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HIF-1a acts as a molecular target for simvastatin
cytotoxicity in B16.F10 melanoma cells cultured
under chemically induced hypoxia
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Abstract. Our previous studies reported that one of the main
mechanisms of the antitumor activity of simvastatin (SIM) in
B16.F10 murine melanoma cells was associated with strong
suppression of the constitutive cell production of the o subunit
of the heterodimeric transcription factor hypoxia-inducible
factor (HIF)-1. Thus, the present study aimed to broaden
this finding under hypoxic conditions induced by incubation
of B16.F10 cells with cobalt chloride, when the constitutive
production of HIF-1a in these melanoma cells is amplified
by inducible expression of this factor. The data demonstrated
that the SIM antiproliferative effects on melanoma cells
were mediated mainly via strong suppressive actions on the
B16.F10 cell capacity to support tumor angiogenesis and
inflammation, as a result of a high inhibition of the inducible
expression of HIF-1a. However, the constitutive expression of
HIF-1a was not affected by SIM, probably due to the lack of
effect of this statin on nuclear factor-xB production in B16.
F10 cancer cells at the concentration tested. Additionally, the
present study noted slight reducing effects of SIM on tumor
oxidative stress, which may contribute to the main inhibitory
action of this statin on HIF-1a production in hypoxic tumor
cells. Collectively, these data are valuable for future anticancer
strategies based on SIM administration in combination with
cytotoxic drugs that are able to counteract the constitutive
expression of HIF-1a in tumors.
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Introduction

Our previous studies demonstrated that one of the main
mechanisms of simvastatin (SIM) cytotoxic effects on
B16.F10 murine melanoma cells under normoxic condi-
tions is associated with the suppression of the constitutive
tumor cell production of the a subunit of hypoxia inducible
factor (HIF)-1 (1). The normoxic expression of HIF-1 via
the constitutive activation of the Ras-Raf-mitogen-activated
protein kinase kinase-extracellular signal-regulated kinase
1/2 and phosphatidylinositol-4,5-bisphosphate 3-kinase-AKT
signaling pathways ensures the maintenance of the malignant
phenotype of highly metastatic melanoma cells (2-4). In addi-
tion, the production of HIF-1 in these malignant cells is further
amplified by the hypoxic tumor microenvironment, suggesting
that, under hypoxia, HIF-1 may activate different signaling
pathways to promote cell survival and proliferation (5).
Thus, hypoxia-induced HIF-1a stabilization is followed by
the activation of multiple genes encoding for proteins with
critical functions in angiogenesis, cell proliferation, inva-
sion, metastasis, genetic instability, cell survival, apoptosis,
epithelial-mesenchymal transition and immune evasion (6-8).
The present study aimed to explore whether the mechanisms
underlying the cytotoxicity of SIM on B16.F10 melanoma
cells cultured under hypoxia also involved the modulation of
HIF-1la expression in these cancer cells. To mimic hypoxia,
B16.F10 melanoma cells were cultured in the presence of
cobalt chloride (CoCl,), a chemical inducer of HIF-1a stabi-
lization (9,10). The mechanisms of cytotoxicity exerted by
SIM on B16.F10 cells grown in the presence of the CoCl, were
investigated with regard to tumor cell production of HIF-1a
and expression of proteins involved in main tumorigenic
processes coordinated by this protein, including angiogenesis
and inflammation (11,12). Furthermore, as previous experi-
mental data suggested that nuclear factor (NF)-kB can also
induce overexpression of HIF-1a messenger RNA (13-15), the
expression level of this protein was analyzed. In addition, the
role of oxidative stress in SIM-induced cytotoxicity was evalu-
ated. The results demonstrated that, under hypoxia, the main
mechanism of SIM cytotoxicity in B16.F10 melanoma cells is
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mediated via inhibition of the chemically induced expression
of HIF-1a in these cancer cells. Additionally, and in accor-
dance with the main function of the inducible production of
this factor, the levels of proteins supporting tumor angiogen-
esis and inflammation were also strongly suppressed.

Materials and methods

Cell line and culture conditions. B16.F10 murine mela-
noma cells (CRL-6475; American Type Culture Collection,
Manassas, VA, USA) were cultured in Dulbecco's modified
Eagle's medium (Lonza Group Ltd., Basel, Switzerland)
supplemented with 10% heat-inactivated fetal bovine serum
(HyClone; GE Healthcare Life Sciences, Logan, UT, USA),
100 IU/ml penicillin, 100 pg/ml streptomycin, 0.25 pg/ml
amphotericin B, 4 mM L-glutamine and 5% NaHCO; (Lonza
Group Ltd.) as monolayer at 37°C in a 5% CO, humidified
atmosphere. To obtain hypoxic conditions, cells were incu-
bated in the above culture medium supplemented with several
concentrations of CoCl, (100, 200 and 300 zM). It was noticed
that 200 uM CoCl, was the minimum concentration that
allowed the stimulation of the inducible expression of HIF-1a
without causing any cytotoxic effects on these cancer cells
(data not shown).

