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Abstract: Metastatic melanoma is a life-threatening disease for which no effective treatment is currently avail-
able. In melanoma cells, Rho overexpression promotes invasion and metastasis. However, the effect of statins on 
spontaneous metastasis and tumor growth remains unclear. In the present study, we investigated the mechanism 
of statin-mediated tumor growth and metastasis inhibition in an in vivo model. We found that statins significantly 
inhibited spontaneous metastasis and tumor growth. Statins inhibited the mRNA expression and enzymatic activi-
ties of matrix metalloproteinases (MMPs) in vivo and also suppressed the mRNA and protein expression of very late 
antigens (VLAs). Moreover, statins inhibited the prenylation of Rho as well as the phosphorylation of LIM kinase, 
serum response factor (SRF), and c-Fos downstream of the Rho signaling pathway. In addition, statins enhanced 
p53, p21, and p27 expression and reduced phosphorylation of cyclin-dependent kinase and expression of cyclin D1 
and E2. These results indicate that statins suppress Rho signaling pathways, thereby inhibiting tumor metastasis 
and growth. Furthermore, statins markedly improved the survival rate in a metastasis model, suggesting that statins 
have potential clinical applications for the treatment of metastatic cancers.
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Introduction

Metastatic melanoma is a highly aggressive 
and often fatal malignancy that exhibits resis-
tance to all current therapeutic approaches. At 
the time of diagnosis, approximately 20% of 
melanoma patients already have metastatic 
disease. Once metastasis has occurred, the 
overall median survival duration is only 6-9 
months [1]. The recent increase in the inci-
dence of melanoma has highlighted the need 
for novel molecular approaches in the treat-
ment of metastatic disease [2].

Rho GTPases are important regulators of actin 
and microtubule filament organization and 
have also been implicated in the control of cell 
adhesion, cell motility, cell cycle progression, 
gene expression, and apoptosis [3]. Because 
all of these functions are dysregulated in tumor 

cells, it is not surprising that Rho GTPases 
might also be implicated in tumor growth and 
metastasis. In fact, Rho GTPases have been 
linked to tumor cell migration and invasion, and 
elevated RhoA and RhoC expression levels have 
been frequently associated with metastasis [4, 
5].

3-Hydroxy-3-methylglutaryl-coenzyme A (HMG-
CoA) reductase is considered the major regula-
tory enzyme in the mevalonate metabolic path-
way. HMG-CoA reductase inhibitors (statins) are 
reversible inhibitors of the rate-limiting step in 
cholesterol biosynthesis [6]. Most experimental 
studies of statins have focused on the effects 
of these drugs on tumor cell growth in vitro and 
in vivo [7-11]. However, limited information is 
available regarding the effects of these agents 
on tumor growth and metastasis [12, 13]. Our 
previous study indicated that statins could 
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inhibit Rho/Rho-associated protein kinase 
(ROCK) pathway-mediated cell migration, inva-
sion, adhesion, and metastasis [14]. However, 
whether statins inhibit spontaneous metasta-
sis and tumor growth is unknown. In addition, 
whether statins act to inhibit metastasis via a 
mechanism includes blocking the mevalonate 
pathway to inhibit the prenylation and down-
stream signaling of small GTPases remains 
unclear. Clinically, statins are widely used; th- 
erefore, if these agents are found to inhibit 
tumor growth and metastasis, they could have 
additional potential therapeutic uses. In the 
present study, we investigated the mechanism 
of statin-mediated inhibition of tumor growth 
and metastasis in an in vivo model.

(Kyoto, Japan). The mice were maintained in a 
pathogen-free environment at 25°C under con-
trolled lighting (12-h light/12-h dark cycles) and 
allowed free access to water and food pellets. 
All animal studies were performed in accor-
dance with the Recommendations for Handling 
of Laboratory Animals for Biomedical Research 
compiled by the Committee on Safety and 
Ethical Handling Regulations for Laboratory 
Animal Experiments, Kinki University. The ethi-
cal procedures followed met the requirements 
of the UKCCCR guidelines.

