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Atorvastatin and Caffeine in Combination Regulates Apoptosis,
Migration, Invasion and Tumorspheres of Prostate Cancer Cells
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Abstract
Atorvastatin is the most prescribed cholesterol-lowering statin, while caffeine enhances chemo-sensitivity and induces apoptosis
of tumor cells through its DNA repair-inhibiting effect. The present study investigated the effects and mechanisms of atorvastatin
and caffeine in combination on human prostate cancer cells cultured in vitro. Cell growth were determined by the trypan blue
exclusion assay. The cell apoptosis and colony formation were determined by morphological assessment. The ability of cell
migration and invasion were performed using a scratch wound-healing and Transwell assay. Tumorspheres were formed in
suspension under the condition of non-adherence and serum-free medium. Finally, the western blot assay was used to determine
the levels of proteins. The combination synergistically suppressed proliferation and induced apoptotic death. Meanwhile, the
migration, invasion, and the formation of tumorspheres were significantly inhibited by the combination. We found that atorva-
statin and caffeine in combination downregulated phospho-Akt, phospho-Erk1/2, anti-apoptotic Bcl-2 and Survivin protein
levels. Results of the present study indicate treatment with the combination of caffeine and atorvastatin may be an effective
strategy for inhibiting the growth of prostate cancer and should be evaluated clinically.
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Introduction

It was estimated that there would be approximately 180,890
diagnosed new cases and 8.3% mortality due to PCa in 2016
in the United States [1, 2]. Androgen deprivation therapy
(ADT) is an effective treatment for advanced prostate cancer.
Unfortunately, the therapeutic responses to this treatment are
temporary, and almost all tumors inevitably progress to
castration-resistant prostate cancer (CRPC) [3]. Docetaxel is
the standard first-line treatment for CRPC [4]. Although do-
cetaxel chemotherapy has been shown to improve patient sur-
vival, resistance and toxicity are still two unsolved and inev-
itable problems for its utilization as a chemotherapeutic agent
[5]. Furthermore, PCa is believed to consist of about 0.1%
fraction of cancer stem cells (CSC), which, currently available
therapeutic treatment, including hormonal treatment and che-
mo-radiotherapy, cannot effectively kill [6]. Finally, PCa sub-
sequently develops the ability to grow uncontrollably, relapse
and then metastasize. Therefore, the strategy of utilizing a
combination of drugs that interact with one another has been
demonstrated to solve these problems, leading to increased
survival and an improved quality of life [7].
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Atorvastatin (Lipitor®) is a statin drug that inhibits the rate-
limiting enzyme 3-hydroxy-3-methylglutaryl-CoA (HMG-
CoA) reductase. Statins were found to be associated with a
decreased risk of recurrence and mortality in PCa [8–13].
Recent studies have indicated that statin drugs, including ator-
vastatin, suppress cell viability and induce cell apoptosis of
PCa cells [14, 15]. The results of our previous studies suggest
that atorvastatin potentially enhances the antitumor effect of
anti-cancer drugs in PCa cells. Atorvastatin in combination
with celecoxib or docetaxel have synergistically inhibited cel-
lular proliferation and induced apoptosis. Furthermore, a xe-
nograft PCa model has demonstrated that atorvastatin/
celecoxib combination inhibited both the development of
androgen-dependent prostate tumors and the growth of
androgen-independent prostate tumors more effectively than
either agent alone [16–18].

Caffeine has been indicated to enhance the antitumor effect
of chemotherapy drugs through its DNA repair-inhibiting ef-
fect [19, 20]. Additionally, it has been indicated that caffeine
directly inhibits proliferation and induces cell apoptosis of
tumor cells [21, 22]. Moreover, in our previous studies, we
found that oral caffeine and voluntary exercise suppressed
progression of androgen-dependent prostate tumors with xe-
nograft cancer models [23]. At present, there are several re-
ports containing promising data utilizing combination anti-
cancer drugs with caffeine for certain malignancies, such as
pancreatic cancer, stomach cancer, liver cancer and lung can-
cer. However, there are few reports that show the utility of this
combination for PCa. Therefore, to develop combination anti-
cancer drugs with caffeine for PCa, we examined whether
caffeine potentiates the antitumor effect of atorvastatin in
PCa cell lines.

