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Incidence of hepatocellular carcinoma (HCC) is dramatically 
increasing and is the third cause of cancer death worldwide. One 
key approach to control HCC is chemoprevention by naturally 
occurring agents. This study aims at investigating the antitumor 
effect of oleanolic acid (OA) and the molecular mechanisms. 
BALB/c mice were injected subcutaneously with HepG2 cells to 
establish transplanted tumors. Apoptosis and cell cycle arrest-
related markers and signaling cascades were determined by 
western blot, immuno�uorescence, reverse transcriptase–poly-
merase chain reaction and �ow cytometric analysis. OA exhib-
ited inhibitory effect on HCC through induction of apoptosis 
and cell cycle arrest both in transplanted tumors and in HepG2 
cells. OA induced apoptosis through mitochondrial pathway, 
evidenced by inhibition of Akt/mammalian target of rapamycin 
pathway, mitochondrial dysfunction, transient increase of adeno-
sine triphosphate, increase of Bax/Bcl-2 ratio, increased release of 
cytochrome c and activation of caspase/poly (ADP-ribose) poly-
merase. Activation of mitochondrial apoptotic pathway may be 
due to reactive oxygen species generated by mitochondrial fatty 
acid oxidation, resulted from enhancement of lipolysis regulated 
by cyclic adenosine 3′,5′-monophosphate response element-
binding protein-hormone-sensitive lipase/peroxisome prolifer-
ator-activated receptor γ signaling. OA induced G2/M cell cycle 
arrest through p21-mediated downregulation of cyclin B1/cdc2. 
Cyclooxygenase-2 (COX-2) and p53 were involved in OA-exerted 
effect, and extracellular signal–regulated kinase-p53 signaling 
played a central role in OA-activated cascades responsible for 
apoptosis and cell cycle arrest. OA demonstrated signi�cant anti-
tumor activities in HCC in vivo and in vitro models. These data 
provide new insights into the mechanisms underlying the antitu-
mor effect of OA.

Introduction

Hepatocellular carcinoma (HCC) is the �fth most common cancer in 
men and the eighth most common cancer in women (1). The incidence 
of HCC is dramatically increasing and is the third cause of cancer death 

worldwide (2), which is a tumor with poor prognosis and few treatment 
options (3). To date, surgery remains the best choice of treatment that 
could prolong survival for HCC patients. However, there is only 10–15% 
incidence that is suitable for exairesis at diagnosis, leading to catastrophic 
outcomes for inoperable HCC. In addition to surgery, one key approach 
to control HCC is chemoprevention, in which process one or more non-
toxic naturally occurring or synthetic agents were administrated and dis-
ease may be prevented, improved or reversed substantially. In this regard, 
naturally occurring triterpenoids are receiving more and more attention 
because of their promising ef�cacy in various cancer models.

As a natural triterpenoid, oleanolic acid (OA) is an aglycone of 
many saponins. OA exists extensively in food products (vegetable 
oils) and is a constituent of the leaves and roots of Olea europaea, 
Viscum album L., Aralia chinensis l. and other more than 120 plant 
species. OA exhibits various biological properties, including anti-
in�ammatory, antidiabetic and hepatoprotective effects. After absorp-
tion, OA is mainly distributed and transformed in the liver. It has been 
shown that OA protects mice from various hepatotoxicants such as 
carbon tetrachloride, acetaminophen, bromobenzene and thioaceta-
mide (4–6). Indeed, OA has been used in Chinese medicine for the 
treatment of liver disorders for over two decades, such as viral hepati-
tis. In recent years, accumulating evidence has shown that OA exhibits 
potent antitumor activity against many tumor cell lines. However, the 
effects of OA on tumor growth have not been investigated in detail, 
and the underlying mechanisms responsible for antitumor effect of 
OA are still far from completely known.

The purpose of this study was to (i) determine the effect of OA 
on transplanted tumor growth in mice and HepG2 cell proliferation, 
(ii) study the effect of OA on apoptosis and cell cycle progression 
in tumors and cells and (iii) elucidate the molecular mechanisms of 
OA-induced apoptosis and cell cycle arrest.