Pulmonary metastasis mouse model

For the spontaneous pulmonary metastasis 
studies, 1 × 106 B16BL6 cells in 50 μL PBS 

Figure 1. Statins inhibited spontaneous metastasis and tumor growth in 
vivo. A. The number of lung metastases was quantified 14 days after re-
moval of the primary tumor. Treatment with 10 mg/kg of simvastatin or fluv-
astatin began 1 day after removal of the primary tumors. The results are ex-
pressed as the means ± SD of 9 mice per group. **P<0.01 vs. vehicle (0.1% 
DMSO-treated; ANOVA with Dunnett’s test). B. B16BL6 melanoma cells (1 × 
106 cells/mouse) were injected subcutaneously into the right hind footpad 
of female C57BL/6J mice. Treatment with 10 mg/kg of simvastatin or fluvas-
tatin began 1 day after inoculation. The results are expressed as the means 
± SD of 9 mice per group. **P<0.01 vs. vehicle (ANOVA with Dunnett’s test).

Materials and methods

Materials

Simvastatin was purchased 
from Wako (Osaka, Japan), an- 
d fluvastatin was purchased 
from Calbiochem (San Diego, 
CA, USA). These reagents were 
dissolved in dimethyl sulfo- 
xide (DMSO) and filtered th- 
rough 0.45-μm syringe filters 
(IWAKI GLASS, Japan). The dis-
solved regents were resus-
pended in phosphate-buffered 
saline (PBS; pH 7.4) and used 
in the various assays descri- 
bed below.

Cell culture

B16 melanoma BL6 cells (B16- 
BL6 cells) were supplied by  
Dr. Inufusa (Kinki University, 
Osaka, Japan) and cultured in 
RPMI 1640 medium (Sigma, 
St. Louis, MO, USA) supple-
mented with 10% fetal bovine 
serum (Gibco, Carlsbad, CA, 
USA), 100 μg/ml penicillin (Gi- 
bco), 100 U/ml streptomycin 
(Gibco), and 25 mM HEPES 
(pH 7.4; Wako, Tokyo, Japan) in 
an atmosphere containing 5% 
CO2.

Mice

Female C57BL/6J mice (age, 8 
weeks) were purchased from 
Shimizu Laboratory Animals 
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Figure 2. Inhibitory effects of statins on MMP mRNA expression and protein activity. B16BL6 melanoma cells (1 × 
106 cells/mouse) were injected subcutaneously into the right hind footpad of female C57BL/6J mice. Treatment 
with 10 mg/kg of simvastatin or fluvastatin began 1 day after inoculation. After 21 days, the primary tumors were 
harvested. (A-D) Total RNA was extracted, and the MMP-1, MMP-2, MMP-9, and MMP-14 mRNA levels were deter-
mined by real-time polymerase chain reaction. The results are expressed as test: control ratios after correction 
according to the glyceraldehyde 3-phosphate dehydrogenase mRNA levels. The results are representative of 5 in-
dependent experiments. *P<0.01 vs. vehicle (ANOVA with Dunnett’s test). Activity levels of (E) type I collagenase 
(MMP-1) and (F) the type IV collagenases (MMP-2 and MMP-9) in the primary tumors. (G) Image of a western blot 
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were injected the right hind footpad of each 
mouse. By day 21, the complete primary tumors 
were surgically removed from each mouse. Oral 
administrated with 10 mg/kg simvastatin or 
fluvastatin began from then after removed pri-
mary tumors. Fourteen days after surgery, the 
mice were sacrificed, the lungs removed, rinsed 
with PBS and fixed in a neutral-buffered formal-
dehyde solution. Nodules visible as black forms 
in the lungs were then enumerated.

Subcutaneous tumor growth study

To induce a melanoma allograft model, B16BL6 
cells were grown to 80% confluence and tryp-
sinized. Cell viability was confirmed by trypan 
blue exclusion. Suspensions consisting of sin-
gle cells with >90% viability were injected sub-
cutaneously (s.c.) as a bolus of 1 × 106 cells in 
50 µL of PBS into the right hind footpad of each 
mouse. Oral administrated with 10 mg/kg sim-
vastatin or fluvastatin began from the day of 
inoculation. Tumors were measured daily with a 
caliper square and their volumes were calcu-
lated using the formula (a × b2)/2, where a and 
b is the larger and smaller diameters, respec- 
tively.

