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Oleanolic acid inhibits cell survival and proliferation of prostate
cancer cells in vitro and in vivo through the PI3K/Akt pathway
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Abstract Oleanolic acid (OA) is a naturally occurring
pentacyclic triterpenoid and possesses diverse pharmacologi-
cal activities, including anti-cancer effects that have been con-
firmed in multiple types of human cancers. However, the po-
tential effect of natural OA on human prostate cancer is still
unclear. The present study aimed to explore whether and how
OA exerted anti-cancer effects in prostate cancer. Our data
showed that OA inhibited cell viability and proliferation,
and promoted cell apoptosis and G0/G1 phase cell cycle arrest
in prostate cancer PC-3, DU145, and LNCaP cells, in a dose-
dependent manner. In addition, OAwas found to regulate the
expression levels of apoptosis-related and cell cycle-related
proteins, as well as the activity of PI3K/Akt pathway, in a
dose-dependent manner. Mechanistically, our data revealed
that OA exerted anti-cancer effects in vitro in PC-3 and
DU145 cells by repressing the PI3K/Akt pathway. In agree-
ment, OA also suppressed the tumor growth of PC-3 cells in
vivo via inhibition of the PI3K/Akt pathway. In conclusion,
our findings demonstrate the anti-cancer properties of OA in
prostate cancer cells, both in vitro and in vivo, and provide the
experimental evidence for the use of OA as an adjuvant agent
for prostate cancer patients.
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Introduction

Oleanolic acid (OA; 3β-hydroxyolean-12-en-28-oic acid) is a
biologically active pentacyclic triterpenoid that has been iso-
lated from more than 1600 plant species ranging from edible
plants to medicinal herbs [1, 2]. OA displays various benefi-
cial pharmacological properties, such as anti-oxidant, anti-in-
flammatory, anti-diabetic, anti-viral, hepato-protective, anti-
microbial, and anti-cancer effects [3–5]. The anti-cancer effect
of OA has been verified in a wide variety of human cancers,
such as breast [6], hepatocellular [7–9], lung [10, 11], colon
[12, 13], pancreatic [14, 15], and gallbladder cancers [16], as
well as hematological malignancies [17] and malignant glio-
ma [18, 19]. Increasing evidence has shown that the anti-
cancer properties of OA range from inhibition of cell survival
and proliferation to induction of apoptosis and cell cycle arrest
as well as suppression of migration and invasion.

Synthetic derivatives of OA have been found to exhibit
anti-cancer properties in human prostate cancer (PCa)
[20–23], but the potential effect of natural OA on PCa has
not been clearly clarified. Therefore, the present study aimed
to investigate whether and how OA exerted its anti-neoplastic
activity against PCa. The results revealed that OA could in-
hibit cell viability and proliferation, and induce cell apoptosis
and G0/G1 phase cell cycle arrest in human PCa PC-3,
DU145, and LNCaP cells, in a dose-dependent manner in
vitro. In addition, OA dose-dependently regulated the expres-
sion levels of apoptosis-related and cell cycle-related proteins
as well as the activity of the phosphoinositide-3-kinase
(PI3K)/Akt pathway. Our data further demonstrated that it
was through the inactivation of PI3K/Akt pathway that OA
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exhibited its in vitro anti-cancer roles in PC-3 and DU145
cells. Moreover, OA repressed the tumorigenic capacity of
PC-3 cells in nude mice through the PI3K/Akt pathway.
Herein, we show the anti-cancer ability of natural OA on
PCa cells, both in vitro and in vivo, and provide experimental
evidence in support of OA as a potential adjuvant drug for
PCa patients.

Materials and methods

Materials

OA was purchased from Sigma–Aldrich (Saint Louis, MO,
USA), dissolved in dimethyl sulfoxide (DMSO; Sigma–
Aldrich) at a 60 mM stock concentration and then stored at
−20 °C. For final working concentrations, OA stock solution
was further diluted with culture medium.

Cell culture

PC-3 (TCHu158), DU145 (TCHu222), and LNCaP
(TCHu173) were directly purchased from Shanghai Cell
Bank, Chinese Academy of Sciences (Shanghai, People’s
Republic of China). The three cell lines were maintained in
RPMI 1640 medium (Gibco, Thermo Fisher Scientific Inc.,
Waltham, MA, USA) supplemented with 10 % fetal bovine
serum (Gibco) in a 5 % CO2 humidified incubator at 37 °C.