Materials and methods

Chemicals and reagents

p53, p21, peroxisome proliferator-activated receptor γ (PPARγ), hormone-sensi-
tive lipase (HSL), cytochrome c (cyto c), cyclic adenosine 3′,5′-monophosphate 
response element-binding protein (CREB)-1 and β-actin antibodies were pur-
chased from Santa Cruz Biotechnology. Extracellular signal–regulated kinase 
(ERK) and P-ERK antibodies were purchased from Bioworld Technology. 
P-Akt, P-mammalian target of rapamycin (mTOR) and COX-2 antibodies were 
purchased from Epitomics. Poly (ADP-ribose) polymerase (PARP) antibody, 
Hoechst, rhodamine 123 (Rho123) and adenosine triphosphate (ATP) assay 
kit were purchased from Beyotime Institute of Biotechnology. Glycerol assay 
kit was obtained from Applygen Technology. Free fatty acids (FFAs) enzyme-
linked immunosorbent assay kit was obtained from CUSABIO BIOTECH. 
CellROX Deep Red reagent, MitoSOX and BODIPY were purchased from 
Invitrogen. Rosiglitazone (RSG), the inhibitors and most of the chemicals and 
reagents used in this study were procured from Sigma.

Animal model

All animal experiments were performed according to the procedures approved 
by Fourth Military Medical University Animal Care and Use Committee. 
Approximately, 45 male BALB/c mice were purchased from the experimental 
animal center of Fourth Military Medical University. About 0.2 ml HepG2 
cells (1 × 107/ml) of exponential growth phase were injected subcutaneously 
into right front axilla of mice. Ten days later, the implanted tumors were 
large enough to measure tumor volumes. Mice were randomly divided into 
three groups: control, low dose of OA (LOA) and high dose of OA (HOA). 
In OA-treating groups, mice were administered with 75 or 150 mg/kg/day OA 
(intraperitoneal), respectively, for 3 weeks. In control group, mice were offered 
with vehicle (2% Tween 80 in sterile saline, intraperitoneal). Mice were killed 
at the end of the treatment. Tumors tissues were �xed in 75% ethanol and 
�ltered by 500 mesh to get the single cell suspension for �ow cytometry 
analysis. Part of tumor tissues was also frozen in liquid nitrogen for western 
blot and reverse transcriptase–polymerase chain reaction (RT–PCR) analysis.

Abbreviations:  ATP, adenosine triphosphate; COX, cyclooxygenase; CREB, 
cyclic adenosine 3′,5′-monophosphate response element-binding protein; cyto 
c, cytochrome c; ERK, extracellular signal–regulated kinases; FAO, fatty acid 
oxidation; FFAs, free fatty acids; HCC, hepatocellular carcinoma; HOA, high 
dose of OA; HSL, hormone-sensitive lipase; LOA, low dose of OA; MitoQ, 
MitoQuinone; mRNA, messenger RNA; mTOR, mammalian target of rapa-
mycin; OA, oleanolic acid; PARP, poly (ADP-ribose) polymerase; PBS, 
phosphate-buffered saline; PFT-α, pi�thrin-α; PGC-1α, PPAR γ coactivator 
α; PI, propidium iodide; PPARγ, peroxisome proliferator-activated receptor 
γ; Rho123, rhodamine 123; ROS, reactive oxygen species; RT–PCR, reverse 
transcriptase–polymerase chain reaction.
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Cell culture and treatment

The human hepatoma cell line HepG2 was purchased from Shanghai Cell 
Biology, Chinese Academy of Sciences. The cells were cultured in RPMI 1640 
supplemented with 10% fetal bovine serum (Gibco BRL, Rockville, MD). 
The experiments were conducted using serum-free RPMI 1640. Cells were 
seeded in 6-well plates or 96-well plates. After growing into con�uence, cells 
were exposed to indicated concentrations of OA in the presence or absence of 
indicated inhibitors for certain hours. At the end, cells were harvested for the 
detection of RT–PCR, western blots and other analyses.

