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Abstract. Vascular endothelial hyperproliferation is involved 
in the pathophysiological process of angiogenesis, which is 
indispensable for tumor growth and spread in hypoxic adapta-
tion. There is increasing evidence indicating that statins have 
potential anti-angiogenesis benefits. However, the intracel-
lular signaling mechanism underlying the effect of statins 
in vascular endothelial cells is undefined. The present study 
was conducted to investigate the effect of fluvastatin on cell 
proliferation and apoptosis in normoxic and hypoxic human 
umbilical vein endothelial cells (HUVEC). Flow cytometric 
analyses revealed that statins reversed hypoxia-induced cell 
proliferation by slowing down G1 to S transition and inducing 
cell apoptosis. To get further insights into the downstream 
effects of statins, we measured the expression of various apop-
tosis-associated proteins in hypoxic HUVEC using human 
apoptosis antibody array. The results suggested that cell 
apoptosis was accompanied by upregulation of caspase-3, p27, 
IGFBP-6 and a decrease of bcl-2, survivin levels. Subsequent 
studies confirmed the results of array and demonstrated 
that fluvastatin activated mitochondrial apoptosis through 
enhancing bax/bcl-2 ratio, releasing cytochrome c, in turn acti-
vating caspase-9 and caspase-3, and eventually cleaving PARP. 
Further experiments showed that inhibition of cell prolifera-
tion by fluvastatin was associated with elevated IGFBP-6, p27, 
p53 levels and reduced survivin, cyclin B1, cyclin D1 and 
VEGF expression. Taken together, fluvastatin suppressed cell 
proliferation and induced apoptosis of HUVEC in hypoxia via 
multiple signaling pathways, providing a theoretical basis for 
statins in the therapy of cancer.

Introduction

Angiogenesis is a physiological process that new blood vessels 
grow from existing microvasculature in ischemic tissues. 
Angiogenesis plays a critical role in tumor progression by 
supplying nutrients, oxygen and removing metabolic waste for 
tumor growth and metastasis (1). Microvessel density (MVD), 
reflecting angiogenesis, has been proven to be an important 
prognostic factor in a wide range of tumors (2-4).

Endothelial hyperproliferation is a critical step in the process 
of angiogenesis and is triggered by a diverse of biochemical 
and microenvironment factors. Hypoxia occurs as a result of 
an imbalance between oxygen supply and consumption due to 
exponential cellular proliferation in tumor. In order to adapt to 
a hostile environment, hypoxia changes the phenotype of endo-
thelial cells by activating a series of genes, including vascular 
endothelial growth factor (VEGF), platelet-derived growth 
factor-B (PDGF-B) and transforming growth factor (TGF) (5). 
Considering that the activation of vascular endothelial cell 
proliferation and resistance to apoptosis are vital characteristics 
of angiogenesis, induction of cell apoptosis and cell cycle arrest 
may be a promising treatment strategy for cancer.

Statins, also known as 3-hydroxy-3-methyl-glutaryl-CoA 
(HMG-CoA) reductase inhibitors, are a class of compounds 
used to lower cholesterol and its isoprenoid intermediates, 
accompanied by elevation of HDL-cholesterol. Both HDL 
particles and lower cholesterol level are protective factors for 
blood vessels. A finding shows that cholesterol efflux from 
endothelial cells to high-density lipoprotein (HDL) regu-
lates angiogenesis, which implies the key role of cholesterol 
metabolism in proper angiogenesis (6). Nevertheless, the 
non-cholesterol dependent effect of statins on endothelial 
function, vascular inflammation, cell proliferation, immuno-
modulation (7) and oxidation (8) is of even greater concern.