Cell transfection

The over-expression plasmid for Akt and the empty vector
plasmid as negative control (NC) were constructed by
Shanghai GeneChem Co., Ltd. (Shanghai, People’s Republic
of China). Cells were seeded in 6-well plates overnight. For
transfection, appropriate amount of Akt or NC plasmids and
Lipofectamine 2000 transfection reagent (Invitrogen, Thermo
Fisher Scientific Inc., Waltham, MA, USA) were separately
diluted in Opti-MEM Reduced-Serum Medium (Gibco) for
5 min, and then co-incubated for 20 min at room temperature
before being added into each well. Stably transfected cells
were selected by G418 (EMD Chemicals, Inc., San Diego,
CA, USA).

Cell viability assay

Cell viability assay was assessed with the Cell Counting Kit-8
(CCK-8; Dojindo, Kumamoto, Japan). Cells (1×104 per well)
were seeded in 96-well plates overnight and treated with the
indicated concentrations of OA for 24, 48, and 72 h. At each
time point, 10 μl of CCK-8 solution was added into each well
and incubated at 37 °C for 2 h. The absorbance at 450 nm was

measured on a microplate reader (Tecan, Mannedorf,
Switzerland).

Colony formation assay

Cell proliferation activity was assessed by colony formation
assay. Cells were pre-treated with the indicated concentrations
of OA for 48 h. Then, cells were collected and seeded into 6-
well plates (1×103 cells per well) for 14 days. Cells were
fixed with methanol and stained with 0.1 % crystal violet
(Sigma–Aldrich). Colonies ( 50 cells) were counted.

Flow cytometry analysis

Cell apoptosis was detected using the Annexin V-FITC
Apoptosis Detection Kit (KeyGEN Biotech, Nanjing, China)
following the manufacturer’s protocols. Cells (5 × 105 per
well) were seeded into 6-well plates overnight and then treated
with the indicated concentrations of OA for 48 h. Cells were
collected, suspended in Annexin V-FITC binding buffer, in-
cubated with Annexin V-FITC and propidium iodide (PI) and
analyzed on a FACSVerse™ flow cytometer (BDBiosciences,
San Jose, CA, USA).

The cell cycle distribution was analyzed with the Cell
Cycle Detection Kit (KeyGEN Biotech) following the manu-
facturer’s instructions. Cells (5×105 per well) were seeded
into 6-well plates overnight and then treated with the indicated
concentrations of OA for 48 h. Cells were harvested, fixed
with 70 % ethanol, incubated with RNase A, stained with
PI, and then detected on a FACSVerse flow cytometer.

Mitochondrial membrane potential (MMP) assay

MMP was assessed using a Mitochondrial Membrane
Potential Assay Kit with JC-1 (Beyotime Biotechnology,
Jiangsu, China) as previously described [24]. Briefly, after
treatment with the indicated concentrations of OA for 48 h,
5×104 cells were incubated with JC-1 staining working solu-
tion at 37 °C for 20 min in the dark and then washed twice
with JC-1 staining buffer solution. The fluorescence intensi-
ties of mitochondrial JC-1 aggregates (red) and monomers
(green) were detected using an Enspire fluorescence micro-
plate reader (PerkinElmer,Waltham,MA, USA). The levels of
MMP were calculated as the red/green fluorescence ratio.

Detection of reactive oxygen species (ROS) generation

Intracellular ROSwas detected with a Reactive Oxygen Species
Assay Kit (Beyotime) as previously reported [24]. Following
treatment with the indicated concentrations of OA for 48 h,
5 × 104 cells were incubated with 2′,7′-dichlorofluorescein
diacetate (DCFH-DA) at 37 °C for 20 min in the dark and then
washed thrice with serum-free culture medium. The
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fluorescence intensities were measured using an Enspire fluo-
rescence microplate reader (PerkinElmer).

Measurement of lysosomal membrane permeabilization
(LMP)

Quantification of LMP was performed with LysoTracker
Green (Invitrogen) and Hoechst 33342 (Invitrogen) as previ-
ously described [25]. After treatment with the indicated con-
centrations of OA for 48 h, 5×104 cells were incubated in the
dark with LysoTracker Green working solution at 37 °C for
1 h and subsequently with Hoechst 33342 at 37 °C for 15 min,
and washed twice with serum-free culture medium. Then,
fluorescence intensities were measured on an Enspire fluores-
cence microplate reader (PerkinElmer). Values were calculat-
ed as fluorescence (LysoTracker Green)/fluorescence
(Hoechst).

