
stimulate cancer aggressiveness (e.g. through
angiogenic effects). For instance, fluvastatin was found
to reduce proliferation and increase apoptosis in
women with high-grade breast cancer [24]. Similarly, it
has been reported that lovastatin inhibits growth and
induces apoptosis in a number of cultured cancer cell
lines, possibly due to its ability to block farnesylation
and geranylgeranylation of small proto-oncogenic
guanosine triphosphate-ases, such as Ras and Rho [18].

In a study, Klement and Rak [25] have demonstrated
that fluvastatin blocks the action of angiogenic factors
on cultured endothelial cells, but is ineffective against
highly angiogenic and aggressive tumors in mice. They
also concluded that the antitumor and anti-angiogenic
activities of fluvastatin in vitro are not recapitulated in
vivo. This study aimed to investigate the effects of
atorvastatin on angiogenesis in an air pouch model.
Also, a single topical application of croton oil on the
back of Swiss albino mice was used to evaluate the
effect of the drug on the epidermal cell proliferation.
To identify whether these effects act in synergistically
with the effect of atorvastatin on skin tumors,
tumorgenesis induced by multiple applications of
croton oil on the back of mice with initiation by
DMBA was used as an in vivo model.

MATERIALS AND METHODS

Reagents. Atorvastatin was kindly provided by
Sobhan  Pharmaceutical Inc. (Tehran, Iran).
Carrageenan, carmine red dye, DMSO, dimethylbenz
[a]lantheracene (DMBA), and croton oil were
purchased from Sigma chemical Co. (USA). All
reagents were of analytical grade.

Experimental animals. Male Wistar rats (200-250 g,
n = 6-8) and Swiss albino female mice (20-22 g, n = 6-
8) were used as experimental animals in this study. The
animals were given food and water ad libitum, and
they were housed in the Animal House of Tabriz
University of Medical Sciences at a controlled ambient
temperature of 25 + 2°C with 50 + 10% relative
humidity in a 12-h light/12-h dark cycle (lights on at
7:00 a.m.). This study was performed in accordance
with the guidelines specified in the Guide for the Care
and Use of Laboratory Animals of Research affairs of
Tabriz University of Medical Sciences, Tabriz, Iran.

Determination of angiogenesis in granulation
tissue. Rats were lightly anesthetized with diethyl
ether; then, 8 ml of air was injected subcutaneously in
the back to make an air pouch that was oval in shape.
Twenty-four hours later, 4 ml of 1% (w/v) solution of
carrageenan in saline was injected into the air pouch
under light anesthesia with diethyl ether anesthesia.
The carrageenan solution had been sterilized by
autoclaving at 121°C for 15 min and supplemented
with antibiotics (0.1 mg penicillin G potassium and 0.1
mg dihydrostreptomycin sulfate per milliliter), after
cooling to 40-45°C. The level of angiogenesis was
evaluated 6 days after the carrageenan injection.
Animals were anesthetized by intraperitoneal injection
of a mixture of ketamine (60 mg/kg), xylazine (10
mg/kg), and acepromazin (10 mg/kg). In addition, 3 ml
of 5% (w/v) carmine dye in 5% (w/v) gelatin in a
saline vehicle at 37°C was injected into the jugular
vein of each rat and the carcasses were chilled by
placing them on ice for 3 h. After this time, the entire
granulation tissue was dissected, weighed, and washed
with PBS (pH 7.4). The content of carmine dye in the
granulation tissue was used as an indicator of
angiogenesis and measured according to the methods
described by Ghosh et al. [3], albeit with slight
modifications. Briefly, the entire granulation tissue was
homogenized in two volumes of 0.5 mM sodium
hydroxide by processing in a basic homogenizer (IKA
Labortechnik, Italy) at 9500 rpm for 4 min while
placed on an ice bed. The tissue homogenate was
centrifuged at 10000 xg and 4°C for 30 min. The
supernatant (500 ml) was diluted 2-fold with 0.5 mM
sodium hydroxide and the mixture was centrifuged
again at 14,000 xg and 4°C for 30 min. The
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concentration of the dye in 200 pl of the supernatant
was determined spectrophotometrically by measuring
absorbance at a wavelength of 490 nm. For standard
curve, known amounts of carmine dye were added to
the final supernatant of granulation tissue obtained
from control rats, which were injected with 3 ml of a
10% (w/v) gelatin solution in a saline vehicle without
carmine dye, and the absorbance determined. The
amount of carmine dye in the entire granulation tissue
was then calculated.