A substantial body of data suggests that statins are able 
to prevent angiogenesis by modulating endothelial cells. 
Fluvastatin has apoptosis-inducing effect in endothelial cells 
by the activation of caspase-3 and the presence of extensive 
DNA fragmentation (9). Pravastatin inhibits endothelial prolif-
eration through inducing G1 arrest and decreasing cyclin D1, 
cyclin E and cyclin-dependent kinase 2 expression (10). Statins 
exert a biphasic dose-dependent effect on angiogenesis by 
stimulating angiogenesis at low concentrations and inducing 
endothelial apoptosis with high-dose treatment (11).
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Vascular endothelial cell is a key component in angiogen-
esis and is also an attractive target of statins. Notably, so far the 
endothelial effects of statins in hypoxia have not been clearly 
elucidated. Therefore, we conducted the present study to test 
the effects of fluvastatin on cell growth in hypoxic human 
umbilical vein endothelial cells (HUVEC) and identify the 
underlying mechanisms, providing evidence for future devel-
opment in cancer treatment.

Materials and methods

Reagents. Fluvastatin was purchased from Sigma-Aldrich 
Inc. (St. Louis, Mo, USA). Stock solution of 10 mg/ml was 
prepared by dissolving fluvastatin powder in dimethyl sulf-
oxide (DMSo) (Invitrogen, Carlsbad, CA, USA). The previous 
stock solution (2 µl) was diluted with 98 µl of phosphate-buffer 
solution (PBS) to give a fresh secondary solution (0.2 mg/ml) 
each time it was required. Working solutions of different 
concentrations were obtained directly in the culture media and 
DMSo controls were used in the study at a range of concentra-
tions between 1.355x10-6 and 6.938x10-4 (vol/vol) to overcome 
the possible interference of DMSo.

Cells and cell culture. HUVEC were obtained from the 
American Type Culture Collection (ATCC, Manassas, VA, 
USA) and cultured in F-12K medium (Gibco, Grand Island, NY, 
USA) supplemented with 10% (vol/vol) heat-inactivated fetal 
bovine serum (Gibco) and 0.05 mg/ml endothelial cell growth 
supplement (ECGS). Cell cultures were maintained at 37˚C in 
a humidified atmosphere incubator (Hera cell 150; Heraeus, 
Langenese, Germany) of 5% Co2 in air. Induction of hypoxic 
condition was performed in a modular incubator (Galaxy R, RS 
Bitotech, Alloa, UK) flushed with 1% o2, 5% Co2 and 94% N2.

Cell viability assay. HUVEC were seeded in 96-well plates 
at a density of 2x103/well. Cells were exposed to normoxia 
or hypoxia and treated with fluvastatin or DMSo at different 
concentrations of 0.125, 0.25, 0.5, 1, 2, 4, 8 and 16 µM for 48 h. 
Cell Counting Kit-8 (CCK-8) (Dojindo Laboratories, Tokyo, 
japan) was used to measure cell viability. Cells were incubated 
with 10 µl CCK-8 solution at 37˚C for 4 h following the manu-
facturer's instructions. optical density (oD) values at 450 nm 
were obtained using an ELx800 Universal Microplate Reader 
(BioTek Instruments, Inc., Winooski, VT, USA).

Cell apoptosis assay. Cell apoptosis was quantified using the 
Annexin V/propidium iodide (PI) detection kit (Beyotime, 
Shanghai, China) and analyzed by flow cytometry. Cells 
(2x105/well) were plated in 6-well dishes and incubated with 
0.03125, 0.0625, 0.125, 0.25, 0.5, 1, 2, 4, 8 and 16 µM fluv-
astatin or DMSo exposed to hypoxia. After 48-h treatment, 
collected cells were incubated in 400 µl binding buffer with 
5 µl Annexin V-FITC and 5 µl PI in dark for 15 min at room 
temperature (RT). The cells were analyzed by flow cytometry 
(BD Biosciences, San jose, CA, USA) to identify the early 
apoptotic (Annexin V positive and PI negative) and late apop-
totic (Annexin V positive and PI positive) cells.