Flow cytometric analysis

Apoptosis in transplanted tumor was assessed by cell cycle analysis using 
�ow cytometry. At the end of animal experiment, tumors tissues were �xed 
in 75% ethanol and �ltered by 500 mesh to get the single cell suspension 
for �ow cytometry analysis of apoptosis. Cells were harvested and re-sus-
pended in a hypotonic �uorescent solution (50 mg/ml propidium iodide [PI] 
and 0.1% Triton X-100 in 0.1% sodium citrate buffer) for 1 h, at 4°C in the 
dark. The cell cycle was analyzed by �ow cytometry (FL-2) to determine the 
sub-G0/G1 DNA content and cell cycle distribution. Subdiploid populations 
were considered to be apoptotic. Cellquest software was used to conduct 
data acquisition and analysis. The results were expressed as percentage of 
the DNA that was fragmented.

For the detection of apoptosis of cultured cells, annexin V/PI staining 
(Roche) was conducted. About 20  μl of �uorescein isothiocyanate (FITC)-
labeled annexin V was mixed with 1 ml binding buffer. Then, 20 μl of PI solu-
tion was added into the buffer. Cells were incubated in the mixture at room 
temperature for 10 min. Then, the FITC/PI �uorescence was observed under 
confocal laser scanning microscopy (Olympus).

Analysis of cell viability

Cell viability was measured using 3-(4,5-dimethylthiazole-2-yl)-2,5-diphe-
nyl tetrazolium bromide assay. Brie�y, cells were seeded in 96-well plates. 
After growing into 50~60% con�uence, cells were exposed to various con-
centrations of OA for certain hours, then the supernatant was discarded and 
cells were rinsed with phosphate-buffered saline (PBS). Then, the cells were 
treated with 0.5 mg/ml 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl tetrazo-
lium bromide (dissolved in PBS and �ltered through a 0.2 mm membrane) 
at 37°C. Four hours later, the formazan crystals were dissolved in dimethyl 
sulfoxide, and the absorption values were determined at 492 nm on an auto-
mated Bio-Rad 550 microtiter plate reader.

RT–PCR

Brie�y, liver and cell messenger RNA (mRNA) were isolated using trizol 
reagent (Invitrogen). For RT–PCR, primers for indicated genes and β-actin 
were designed with the aid of Clone Manager software. The RT–PCR reac-
tion used a template complementary DNA followed by PCR ampli�cation 
with Taq DNA polymerase in the same tube. And then, PCR products were 
analyzed by 1.5% agarose gel electrophoresis, stained with ethidium bro-
mide and then photographed under ultraviolet light. The quantity of each 
transcript was calculated according to the instrument manual and normal-
ized to the amount of β-actin. The sequences of each primer used in this 
study were shown in Supplementary Table 1, available at Carcinogenesis 
Online.

Western blot

Brie�y, protein extractions were separated by using sodium dodecyl sul-
fate–polyacrylamide gel electrophoresis on 10% polyacrylamide gels and 
transferred to nitrocellulose membranes (Millipore, Billerica, MA). After 
blocking for 1 h with 8% skimmed milk in Tris-buffered saline (10 mM Tris, 
150 mM NaCl), the membrane was incubated with indicated primary anti-
bodies overnight at 4°C. After the membrane was washed four times for 
15 min each with Tris-buffered saline and Tween-20 buffer (10 mM Tris, 
150 mM NaCl and 0.1% Tween-20), it was incubated in the appropriate 
horseradish peroxidase-conjugated secondary antibody (diluted 1:5000 in 
Tris-buffered saline and Tween-20) at 37°C for 30 min. The protein bands 
were visualized using chemiluminescent reagents according to the manu-
facturer’s instructions and quanti�ed using an image analyzer Quantity 
One System (Bio-Rad, Richmond, CA). The protein quanti�cations were 
adjusted for the corresponding β-actin or tubulin α level.

Immuno�uorescence

For immuno�uorescence histochemistry, cells were �xed in a freshly prepared 
solution of 4% paraformaldehyde, rinsed and permeabilized with 0.1% Triton 
X-100 in PBS. Non-speci�c binding was blocked and cells were incubated 
overnight at 4°C with speci�c antibodies and then incubated with FITC or Cy3-
conjugated antibodies. Hoechst was used to label nuclear DNA. Specimens 
were examined with a confocal microscopy (Olympus).