Stock solutions of SIM. SIM (Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany) was dissolved in 70% ethanol to prepare
stock solutions of 2 mg/ml. Working solutions were prepared
directly into the culture medium. As controls for ethanol
toxicity, cells were incubated with ethanol at similar concen-
trations (0.017-0.925%) as those used for the preparation of
SIM working solutions.

Cell proliferation assay. To determine the effects of SIM on
cell proliferation under normoxic and hypoxic conditions,
B16.F10 melanoma cells (1,000 cells/well) were seeded in
a 96-well plate for 24 h. Different concentrations of SIM,
ranging from 0.5 to 50 pg/ml, were evaluated in triplicate.
The range of statin concentrations was selected based on our
previous study regarding the statin effects on B16.F10 cells (1).
The cytotoxicity of the ethanol concentrations used for the
preparation of the different SIM solutions was also assessed.
Cells cultured either in medium or in medium supplemented
with 200 uM CoCl, were used as controls for normoxic and
hypoxic conditions, respectively. The proliferative activity of
the cells following statin administration was analyzed with an
immunoassay [Cell Proliferation ELISA, BrdU (colorimetric);
Roche Applied Science, Penzberg, Germany] according to the
manufacturer's protocol (16,17). This method is based on the
incorporation of the pyridine analogue bromodeoxyuridine
(BrdU), instead of thymidine, into the DNA of proliferating
cells (16). B16.F10 melanoma cells were incubated with a BrdU
solution for 24 h, and the culture medium was then completely
removed from each well. Following this step, the cells were
fixed, and the DNA was denatured with FixDenat buffer
provided in the kit. An anti-BrdU monoclonal antibody conju-
gated with peroxidase (anti-BrdU-POD, #11647229001, Roche
Applied Science, dilution, 1:100; part of Cell Proliferation
ELISA, BrdU kit) was added in each well in order to detect
the incorporated BrdU in the newly synthesized cellular DNA.
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The antibody was removed after 1 h of incubation at room
temperature, and the cells were then washed three times with
PBS. Next, a peroxidase substrate (3,3',5,5'-tetramethylbenzi-
dine, part of Cell Proliferation ELISA, BrdU kit) was added
in each well, and the immune complexes were detected by
measuring the absorbance of the reaction product at 450 nm
with a reference wavelength of 655 nm.

Viability assay. The cytotoxic effect of SIM was assessed
using a colorimetric assay (CytoTox 96 Non-Radioactive
Cytotoxicity Assay; Promega Corporation, Madison, WI,
USA) based on the measurement of the catalytic activity of
the lactate dehydrogenase (LDH) enzyme released in the
culture medium (18). The assay was performed following
the manufacturer's protocol. Briefly, B16.F10 melanoma
cells (5,000 cells/well) were cultured in a 96-well plate for
24 h at 37°C. Each statin concentration, ranging from 0.5 to
50 mg/ml, was added in triplicate. The cytotoxicity of the
ethanol concentrations used for the preparation of the different
SIM solutions was also tested. Cells cultured either in medium
or in medium with 200 M CoCl, were used as controls for
the spontaneous release of LDH under normoxic or hypoxic
conditions, respectively. To determine the total release of
LDH in the culture medium, 10 pl of cell lysis buffer (part of
the CytoTox 96 Non-Radioactive Cytotoxicity Assay kit) was
added to the wells containing control cells for 45 min prior to
harvesting the supernatant. At the end of the incubation period,
the plate was centrifuged at 260 x g, and 50 ul of the culture
medium from each well was transferred to an enzymatic assay
plate and mixed with an equal volume of substrate mix (lactate
and iodonitrotetrazolium violet, included in the CytoTox 96
Non-Radioactive Cytotoxicity Assay kit). After 30 min of
incubation at room temperature, the reaction was stopped by
adding the stop solution from the CytoTox 96 Non-Radioactive
Cytotoxicity Assay kit, and the absorbance was measured at
490 nm.