Western blotting

Mice were sacrificed, and the tumors were 
quickly dissected and frozen on dry ice for anal-
ysis by Western blot. Briefly, tissues were 
homogenized in ice-cold buffer and centri-
fuged. Aliquots of supernatants were used to 
determine protein content using a BCA protein 
assay kit (Pierce, Rockford, IL, USA). Samples 
(40 μg of total protein) were separated by elec-
trophoresis on a 10% sodium dodecyl sulfate-
polyacrylamide gel and transferred to a polyvi-
nylidene difluoride membrane (Amersham, Ar- 
lington Heights, IL, USA). Membranes were blo- 
cked with a solution containing 3% skim milk 
and incubated overnight at 4°C with primary 
antibodies against anti-phospho-LIM kinase 
(LIMK) antibody, anti-LIMK antibody, anti-c-Fos 
antibody, anti-cyclin D1 antibody, anti-cyclin E2 
antibody, anti-VLA-4 antibody, anti-VLA-5 anti-
body, anti-VLA-6 antibody (Cell Signaling Tech- 
nology, Beverly, MA, USA), anti-MMP-14 anti-
body (Calbiochem), anti-VLA-1 antibody, anti-
VLA-2 antibody, anti-VLA-3 antibody, anti-SRF 

antibody, anti-p53 antibody, anti-p27 antibody, 
anti-p21 antibody, anti-pan phospho-CDK anti-
body (SantaCruz Biotechnology, CA, USA), and 
anti-Rho antibody (Upstate Biology, Charlotte- 
sville, VA, USA). The membranes were subse-
quently incubated for 1 h at room temperature 
with anti-rabbit IgG sheep antibody coupled to 
horseradish peroxidase (Amersham). Proteins 
were visualized using a chemiluminescence kit 
(Amersham), according to the manufacturer’s 
instructions. The β-actin protein detected using 
a mouse monoclonal antibody (Sigma) was 
used as an internal standard.

Quantitative real-time polymerase chain reac-
tion (PCR)

Total RNA was isolated using RNAiso (Takara 
Biomedical; Siga, Japan). One microgram of 
purified total RNA was used for the real-time 
PCR analysis with the PrimeScript RT reagent 
kit (Takara Biomedical). cDNA was subjected to 
quantitative real-time PCR by using SYBR 
Premix Ex Taq (Takara Biomedical) and the 
Thermal Cycler Dice Real Time system (Takara 
Biomedical) in a 96-well plate according to the 
manufacturer’s instructions. The PCR condi-
tions for glyceraldehyde-3-phosphate dehydro-
genase (GAPDH), MMP-1, MMP-2, MMP-9, 
MMP-14, VLA-1, VLA-2, VLA-3, VLA-4, VLA-5, 
and VLA-6 were 94°C for 2 min; followed by 40 
cycles of 94°C for 0.5 min, 50°C for 0.5 min, 
and 72°C for 0.5 min. The following primers 
were used: MMP-1, 5’-CGA CTC TAG AAA CAC 
AAG AGC AAG A-3’ (5’-primer) and 5’-AAG GTT 
AGC TTA CTG TCA CAC GCT T-3’ (3’-primer); 
MMP-2, 5’-TGT GTC TTC CCC TTC ACT TT-3’ 
(5’-primer) and 5’-GAT CTG AGC GAT GCC ATC 
AA-3’ (3’-primer); MMP-9, 5’-AGG CCT CTA CAG 
AGT CTT TG-3’ (5’-primer) and 5’-CAG TCC AAC 
AAG AAA GGA CG-3’ (3’-primer); MMP-14, 
5’-ACA CCC TTT GAT GGT GAA GG-3’ (5’-primer) 
and 5’-TCG GAG GGA TCG TTA GAA TG-3’ 
(3’-primer); VLA-1, 5’-CCT GTA CTG TAC CCA ATT 
GGA TGG-3’ (5’-primer) and 5’-GTG CTC TTA TGA 
AAG TCG GTT TCC-3’ (3’-primer); VLA-2, 5’-TCT 
GCG TGT GGA CAT CAG TTT GGA-3’ (5’-primer) 
and 5’-GAT AAC CCC TGT CGG TAC TTC TGC-3’ 
(3’-primer); VLA-3, 5’-ATT GAC TCA GAG CTG 
GTG GAG GAG-3’ (5’-primer) and 5’-TAC TTG 
GGC ATA ATC CGG TAG TAG-3’ (3’-primer); VLA-