Caspase activity assay

Caspase activity was detected using Caspase 3/8/9
Activity Assay Kit (Beyotime) following the manufac-
turer’s instructions. After treatment with the indicated
concentrations of OA for 48 h, cells were collected,
lysed, and centrifuged at 12,000 × g for 20 min at 4 °C.
Protein concentrations in the supernatants were measured
using Bradford Protein Assay Kit (Beyotime). Equal
amounts of protein from each cell lysate were incubated
with reaction buffer and the respective caspase substrate,
Ac-DEVD-pNA for caspase-3, Ac-IETD-pNA for cas-
pase-8, or Ac-LEHD-pNA for caspase-9, for 2 h at
37 °C. Absorbance was measured at 405 nm on a micro-
plate reader (Tecan).

Quantitative reverse transcription polymerase chain
reaction

Quantitative reverse transcription polymerase chain reaction
(qRT-PCR) was conducted as previously described [26].
Briefly, total RNA was extracted from tumor tissues with
RNAiso Plus (TaKaRa, Shiga, Japan) and reversely transcribed
using First Strand cDNA Synthesis Kit (TaKaRa). Quantitative
PCR was then performed using the SYBR Fast qPCR Mix
(TaKaRa). The primer sequences listed as follows were obtain-
ed from PrimerBank (The Center for Computational and
Integrative Biology, Harvard Medical School, Boston, MA,
USA) [27]: Akt, 5′-GTCATCGAACGCACCTTCCAT-3′
(forward) and 5′-AGCTTCAGGTACTCAAACTCGT-3′
(reverse) (PrimerBank I.D. No. 62241012c3); GAPDH, 5′-
GGAGCGAGATCCCTCCAAAAT-3′ (forward) and 5′-
GGCTGTTGTCATACTTCTCATGG-3 ′ ( r eve r se )
(PrimerBank I.D. No. 378404907c1). GAPDH was used as
the endogenous control.

Western blotting analysis

Cells were treated with the indicated concentrations of OA for
48 h. Total proteins were extracted from cells or tissues using
RIPA Lysis Buffer (Beyotime). The cytosolic and mitochon-
drial proteins were isolated with the Cell Mitochondrial
Isolation Kit (Beyotime) following the manufacturer′s proto-
cols. Proteins were separated by SDS-PAGE and transferred
onto PVDF membranes (Merck Millipore, Billerica, MA,
USA). After blocking with 5 % nonfat milk, the membranes
were incubated with primary antibodies at 4 °C overnight,
followed by incubation with secondary antibodies
(Proteintech, Chicago, IL, USA). The immunoblots were vi-
sualized by BeyoECL Plus (Beyotime) on a BioSpectrum
Imaging System (UVP, Upland, CA, USA). The primary an-
tibodies were against cleaved PARP (Beyotime), Bax
(Proteintech), Bcl-2 (Proteintech), Bcl-xL (Proteintech),
cyclin-dependent kinase 4 (CDK4; Santa Cruz, Dallas, TX,
USA), cyclin D1 (Santa Cruz), cytochrome c (Proteintech),
COX IV (Proteintech), PI3K [Cell Signaling Technology
(CST), Beverly, MA, USA], Akt (CST), phosphorylated Akt
at serine 473 (p-AktSer473; CST), phosphorylated p-Bad at
serine 136 (p-BadSer136; ABCAM, Cambridge, MA, USA),
phosphorylated glycogen synthase kinase 3 beta at serine 9
(p-GSK-3βSer9; CST), forkhead box O1 (FOXO1; Signalway
Antibody, College Park, MD, USA), phosphorylated FOXO1
at serine 256 (p-FOXO1Ser256; Signalway Antibody), and
GAPDH (Proteintech). COX IV and GAPDH were used as
the loading controls.

In vivo tumorigenesis

BALB/c nude male mice (4-week old) were purchased
from Beijing HFK Bioscience Co. Ltd (Beijing, China),
housed under specific pathogen-free conditions and
maintained in a temperature- and humidity-controlled
environment with a 12-h light/dark cycle. This study
was carried out in strict accordance with the recommen-
dations in the national guideline for the care and use of
laboratory animals. All efforts were taken to minimize
mice suffering.