Determination of caspase activity

The activities of caspase-9 and -3 were assessed using commercial assay 
kits (Beyotime Institute of Biotechnology) according to the manufacturer’s 
instructions.

Determination of mitochondrial superoxide anion

HepG2 cells were incubated with 40  μM OA for 16 h in the presence or 
absence of MitoQuinone (MitoQ; 10 μM) and rotenone (10 μM). At the end, 
cells were incubated with Hoechst and MitoSOX (500 nM) for 30 min at 37°C 
and then observed under a confocal microscopy (Olympus).

Determination of reactive oxygen species

HepG2 cells were incubated with 40 μM OA for 16 h in the presence or absence 
of MitoQ (10 μM) and rotenone (10 μM). At the end, cells were incubated with 
CellROX Deep Red reagent (a probe for reactive oxygen species [ROS], 5 μM) 
for 30 min at 37°C and then observed under a confocal microscopy (Olympus).

Mitochondrial membrane potential

Mitochondrial membrane potential was assessed by the retention of Rho123, 
a speci�c �uorescent cationic dye that is readily sequestered by active mito-
chondria, depending on their transmembrane potential. In brief, HepG2 cells 
were incubated with 40 μM OA for 16 h in the presence or absence of MitoQ. 
At the end, cells were incubated with Hoechst and Rho123 (10 μM) for 30 min 
at 37°C. Then, sections were examined with a laser scanning confocal micros-
copy (Olympus).

ATP determination

For ATP measurement, a commercially available �re�y luciferase assay kit 
(Beyotime Institute of Biotechnology) was used. Brie�y, HepG2 cells were 
incubated with 40 μM OA for indicated hours. After a single wash with ice-
cold PBS, cells were lysed with the ATP-releasing reagent provided by the 
kit. Then, luciferin substrate and luciferase enzyme were added and biolumi-
nescence was assessed by a spectro�urometer. The level of cellular ATP was 
converted to percentage of control.

Determination of lipolysis

Oil red O staining. HepG2 cells were treated with 40 μM OA for indicated 
hours, and then �xed with 4% paraformaldehyde for 15 min, rinsed with water 
followed by 70% ethanol and stained with oil red O solution (6 parts of satu-
rated oil red O dye in isopropanol with 4 parts of water) for 15 min. Excess 
stain was removed by washing with 70% ethanol. The stained cells were �nally 
washed with water. Then, cells were incubated with 4% Nonidet P-40 in iso-
propanol for 5 min to dissolve stained oil droplets. The absorbance of the dye–
triglyceride complex was measured at 520 nm.

BODIPY staining. HepG2 cells were treated with 40 μM OA for 16 h and 
incubated with Hoechst and BODIPY (a neutral lipid probe, 3.5 ng/ml) for 
30 min at 37°C and then observed under a confocal microscopy (Olympus).

Determination of products of lipolysis. HepG2 cells were treated with 
40 μM OA for indicated hours. At the end, extracellular and intracellular glyc-
erol and FFAs were detected according to the manufacturer’s instructions.

Statistical analysis

All experiments were performed at least three times, and results were expressed 
as the means ± SD. The results were analyzed by one-way analysis of variance 
followed by a SNK-q test for multiple comparisons. All analyses were per-
formed using the Statistical Package for the Social Sciences software. Data 
were considered statistically signi�cant for P < 0.05. More speci�c indices of 
statistical signi�cance were indicated in individual �gure legends.

Results

OA inhibits tumor growth and cell proliferation and induces mito-
chondrial-dependent apoptosis in vivo and in vitro