Based on our previous data for caffeine or atorvastatin in
PCa, the present study focused on the effects of caffeine/
atorvastatin combination treatment on PCa cells. PC-3 cells
were exposed to caffeine and atorvastatin alone or in combina-
tion, and the cell proliferation, apoptosis, migration, invasion
and ability to form tumorspheres were exhibited. Finally, we
investigated the underlying mechanisms of the combination.

Materials and Methods

Cells and Reagents

The PC-3 human prostate carcinoma cell line (ATCC,
Rockville, MD, USA) were grown in RPMI 1640 medium
containing 10% fetal bovine serum (FBS), 100 U/ml penicillin
and 100mg/ml streptomycin in an incubator (37 °C, 5%CO2).
Atorvastatin (St. Louis, MO, USA) was dissolved in DMSO
and the final concentration of DMSO in all experiments was
0.1%, while caffeine (St. Louis, MO, USA) was dissolved in
sterile water.

Experiment Design

Atorvastatin
(μM)

Caffeine
(mM)

The combination

Trypan blue 5 0.5 the combination of Atorvastatin
(5 μM) and Caffeine
(0.5 mM)

Colony
forming
assay

5 0.5 the combination of Atorvastatin
(5 μM) and Caffeine
(0.5 mM)

Apoptosis 5 0.5 the combination of Atorvastatin
(5 μM) and Caffeine
(0.5 mM)

Cell
migration

5 0.5 the combination of Atorvastatin
(5 μM) and Caffeine
(0.5 mM)

Invasion 5 0.5 the combination of Atorvastatin
(5 μM) and Caffeine
(0.5 mM)

Tumorsphere 5 0.5 the combination of Atorvastatin
(5 μM) and Caffeine
(0.5 mM)

Western blot 5 0.5 the combination of Atorvastatin
(5 μM) and Caffeine
(0.5 mM)

Cell Viability Assay

The cell proliferation activity of PC-3 cells was estimated by
Trypan blue exclusion assay as described [17]. Cells (5 × 105

cells/well) were exposed to the test drugs in 6-well plates after
24 h. After 72 h, the number of viable cells was counted via
hemocytometer using a light microscope (Nikon Optiphot,
Nikon, Tokyo, Japan) with 0.4% trypan blue solution (1:4).

Colony Formation Assay

Cells (100 cells/well) were treated with solvent, 5 μM atorva-
statin, 0.5 mM caffeine and a combination of 0.5 mM caffeine
and 5 μM atorvastatin in 24-well plates. After 12 days, the
colonies (>50 cells) were counted under microscope, which
were fixed with methanol and stained with giemsa stain solu-
tion as described [24].

Determination of Apoptosis

To evaluate the apoptotic ability of PC-3 cells, morpholog-
ical assessment was determined with propidium iodide (PI,
1 μg/ml) staining of cells treated with solvent, 5 μM atorva-
statin, 0.5 mM caffeine and a combination of 0.5 mM caffeine
and 5 μM atorvastatin and analyzed using a fluorescence mi-
croscope (Nikon Eclipse TE200, Nikon) as described [26].
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Wound-Healing Migration Assay

The ability of cell migration was performed using a scratch
wound-healing assay as described previously [25]. Monolayer
of PC-3 cells with an artificial wound was treated with
0.5 mM caffeine or 5 μM atorvastatin alone and in combina-
tion. Images were obtained at 0, 24 and 48 h through a micro-
scope. Scratch areas were measured by Image J and expressed
as a ratio of the original scratch area.

Transwell Migration and Invasion Assay

Millicell chambers (8 mm pore size) in 24-well plate were
used for migration assays. After treatment with 0.5 mM caf-
feine or 5 μM atorvastatin alone and in combination for 48 h,
cells underwent a transwell migration assay and were
photographed and quantified. Cells were treated with atorva-
statin (5 μM) and caffeine (0.5 mM) alone or in combination
for 24 h and allowed to invade through Matrigel and invaded
cell number was counted. The analyses protocols were de-
scribed previously [26].