Drug treatment. Atorvastatin was dissolved in
DMSO. The final concentration of DMSO in the saline
solution was adjusted to 1% (v/v). Stock solutions were
diluted with saline, and 0.5 ml of the diluted solution
containing either 100 or 200 pg of the drug was
injected locally into the pouch immediately before and
every 24 h after the carrageenan injection. Control rats
received the same amount of saline solution containing
DMSO at 1% (v/v). To assess the systemic effect of
atorvastatin on angiogenesis, a preparation with 10
mg/kg atorvastatin in 0.5% carboxymethyl cellulose
was given by gavages to pouch-bearing rats. In
addition, the present study tested whether
intraperitoneal injection of 10 mg/kg mevalonate in
saline or intra-pouch injection of 50 pg mevalonate in
DMSO (%1) could reverse atorvastatin effect.

Epidermal cell proliferation experiments. Female
Swiss mice (6 mice in each group) were pretreated
with atorvastatin (3, 6, and 9 mg/kg/day) for 2 weeks.
The dorsal skin of the mice were shaved with electric
clippers and followed by the application of hair-
removing cream at least 2 days prior to the induction of
proliferation. Only mice that did not show signs of hair
re-growth were used in the experiments. A 0.2-ml
quantity of acetone solution containing croton oil
(0.5%) was applied to the shaved areas of individual
mice. Control mice were treated with the same volume
of acetone. The mice were sacrificed by neck fracture
24 h after the topical application of croton oil;
thereafter, the skin over the back was excised and
processed for light microscopic examination in
accordance with standard procedures and the sections
were stained with hematoxylin and eosin.
Histopathological changes were analyzed using a
microscope image analyzer (Model: Olympus AXS,
Japan) to investigate: (1) disturbances of cell polarity
in 2500 pm?; (2) inflammatory response (number of
poly-morphonuclear neutrophils (PMN) in 2500 pm?);
(3) nucleated cell layer (number of cells layers in
2500 pm?); (4) thickness of the epidermal layer, and
(5) mitotic index (the number of cells in mitosis per

100 basal cells) in 2500 pm® using a modification of
the procedure described by Raick [26]. All parameters
were measured in the same area and at the same
magnification (x40).

Skin tumorgenesis. Female Swiss mice (n=20)
were orally administered atorvastatin (3, 6, and
9 mg/kg per day) for 2 weeks before induction of skin
tumor or, in another set of experiments, for the whole
period following induction of skin tumor. The dorsal
skin of the mice were shaved and prepared by the same
method described for the proliferation experiments.
Tumors were initiated by topical application of a single
dose of DMBA (40 pg in 100 pl acetone per mouse)
and promoted with twice-weekly applications of croton
oil (200 pul of 0.5% in acetone per mouse) for 32
weeks. The mice were observed weekly, and the
appearance of first tumor (latency period) and
percentage of mice with papillomas (percentage of
tumor incidence) were recorded.

Statistics. Data are presented as mean=+ SD.
Comparisons between groups were made using the
analysis of variance (ANOVA). If the ANOVA
analysis indicated significant differences, a Student-
Newman-Keuls post-test was performed to compare
mean values between treatment and control groups.
Differences between groups were considered
significant at P<0.05.

RESULTS

Effect of atorvastatin on angiogenesis in
granulation tissue. Six days after the injection of
carrageenan into the air pouch, a dissectible
granulation tissue was observed in the subcutaneous
tissue. Following a single intravenous injection of
carmine red dye in anesthetized animals, the dye was
accumulated in the granulation tissue, and the amount
of the dye was assessed as an index of angiogenesis.
As shown in Figure 1, local injection of 100 and
200 pg atorvastatin into the pouch caused a dose-
dependent increase (19% and 47%, respectively) in the
content of the dye, and the concentration attained a
significant level (P<0.05) at 200 pg. Neither intra-
pouch nor intraperitoneal injection of mevalonate
inhibited the angiogenic action of locally administrated
atorvastatin. On the contrary, oral administration of
atorvastatin (10 mg/kg) produced a significant
(P<0.05) reduction in angiogenesis that could be
reversed by intraperitoneal injection of mevalonate

(Fig. 1).
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Fig. 1. The effect of oral or local administration of atorvastatin on carmine dye content (as an index of angiogenesis) in granulation
tissue in an air pouch model of angiogenesis in rat. Data represented as mean + SD. *P<0.05 compared with control group using one-

way ANOVA. ator, atorvastatin.