showing MMP-14 protein expression. (H) Quantification of the amount of MMP-14 after normalization to the amount 
of total β-actin. The results are representative of 5 independent experiments. **P<0.01 vs. vehicle (ANOVA with 
Dunnett’s test).
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Figure 3. Inhibitory effects of statins on VLA mRNA and protein expression. B16BL6 melanoma cells (1 × 106 cells/
mouse) were injected subcutaneously into the right hind footpad of female C57BL/6J mice. Treatment with 10 mg/
kg of simvastatin or fluvastatin began 1 day after inoculation. After 21 days, the primary tumors were harvested. 
A-F. Total RNA was extracted, and the VLA-1, VLA-2, VLA-3, VLA-4, VLA-5, and VLA-6 mRNA levels were determined 
by real-time polymerase chain reaction. The results are expressed as test: control ratios after correction according 
to the glyceraldehyde 3-phosphate dehydrogenase mRNA levels. The results are representative of 5 independent 
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4, 5’-GTC TTC ATG CTC CCA ACA GC-3’ (5’-prim-
er) and 5’-ACT TCT GAC GTG ATT ACA GGA AGC-
3’ (3’-primer); VLA-5, 5’-CTG CAG CTG CAT TTC 
CGA GTC TGG-3’ (5’-primer) and 5’-GAA GCC 
GAG CTT GTA GAG GAC GTA-3’ (3’-primer); VLA-
6, 5’-GAG GAA TAT TCC AAA CTG AAC TAC-3’ 
(5’-primer) and 5’-GGA ATG CTG TCA TCG TAC 
CTA GAG-3’ (3’-primer); GAPDH, 5’-ACT TTG TCA 
AGC TCA TTT-3’ (5’-primer) and 5’-TGC AGC GAA 
CTT TAT TG-3’ (3’-primer). As an internal control 
for each sample, the GAPDH gene was used for 
standardization. Cycle threshold (Ct) values 
were established, and the relative difference in 
expression from GAPDH expression was deter-
mined according to the 2-∆∆Ct method of analy-
sis and compared to the expression in ve- 
hicles.

Procedure for all survival studies

B16BL6 cells (1 × 105 cells in 0.2 ml) were 
injected into the tail vein of syngeneic C57BL/6J 
mice, after viable cells were counted with try-
pan blue exclusion. In the experiment, the 
B16BL6-inoculated mice were randomly divid-
ed into 3 groups comprising 20 mice each. Of 
these 3 groups, 1 was orally administered 0.1% 
DMSO and defined as the control (vehicle) 
group, whereas the other groups were orally 
administered 10 mg/kg/day of simvastatin or 
fluvastatin for end from the day of inoculation.

Statistical analysis

All results are expressed as means and S.D.  
of several independent experiments. Multiple 
comparisons of the data were done by ANOVA 
with Dunnet’s test. P values less than 5% were 
regarded as significant. To assess survival 
rates, the Kaplan-Meier model was used, fol-
lowed by the long-rank test for pairwise group 
comparisons.

Results

Statins inhibited tumor growth and spontane-
ous metastasis by suppressing the expression 
of matrix metalloproteinases (MMPs) and very 
late antigens (VLAs)

We investigated the effects of simvastatin and 
fluvastatin in a spontaneous metastasis model. 

The number of lung metastatic nodules was 
significantly reduced (P<0.01) after 14 days of 
treatment with simvastatin or fluvastatin in 
comparison with vehicle (Figure 1A). We also 
investigated whether statins could suppress 
tumor growth in an in vivo model. B16BL6 mel-
anoma cells were subcutaneously injected into 
C57BL/6J mice, which were treated with simv-
astatin, fluvastatin, or vehicle for 21 days. We 
observed a significant inhibition (P<0.01) in 
tumor growth in the simvastatin- and fluvas-
tatin-treated groups relative to the vehicle-
treated group (Figure 1B). The effects of statins 
on morbidity (as assessed by changes in body 
weight) and mortality were also evaluated. Mice 
treated with statins did not exhibit any weight 
loss (data not shown).