Cell cycle assay. HUVEC were harvested and fixed in 70% 
cold ethanol at 4˚C overnight. Cells were washed with cold 

PBS and resuspended in 400 µl staining buffer with 25 µl PI 
solution and 10 µl RNase A (Beyotime) at 37˚C in a water bath. 
Flow cytometry data were analyzed with BD FACSDiva 6.1.

Human apoptosis antibody array. The expression of apop-
tosis-related proteins was detected using a human apoptosis 
antibody array kit (RayBiotech Inc., Norcross, GA, USA) 
according to the protocols. This glass chip contains duplicate 
spots of 43 apoptosis-related proteins. Briefly, the slides were  
incubated with blocking buffer at RT for 30 min. Lysates of 
HUVEC treated with fluvastatin or DMSo were then added 
and kept at 4˚C overnight. After thorough rinsing, the chip 
was incubated with biotin-conjugated antibodies at RT for 2 h 
followed by addition of streptavidin. The chip was scanned 
using the Axon GenePix laser scanner (Molecular Devices 
Corp., Union City, CA, USA) and the images were quantified 
by GenePix Pro 6.0 software.

Real-time PCR. Total RNA was extracted using TRIzol 
(Takara, Dalian, China). The semi-quantitative assessment of 
cellular mRNA expression were performed using reverse tran-
scription polymerase chain reaction (RT-PCR) kit (Takara) 
and SYBR Green real-time quantitative PCR (qPCR) kit 
(Takara). The signals were collected and analyzed by ABI 
Prism Fast 7500 system (Applied Biosystems, Foster City, CA, 
USA). The amplification conditions were: preheat at 95˚C for 
30 sec, 40 cycles of 95˚C for 5 sec, 60˚C for 34 sec followed by 
95˚C for 15 sec and 60˚C for 1 min. Primers were: β-actin 
F-5'-AGCGAGCATCCCCCAAAGTT-3' and R-5'-GGG 
CACGAAGGCTCATCATT-3'; IGFBP-6 F-5'-CATGCCGT 
AGACATCTGGAC-3' and R-5'-GGTAGAAGCCTCGAT 
GGTCA-3'; BAX F-5'-AAGCTGAGCGAGTGTCTCAAG-3' 
and R-5'-CAAAGTAGAAAAGGGCGACAAC-3'; BCL-2 
F-5'-ATGTGTGTGGAGAGCGTCAAC-3' and R-5'-AGAGA 
CAGCCAGGAGAAATCAAAC-3'; p27 F-5'-CGGGACTT 
GGAGAAGCACT-3' and R-5'-AGTAGAACTCGGGCAA 
GCTG-3'; p53 F-5'-CCCCTCCTGGCCCCTGTCATCTTC-3' 
and R-5'-GCAGCGCCTCACAACCTCCGTCAT-3'; CCNB 
F-5'-CTGGATAATGGTGAATGGACAC-3' and R-5'-CGAT 
GTGGCATACTTGTTCTTG-3'; CCND F-5'-CGGAGGAGA 
ACAAACAGATCAT-3' and R-5'-AGGCGGTAGTAGGAC 
AGGAAGT-3'; BIRC F-5'-CACCGCATCTCTACATTCAA 
GA-3' and R-5'-CAAGTCTGGCTCGTTCTCAGT-3'; VEGF 
F-5'-TTCTGAGTTGCCCAGGAGAC-3' and R-5'-TGGTTT 
CAATGGTGTGAGGA-3.

Western blot analysis. Cell lysates of HUVEC treated with 
fluvastatin or DMSo under hypoxia were analyzed by western 
blotting using antibodies to glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH), bax, bcl-2, caspase-9, caspase-3, 
cytochrome c, p53, cyclin B1, cyclin D1, survivin and VEGF. 
The antibodies listed above were purchased from Proteintech 
Group (1:1,000 dilution for western blots). In addition, the anti-
bodies to voltage-dependent anion-selective channel (VDAC), 
poly(ADP-ribose) polymerase (PARP), insulin-like growth 
factor binding protein-6 (IGFBP-6), p27 were obtained from 
Abcam Inc. (1:1,000 dilution for western blots). Mitochondrial 
proteins were extracted using cell mitochondria isolation kit 
(Beyotime). Blots were reprobed with GAPDH and VDAC 
to confirm equal loading of cell lysate and mitochondrial 
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proteins. The intensity of protein bands was quantified by 
Imagej and normalized to GAPDH and VDAC in the analyses.