Tumorsphere Culture

Tumorspheres were formed in suspension under the condition
of non-adherence and serum-free medium. PC-3 cells (2 × 103

cells/well) were incubated in 24-well plates coated by 1%
agarose with keratinocyte serum-free medium. After treatment
with atorvastatin (5 μM) and caffeine (0.5 mM) alone or in
combination for 14 days, tumorspheres were gathered and
imaged to measure the number and size by a BZ-X710 micro-
scope. The analyses protocols were described previously [25].

Western Blotting

Western blot analyses were performed as described previously
[25]. Briefly, proteins were extracted from cells, and their
concentrations were determined with the Bio-Rad protein as-
say kit. Samples (30 μg protein) were subjected to SDS-PAGE
electrophoresis at 150 V for 60 min on 12% gradient gels.
Resolved proteins were then transferred to a PVDFmembrane
(Bio-Rad), which were incubated with primary antibod-
ies(1:1000), followed by incubated with Donkey anti-rabbit
IRDye-R- 680CW (1:1000) for 90 min at room temperature in
the dark. Images were acquired using an Odyssey CLx
Infrared Imaging System (LI-COR Biosciences) and density
of bands were measured by Image Studio Lite software.

Statistical Analyses

Statistical analysis was performed by the software InStat
(GraphPad Software, Inc., La Jolla, CA, USA). Data are
expressed as the mean ± standard deviation (SD) and were

performed, at minimum, in triplicate. Statistical significance
was estimated by One-way ANOVA and P-values were la-
beled as follows: * P < 0.05; ** P < 0.01; *** P < 0.001.
IC50 values were evaluated by nonlinear least squares regres-
sion. To analyze the potential synergistic effect, the combina-
tion index (CI) was determined using the following equation
Ac /Ae + Bc/Be = CI. Ac and Bc represent the concentration
of drug A and drug B used in combination, while Ae and Be
represent the concentration that produced the same magnitude
of effect when administered alone. When CI is less than 1, the
combined effect of the drugs is considered to be synergistic.

Results

Cytotoxic Effect of Caffeine and Atorvastatin Alone
on PC-3 Cells

Treatment of PC-3 cells for 72 h with various concentrations
of caffeine or atorvastatin inhibited cell growth in a
concentration-dependent manner (Fig. 1a). We calculated the
mean IC50 values of caffeine and atorvastatin to be 1.71 mM
and 18.04 μM, respectively.

Effect of Caffeine/Atorvastatin Combination
on Anti-Proliferation and Inhibition of Colony
Formation in PC-3 Cells

We found that treatment with the drug combination resulted in
a stronger growth inhibition when compared to either agent
alone (Fig. 1a). In addition, the combination of 0.75 mM caf-
feine with 5 μM atorvastatin resulted in a 50% decrease in the
number of viable cells. Therefore, the combination index (CI)
for IC50 was calculated to be 0.72, indicating that the combi-
nation of caffeine and atorvastatin synergistically inhibits the
growth of PC-3 cells.

To further investigate whether the combination treatment
could suppress viability of PC-3 cells, we conducted a
clonogenic assay after treatment. As shown in Fig. 1b, the
clonogenic assay clearly indicates that clone formation of
PC-3 cells was reduced with combinational treatment. These
results were consistent with the Trypan blue data. Taken to-
gether, those results implied that the combination of caffeine
and atorvastatin had a strong cytostatic effect on PC-3 cells.

The Apoptosis Effect was Enhanced by Combining
Caffeine with Atorvastatin

Representative micrographs of apoptotic cells are shown in
Fig. 2a-d. As shown in Fig. 2e, the combination resulted in
27.2% apoptotic cells, significantly higher than the treatment
groups with caffeine or atorvastatin alone (p < 0.001).
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The Combination Treatment Impaired Migration
and Invasion of PCa Cells

As shown in Fig. 3a, combination treatment for 24 and 48 h
resulted in markedly inhibited migration. Additionally, similar
results were obtained in the transwell migration assay

(Fig. 3b). To investigate the effect of combination treatment
on PC-3 cell invasion ability, we conducted a Matrigel inva-
sion assay. Fig. 3c illustrates that the treatment of PC-3 cells
with the drug combination impaired the invasive capacity sig-
nificantly when compared to the drugs alone. These studies
demonstrate that caffeine/atorvastatin combination treatment