We next investigated the inhibitory effects of 
statins on MMP and VLA expression in whole 
tumor lysates. These proteins are presumed to 
be critically involved in tumor invasion and 
metastasis [15-21]. Statins markedly inhibited 
the mRNA expression and enzymatic activities 
of MMP-1, MMP-2, MMP-9, and MMP-14 (Figure 
2) as well as the mRNA and protein expression 
of VLA-2, VLA-4, and VLA-5 (Figure 3).

Inhibitory effects of statins on the Rho/LIM 
kinase (LIMK)/serum response factor (SRF)/c-
Fos signaling pathway in vivo

To test whether statins inhibited the function of 
Rho by suppressing its prenylation, whole 
tumor lysates were subjected to a standard 
western blot assay to detect the presence of 
small GTPases. A significant decrease in prenyl-
ated Rho proteins was observed in tumor 
lysates from statin-treated mice compared with 
lysates from vehicle-treated mice. The reverse 
was true for unprenylated Rho proteins (Figure 
4A, 4D). Moreover, statins inhibited phosphory-
lation of LIMK and expression of SRF and c-Fos, 
which are signaling pathway components lo- 
cated downstream of Rho (Figure 4B, 4E). 
Thus, our experimental results suggested that 
the Rho/LIMK/SRF/c-Fos signaling pathway is 
inhibited by statins.

experiments. *P<0.01 vs. vehicle (ANOVA with Dunnett’s test). G. Image of a western blot showing VLA-1, VLA-2, 
VLA-3, VLA-4, VLA-5, and VLA-6 protein expression. Primary tumor lysates were generated and immunoblotted with 
antibodies against VLA-1, VLA-2, VLA-3, VLA-4, VLA-5, VLA-6, and β-actin (internal standard). H. Quantification of the 
amounts of VLA-1, VLA-2, VLA-3, VLA-4, VLA-5, or VLA-6 after normalization to the amount of total β-actin. **P<0.01 
vs. vehicle (ANOVA with Dunnett’s test).
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Statins enhance cyclin-dependent kinase 
(CDK) inhibitor expression and reduce CDK 
phosphorylation and cyclin D1 and E2 expres-
sion

To elucidate the mechanisms by which statins 
inhibit tumor growth, we investigated the down-
stream targets of Rho. Rho has been suggest-

ed to target CDK inhibitors [22]. In addition, 
SRF and c-Fos regulate the expression of cyclin 
D1 and cyclin E2 [23, 24]. We therefore investi-
gated the levels of CDK inhibitors, cyclin D1, 
cyclin E2, and pan phosphorylated CDK in 
whole tumor lysates. Statin treatment enhan- 
ced the expression of p53, p27, and p21 (Figure 
4C, 4F). Moreover, statins decreased the levels 

Figure 4. Statins specifically suppress the Rho/LIMK/SRF/c-Fos pathway. B16BL6 melanoma cells (1 × 106 cells/
mouse) were injected subcutaneously into the right hind footpad of female C57BL/6J mice. Treatment with 10 mg/
kg of simvastatin or fluvastatin began 1 day after inoculation. After 21 days, the primary tumors were harvested. 
A-C. Images of western blots for the Rho, phospho-LIMK, LIMK, SRF, c-Fos, p53, p27, p21, pan phospho-CDK, cyclin 
D1, and cyclin E2 proteins. Primary tumor lysates were generated and immunoblotted with antibodies against Rho 
and β-actin (internal standard). D-F. Quantification of the amounts of Rho, phospho-LIMK, SRF, c-Fos, p53, p27, p21, 
phospho-CDK, cyclin D1, or cyclin E2 after normalization to the amounts of total LIMK (phospho-LIMK) or β-actin (all 
other proteins). **P<0.01 vs. vehicle (ANOVA with Dunnett’s test).
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of pan phosphorylated CDK and expression of 
cyclin D1 and cyclin E2 (Figure 4C, 4F). These 
results indicated that statins inhibited tumor 
growth by enhancing expression of CDK inhibi-
tors, reducing CDK phosphorylation, and 
decreasing levels of cyclin D1 and E2.