Statistical analysis. Statistical analysis was performed in 
GraphPad Prism 5.0 software (GraphPad Software Inc., San 
Diego, CA, USA). Comparison between two groups was 
analyzed by the Student's t-test and multi-group analysis of 
variances was carried out by two-way ANOVA with Bonferroni 
post test. Apoptotic cells following fluvastatin treatment 
increased with different concentrations. IC50 was analyzed 
using a non-linear regression of log (inhibitor) vs. response 
(variable slope). All experiments were repeated at least four 
times and the data are expressed as the mean ± SEM. P<0.05 
is considered to be statistically significant (*P<0.05, **P<0.01 
or ***P<0.001, respectively, in the figures).

Results

Fluvastatin inhibits hypoxia-induced HUVEC prolifera-
tion and accelerates apoptosis. The effects of fluvastatin on 
cell viability, apoptosis and cell cycle were evaluated by the 
CCK-8 test, Annexin V/PI detection and PI staining. Hypoxia 
significantly increased cell viability of HUVEC and fluvas-
tatin completely reverse the enhancement compared with 
DMSo controls. The inhibition rate rose with the increasing 
concentrations ranging from 0.125 to 16 µM (Fig. 1A).

To investigate the apoptosis-inducing effect and the half 
maximal inhibitory concentration (IC50) of statin, HUVEC 
were incubated with fluvastatin at 10 concentrations ranging 
from 0.03125 to 16 µM under hypoxia for 48 h. Apoptosis rate 
was assessed by the sum percentage of early and late apoptotic 

Figure 1. Fluvastatin reverses proliferation-enhancing effect of hypoxia on HUVEC and induces cell apoptosis. HUVEC were treated with different concentra-
tions of fluvastatin or DMSo exposed to hypoxia (1% o2) or normoxia (20% o2). (A) CCK-8 tests were performed to measure cell viability after 48-h treatment 
and oD values were analyzed. (B) Cell apoptosis was determined by Annexin V/propidium iodide assay in HUVEC with fluvastatin treatment and hypoxia 
exposure for 48 h. Horizontal axis represents intensity of staining for Annexin V and vertical axis indicates the detection of cells with propidium iodide (PI). The 
apoptotic cells were calculated as the sum of both early apoptosis (Annexin V positive and PI negative) and late apoptosis (Annexin V positive and PI positive). 
(C) PI staining was carried out to evaluate the cell cycle in HUVEC. Cells were treated with fluvastatin for 6 and 12 h followed by PI staining and quantification 
of cell cycle at 6 and 12 h are shown in the upper and lower figure (D). Data are shown as mean ± SEM; n=4. *P<0.05, **P<0.01, ***P<0.001. Flu, fluvastatin.
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cells. The data showed that the maximum apoptotic effect 
was ~40% and IC50 value was between 1 and 2 µM (Fig. 1B). 
Therefore, 1 and 2 µM were chosen as concentrations of fluv-
astatin in the following experiments. It is worth noting that 
necrotic cells (Annexin V negative and PI positive) were not 
observed in the experiment (Fig. 1B).

The effect of fluvastatin on cell cycle of HUVEC was 
expressed by the percentage of cells in G0-G1, S, G2-M phase. 
A significant increase in S-phase cells was observed following 
hypoxia. Fluvastatin reversed the transition of G1/S compared 
with DMSo controls in a time-dependent manner (Fig. 1C 
and D). The number of G2-M phase cells was not affected after 
12 h of fluvastatin treatment.

The results suggest that fluvastatin mitigates hypoxia-
induced abnormal proliferation of HUVEC through inducing 
cell apoptosis and preventing cell cycle progression.