Western blot analysis of the expression of HIF-la and
NF-kB. The effects of 5 yg/ml SIM on the B16.F10 cell
production of two key players in tumor cell survival, HIF-1
and NF-«B, was assessed by western blot analysis after 24 h
of incubation at 37°C. To obtain cell lysates (19-21), cells
were washed with PBS, and viable (adherent) tumor cells
were mechanically detached and lysed with cell lysis buffer
[10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid,
200 mM NaCl, 1% Triton X-100, 10 mM MgCl, and 1 mM
dithiothreitol] after 30 min of incubation on ice. cOmplete™
Protease Inhibitor Cocktail Tablets (Roche Applied Science)
were added to the lysis buffer. Cells lysates were cleared by
centrifugation at 18,000 x g for 10 min at 4°C, and the superna-
tant was collected. The protein content of the cell lysates was
determined by Bradford assay (Sigma-Aldrich; Merck KGaA).
A total of 50 pg of total protein was loaded per lane onto a
10% polyacrylamide gel. Electrophoresis was performed at
45 mV, and subsequently the proteins were electro-transferred
onto a nitrocellulose membrane at 100 mV for 40 min. The
membranes were blocked with 5% skimmed milk powder
(Bio-Rad Laboratories, Inc., Hercules, CA, USA) in TBS
containing 0.1% Tween-20 (TBS-T) for 3 h at room tempera-
ture. Subsequently, the membranes were incubated overnight
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at 4°C with rabbit polyclonal anti-HIF-1a (NB100-479, Novus
Biologicals, Ltd., Cambridge, UK) and mouse monoclonal
anti-NF-xB antibodies (sc56735; Santa Cruz Biotechnology,
Inc., Dallas, TX, USA), diluted 500-fold in 5% skimmed
milk powder in TBS-T. For the loading control, a primary
rabbit polyclonal antibody against mouse [-actin (A2103;
Sigma-Aldrich; Merck KGaA), diluted 1,000-fold in TBS-T,
was used. To detect the bound antibodies, the membranes
were washed with TBS-T and incubated with a goat anti-rabbit
(sc-2004; Santa Cruz Biotechnology, Inc.) or a goat anti-mouse
horseradish peroxidase (HRP)-conjugated secondary antibody
(sc-2005; Santa Cruz Biotechnology, Inc.), diluted 4,000-fold
in 5% skimmed milk powder in TBS-T at room temperature
for 2 h. Proteins were detected using SuperSignal West Pico
Chemiluminescent Substrate (Thermo Fisher Scientific, Inc.,
Waltham, MA, USA), and the membranes were exposed to an
X-ray film (Kodak, Rochester, NY, USA) for 2 min. The films
were developed and analyzed using TotalLab Quant Software
version 12 for Windows (TotalLab, Ltd., Newcastle upon Tyne,
UK). Transcription factors levels in tumor cells treated with
statin were compared to those in the controls. The final results
are represented as the mean + standard deviation (SD) of two
independent experiments.

Array analysis of inflammatory/angiogenic protein levels.
To assess whether SIM could affect the tumor cell produc-
tion of proteins involved in angiogenesis and inflammation,
a screening using a protein array (AAM-ANG-1-8; RayBio®
Mouse Angiogenesis Array Cl; RayBiotech Inc., Norcross,
GA, USA) was performed as described previously (22). The
same tumor cell lysates as those employed in western blot
analysis were used. One array membrane containing 24 types
of primary antibodies against specific mouse proteins was
used per cell lysate. The array membranes were incubated
with 200 pg of cell lysate proteins overnight at 4°C. A mixture
of secondary biotin-conjugated antibodies (included in the
RayBio® Mouse Angiogenesis Array Cl kit) against the same
angiogenic factors as those targeted by the aforementioned
primary antibodies was added to the membranes and incu-
bated for 2 h at room temperature, followed by incubation with
HRP-conjugated streptavidin (included in the RayBio® Mouse
Angiogenesis Array C1 kit) for additional 2 h at room tempera-
ture. Each incubation step was followed by five washing steps
with two washing buffers included in the kit. Thereafter, the
membranes were incubated with a mixture of two detection
buffers (included in the RayBio® Mouse Angiogenesis Array
CI kit) for 1 min, exposed to an X-ray film (Kodak) for 1 min,
and then the films were developed. The protein expression
level was quantified by measuring the intensity of the color of
each spot on the membranes in comparison with the positive
control spots already bound to the membranes using TotalLab
Quant Software version 12 for Windows. Each protein level
from the statin-treated groups was expressed as a percentage
of the same protein level from the untreated cells (controls).
Each protein from each experimental group was determined
in duplicate.

High-performance liquid chromatography (HPLC) determina-
tion of malondialdehyde (MDA) levels. MDA is the main product
of lipid peroxidation mediated by reactive oxygen species
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(ROS), and therefore, it is a good indicator of overall oxidative
stress (23). In the present study, MDA levels were determined
according to the HPLC method employed by Karatas ez al (24).
Prior to HPLC quantification of MDA, sample deproteinization
was performed as described previously (24). Then, samples
were centrifuged at 4,500 x g for 5 min, and 100 ul of each
supernatant was used for HPLC analysis. The column type was
LiChrosorb® RP18 (5 um) (Sigma-Aldrich; Merck KGaA), and
the mobile phase consisted of 30 mM KH,PO,:methanol in a
volume ratio of 65:35. The flow rate was set at 0.5 ml/min, and
MDA was measured using an ultraviolet detector set at 254 nm.
The retention time of MDA was ~5.4 min. Data were expressed
as ymol of MDA/mg of protein.