The effect of OA on transplanted tumor growth in mice was examined. 
As shown in Table I, after the administration of OA, tumor volumes 
and weights were reduced signi�cantly. The tumor inhibitory ratio 
in LOA and HOA groups was 31.72% and 57.24%, respectively. In 
HepG2 cells, low concentration of OA (20 μM) showed a protective 
effect on cell viability (Supplementary Figure  1A–C, available 
at Carcinogenesis Online). When the concentration of OA was 
higher than 40 μM, cell viability treated by OA for 4 and 24 h was 
evidently decreased (Supplementary Figure  1A–C, available at 
Carcinogenesis Online). About 40  μM OA decreased cell viability 
to 46.5% of control at 24 h (Supplementary Figure 1A–C, available 
at Carcinogenesis Online). In the following cell experiments, the 
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Oleanolic acid inhibits hepatocellular carcinoma

concentration of 40 μM OA was chosen. Supplementary Figure 1D, 
available at Carcinogenesis Online, showed that OA-treated cells 
shrinked and departed from the plates as the incubation prolonged. 
It is interesting to note that under the concentration used to induce 
apoptosis in HepG2 cells, OA did not affect the cell viability of QZG 
cells, a human normal hepatocyte cell line (Supplementary Figure 2, 
available at Carcinogenesis Online). The results indicated that the 
toxic effect of OA was cell-type speci�c.

Programmed cell death (apoptosis) is a key mechanism by which 
antitumor drugs kill tumor cells. Next, we detected the effect of OA 
on apoptosis in tumors and HepG2 cells. As shown in Figure  1A, 
apoptosis in transplanted tumor was assessed by cell cycle analysis 
of sub-G0/G1 DNA content. The administration of OA signi�cantly 
increased the percentage of sub-G0/G1 cells. In HOA group, the per-
centage of apoptotic cells increased to over 20% of total cell popu-
lation (Figure  1A). In HepG2 cells, OA also induced remarkable 
apoptosis. Cells treated by OA for 16 h were mainly at early phase 
of apoptosis, evidenced by high staining of annexin V and low stain-
ing of PI (Figure 1B). Twenty-four hours after the treatment of OA, 
cells were at end phase of apoptosis, re�ected by high staining of both 
annexin V and PI (Figure 1B).

Mitochondria plays a crucial role in the complex process of apop-
tosis by releasing several important pro-apoptotic molecules into 
the cytoplasm (7). Next, we detected the effect of OA on mitochon-
drial apoptotic pathway. In Supplementary Figure  3A, available at 
Carcinogenesis Online, we showed that OA decreased Rho123 
�uorescence, con�rming the collapse of mitochondrial membrane 
potential and the occurrence of mitochondrial dysfunction. The 
expression of Bcl-2 family, such as Bax and Bcl-2, was examined by 
RT–PCR. In tumors, Bax mRNA expression was upregulated by OA 
(Figure 1C). In HepG2 cells, OA also induced the mRNA expression 
of Bax after 8 and 16 h incubation (Figure 1C). In both tumors and 
cells, the Bcl-2 mRNA expression was inhibited by OA (Figure 1C). 
Figure  1D showed that the administration of OA increased cyto-
solic cyto c expression. OA also increased cyto c expression and 
release in HepG2 cells, re�ected by enhanced �uorescence intensity 
(Figure  1E). In tumors, OA administration signi�cantly increased 
caspase-9 and -3 activities (Figure 1G and I). In HepG2 cells treated 
by OA for 8 and 16 h, caspase-9 and -3 activities were also upregu-
lated (Figure 1H and J). Moreover, proteolytic cleavage of PARP in 
tumors and HepG2 cells was determined by western blot. As shown 
in Figure 1K and L, OA increased the expression of cleaved PARP 
both in tumors and cells. Apoptosis is a distinct form of cell death, 
which requires energy. Zamaraeva et al. (8) showed that in response 
to apoptotic stimuli, the high level of cytosolic ATP was accompanied 
by activation of caspase-3 and internucleosomal DNA fragmentation. 
ATP level is a requisite to the apoptotic cell death process (8) and 
determines cell death fate by apoptosis or necrosis (9). Especially for 
mitochondrial apoptotic pathways, intracellular ATP is required (10). 
In this study, we showed that, 8 and 16 h after the incubation of cells 
with OA, ATP content was signi�cantly increased (Supplementary 
Figure  3B, available at Carcinogenesis Online). In addition, Akt/
mTOR pathway was examined. OA inhibited the phosphorylation 
of both Akt and mTOR in tumors (Figure  1M) and HepG2 cells 
(Figure 1N). These results demonstrated that OA inhibited tumor and 
cell growth and induced apoptosis through mitochondrial pathway in 
vivo and in vitro.