The nude mice were randomized into four groups
(five mice per group): NC, NC+OA, Akt, and Akt +
OA. PC-3 cells (3 × 106 in 0.2 ml phosphate-buffered
saline) stably transfected with or without Akt were sub-
cutaneously inoculated into the right front axilla of each
mouse in the corresponding groups. Mice were intraper-
itoneally administered with OA (150 mg/kg/day) in the
corresponding groups [7]. On day 21, the mice were
sacrificed, and isolated tumors were weighed. Then,
the tumors were analyzed by qRT-PCR, western blot-
ting, and immunohistochemistry (IHC).

Tumor Biol. (2016) 37:7599–7613 7601



IHC analysis

Following fixation in 4 % paraformaldehyde, the tumors were
embedded in paraff in and then sect ioned. After
deparaffinization in xylene and rehydration in decreasing con-
centrations of ethanol, tissue sections (4 μm) were immersed
in sodium citrate buffer for antigen retrieval and subsequently
in 3 % hydrogen peroxide solution for quenching endogenous
peroxidase activity. After blocking with 5 % bovine serum
albumin solution, the sections were incubated with primary
antibodies against Akt (CST), p-AktSer473 (CST), Ki-67
(Proteintech), p-BadSer136 (ABCAM), Bcl-2 (Proteintech), p-
GSK-3βSer9 (CST) or cyclin D1 (Santa Cruz), respectively, at
4 °C overnight, followed by incubation with peroxidase-
conjugated secondary antibodies (Proteintech). The sections
were incubated with diaminobenzidine solution (Beyotime),
counterstained with hematoxylin solution (Beyotime) and
then visualized with an inverted microscope (Olympus,
Tokyo, Japan).

Statistical analysis

All experiments were repeated at least three times. Data were
expressed as the mean± standard deviation (SD). Statistical
analysis was performed with GraphPad Prism software
(Version 6.01; GraphPad Software, Inc., San Diego, CA,
USA). Statistical differences were considered significant at
p<0.05.

Results

OA inhibited cell viability and proliferation in human PCa
cells

To begin, the effects of OA on cell viability and proliferation
were examined in human PCa cell lines. The CCK-8 assay
showed that OA treatment resulted in a remarkable decrease in
cell viabilities of PC-3, DU145, and LNCaP cells in a dose-
and time-dependent manner (Fig. 1a). In addition, colony for-
mation assay revealed that OA dose-dependently reduced
colony-forming rates of PC-3, DU145, and LNCaP cells
(Fig. 1b).

OA induced apoptosis, loss of MMP, generation
of intracellular ROS and increase of LMP in human PCa
cells

Next, the apoptotic effects of OA on PC-3, DU145, and
LNCaP cells were investigated by flow cytometry. As shown
in Fig. 2a, OA treatment noticeably reduced the number of
surviving cells and increased the number of both early and late
apoptotic cells in a dose-dependent manner. Mitochondria

play a critical role in cell apoptosis [28], and the loss of
MMP can lead to the release of apoptotic-inducing factor
and caspase activators, such as cytochrome c [29]. To deter-
mine the changes inMMP after exposure to OA,MMP in PCa
cells was assessed using a Mitochondrial Membrane Potential
Assay Kit with JC-1 (Beyotime). The result showed that
MMP was remarkably decreased with the increase of OA
concentration in PC3, DU145, and LNCaP cells (Fig. 2b).

Mitochondria are important sources of intracellular ROS
production, which can contribute to the loss of MMP and an
increase of LMP in a range of pathologies [30, 31]. Previous
studies showed that OA could induce the generation of intra-
cellular ROS and an increase of LMP [6, 9, 14]. In the present
study, intracellular ROS was detected with a Reactive Oxygen
Species Assay Kit (Beyotime). The results showed that the
levels of ROS were dose-dependently increased with treat-
ment of OA in the three cell lines (Fig. 2c). In addition,
LMP was measured using LysoTracker Green (Invitrogen).
As shown in Fig. 2d, high concentrations of OA induced a
significant increase of LMP, while lower concentrations of
OA seemed to have no effect on the levels of LMP.

