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Abstract
Patients with glioblastoma multiforme (GBM) 
have an average life expectancy of approximately 
15 months. Recently, statins have emerged as a 
potential adjuvant cancer therapy due to their ability 
to inhibit cell proliferation and induce apoptosis in 
many types of cancer. The exact mechanisms that 
mediate the inhibitory actions of statins in cancer 
cells are largely unknown. The purpose of this 
proceeding paper is to discuss some of the known 
anticancer effects of statins, while focusing on GBM 
therapy that includes adjunct therapy of statins with 
chemotherapeutic agents.

Introduction
Glioblastoma multiforme (GBM) is the most 
common malignant brain tumor in adults, 
comprising 18.5% of all brain tumors and 
54% of all gliomas in adults in the USA.1 Stan-
dard treatment includes surgery, radiation and 
chemotherapy with the DNA alkylating drug 
temozolomide (TMZ)2 but the average survival 
time stubbornly remains at approximately 15 
months since TMZ was first introduced in the 
early 2000s.3 Statins are exogenous inhibitors 
of the de novo cholesterol synthesis pathway 
and are among the most successful US Food and 
Drug Administration (FDA)-approved drugs 
for the prevention and treatment of cardiovas-
cular diseases.4 Recently, a large cohort study of 
approximately 200 000 individuals revealed a 
beneficial effect of long-term statin use on the 
survival rate of patients with different types 
of cancers.5 A similar increase in survival time 
was reported for patients with GBM who had 
been taking statins for >1 year.6 The benefi-
cial effects of statins in patients with cancer are 
attributed, at least in part, to their effects on 
the post-translational prenylation of members 
of the small Rho-GTPase protein family.7 
However, the exact mechanism of action is not 
fully understood. Encouraged by the reports 
on the promising survival outcomes in patients 
with cancer receiving a combination therapy of 
chemotherapy drugs together with statins,5 6 8 
we have investigated this therapeutic strategy 
for the treatment of GBM.

Statins are new candidates in cancer 
therapy
Statins act as competitive inhibitors of 
3-hydroxy-3-methylglutaryl-coenzyme A reduc-
tase (HMGCR), the key enzyme in the meva-
lonate pathway.9 Mevalonate serves as the 
precursor of isoprenoids and cholesterol in 
this pathway.10 Statins block HMGCR-medi-
ated production of isoprenoid pyrophosphates 
(farnesyl diphosphate (FPP) and geranylger-
anyl diphosphate (GGPP)).11 Besides lowering 
cholesterol, this inhibits the prenylation of 
small Rho GTPases and blocks their translo-
cation to the plasma membrane which results 
in attenuated cell growth.11 Statin-mediated 
inhibition of isoprenoid synthesis also induces 
apoptosis and inhibits cell cycle progression 
in different types of cancer cells.10 12 13 Several 
reports have noted the benefits of statins in the 
treatment of cancer.9 For better information, 
we have summarized some of the recent trials 
in cancer therapy that statins have been used as 
supplemental cancer therapy strategy or long-
term use of statins show show lower risk of 
cancer in a population (table 1). In vitro studies 
have shown that statins can arrest cell cycle 
G114–17 or S phase18 and induce apoptosis19 in 
different cancer cells.20–23 Our group has found 
recently that simvastatin can induce the intrinsic 
apoptotic pathway (activation of caspase-9 
and caspase-3/-7) by depleting isoprenoids 
as precursors for prenylation of small Rho 
GTPases in different human cancer cell lines.7 
We confirmed that simvastatin caused the 
translocation of the small Rho GTPases RhoA, 
Cdc42 and Rac1/2/3 from the cell membrane 
to the cytosol in GBM, lung adenocarcinoma 
and breast cancer cell lines.7 Statins inhibit both 
proliferation and invasiveness of tumor cells 
in a dose-dependent fashion, particularly in 
highly invasive tumor cell lines.24 25 This effect 
was abolished after administration of GGPP, 
but not FPP, suggesting that farnesylated Ras 
protein plays only a minor role in the process. 
In vivo studies have also been conducted with 
intriguing results. Simvastatin treatment has 
been shown to decrease the tumor size of xeno-
grafts derived from human prostate cancer 
cells26 and breast cancer cells in mice.27 In the 
case of GBM, pitavastatin was found to induce 
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Table 1  Effect of statins in different cancer therapy strategies

Type of cancer Major findings

ER-negative breast cancer 
(stage I breast cancer)

Using fluvastatin (80 mg/day) for 3–6 weeks 
before surgery decreased tumor proliferation 
and increased tumor apoptosis in only high-
grade tumor78

Glioblastoma multiform Long-term prediagnostic statin (simvastatin) 
use may improve survival following 
glioblastoma multiform6

Extensive-disease small-cell 
lung cancer

The addition of simvastatin (40 mg daily) to 
irinotecan and cisplatin may improve the 
outcome of heavy smokers extensive-disease 
small-cell lung cancer79

Small-cell lung cancer Pravastatin 40 mg combined with standard 
small-cell lung cancer therapy, although safe, 
does not benefit patients80

Prostate cancer Using statins decreased advance prostate 
cancer risk81

Brain metastasis tumors The addition of simvastatin 80 mg/day did 
not improve the clinical outcomes of patients 
with brain metastasis receiving whole-brain 
radiation therapy82

Different types of cancers Patients aged 45 years or more and discharged 
from the hospital alive after admission for 
acute myocardial infarction after using high 
dose of statins show lower risk of cancers83

Figure 1  The effects of statins on cancer cells. Statins decreases cancer cells proliferation, migration and invasions via targeting cancer 
cell cycle, apoptosis and regulation of small Rho GTPase protein activity (through changes in small Rho GTPase prenylation). 