Statistical analysis. Data from different experiments were
reported as the mean + SD. SIM effects on tumor cells cultured
with or without CoCl, were analyzed by unpaired Student's
t-test. To analyze the SIM effects on the levels of angio-
genic/inflammatory proteins in cancer cells under both culture
conditions, two-way analysis of variance with Bonferroni
correction for multiple comparisons was used. All statistical
analyses were performed with GraphPad Prism version 6 for
Windows (GraphPad Software, Inc., La Jolla, CA, USA). P<0.05
was considered to indicate a statistically significant difference.

Results

SIM cytotoxicity in vitro. The cytotoxic effects of SIM were
assessed with regard to B16.F10 cell proliferation and viability,
and the results are shown in Figs. 1 and 2.

Effect of SIM on cell proliferation. To investigate the inhibitory
effect of SIM on the proliferation of B16.F10 murine melanoma
cells, these cells were incubated in the presence of CoCl, with
increasing concentrations of SIM ranging from 0.5 to 50 xg/ml
for 24 h (Fig. 1). The proliferation rate of the cells incubated
with the same concentrations of SIM under normoxic condi-
tions was also assessed. Cells incubated only with culture
medium or with culture medium supplemented with 200 M
CoCl, were used as controls. The cytotoxicity of the ethanol
concentrations used for SIM solutions preparation was also
tested. No inhibitory effect of any ethanol concentration on
tumor cell proliferation was detected (Fig. 1).

The effect of SIM on cancer cell proliferation was expressed
as the percentage of inhibition of cell proliferation compared
with the proliferation of cells used as controls (Fig. 1). After
24 h of incubation, SIM inhibited cell proliferation by >70%
under normoxic and hypoxic conditions at concentrations
ranging from 5 to 50 xg/ml. Notably, under hypoxia,a moderate
inhibitory effect of the statin (~40-60% compared with the
proliferation of control cells) was also noted at the lowest
drug concentrations tested (0.5 and 1 pg/ml). However, since
5 ug/ml was the lowest concentration of SIM that exhibited a
strong cytotoxic effect (>70% inhibition of cell proliferation
compared with the proliferation of control cells) (Fig. 1), this
concentration was used throughout the experiments performed
for testing the mechanisms of SIM cytotoxicity.

Effect of SIM on cell viability. The cytotoxic effect of different
concentrations of SIM under both normoxic and hypoxic
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Figure 1. Effects of SIM on B16.F10 cell proliferation. B16.F10 mouse
melanoma cells were incubated with different concentrations of SIM ranging
from 0.5 to 50 pg/ml in the presence or absence of 200 yuM CoCl, for 24 h.
The cytotoxicity of the ethanol solution used for the preparation of each SIM
concentration was also tested. Data are shown as the mean + standard devia-
tion of three measurements and represented as percentages of proliferation
inhibition compared with the proliferation of control cells. SIM, SIM-treated
B16.F10 melanoma cells; CoCl, + SIM, SIM-treated B16.F10 mouse mela-
noma cells incubated with 200 M CoCl,; Ethanol, ethanol-treated B16.F10
melanoma cells; CoCl, + Ethanol, ethanol-treated B16.F10 melanoma cells
incubated with 200 uM CoCl,; SIM, simvastatin.
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Figure 2. Effects of SIM on B16.F10 cell viability. B16.F10 mouse melanoma
cells were incubated with different concentrations of SIM ranging from
0.5 to 50 pg/ml in the presence or absence of 200 M CoCl, for 24 h. The
results are expressed as percentages of catalytic activity of LDH released
in the medium compared with the enzymatic activity in the same culture
medium following total cell lysis. The reduction in viability of control cells
(untreated cells cultured either in medium or in medium with CoCl,) is also
shown (at O yg/ml SIM). Data are shown as the mean =+ standard deviation
of three replicate measurements. SIM, SIM-treated B16.F10 melanoma cells;
CoCl, + SIM, SIM-treated B16.F10 melanoma cells incubated with 200 M
CoCl,; SIM, simvastatin; LDH, lactate dehydrogenase.

conditions after 24 h of incubation were expressed as percent-
ages of catalytic activity of LDH released in the culture
medium. As shown in Fig. 2, the viability of tumor cells
grown under normoxia or hypoxia was not affected by SIM
at concentrations ranging from 0.5 to 20 yg/ml. Only at the
highest concentration of SIM tested (50 ug/ml), the viability of
B16.F10 melanoma cells was totally affected (Fig. 2), since the
activity of LDH released from these treated cells was similar
to that determined upon cell lysis.

Effects of SIM on the expression levels of HIF-1a and NF-kB.
Since HIF-1 and NF-«B serve key roles in the preservation of
the malignant phenotype of cancer cells and in the survival
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mechanisms of tumor cells under critical conditions (25-27),
the effects of 5 ug/ml SIM on the expression of both proteins in
B16.F10 melanoma cells were evaluated. The results are shown
in Figs. 3 and 4, respectively. As previously reported (6,10), the
present study confirmed that the addition of 200 M CoCl, to
melanoma cells increased the expression level of HIF-1a by
68% compared with its level in the same cells cultured under
normoxia (P<0.05).