OA induced G0/G1 phase cell cycle arrest in human PCa
cells

The effects of OA on cell cycle progression were assessed by
flow cytometry in PC-3, DU145, and LNCaP cells.
Consistently in the three cell lines, treatment of OA dose-
dependently suppressed cell cycle progression with an in-
creased percentage of cells in the G0/G1 phase and a decreased
percentage of cells in the S phase (Fig. 3).

OA regulated the expression levels of apoptosis-related
and cell cycle-related proteins as well as the activity
of the PI3K/Akt pathway in PCa cells

To investigate the underlying molecular mechanisms of OA
on cell apoptosis and G0/G1 phase arrest in PCa cells, caspase
activity assay and western blotting analysis were applied to
assess the expression levels of apoptosis-related and cell
cycle-related proteins in PC-3, DU145, and LNCaP cells treat-
ed with OA for 48 h. Our data revealed that OA upregulated
the activities of caspase-8, caspase-9, and caspase-3, increased
the expression levels of cleaved PARP and Bax, and decreased
the expression levels of Bcl-2, Bcl-xL, CDK4, and cyclin D1,
in a generally dose-dependent manner (Fig. 4a and b). In ad-
dition, OA promoted the release of cytochrome c from the
mitochondria into the cytoplasm (Fig. 4c).

PI3K is known to induce the phosphorylation and activa-
tion of Akt, and a growing body of evidence demonstrates that
the PI3K/Akt pathway is one of the most frequently activated
signaling pathways in human cancers, including PCa [32, 33].
Hyperactivity of the PI3K/Akt pathway promotes cell survival
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Fig. 1 OA inhibited cell viability and proliferation of PCa cells. a PC-3,
DU145, and LNCaP cells were treated with the indicated concentrations
of OA for 24, 48, and 72 h, respectively. Cell viability was analyzed by
cell counting kit (CCK-8) assay. *p< 0.05 compared with the respective
time point of the control group (concentration of OA= 0 μM). #p< 0.05
compared with the respective concentration of the control group (culture

time = 24 h). b For colony formation assay, PC-3, DU145, and LNCaP
cells, pre-treated with the indicated concentrations of OA for 48 h, were
seeded in 6-well plates without OA for 14 days. *p < 0.05 compared with
the control group (concentration of OA= 0 μM). DMSO (v/v, 0.1 %) was
used as the vehicle control. All data were presented as mean ± SD from
three independent experiments
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Fig. 2 OA induced cell apoptosis, loss of MMP, generation of
intracellular ROS, and increase of LMP in PCa cells. PC-3, DU145,
and LNCaP cells were treated with the indicated concentrations of OA
for 48 h. aCell apoptosis was measured by flow cytometry. b The relative
levels of MMPwere assessed using a Mitochondrial Membrane Potential
Assay Kit with JC-1. c The relative levels of intracellular ROS were

detected with a Reactive Oxygen Species Assay Kit. d the relative
levels of LMP were detected with LysoTracker Green. DMSO (v/v,
0.1 %) was used as the vehicle control. *p < 0.05 versus the control
group (concentration of OA= 0 μM). All data were representative of
three independent experiments
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and proliferation through phosphorylation of downstream tar-
gets, such as Bad, GSK-3β, and FOXO1 [34–37]. Therefore,
we investigated whether OA affected the PI3K/Akt pathway
and its downstream targets in PC-3, DU145, and LNCaP cells.
Western blotting showed that OA obviously decreased the
expression levels of PI3K, p-AktSer473, p-BadSer136, and p-
GSK-3βSer9 in a dose-dependent manner, while no significant
differences in total Akt, total FOXO1, or p-FOXO1Ser256 were
observed (Fig. 5).

Akt over-expression reversed the effects of OA on cell
viability, proliferation, cell apoptosis, and G0/G1 phase cell
cycle arrest in PCa cells

To investigate whether OA inhibited cell viability and prolif-
eration of PCa cells through the PI3K/Akt pathway, we over-
expressed Akt in PC-3 and DU145 cells. Western blotting
demonstrated that expression and activity of Akt were both
elevated in PC-3 and DU145 cells (Fig. 6a). CCK-8 and

colony formation assays showed that over-expression of Akt
obviously reversed the inhibitory effects of OA on cell viabil-
ity and proliferation of PC-3 and DU145 cells in the Akt+OA
group compared with the NC+OA group (Fig. 6b and c).
Furthermore, flow cytometry revealed that Akt over-
expression relieved the effects of OA on cell apoptosis and
G0/G1 phase arrest in the two cell lines in the Akt+OA group
versus the NC+OA group (Fig. 7a and b).