Analysis of human apoptosis antibody array. To make clear the 
molecular profile of decreased cell growth, human apoptosis 
antibody array was exploited to analyze the apoptosis-related 
proteins expression in HUVEC with fluvastatin treatment at 1 
and 2 µM exposed to hypoxia for 48 h (Fig. 2A and B). The 
data showed that there is an obvious increase of caspase-3, heat 
shock protein (HSP) 70, IGFBP-6, IGF-1sR, p27 and soluble 
tumor necrosis factor receptor-1 (sTNF-R1) levels while bcl-2, 
bim, p53 and survivin were downregulated (Fig. 2C).

Figure 2. Apoptosis array analysis. (A) Nine subarrays were probed to identify apoptotic proteins in hypoxic HUVEC treated with DMSo, 1 and 2 µM 
fluvastatin. Three representative scanned images are shown. (B) Forty-three targets detected in the chips with a one-to-one correspondence. (C) The levels of 
proteins were quantified and data were expressed as fold of DMSo controls. Data are shown as mean ± SEM. Flu, fluvastatin.
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Gene expression of apoptotic mediators and proliferative 
proteins. The regulation of cell cycle is a key element control-
ling cell proliferation. Cell cycle checkpoints are responsible 
for ensuring cell division in a steady and correct way. 
Cyclin B1 and cyclin D1 are, respectively, required for G2/M 
and G1/S transition, both of which were explored in the present 
study. According to the results of antibody array and cell 
cycle analysis, we performed real-time PCR to detect mRNA 
expression of bax, bcl-2, bim, HSP 70, IGFBP-6, IGF-1sR, p27, 
p53, sTNF-R1, cyclin B1, cyclin D1 and survivin. The results 
confirmed gene expression changes of bax, bcl-2, IGFBP-6, 

p27, cyclin B1, cyclin D1, survivin and showed a significant 
upregulation of p53 (Fig. 3).

Fluvastatin activates mitochondrial pathway of apoptosis. 
Mitochondrial pathway is initiated by the altered expression 
of pro-apoptotic molecules and anti-apoptotic proteins. The 
increase of bax/bcl-2 ratio promotes the release of mito-
chondrial cytochrome c which binds to apoptotic protease 
activating factor-1 (Apaf-1), ATP and pro-caspase-9 to form 
a complex, called an apoptosome. The apoptosome cleaves 
caspase-9, and caspase-3 then activating PARP, leading to cell 
death (12). Because bax, bcl-2 and caspase-3 were mediated 
by fluvastatin in protein array and real-time PCR analyses, we 
next examined whether fluvastatin treatment modulated bax, 
bcl-2, cytochrome c, caspase-9, caspase-3, and PARP expres-
sion in HUVEC using western blotting. As expected, the 
protein level of bax was augmented and bcl-2 was significantly 
inhibited, implying the activation of mitochondrial apoptosis. 
Cytochrome c was released from mitochondria and cleaved 
caspase-3, caspase-9 and PARP were induced, indicating that 
fluvastatin induced cell apoptosis mainly by the mitochondrial 
pathway (Fig. 4).

Regulation of proteins involved in the inhibition of cell 
proliferation. Analyses of real-time PCR suggested that 
proliferation-related proteins IGFBP-6, cyclin B1, cyclin D1, 
p27, p53 and survivin were involved in the regulation of cell 
growth following fluvastatin treatment. Therefore, the levels 
of proteins were measured by western blotting and the results 
showed that fluvastatin significantly enhanced IGFBP-6, 
p27 and p53 and reduced cyclin B1, cyclin D1 and survivin 
(Fig. 5).

Figure 3. The mRNA expression of cell growth-associated factors following 
fluvastatin treatment in hypoxia for 12 h. Data are shown as mean ± SEM; 
n=4. *P<0.05, **P<0.01, ***P<0.001. Flu, fluvastatin.