Fig. 1 Effect of caffeine and atorvastatin on prostate cancer cell viability.
(a) Proliferation of PC-3 cells treated with atorvastatin (5–40 μM),
caffeine (0.5–5 mM) (B) or caffeine (0.5 mM) + atorvastatin (5 μM) for
72 h. (b) The effects of atorvastatin (5 μM) and caffeine (0.5 mM) alone

or in combination on colony formation in PC-3 cells for 12 days. Each
value represents mean ± S.E. from three separate experiments. Statistical
analysis was performed using one-way ANOVA (* p < 0.05 **p < 0.01,
***p < 0.001)

Fig. 2 Effect of caffeine and atorvastatin on apoptosis induction in
prostate cancer cells. Representative micrographs of propidium iodide
staining of cells treated with solvent (a), 5 μM atorvastatin (b), 0.5 mM
caffeine (c) and a combination of 0.5 mM caffeine and 5 μM atorvastatin

(d). (e) Percentage of apoptotic cells (mean ± SD) from three separate
experiments. Statistical analysis was performed using one-way ANOVA
(***p < 0.001)
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resulted in a strong effect on the migration and invasion abil-
ities of PC-3 cells, implying that the combination treatment
might reduce the threat of PCa metastasis, leading to the re-
duction of mortality rate.

The Capacity of Tumor Sphere Formation in PC-3 Cells
Was Diminished by Treatment with both Caffeine
and Atorvastatin

After 14 days, spheres were observed under a microscope and
photographed (Fig. 4a-d). As Fig. 4e illustrates, the treatment
of the combinationmarkedly suppressed the forming efficien-
cy of tumorspheres, while PC-3 sphere formation significantly
increased with the exposure of caffeine- treated groups
(0.5 mM) when compared to the vehicle control. Fig. 4f indi-
cates that the combination also inhibited the number and size
of tumorspheres formed. Taken together, these results imply
that PCa tumor sphere formation efficiency and growth were
suppressed by combination treatment The combination

resulted in the formation of significantly fewer tumorspheres,
as well as a dramatic decrease in size.

Caffeine/Atorvastatin Combination Downregulated
Anti-Apoptotic Protein Expression and Suppressed
Akt and Erk Signaling in PC-3 Cells

Figure 5 shows that both Survivin and Blc-2 expression were
dramatically diminished following 24 h exposure to combina-
tion treatment when compared to atorvastatin alone
(P < 0.001) and were slightly decreased with respect to the
caffeine-treated group (Survivin, P < 0.05; Bcl-2, P < 0.01).

The serine-threonine kinase, Akt, which is activated down-
stream of phosphatidylinositol-3-kinase (PI3K), controls cell
growth and survival via its key role in multiple cellular pro-
cesses such as glucose metabolism, apoptosis, cell prolifera-
tion, transcription and cell migration. Hence, it is imperative to
evaluate whether the combination could modulate Akt signal-
ing. As Fig. 5 indicates, the levels of phospho-Akt in PC-3
cells treated with the combination were much lower than with

Fig. 3 Inhibition of caffeine and atorvastatin on PC-3 cell migration and
invasion. (a)The cells were treated with 0.5 mM caffeine or 5 μM
atorvastatin alone and in combination. Migration of the cells was
determined and expressed as percentages of the original scratch area for
24 and 48 h. (b) After treatment with 0.5 mM caffeine or 5 μM
atorvastatin alone and in combination for 48 h, cells underwent

atranswell migration assay and were photographed and quantified.
(c)Cells were treated with atorvastatin and caffeine alone or in
combination for 24 h and allowed to invade through Matrigel. Invaded
cell number was counted. Each value represents mean ± S.D. from three
separate experiments. Statistical analysis was performed using one-way
ANOVA (**p < 0.01;***p < 0.001)
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alone (P < 0.001), while the total level of the receptor was
similar.

Extracellular signal-regulated protein kinases 1 and 2 (Erk
1/2) are members of the mitogen-activated protein kinase su-
per family that mediate cell proliferation and apoptosis. We
found that the combination treatment caused a dramatic de-
crease in the level of both phospho-Erk1 and phospho-Erk2
(P < 0.01, P < 0.001), and had no effect on the level of total
Erk1/2 (Fig. 5).