Akt over-expression reversed the effects of OA
on apoptosis-related and cell cycle-related proteins in PCa
cells

Caspase activity assay and western blotting analysis indicated
that Akt over-expression decreased the activities of caspase-9
and caspase-3, and elevated the expression levels of p-
BadSer136, Bcl-2, p-GSK-3βSer9, and cyclin D1 in PC-3 and
DU145 cells in the Akt+OA group versus the NC+OAgroup
(Fig. 8a and b).

Fig. 3 OA induced G0/G1 phase cell cycle arrest in PCa cells. PC-3,
DU145, and LNCaP cells were treated with the indicated concentrations
of OA for 48 h and then cell cycle distribution was detected by flow

cytometry. DMSO (v/v, 0.1 %) was used as the vehicle control.
*p < 0.05 versus the control group (concentration of OA= 0 μM). All
data were representative of three independent experiments
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OA inhibited tumorigenesis of PC-3 cells in vivo
by repressing the PI3K/Akt pathway

To further explore whether OA affected tumorigenesis of PCa
cells in vivo, we subcutaneously inoculated PC-3 cells stably
transfected with or without Akt into nude mice. Then, OA
(150 mg/kg/day) was intraperitoneally administered in the
NC+OA and the Akt+OA groups. Consistent with the in
vitro experiments, OA remarkably repressed the tumor

growth of PC-3 cells in nude mice in the NC+OA group
versus the NC group, while the inhibitory effect of OA was
reversed by over-expression of Akt in the Akt+OA group
versus the NC+OA group (Fig. 9a and b). Meanwhile, qRT-
PCR and western blotting confirmed that Akt was upregulated
in the Akt group (Fig. 9c and d). Moreover, IHC analysis
revealed that OA downregulated expression levels of p-
AktSer473, Ki-67, p-BadSer136, Bcl-2, p-GSK-3βSer9, and cy-
clin D1 in tumor tissues of the NC+OA group versus the NC

Fig. 4 OA regulated the expression levels of apoptosis-related and cell
cycle-related proteins in PCa cells. PC-3, DU145, and LNCaP cells were
treated with the indicated concentrations of OA for 48 h. a Caspase
activities were detected in PC-3, DU145, and LNCaP cells. *p < 0.05
versus the control group (concentration of OA = 0 μM). All data

represented three independent experiments. b Expression levels of
cleaved PARP, Bax, Bcl-2, Bcl-xL, CDK4, and cyclin D1 were detected
by western blotting. c The levels of cytochrome c in mitochondria and
cytoplasm were detected by western blotting. DMSO (v/v, 0.1 %) was
used as the vehicle control
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group, which was also reversed by over-expression of Akt in
the Akt+OA group versus the NC+OA group (Fig. 10).

Discussion

Previous studies have demonstrated that OA can suppress cell
survival and proliferation in various human cancers. In the
present study, CCK-8 and colony formation assays showed
that OA could dose-dependently repress cell viability and pro-
liferation in human PCa PC-3, DU145, and LNCaP cells.
Consistent with a previous report in gallbladder cancer [16],
OA also induced cell apoptosis and G0/G1 phase arrest in PC-
3, DU145, and LNCaP cells.

Apoptosis is a genetically controlled cell-death process that
maintains tissue homeostasis [38]. Deregulated apoptosis can
result in various pathological conditions including cancers
[39]. However, like a double-edged sword, apoptosis may also
serve as a helpful target of cancer treatment; In fact, anti-
cancer agents or other therapeutic strategies can eliminate
cancer cells by restoring defective apoptosis [40, 41].
Activation of caspases, a family of cysteinyl aspartate-
specific proteinases, triggers apoptosis by cleaving cellular
proteins critical for cell survival, such as PARP [42–44]. The
members of the Bcl-2 family play a vital role in regulation of
apoptosis [45, 46]. In the current study, we found that treat-
ment of OA induced mitochondrial depolarization and then
release of cytochrome c from the mitochondria to the cyto-
plasm in PC-3, DU145, and LNCaP cells. Moreover, western
blotting revealed that OA reduced the activities of caspase-8,
caspase-9, and caspase-3, increased the expression levels of
cleaved PARP and Bax, and downregulated the expression
levels of Bcl-2 and Bcl-xL. These data suggested that OA

induced cell death in PCa cells through the mitochondrial
apoptotic pathway. In addition, our data revealed that OA
could induce the generation of intracellular ROS and that a
high-dose of OA could increase LMP, which is consistent with
a previous report [14].