Statins improve the survival rate in a metasta-
sis model

To determine whether statins improve the sur-
vival rate in vivo, an experimental metastasis 
model was generated by injecting B16BL6 cells 
into the tail veins of C57BL/6J mice to elicit 
lung metastases. Treatment with simvastatin 
or fluvastatin significantly improved the survival 
rates of the mice (P<0.01, log-rank test; Figure 
5). The median survival durations of the vehi-
cle, simvastatin, and fluvastatin-treated groups 
were 27, 38, and 36 days, respectively. All mice 
in the vehicle group died within 29 days post-
injection, whereas mice in the simvastatin and 
fluvastatin groups remained alive at days 44 or 
40, respectively. These results indicated that 
statin treatment improved the survival rate of 
lung metastasis-bearing mice.

Discussion

Although most melanomas are diagnosed at 
early stages, later stage metastatic disease is 
associated with a dismal prognosis and a medi-
an survival rate of less than a year. Our previ-
ous study indicated that statins inhibit tumor 
cell migration, invasion, and adhesion in vitro 
and reduce metastasis by suppressing the 

Rho/ROCK pathway signaling [14]. However, 
whether statins can inhibit spontaneous metas-
tasis and tumor growth remained unclear. In 
this study, we demonstrated that statins inhibit 
spontaneous metastasis and tumor growth in a 
mouse model. RhoC expression has been 
shown to play an important role in tumor 
growth; for example, increased RhoC expres-
sion in primary cutaneous melanoma was 
strongly associated with larger, ulcerated 
tumors [5]. Plexin B1-mediated suppression of 
Rho activity inhibited integrin-dependent migra-
tion in melanoma cells [25]. In addition, RhoC 
has been shown to play an important role in 
metastasis and tumor cell invasion [26]. These 
findings suggest that Rho activation might play 
an important role in tumor metastasis and 
growth.

Rho promotes gene transcriptional regulation 
by modulating nuclear actin polymerization. 
The actin cytoskeleton is used as a signaling 
intermediate by SRF, thus culminating in the 
transcriptional regulation of growth-promoting 
genes [27]. SRF can control the induction of 
c-Fos, leading to the upregulation of MMPs and 
VLAs [28, 29]. We observed that statins signifi-
cantly inhibited the activation of LIMK and 
expression of SRF and c-Fos by suppressing 
Rho prenylation. We also found that statins 
suppressed the mRNA expression and enzy-
matic activities of MMP-1, MMP-2, MMP-9, and 
MMP-14 as well as the mRNA and protein levels 
of VLA-2, VLA-4, and VLA-5 in tumors. RhoA 
overexpression induces MMP expression and 
activity [30]. Additionally, the activation of small 
GTPases increases cell adhesion to collagen, 
fibronectin, and laminin [31]. Our previous 
report suggested that activation of Rho inhibit 
cell invasion and adhesion via the suppression 
of MMP and VLA mRNA expression [16]. These 
findings suggest that statins inhibit MMP and 
VLA expression by downregulating the Rho/
LIMK/SRF/c-Fos pathway, thereby suppressing 
spontaneous metastasis.

Rho activation induces cell proliferation by 
enhancing the expression of cyclins and CDKs 
while suppressing CDK inhibitors [32]. In addi-
tion, CCG-1423, a Rho/SRF inhibitor, was sh- 
own to inhibit cell growth in RhoC-overexpressing 
melanoma cell lines [33]. Our present study 
clearly indicated that statins induced p53, p27, 
and p21 expression but suppressed CDK phos-
phorylation and cyclin D1 and E1 levels in tumor 