Figure 4. Fluvastatin activates mitochondrial apoptosis pathway in HUVEC. 
(A) Representative western blotting and (B) quantification of proteins in 
HUVEC treated with fluvastatin or DMSo exposed to hypoxia for 48 h are 
shown. In the cytochrome c measurement, mitochondrial protein and cyto-
solic fraction were separately isolated from HUVEC and VDAC was used 
as internal reference for cytochrome c in the mitochondrion. Data are shown 
as mean ± SEM; n=4. *P<0.05, **P<0.01, ***P<0.001. Flu, fluvastatin; VDAC, 
voltage-dependent anion-selective channel; cyto, cytosol; mito, mitochondrion.

Figure 5. Levels of the proliferation associated proteins. Western blotting was 
carried out in hypoxic HUEVC treated with fluvastatin or DMSo. (A) The 
representative images and (B) quantification analysis are shown. Data are 
shown as mean ± SEM; n=4. *P<0.05, **P<0.01, ***P<0.001. Flu, fluvastatin.
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Inhibition of VEGF caused by fluvastatin under hypoxia. 
VEGF is considered as a highly specific mitogen for endothelial 
cells and a common biological biomarker of angiogenesis (13). 
To investigate the role of statins on VEGF expression under 
hypoxia, we examined VEGF under conditions of normoxia 
and hypoxia with or without fluvastatin. Hypoxia increased the 
mRNA and protein expression of VEGF, however, VEGF level 
was dramatically decreased to normoxic level after fluvastatin 
treatment (Fig. 6).

Discussion

Endothelial cells exhibit an immense proliferative activity 
response to hypoxia. Hypoxic cells can maintain energy 
generation and biomolecule production to survive and even 
proliferate through adjusting the way of glucose (14) and gluta-
mine metabolisms (15) in the adaptation process. Moreover, 
a number of mitogenic factors and pathways are activated 
to sustain the proliferation phenotype in endothelial cells, 
including VEGF, endothelin-1, PDGFB, IGFBP3, placental 
growth factor (PGF) (16) and mammalian target of rapamycin 
(mToR) signaling (17). In the present study, hypoxia exerted a 
prominent proliferative effect on HUVEC by regulating G1/S 
transition.

Statins, as the first-line agents in hypercholesteremia 
therapy, have benefits in hypertensive patients and are able 
to lower the risk of developing cardiovascular events (18). 
Since hypertension is a common complication of traditional 
anti-angiogenic therapy in patients with cancer (19), the supply 
of statins is an attractive strategy in cancer treatment. Plenty 
of preclinical studies have revealed that the combination of 
statins and other chemotherapeutics enhance the effectiveness 
of cancer treatment (20). Long-term use of statins for more 
than one year is proven to be associated with a decreased risk 
of endometrial cancer (21) and a 36% reduction of colorectal 
cancer-specific mortality (22).

Our research demonstrated that statins inhibited cell growth 
by inducing cell apoptosis and regulating cell cycle under 
hypoxia in a dose- and time-dependent manner. Previously it 
was reported that statins block hypoxia-induced endothelial 
proliferation through decreasing Ca2+ and preventing ROS 
generation (23). However, the underlying molecular mecha-
nisms are poorly understood.

Statins block the synthesis of mevalonate by competi-
tively inhibiting HMG-CoA reductase. Mevalonate is a 
precursor of coenzyme Q10, a component which plays a key 
role in mitochondrial respiration and facilitates mitochon-
drial bioenergy transfer (24). Inhibition of the mevalonate 
pathway engaged by statin is shown to disrupt mitochondrial 
surveillance (25). The results of antibody array revealed the 
involvement of bcl-2 and caspase-3, implying that mitochon-
drial pathway may be implicated in the regulation of cell 
growth by fluvastatin. Therefore, we performed qPCR and 
western blot experiments to test the hypothesis. As expected, 
data showed that fluvastatin significantly increased bax/bcl-2 
ratio and triggered release of cytochrome c from mitochon-
dria and then induced the cleavage of caspase-3, caspase-9 
and eventually PARP. 