Eukaryotic cell proliferation is controlled by cell cycle
checkpoints, which ensure the proper timing of cellular
events. Uncontrolled cell proliferation can contribute to geno-
mic instability and tumorigenesis [47]. Targeting the cell cycle
is regarded as an effective strategy for cancer therapy [48–50].
Transition of G1 into S phase is one of the cell cycle check-
points, and it is mainly driven by the CDK4/6-cyclin D com-
plexes, which are actively being explored as therapeutic tar-
gets for cancer treatment [51–53]. Our data indicated that OA
downregulated the expression levels of CDK4 and cyclin D1
in PC-3, DU145, and LNCaP cells.

The serine/threonine kinase Akt, also known as protein
kinase B, comprises three highly homologous isoforms
(Akt1/PKBα, Akt2/PKBβ, and Akt3/PKBγ) and plays a crit-
ical role in a wide range of key cellular processes, such as cell
survival, proliferation, apoptosis, cell cycle, metabolism, mi-
gration, and invasion [54, 55]. Increasing evidence has indi-
cated that aberrant hyper-activation of the PI3K/Akt pathway
is one of the most common molecular alterations in human
malignancies, including PCa, while re-programming the al-
tered the PI3K/Akt pathway represents a powerful strategy
for rational cancer therapy [56, 57]. The growth factor
receptor-associated PI3K activates Akt by promoting its phos-
phorylation at threonine 308 and serine 473, which triggers a
signaling cascade that results in the inhibition of apoptosis and
cell cycle arrest. Specifically, Akt affects the phosphorylation
status of certain pro-apoptotic molecules and thus inhibits ap-
optosis [58, 59]. For example, Akt phosphorylates the pro-

Fig. 5 OA repressed the PI3K/Akt pathway in PCa cells. PC-3, DU145,
and LNCaP cells were treated with the indicated concentrations of OA for
48 h. The expression levels of PI3K, Akt, p-AktSer473, p-BadSer136, p-

GSK-3βSer9, FOXO1, and p-FOXO1Ser256 were detected by western blot-
ting. DMSO (v/v, 0.1 %) was used as the vehicle control
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apoptotic factor Bad at Ser136, thereby promoting the inter-
action of Bad with 14-3-3 proteins and inhibiting the associa-
tion of Bad with Bcl-2 and Bcl-xL, which inhibits cell apo-
ptosis [59]. In parallel, human caspase-9 is also reported to be
phosphorylated at serine 196 by Akt, which inhibits the cas-
pase cascade and promotes cell survival [60]. In addition, Akt
contributes to cell proliferation via influencing cell cycle pro-
gression. For example, Akt phosphorylates GSK-3β at serine
9, resulting in its inactivation and the stabilization of cyclin

D1, a key player in the transition of the G1 to S phase [61].
Akt-mediated inactivation of GSK-3β not only regulate cyclin
D1 gene transcription through decreased phosphorylation of
β-catenin but it can also induce cyclin D1 stability by
preventing GSK-3β from promoting cyclin D1 proteolysis
[62]. In addition, Akt can phosphorylate and directly inhibit
the function of FOXO1, a member of the forkhead family that
regulates diverse cellular processes, such as apoptosis and cell
cycle arrest. [37, 63–67] In the present study, we evaluated the

Fig. 6 Akt over-expression reversed the inhibitory effects of OA on cell
viability and proliferation in PCa cells. a Over-expression and activity of
Akt in PC-3 and DU145 cells were verified by western blotting. Mock,
untransfected control. b PC-3 and DU145 cells transfected with or with-
out Akt were treated with or without OA (30 μM) for 24, 48, and 72 h.
Cell viability was analyzed by CCK-8 assay. *p < 0.05 versus the