Effect of atorvastatin against proliferative alter-
ations produced by croton oil on mouse epidermis. A
single application of croton oil on mouse skin  was
induced, in addition to inflammation and hyperplasia,
an early and rapid increase in the thickness, number of
nucleated cell layers, and mitotic index of the
interfollicular epidermis that were evident at 24 h (Fig.
2). All three doses of atorvastatin obviously prevented
epidermal hyperplasia, inflammation, and cell
disorientation in a dose-dependent manner (Fig. 2). As
shown in Figure 3, the number of cells undergoing
mitosis in 2500 pm” of interfollicular epidermis was
reduced from 3 + 0.3 in the untreated group to 2+ 0.2,
1+0.2 (P<0.01), and 0.6 + 0.2 (P<0.001) by 3, 6, and
9 mg/kg of atorvastatin, respectively. Similarly, the
disturbance of cell polarity was also significantly
(P<0.001) and dose-dependently reduced by
atorvastatin  pre-treatment (Fig. 4). Atorvastatin
markedly (P<0.001) prevented croton oil-induced
increase in the thickness and number of nucleated cell
layers; however, this prevention was not dose
dependent (Figs. 3 and 4).

Effect of atorvastatin on dimethylbenz(a)
antheracene-initiated and croton oil-promoted skin
tumorgenesis. The effect of atorvastatin, administered
orally for 2 weeks prior to tumor induction, on the
incidence of skin tumor has been shown in Figure 5. In
this set of experiments, most tumors appeared as
papillomas. The percentage of mice with papillomas in

the control group (DMBA + croton oil) and in groups
treated with 3 and 6 mg/kg per day of atorvastatin was
nearly similar. However, in atorvastatin-treated
animals, the tumors appeared earlier. Compared with
the control group, mice pre-treated with high dose of
atorvastatin (9 mg/kg) showed an increased incidence
of tumors. At week 13, 42% and at week 27, 80% of
the animals treated with high doses of atorvastatin
showed development of papillomas, whereas these
values were 15% and 55% in the control group. In the
experimental group, that wherein atorvastatin was
administered orally for the entire duration of the
experiment after tumor induction, the incidence of skin
tumors did not differ between groups. Whereas the
conversion of tumor into malignant carcinoma was
significantly higher in animals treated with 9 mg/kg of
atorvastatin (Fig. 6).

DISCUSSION

The present study demonstrated that local injection
of atorvastatin into the pouch, in an air pouch model of
angiogenesis in rats, caused a significant pro-
angiogenic effect which was not reversed by either
systemic or local administration of mevalonate.
However, oral administration of atorvastatin produced
mevalonate-dependent anti-angiogenic action. Angio-
genesis plays a crucial role in tumor growth and
metastasis, and has been considered as a target for
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Vehicle Cr. oil + saline Cr. oil + ator (3 mg/kg/day)

. oil + ator (6 mg/kg/day)

Fig. 2. Representative photomicrograph of dorsal skin tissue sections 24 h after a single application of vehicle (acetone) or croton oil
from mice pretreated with saline or atorvastatin. Sections were stained with hematoxylin and eosin (original magnification x40). Oral
administration of atorvastatin markedly inhibited croton oil-induced epidermal hyperplasia and inflammation. Cr., croton; ator,
atorvastatin.
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Fig. 3. The effects of a single application of croton oil on the number of nucleated cell layers and mitotic index of interfollicular
epidermis in control and atorvastatin-treated mice. Data are mean = SD (n = 6) and were analyzed with ANOVA and the Student-
Newman-Keuls post test. #P<0.001 vs. control and **P<0.01, and ***P<0.001 vs. croton oil group. Cr., croton; ator, atorvastatin.
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Fig. 4. The effects of a single application of croton oil on the thickness of epidermis, and disturbance of cell polarity in control and
atorvastatin-treated mice. Data are mean = SD (n = 6) and were analyzed with ordinary ANOV A and Student-Newman-Keuls post test.
#¥P<0.001 vs. normal control and ***P<0.001 vs. croton oil group. Cr., croton; ator, atorvastatin.

intervention in cancer therapy. Statins are competitive
inhibitors of HMG-CoA reductase, the enzyme that
catalyzes the synthesis of mevalonate and its
isoprenoid intermediates such as farnesylpyro-
phosphate and geranylgeranyl pyrophosphate. These
intermediates have been implicated in several post-
translational protein isoprenylation processes that are
essential for various cellular processes. Therefore,
statins may influence cell growth, differentiation,
proliferation, and angiogenesis [4, 27, 28] through
inhibition of mevalonate formation. Regardless of the