Cytochrome c is able to transfer electrons between cyto-
chrome complexes III and IV, in order to maintain proper 
energy conversion. Mitochondrial dysfunction caused by 
mitochondrial complex III inhibitor significantly suppresses 
the hypoxia-induced VEGF expression in human proximal 
tubular epithelial cells (hPTECs) (26). Based on the central 
role of VEGF in hypoxic cell proliferation, we measured the 
expression of VEGF in HUVEC with fluvastatin or DMSo 
treatment. Consistent with the study of Loboda et al (27) in 
human microvascular endothelial cells (HMEC-1), our results 
suggested that VEGF was augmented under hypoxia and 
attenuated to normoxic level following fluvastatin treatment. 
However, the underlying association of VEGF and mitochon-
drial apoptosis warrants further investigation.

Figure 6. Hypoxia enhances VEGF expression and fluvastatin suppresses the increase of VEGF in HUVEC. (A) The mRNA and protein (B and C) levels of 
VEGF were measured. Data are shown as mean ± SEM; n=4. ***P<0.001. Flu, fluvastatin; Nor, normoxia; Hyp, hypoxia.
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Fluvastatin was revealed to prevent endothelial cells from 
leaving G1 (9) and cause G2/M arrest in leukemic natural killer 
cells (28). In the present study, fluvastatin induced the accumu-
lation of G0-G1 phase cells and correspondingly reduced the 
proportion of cells in S phase time-dependently, slowing down 
the progression of cell mitosis.

The altered expression was confirmed in hypoxic HUVEC 
treated with fluvastatin or DMSo, including cell cycle regu-
lators IGFBP-6, cyclin B1, cyclin D1, p27, p53, as well as 
proliferation-related protein survivin. IGFBP-6 was identified 
as oncosuppressor in nasopharyngeal carcinoma (29) and 
inhibits cell proliferation in connective tissue disease (30). 
Cells overexpressing IGFBP-6 are blocked at the G1/S tran-
sition compared with scramble cells (31). Cyclin B1 and 
cyclin D1 are critical cell cycle regulatory proteins. Cyclin B1 
mRNA and protein levels were strongly inhibited following 
fluvastatin treatment while G2-M phase cells were not accu-
mulated. Cell cycle checkpoints arrest in response to DNA 
damage contributes to allow time for DNA repair and defects 
in the G2-M arrest are associated with damaged cell mitosis 
and final cell death (32), which may help explain the above 
described results. P27 and p53 are referred as tumor suppres-
sors because of their major function on cell cycle inhibition 
(33,34). P27 negatively regulates G1 progression and strongly 
interacts with cyclin D1. P53 controls both the G1 and G2 
checkpoints and also mediates cell apoptosis in response to 
DNA damage through transcriptionally activating bax and 
repressing bcl-2 (35). Survivin is highly expressed in the 
majority of carcinomas and has an important bearing on cell 
apoptosis and proliferation (36). DNA damage is defined to 
be related with p53-survivin signaling pathway to induce cell 
apoptosis and cell cycle arrest (37), suggesting that a potential 
cross talk between different signaling pathways existed in the 
effect of statins on HUVEC.

The above study is a protein array-based screen for specific 
proteins involved in the process. However, the expression for 
some proteins in the apoptosis array analysis is not consistent 
with the results from qPCR and western blot experiments, 
such as bax and p53. The discrepancy may be attributed to a 
tendency to generate false negative signals in a high-throughput 
method (38).

This is the first report comprehensively describing the 
mechanism underlying the effect of statins on vascular endo-
thelial cell survival under hypoxia. Our data revealed that 
fluvastatin induced apoptosis through mitochondrial pathway 
and inhibited cell proliferation by increasing IGFBP-6, p27, p53 
and decreasing cyclin B1, cyclin D1, survivin, VEGF levels. 
Statin treatment may have potential for effective cancer therapy.
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