Under hypoxic conditions, SIM inhibited HIF-1o expres-
sion by 50% compared with its production in the control
hypoxic cells (P<0.05), while constitutive expression of this
factor was not affected by the statin (Fig. 3B). Our previous
results have shown that SIM inhibited strongly the constitutive
expression of HIF-1a in B16.F10 murine melanoma cells at
a concentration 10-fold higher than that used in the present
study (1). Regarding the production of NF-xB, SIM treatment
did not affect the expression levels of this transcription factor
under normoxic or hypoxic conditions (Fig. 4).

Effects of SIM on the angiogenic/inflammatory capacity of
B16.FI10 cells. As the production of one of the key regula-
tory factors of angiogenesis and inflammation, HIF-1a (1),
was inhibited by SIM treatment under hypoxia, this effect
was associated with the levels of proteins involved in these
tumorigenic processes in tumor cells. Therefore, a screening
for 24 angiogenic and inflammatory proteins was performed
via protein arrays (Tables I and II).

Notably, the mean average production of angiogenic
and inflammatory proteins tested in cells cultured under
CoCl,-induced hypoxia was significantly higher (by 26%;
P<0.05) than their production in normoxic cells (cells in
culture medium) (Fig. 5). Thus, the production of 11 out of
24 proteins was stimulated significantly under CoCl, treat-
ment. More specifically, the levels of pro-angiogenic proteins,
including granulocyte-colony stimulating factor (G-CSF),
macrophage-CSF (M-CSF), insulin-like growth factor
(IGF)-II, monocyte chemoattractant protein (MCP)-1 and
basic fibroblast growth factor (bFGF), were strongly stimu-
lated in CoCl,-treated cells (by 50-100%) compared with their
production in control normoxic cells (Fig. 5). The levels of
the anti-angiogenic and anti-inflammatory proteins platelet
factor (PF)-4, tissue inhibitor of metalloproteinase (TIMP)-2
and interleukin (IL)-12p70 were also increased under CoCl,
treatment by 65-95% compared with their cell production
in normoxic cells (Fig. 5). However, the cell production of
important pro-angiogenic [vascular endothelial growth factor
(VEGF)] and inflammatory (IL-1$ and IL-6) proteins was
reduced by 60% in hypoxic cells in comparison with their
normoxic production (Fig. 5). When tumor cells were incubated
with SIM under normoxic conditions, the overall production
of pro-angiogenic/pro-inflammatory proteins was not affected
by the statin treatment (P>0.05). Furthermore, incubation of
the tumor cells only with SIM stimulated the production of
IL-1a, IL-1f and MCP-1 by 15-30%, while the expression of
IL-12p40 and tumor necrosis factor (TNF)-a was stimulated
by 60-80% (Table I). Only the level of the anti-angiogenic
protein TIMP-2 was significantly reduced by 22% compared
with its level in normoxic cells (Table II).

When SIM was administered to B16.F10 cells
under hypoxia induced by CoCl,, the levels of all
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Figure 3. Effects of SIM treatment on HIF-1a expression in B16.F10 melanoma cells. (A) Western blot analysis of HIF-1o expression levels in normoxic and
hypoxic B16.F10 cells after 24 h of incubation with 5 yg/ml SIM. (B) Percentages of HIF-1a expression levels in B16.F10 cells after 24 h of incubation with
5 ug/ml SIM compared with its expression in control cells (either normoxic or hypoxic cells). The results represent the mean + standard deviation of two
independent measurements. Unpaired Student's t-test was performed to analyze the effects of SIM on the tumor cell levels of HIF-1a.. "P<0.05. Normoxic cells,
expression levels of HIF-1a in control cells after 24 h of incubation with culture medium; Normoxic cells + SIM, expression levels of HIF-1a in normoxic cells
after 24 h of incubation with 5 yg/ml SIM; Hypoxic cells, expression levels of HIF-1a in control cells after 24 h of incubation with medium supplemented with
200 uM CoCl,; Hypoxic cells + SIM, expression levels of HIF-1a in hypoxic cells after 24 h of incubation with medium supplemented with 200 xM CoCl, and
treated with 5 pg/ml SIM; ns, not significant; HIF, hypoxia-inducible factor; SIM, simvastatin.
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Figure 4. Effects of SIM treatment on NF-kB expression in B16.F10 melanoma cells. (A) Western blot analysis of NF-kB expression levels in normoxic and
hypoxic B16.F10 cells after 24 h of incubation with SIM. (B) Percentages of NF-kB expression levels in B16.F10 cells after 24 h of incubation with 5 yg/m1 SIM
compared with its expression levels in control cells (either normoxic or hypoxic cells). The results represent the mean + standard deviation of two independent
measurements. Unpaired Student's 7 test was performed to analyze the effects of SIM on tumor cell levels of the transcription factor NF-kB. Normoxic cells,
expression levels of NF-kB in control cells after 24 h of incubation with culture medium; Normoxic cells + SIM, expression levels of NF-kB in normoxic cells
after 24 h of incubation with 5 yg/ml SIM; Hypoxic cells, expression levels of NF-kB in control cells after 24 h of incubation with medium supplemented with
200 M CoCl,; Hypoxic cells + SIM, expression levels of NF-kB in hypoxic cells after 24 h of incubation with medium supplemented with 200 M CoCl, and
treated with 5 pg/ml SIM; ns, not significant; SIM, simvastatin; NF, nuclear factor.