Discussion

Nowadays, ADT is still the primary treatment of this disease.
When patients develop PCa with castration resistance, chemo-
therapy is commonly used as treatment. However, the side
effects are awful and most tumors become resistant to the
chemotherapy drug. Furthermore, hormonal treatment and
chemo-radiotherapy, cannot effectively kill the CSCs of
PCa. Therefore, the search of effective clinical approaches
for the treatment of this cancer is still a challenge.

In our present study, we demonstrated that the inhibitory
effect of caffeine and atorvastatin in combination on the
growth of cultured PC-3 cells was much stronger than that
of either agent alone. We found that the combination had a
synergistic effect on anti-proliferation and induction of ap-
optosis in PC-3 cells. In addition, the combination dramat-
ically impaired cell migration and invasion. Moreover, the

formation of tumorspheres in non-adherent serum-free cul-
tures was significantly inhibited by the combination of caf-
feine and atorvastatin, suggesting a treatment effect on the
cancer stem cells, which was demonstrated for the first
time. Statins were shown to inhibit NF-κB, an important
transcription factor for regulation of cell growth and death
[16, 27–30]. The target of the statins, HMG-CoA reductase,
is involved in the generation of farnesylpyrophosphate
(FPP) and geranylgeranylpyrophosphate (GGPP) [31].
FPP and GGPP are required for the process of Ras activa-
tion, which is important for regulating cell growth and
apoptosis [32]. Our present study showed that atorvastatin
inhibited NF-κB activation and reduced the levels of
phospho-Akt and phospho-Erk, the downstream targets
of the Ras pathway [33]. The oral bioavailability of ator-
vastatin has been reported 12% due to low aqueous solu-
bility (0.1 mg mL−1), crystalline nature, and hepatic first
pass metabolism. Atorvastatin also had side effects includ-
ing myositis and myasthenia. Using a lower dose of ator-
vastatin in combination with other drugs my decreased the
side effects.

Several mechanisms by which caffeine enhances chemo-
sensitivity and inhibits tumor progression have been elucidat-
ed; Caffeine is an inhibitor of ataxia telangiectasia mutated
(ATM) and ATM-RAD3-related (ATR) kinase activities,
which are master regulators of DNA damage-induced cell
cycle checkpoints [33]. Caffeine has also been shown to reg-
ulate the apoptosis, survival, proliferation and migration of

Fig. 4 Effects of caffeine and atorvastatin on the tumor sphere culture in
PC-3 cells. The cells were incubated in the presence of caffeine (0.5 mM),
atorvastatin (5 μM) or caffeine (0.5 mM) + atorvastatin (5 μM). At the
end of the 14-day incubation, images were taken (a-d) and the number (e)

and size (f) of the tumorspheres were quantified. Each value represents
mean ± S.D. from three separate experiments. Statistical analysis was
performed using one-way ANOVA (**p < 0.01, ***p < 0.001)
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tumor cells, including p53, Bax, Akt/mTOR/S6K, NF-κB
pathways, MAPK and Caspase 3 Pathways [34, 35].

Molecular mechanisms for the combined effect of statins
and metformin in prostate cancer cells are still largely un-
known. We found the drug combination strongly downregu-
lated anti-apoptotic protein expression, such as Survivin and
Bcl-2, and suppressed Akt and Erk signaling in PC-3 cells.
Our results suggest the combination of atorvastatin and caf-
feine targets multiple signaling pathways, regulating prostate
cancer cell growth and survival. Simultaneous inhibition of
these important pathways may result in strong growth inhibi-
tion and apoptosis in prostate cancer cells.

Conclusion

In conclusion, our study demonstrates that treatment with the
combination of caffeine and atorvastatin had strong inhibitory

effects on the growth of human prostate cancer cells, as well as
a strong stimulatory effect on apoptosis. The potent combined
effects of these two drugs were associated with suppression of
migration, invasion and tumor spheres, decreases in the levels
of Survivin, Bcl-2, phosphorylated Akt and phosphorylated
Erk1/2.
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