Figure 5. Statins prolonged the lifespan in a meta-
static mouse model. B16BL6 melanoma cells (1 × 
105 cells) were injected into the tail veins of synge-
neic C57BL/6J mice. Treatment with 10 mg/kg of 
simvastatin or fluvastatin began 1 day after inocula-
tion. The survival duration was significantly longer in 
the statin-treated group than in the vehicle-treated 
group (P<0.01, log-rank test).
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cells. It has been reported that the ubiquitin-
mediated degradation of p53 protein enhanced 
the activation of RhoA and MDM2, and activa-
tion of MDM2 by RhoA induced cell prolifera-
tion, invasion, migration, and stress fiber for-
mation [34]. Furthermore, inhibitor of growth-4, 
a tumor suppressor that promotes apoptosis by 
inhibiting the RhoA/ROCK kinase pathway, was 
significantly decreased in malignant melanoma 
cells, correlating with poor overall and disease-
specific 5-year survival of primary melanoma 
patients [35]. It has also been shown that inhi-
bition of protein geranylgeranylation and RhoA 
pathways induced apoptosis in HUVEC, and 
that induction of p53 or other proapoptotic pro-
teins is required for this process [36]. 
Furthermore, inhibition of Rho activity sup-
pressed cell proliferation via enhancing p27 
expression [22]. These findings suggest that 
statins inhibit tumor cell growth by reducing 
phosphorylation of CDK and expression of 
cyclin D1 and E1, while enhancing p53, p27, 
and p21 levels, via suppression of the Rho/
LIMK/SRF/c-Fos pathway.

In the present study, we found that statins 
improved survival rates in lung metastasis-
bearing mice. Fluvastatin or simvastatin are 
usually administered orally at daily doses of 
20-80 mg or 5-40 mg, respectively, to patients 
with hypercholesterolemia. The peak plasma 
concentrations of fluvastatin and simvastatin 
achieved with standard doses were ≤1 μM and 
3.9 μM, respectively [37, 38]. It has been 
reported that the peak plasma concentration of 
simvastatin following a 100 mg/kg oral dose 
was 1360 ng/mL (3.0 μM) in FVB mice [39]. In 
addition, the average plasma concentration of 
fluvastatin following oral administration at 40 
mg/kg/day in chow was 60 ng/mL (0.14 μM) in 
mice [40]. These findings indicate that doses of 
10 mg/kg of fluvastatin or simvastatin are with-
in the peak plasma values in humans. Im- 
portantly, the oral statin dosages administered 
to patients with hypercholesterolemia would 
have prophylactic effects against tumor growth 
and metastasis [14]. These data suggest that 
statins are therapeutically useful for the treat-
ment of various tumors.

Previous reports suggest that long-term use of 
statins is associated with lower risk of melano-
ma (relative risk = 0.79, 95% confidence inter-
val [CI] = 0.66 to 0.96) [41]. Statin use is asso-
ciated with a significantly reduced Breslow 

thickness at diagnosis (-19.2%, 95% CI = -33.2 
to -2.3, P = 0.03), and average number of 
months to metastasis was shown to be signifi-
cantly higher for statin users than for non-users 
(28.4 versus 16.5, P = 0.03) [42]. Moreover, a 
simvastatin dose of 40 mg or higher was asso-
ciated with a statistically significant decrease 
in incidences of melanoma (hazard ratio [HR] = 
0.64, 95% CI = 0.44 to 0.94) [43]. Simvastatin 
enhanced the sensitivity of gefitinib in advanced 
gefitinib-resistant non-small cell lung cancer 
patients, and statin use in patients with inflam-
matory breast cancer was associated with a 
significant improvement in disease-free surviv-
al (HR = 0.46, 95% CI 0.23 to 0.69; P<0.001), 
overall survival (HR = 0.50, 95% CI 0.31 to 
0.80; P = 0.004) [44]. In the present study, we 
clearly demonstrated that statins inhibited 
tumor growth and metastasis and improved 
survival rates in lung metastasis-bearing mice. 
Therefore, these findings collectively suggest 
that statins may have an important role in the 
treatment of melanoma, either as single agents 
or in combination with chemotherapy. Our study 
is the first to identify the Rho/LIMK/SRF/c-Fos 
pathway as the mechanism through which 
statins inhibit tumor growth and metastasis, 
leading to improved survival rates in lung 
metastasis-bearing mice. These results clearly 
suggest that statins might act more effectively 
against Rho-variable tumors. Our findings sup-
port the further development of statins as 
potential anticancer agents.
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