pro-angiogenic/pro-inflammatory proteins were reduced these proteins in hypoxic cells. More specifically, SIM
significantly (Table I), with an overall inhibitory effect reduced strongly (by 70-85%) the production of 16 out of
of 75% (P<0.0001) compared with the production of 18 pro-angiogenic/pro-inflammatory proteins (including
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Table I. Effects of 5 yg/ml SIM on B16.F10 melanoma cell production of pro-angiogenic/pro-inflammatory proteins under
normoxic and hypoxic conditions.

Percentage of reduction (-) or increase (+) in tumor cell
production of proteins involved in tumorangiogenesis/
inflammation following SIM treatment, mean + SD

Pro-angiogenic/pro-inflammatory proteins SIM CoCl, + SIM
Granulocyte-colony stimulating factor +19+18.12° -83.19+0.54¢
Granulocyte-macrophage-colony stimulating factor +22.41+13.20° -74.00£1.09¢
Macrophage-colony stimulating factor +9.27+0.78* -82.80+0.13¢
Insulin growth factor II +4.60+2.16* -82.37+0.22¢
Interleukin 1a. +18.00£0.01° -73.90+0.50¢
Interleukin 1B +22.70+0.93¢ -72.64+0.51¢
Interleukin 6 +13.63+5.36" -85.52+0.04¢
Interleukin 9 +7.92+1.27° -71.40+0.35¢
Interleukin 12 p40 +80.89+11.48¢ -83.26+0.73¢
Interleukin 13 +6.19+2 .86° -75.42+0.78¢
Tumor necrosis factor a +58.87+29 45¢ -83.98+0.17¢
Monocyte chemoattractant protein-1 +24.07+£3.21°¢ -82.65+0.14¢
Eotaxin -4.09+3.11° -47.31+0.86"
Fas ligand +591£17.93* -74.8+0.19¢
Basic fibroblast growth factor +22.68+7.57* -85.19+0.06¢
Vascular endothelial growth factor +0.92+23.31¢ -72.22+0.66°
Leptin +8.64+13.19* -56.23+1.39*
Thrombopoietin -7.03+11.62° -80.83+0.32¢

The results represent the mean + SD of two independent measurements. “Not significant; °P<0.05; ‘P<0.01; “P<0.001. SIM, percentages of
reduction (-) or increase (+) in protein production in C26 cells incubated with 5 pg/ml SIM for 24 h compared with their normoxic production
in untreated cells; CoCl, + SIM, percentages of reduction (-) or increase (+) in protein production in C26 cells incubated with 200 xM CoCl,
and 5 pg/ml SIM for 24 h compared with their production in cells treated only with CoCl,. SIM, simvastatin; SD, standard deviation.

Table II. Effects of 5 pg/ml SIM on B16.F10 melanoma cell production of anti-angiogenic/anti-inflammatory proteins under
normoxic and hypoxic conditions.

Percentage of reduction (-) and increase (+) in tumor cell
production of proteins involved in tumor angiogenesis/
inflammation following SIM treatment, mean + SD

Anti-angiogenic/anti-inflammatory proteins SIM CoClL, + SIM
Tissue inhibitor of matrix metalloproteinase 1 -6.75+9.18* -78.13£0.47¢
Tissue inhibitor of matrix metalloproteinase 2 -22.72+6.18° -82.97+0.10¢
Platelet factor 4 +14.25+8.11* -82.13+0.17¢
Interleukin 12 p70 +9.87+2.60° -82.32+0.26¢
Interferon y +17.15£3.92¢ -82.32+041°¢
Monokine induced by interferon vy +10.19+1.04° -25.09+1.41°

The results represent the mean + SD of two independent measurements. “Not significant; °P<0.05; “P<0.001. SIM, percentages of reduction (-)
or increase (+) in protein production in C26 cells incubated with 5 yg/ml SIM for 24 h compared with their normoxic production in untreated
cells; CoCl, + SIM, percentages of reduction (-) or increase (+) in protein production in C26 cells incubated with 200 xM CoCl, and 5 pg/ml
SIM for 24 h compared with their production in cells treated only with CoCl,. SIM, simvastatin; SD, standard deviation.