90
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widespread benefits of statins, the effect of statins on
angiogenesis and, therefore on cancer is the subject of
contradictory debate [29]. Several preclinical reports
have indicated that statins may possess antineoplastic
properties [16, 19]; however, some other studies have
raised the possibility that statins may possess a
carcinogenic potential [18, 20]. Recent epidemiologic
data and commentaries do not demonstrate a consistent
reduction in cancer risk among statin users; however,
the chemopreventive effect or any potential increase
in the risk effect of statin in humans remains to

20 22 24 26 28 30 32

Weeks on test

Fig. 5. Percentage of mice with tumors (benign papillomas) in dimethylbenz(a)antheracene (DMBA) + croton oil-applied mice with
or without atorvastatin pretreatment. The data were recorded every week and plotted as a function of weeks on test. Each value
represents percentage incidence data calculated for 20 animals. Cr., croton; ator, atorvastatin.
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be confirmed [30-32]. It has been reported that
simvastatin accelerates revascularization in vitro
through the activation of protein kinase Akt [9]. On the
contrary, a diminished endogenous angiogenic
response was reported to have been observed with
atorvastatin treatment in chronic myocardial ischemia
in normocholesterolemic swine [10]. Several studies
have also shown that HMG-CoA reductase inhibition
has a biphasic dose-dependent effect on angiogenesis
that is associated with alterations in endothelial
apoptosis and vascular endothelial growth factor
signaling. Statins have pro-angiogenic effects at low
therapeutic concentrations, but at high concentrations,
they have anti-angiogenic effects that can be reversed
by geranylgeranyl pyrophosphate [12, 13].

We have previously demonstrated that high doses of
atorvastatin induced pro-inflammatory effect in air-
pouch inflammation model when injected directly into
the pouch [1]. Concurrent administration of
mevalonate along with atorvastatin failed to inhibit the
pro-inflammatory action of the drug. Under steady-
state conditions, small amounts of the parent drug can
be found in the systemic circulation. The high dose of
drug might produce a high level of free drug and cause
a mevalonate-independent pro-inflammatory and pro-
angiogenic effects. On the other hand, the
accumulation of metabolites of high doses can create
different effects from that of the parent drug. Serum
level of atorvastatin, prescribed at doses of 10-80
mg/day, ranged between 2 and 200 pg/l. However,
such small concentration of statins, especially potent
statins like atorvastatin with a long plasma half life of
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20 hours, may demonstrate direct significant biological
effects beyond the mevalonic acid pathway.

Based on the results of the present study, it can be
determined that oral administration of atorvastatin (3,
6, and 9 mg/kg per day) for 2 weeks prior to single
application of croton oil on dorsal skin of mice showed
a very strong and dose-dependent anti-proliferation
effect. All doses of atorvastatin effectively (P<0.001)
decreased the number of nucleated cell layers, mitotic
index of interfollicular epidermis, thickness of
epidermis, and disturbance of cell polarity.

From the discussion above, it can be inferred that
statins, by inhibition of HMG-CoA reductase,
efficiently suppress the production of prenylated
proteins. However, the same doses and duration of oral
administration of atorvastatin in DMBA-initiated and
croton oil-promoted skin tumorgenesis in mice
increased the incidence of tumors and their conversion
into malignant carcinoma. The reasons for this
discrepant effect remain unclear, and could be
attributed to the ambivalent action of statins on
angiogenesis or on immune system or to specific
differences in the experimental conditions of the study.
It is suggested that the pro-angiogenic effect of the
drug, which can be a reason for the promotion of skin
tumors, is independent of HMG-CoA reductase
inhibition and can be mediated directly by atorvastatin.
In fact, among the diversity of biological effects of
statins some could, at least in theory, inhibit tumor
growth (e.g. by inhibiting Ras oncoproteins), while
other actions may stimulate cancer aggressiveness (e.g.
through angiogenic or immunosuppressive effects).

24 26 28 30 32

Weeks on test

Fig. 6. The effect of atorvastatin, when administered orally for the entire duration of experiment after induction of tumor, on the
conversion of papillomas into malignant carcinoma. These data were recorded every week and plotted as a function of weeks on the
test. Each value represents the percentage incidence data calculated for 20 animals. Cr., croton; ator, atorvastatin.
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