respective time point of the NC+OA group. c For colony formation
assay, PC-3 and DU145 cells transfected with or without Akt were pre-
treated with or without OA (30 μM) for 48 h, and then seeded in 6-well
plates without OA for 14 days. All data were presented as mean± SD
from three independent experiments. *p < 0.05 versus the NC +OA
group
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Fig. 7 Akt over-expression reversed the effects of OA on apoptosis and
G0/G1 phase arrest in PCa cells. PC-3 andDU145 cells transfected with or
without Akt were treated with or without OA for 48 h. a, b Cell apoptosis

and distribution of cell cycle were analyzed by flow cytometry, respec-
tively. *p < 0.05 versus the NC +OA group. Data were expressed as
mean ± SD from three independent experiments
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effects of OA on the PI3K/Akt pathway in PCa cells. Our data
indicated that OA treatment did not significantly change the
expression levels of total Akt, total FOXO1, or p-
FOXO1Ser256, but noticeably reduced the expression levels
of PI3K, p-AktSer473, p-BadSer136 and p-GSK-3βSer9 in PC-
3, DU145, and LNCaP cells.

Based on the above findings, we posed the hypothesis that
OA might repress cell survival and proliferation in PCa cells
through the PI3K/Akt pathway. To further verify the hypoth-
esis, we over-expressed Akt in PC-3 and DU145 cells. Our
results showed that over-expression of Akt reversed the effects
of OA on cell viability, colony-forming capacity, apoptosis,

Fig. 8 Akt over-expression re-
versed the effects of OA on
apoptosis-related and cell cycle-
related proteins in PCa cells. PC-3
and DU145 cells transfected with
or without Akt were treated with
or without OA for 48 h. aCaspase
activities were detected in PC-3
and DU145 cells using a Caspase
Activity Assay Kit. *p < 0.05
compared with the NC+OA
group. Data were presented as
mean ± SD (n= 3). b Expression
levels of p-AktSer473, p-BadSer136,
Bcl-2, p-GSK-3βSer9, and cyclin
D1 were detected by western
blotting

Fig. 9 OA inhibited tumorigenesis of PC-3 cells in vivo through
repressing PI3K/Akt pathway. PC-3 transfected with or without Akt were
subcutaneously injected into the right front axilla of BALB/c nude mice
and grow for 21 days. a Isolated tumors from nude mice were
photographed on day 21. b Isolated tumors from nude mice were

weighed. *p< 0.05 versus the NC+OA group. c The mRNA levels of
Akt in tumor tissues were assessed by qRT-PCR. *p< 0.05 versus the
NC+OA group. All data were presented as mean± SD (n = 3). d The
expression of Akt protein in tumor tissues was assessed by western
blotting
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and G0/G1 phase arrest in the two cell lines in the Akt+OA
group versus the NC+OA group. Furthermore, our data

showed that Akt over-expression restored the protease activity
of caspase-9 and the expression levels of p-BadSer136, p-GSK-

Fig. 10 OA regulated the expression levels of p-AktSer473, Ki-67, p-
BadSer136, Bcl-2, p-GSK-3βSer9, and cyclin D1 in vivo. The expression
levels of Akt, p-AktSer473, Ki-67, p-BadSer136, Bcl-2, p-GSK-3βSer9, and

cyclin D1 in tumor tissues from nude mice were assessed by IHC
analysis. Representative data were shown. Original magnification, ×200
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3βSer9, and cyclin D1 in PC-3 and DU145 in the Akt+OA
group versus the NC+OA group. In agreement with a previ-
ous report indicating that Akt could up-regulate Bcl-2 expres-
sion via cAMP-response element-binding protein [68], our
results showed that Akt over-expression also restored Bcl-2
expression. However, it is necessary to further confirm wheth-
er Akt can up-regulate Bcl-2 in PCa.

Importantly, the anti-cancer effects of OA in vivo were
assessed. Our results indicated that OA obviously inhibited
the tumor growth of PC-3 cells in nude mice, compared with
the control group, and that this effect was reversed by over-
expression of Akt, which was in accordance with our in vitro
study. Additionally, IHC analysis suggested that OA down-
regulated Ki-67, p-BadSer136, Bcl-2, p-GSK-3βSer9, and cyclin
D1 through repressing Akt activity.

Collectively, our present study reveals that OA can inhibit
cell survival and proliferation of PCa cells, both in vitro and in
vivo, through the induction of apoptosis and G0/G1 phase cell
cycle arrest, which is realized by regulating the PI3K/Akt
pathway. In effect, our study indicates that OA can serve as
a potential adjuvant agent for the treatment of PCa.
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