G-CSF, GM-CSF, M-CSF, IGF-II, IL-1a, IL-1p, IL-6, IL-9,  and thrombopoietin) and moderately (by 45-60%) that of
IL-12p40, IL-13, TNF-a, MCP-1, Fas ligand, VEGF, bFGF leptin and eotaxin (Table I). However, with the exception
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Figure 5. Effects of CoCl,-induced hypoxia on the production of angio-
genic/inflammatory proteins in B16.F10 melanoma cells. Results are
presented either as a percentage of reduction in tumor protein levels ranging
from 0% (white) to 100% (black), or as percentage of increase in protein
production ranging from 0% (white with vertical line pattern) to 100%
(black with vertical line pattern) in cells treated with CoCl, compared with
the levels of the same proteins in normoxic cells. Hypoxic cells, percent-
ages of protein expression levels in B16.F10 melanoma cells after incubation
with 200 uM CoCl, for 24 h compared with their levels in normoxic cells;
G-CSF, granulocyte-colony stimulating factor; M-CSF, macrophage-colony
stimulating factor; IGF, insulin-like growth factor; IL, interleukin; TNF,
tumor necrosis factor; FasL, Fas ligand; bFGF, basic fibroblast growth factor;
VEGEF, vascular endothelial growth factor; TIMP, tissue inhibitor of metal-
loproteinase; IFN, interferon.
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Figure 6. Evaluation of SIM effects on oxidative stress in B16.F10 melanoma
cells. MDA levels were determined by high-performance liquid chromatog-
raphy analysis. The results are expressed as the mean =+ standard deviation
of two independent measurements. Unpaired Student's  test was performed
to analyze the differences between MDA levels in SIM-treated and control
cells. "P<0.05. Normoxic cells, MDA levels in untreated cells after 24 h of
incubation with culture medium; Normoxic cells + SIM, MDA levels in
normoxic cells after 24 h of incubation with 5 yg/ml SIM; Hypoxic cells,
MDA levels in cells after 24 h of incubation with medium supplemented
with 200 M CoCl,; Hypoxic cells + SIM, MDA levels in cells after 24 h of
incubation with medium supplemented with 200 yM CoCl, and treated with
5 ug/ml SIM; SIM, simvastatin; MDA, malondialdehyde.

of monokine induced by gamma interferon (MIG), the cell
production of all the anti-angiogenic proteins was also inhib-
ited strongly (by 78-82%) by SIM treatment following CoCl,
administration (Table II).
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SIM effect on intracellular oxidative stress. To evaluate
whether SIM treatment affected intracellular oxidative stress in
murine melanoma cells cultured under normoxic and hypoxic
conditions, the levels of MDA (a general marker for oxidative
stress in tumor cells) (24) were determined. The data revealed
that 5 yg/ml SIM significantly inhibited (P<0.05) the produc-
tion of MDA in B16.F10 melanoma cells by 15-25% under
both conditions (Fig. 6). Therefore, the anti-oxidant activity
of SIM may complement the antitumor effects of this statin on
the expression levels of HIF-1a, and angiogenic and inflamma-
tory proteins in B16.F10 melanoma cells.

Discussion

The present study provides a follow-up of our earlier observa-
tions that inhibition of the constitutive expression of HIF-1a
in B16.F10 murine melanoma cells is one of the main reasons
behind the cytotoxicity caused by lipophilic statins on these
cancer cells (1). Therefore, the present study evaluated
whether this finding could be expanded under hypoxic condi-
tions, when the constitutive production of HIF-1a in B16.F10
melanoma cells is accompanied by its induced expression as
a result of CoCl,-mediated transcription factor stabilization
and activation (28). To the best of our knowledge, these statin
effects on melanoma cells under hypoxic conditions have not
been previously described. As expected, culture of melanoma
cells in the presence of CoCl, increased the expression level
of HIF-1a by 68% compared with its expression in normoxic
cells (Fig. 3A). It is known that hypoxia-induced expression
of this protein in cancer cells triggers the upregulation of
numerous genes encoding for proteins involved in tumori-
genic processes, including angiogenesis, invasion, metastasis,
cell proliferation, genetic instability, cell survival, apoptosis,
epithelial-mesenchymal transition and immune evasion (29).
Thus, this considerable number of tumorigenic processes
controlled by HIF-1 may be affected simultaneously by the
targeting of SIM to suppress this key regulatory protein
expression in melanoma cells. In line with previous results
regarding SIM cytotoxicity in B16.F10 melanoma cells under
normoxia (1,30), SIM also inhibited strongly the proliferation
of hypoxic melanoma cells at concentrations ranging from
5 to 50 ug/ml (Fig. 1). However, the viability of melanoma
cells was affected only at the highest SIM concentration tested
(50 pug/ml) (Fig. 2), suggesting a limited cytotoxicity of SIM
on these cancer cells. To further investigate the link between
the mechanisms of SIM-induced cytotoxicity in B16.F10
melanoma cells under hypoxia and targeting of HIF-1a, the
cell expression levels of this protein were assessed. After 24 h
of incubation with 5 yg/ml SIM, the cell production of HIF-1a.
was reduced by 50% in hypoxic cells (Fig. 3B), while the same
concentration of SIM added to normoxic cells had no effect on
the B16.F10 cell expression of this transcription factor subunit
(Fig. 3A and B). This finding suggested that 5 pg/ml SIM was
not sufficient to abolish the constitutive expression of HIF-1a
in B16.F10 melanoma cells, as its production in normoxic
cells was not affected by this treatment (Fig. 3A and B). An
explanation for this result may be due to the lack of effects
of SIM on the expression of NF-kB (Fig. 4). The persistent
NF-«B expression in SIM-treated tumor cells may represent
an escape mechanism for maintaining the basal levels of
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HIF-1a in highly metastatic cancer cells, since NF-kB is
a direct modulator of HIF-1a expression at both transcrip-
tional and post-translational levels (14,31). However, since
previous studies demonstrated that the hypoxic switch from
the proliferative phenotype of melanoma cells to an invasive
pattern is dependent on HIF-1a tumor cell production (9), the
SIM-mediated suppression of HIF-1a production may suggest
that this statin is able to control the metastatic capacity of
B16.F10 cells.