cell  cycle arrest and inhibit cell proliferation in vitro.28 
Statins can also inhibit the formation of metastatic lesions by 
inhibiting the migration and invasion of cancer cells in vitro 
as well as tumor growth and bone metastasis in vivo.29–32 
Importantly, statins have been used in combination with 
commonly prescribed anticancer drugs, mainly to sensi-
tize cancer cells to these drugs by inducing apoptosis and 
inhibiting cancer cells proliferation.33 Synergistic treatment 
effects have been observed between statins and chemother-
apeutic drugs34 35 and radiotherapy. Statins are believed to 
sensitize cells to chemotherapy and radiation during late G1 
phase.36 37 The anticancer effects of statins are outlined in 
figure 1. Currently, there are 65 completed and 13 ongoing 
clinical trials investigating statins as therapeutic candidates 

in different cancer contexts (​clinicaltrial.​gov; search term 
“statin and cancer"). Most of these clinical trials have or 
are investigating statins in combination with other anti-
cancer agents,38 39 as monotherapy or combined therapy for 
different cancer treatments. Most of the clinical trials are 
phase I or II, and a few ongoing phase III clinical trials.40

Statins and GBM cancer therapy
GBM has a poor prognosis with 5-year survival of only 
3.3%.41 It has been shown that statins can suppress inva-
sion and promote apoptosis in GBM cells cultured in fibrin 
gel.42 43 In this study, atorvastatin was effective in inhibiting 
growth and survival of GBM by suppressing Ras signaling 
in a prenylation-dependent manner. When used in combi-
nation with TMZ, atorvastatin significantly enhanced TMZ 
efficacy in vitro and in an in vivo mouse model.44 In preclin-
ical studies, statins have shown to synergize with antineo-
plastic drugs in different cancer cells, including GBM.45–52 
Statins also reduced invasiveness and migration in glioma 
cells.53 In our recent investigation, inhibition of the meva-
lonate cascade by simvastatin boosted TMZ-induced 
apoptosis in GBM tumor cells, thereby highlighting the 
promising potential of statins in combination with TMZ on 
GBM (manuscript under revision). Combination of valproic 
acid and fluvastatin also has a synergistic effect in apoptosis 
induction in GBM8401 cells.54 In line with our findings, 
Yanae et al55 showed that statins inhibit cell proliferation 
and increase caspase-3 activity indicating apoptosis in C6 
glioma cells. These effects were reversed by the addition of 
GGPP but not FPP.7 A cohort study evaluated the influence 
of simvastatin use on survival of 339 patients with GBM 
and showed that long-term prediagnostic statin use may 
improve survival following GBM (a reduced HR of death 
(0.79; 95% CI 0.63 to 1.00)). The HRs decreased with 
increasing duration or intensity of prediagnostic statin use 
(long-term (5 years) statin use: HR 0.75 (95% CI 0.47 to 
1.20); high-intensity statin use: HR 0.66 (95% CI 0.44 to 
0.98)). Additional adjustment for oncotherapeutic modali-
ties yielded similar results (overall HR 0.80, 95% CI 0.63 
to 1.01).6 Consistent with this, laboratory studies and a  on A
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single case–control study have suggested a protective effect 
of statins on the risk of glioma which also suggests the 
potentially beneficial long-term use of statin to increase life 
expectancy in glioma patients.1 42 A phase II clinical trial 
has evaluated the synergistic effects of statins (atorvastatin) 
in combination with radiotherapy and TMZ in patients 
with GBM with promising results.8 However, the benefit of 
statins in combination treatments warrants further studies 
to explore and validate the use of statins in GBM.40

Can statins/TMZ combination therapy benefit 
patients with GBM?
TMZ is the standard chemotherapeutic choice for the 
treatment of GBM.56 TMZ acts as a DNA alkylating agent 
that induces single-strand DNA damage and depletes DNA 
repair enzyme O6-methylguanine-DNA methyltransferase 
from targeted GBM cells.56 These molecular changes in 
TMZ-treated GBM cells activate several signaling cascades 
which induce apoptosis.57–59 While TMZ has slightly 
improved the survival rate of patients with GBM, most will 
die in <2 years, mostly due to resistance of glioma cells to 
TMZ resulting in recurrences.60 Combination therapy with 
statins is a novel approach aimed at overcoming chemore-
sistance and enhancing drug cytotoxicity in GBM cells.61–64 
FDA-approved cholesterol pathway inhibitors, statins, are 
well known for their cholesterol-lowering effects and have 
been commonly prescribed to prevent and/or treat cardio-
vascular diseases.7 65 66 Statins have been identified by many 
researchers to have pleiotropic effects independent of the 
classical cholesterol biosynthesis pathway (mevalonate 
cascade).4 65 67–69 The intermediate products of the meva-
lonate cascade, including FPP and GGPP, are important 
factors in the prenylation of small GTPases.4 7 70 71 Ras and 
Ras-related proteins, the cardinal small GTPase proteins, 
play pivotal roles in cell adhesion, proliferation, traf-
ficking, cytoskeletal dynamics and malignant transforma-
tions.70 72 73 Exhaustion of GTPase proteins is associated 
with programmed cell death in a variety of cancer cells.7 74–76 
It is conceivable that statins sensitize GBM cells to TMZ-in-
duced apoptosis via inhibition of small Rho-GTPases. Our 
recent investigations showed that (1) autophagy might be 
involved in sensitizing GBM cells to TMZ-induced apop-
tosis via statin co-treatment77 and (2) simvastatin possibly 
increases TMZ-induced apoptosis via modulation of the 
lysosomes/autophagosomes interaction, as such affecting 
end-stage autophagy.77 Our team is currently working on 
identifying the exact mechanisms involved in sensitizing 
GBM cells to TMZ-induced apoptosis.
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