To link the inhibitory actions of SIM on HIF-1a production
with the statin actions on the capacity of tumor cells to support
vital processes for tumor survival (12,32), 24 proteins involved
in angiogenesis and inflammation were assessed in the present
study (Fig. 5 and Tables I and II). As expected, overexpression
of HIF-1a following CoCl, treatment stimulated the levels of
the majority of pro-angiogenic and pro-inflammatory proteins,
with the highest enhancement observed in the production of
G-CSF, M-CSF, IGF-II, MCP-1 and bFGF (Fig. 5). Among
these proteins, bFGF (whose whole levels upon CoCl, treat-
ment increased by 100% in comparison with its control levels)
is considered one of the most powerful angiogenic factors
in cancer cells regulated by HIF-1a (33-35). By contrast, the
expression levels of the key pro-angiogenic protein VEGF and
important pro-inflammatory cytokines such as IL-6 and IL-1p
were strongly reduced (by 60%) in B16.F10 cells treated with
CoCl,, suggesting that not all pro-angiogenic/pro-inflamma-
tory pathways are equally modulated in these cancer cells (36).
In addition, the expression of MIG, an angiostatic protein (37),
was suppressed by 60% upon hypoxic induction of HIF-1a
production. However, probably as a compensatory mechanism
for this effect, the levels of the anti-angiogenic proteins PF-4,
TIMP-2 and IL-12p70 were also increased in cells treated with
CoCl, (10).

When SIM was administered to normoxic melanoma
cells, the overall production of pro-angiogenic proteins was
not affected (Table I). This finding may be associated with
the inability of SIM to affect the constitutive expression of
HIF-la in melanoma cells (Fig. 3A). Unexpectedly, SIM
administrated concomitantly with CoCl, to tumor cells
induced a ~75% reduction in pro-angiogenic factors (Table I).
This beneficial effect is clearly associated with the inhibi-
tory effect of SIM on the hypoxia-induced cell production of
HIF-1a (Fig. 3B), which is the most important regulator of
tumor angiogenesis (32). However, the cell production of the
majority of anti-angiogenic proteins was strongly inhibited by
SIM treatment in the presence of CoCl, (Table II). This effect
may be associated with the suppressive effects of SIM exerted
on other transcription factors (such as activator protein-1)
that control the expression of the genes encoding for these
proteins (38,39). Since there is a tight correlation between
HIF-1a expression and oxidative stress intensity (40,41), and a
large body of data demonstrated the role of SIM in the modu-
lation of tumor oxidative stress (1,42,43), the current study
assessed a general marker for tumor oxidative stress, MDA.
The results indicated that 5 yg/ml SIM slightly reduced the
levels of ROS in melanoma cells under both normoxia and
hypoxia (Fig. 6). Although this beneficial effect is modest,
it may contribute to amplify the main inhibitory action of
SIM on the HIF-la-activated angiogenic and inflammatory
capacity of melanoma cells.
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In summary, the present data suggested that targeting
HIF-1a by SIM in hypoxic melanoma cells induced a strong
antitumor response via inhibition of crucial regulators of
tumorigenic processes such as cell proliferation, angio-
genesis and inflammation. It is worth mentioning that the
SIM concentration used in the present study can be easily
achieved in vivo, thus overcoming one of the main limita-
tions of statin use for cancer therapy (44). Although SIM
was not able to inhibit the constitutive expression of HIF-1a,
the current data may be valuable for future antitumor strate-
gies based on the combination of this lipophilic statin with
drugs that can counteract the escape mechanisms used by
these tumor cells. Thus, inhibitors of NF-kB production in
melanoma cells such as NEMO-binding domain peptide
selective inhibitor and bortezomib (45,46) may suppress
indirectly the constitutive levels of HIF-1a in cancer cells
and help to improve future anticancer therapies based on
lipophilic statins.
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