OA activates p53 and promotes mitochondrial fatty acid oxidation-
induced ROS generation

ROS generation is a main cause of mitochondrial apoptosis. In order 
to detect whether ROS generation played a role in OA-activated mito-
chondrial apoptotic pathway, we measured intracellular and mito-
chondrial ROS using speci�c oxidation-sensitive probes. As shown 
in Supplementary Figure 4, available at Carcinogenesis Online, ROS 
in cells treated by OA for 16 h was increased, evidenced by higher 
�uorescence. More speci�cally, MitoSOX, a speci�c probe for mito-
chondrial superoxide anion, was used to detect mitochondrial ROS 
generation. In Figure 2A, we showed that OA treatment signi�cantly 
increased MitoSOX staining.

Our previous studies found that OA regulated lipid metabolism and 
promoted lipolysis. In order to determine the role of lipid metabolism 
in OA-induced apoptosis, we examined lipolysis in OA-treated cells. 
As shown in Figure  2B, oil red O staining of HepG2 cells treated 
by OA were decreased in a time-dependent manner. In addition, OA 
decreased �uorescence intensity of BODIPY, a neutral lipid probe, 
further con�rming the lipolysis-inducing effect of OA (Figure 2C). 
Moreover, we detected the content of products of lipolysis. As shown 
in Figure 2D, E and G, intracellular glycerol and FFAs and extracellu-
lar glycerol content were increased by OA. However, FFAs in medium 
was decreased after OA treatment (Figure 2F), indicating that FFAs 
preferentially participated in oxidation metabolism in cells, leading to 
the reduction of release to medium.

Under most conditions, elevation of FFAs contributes to ROS gen-
eration through mitochondrial fatty acid β-oxidation (FAO). In this 
study, we further investigated the role of FFAs in mitochondrial ROS 
generation and dysfunction. Carnitine palmitoyltransferase I  cata-
lyzes the transfer of FFAs from CoA to carnitine, allowing the initial 
transport of FFAs into mitochondria for β-oxidation. Overexpression 
of PPAR γ coactivator 1  α (PGC-1α) increases fatty acid oxida-
tive capacity through regulating genes responsible for modulating 
lipid metabolism (11). As shown in Figure 2H and I, in tumors and 
cells treated by OA for 16 h, PGC-1α and carnitine palmitoyltrans-
ferase I  mRNA expressions were elevated, indicating the enhance-
ment of FAO. As shown in Supplementary Figure  4, available at 
Carcinogenesis Online, and Figure  2A, MitoQ (a mitochondrial-
targeted antioxidant) and rotenone (an inhibitor of mitochondrial 
complex I) signi�cantly inhibited OA-induced intracellular and mito-
chondrial ROS generation. Moreover, MitoQ and rotenone inhibited 
OA-induced cell apoptosis (Supplementary Figure  5, available at 
Carcinogenesis Online), further con�rming that ROS generated by 
FAO was involved in OA-activated apoptotic cell death.

Then, we explored the mechanism of OA-induced lipolysis. HSL 
is one of the key enzymes responsible for lipolysis through hydrolyz-
ing intracellular triacylglycerol and diacylglycerol (12). As shown in 
Figure 2J, OA increased the expression of HSL, evidenced by increased 
�uorescence under confocal microscopy. CREB is involved in lipid 
metabolism through regulating PPAR γ. In this study, in tumors and 
cells treated by OA for 8 and 16 h, CREB-1 expression was increased 
evidently (Figure  2K and L). In addition, PPAR γ expression was 
inhibited by OA both in tumors and cells (Figure  2K and L). The 
PPAR γ agonist, RSG, was used to study the role of inhibitory effect 
of PPAR γ on OA-induced apoptosis. Supplementary Figure 5, avail-
able at Carcinogenesis Online, showed that RSG signi�cantly inhib-
ited OA-induced annexin V/PI staining, indicating that inhibition of 

Table I. Effects of OA on the growth of transplanted tumor in mice 

Group n Body weight (g) Tumor volume (mm3) Tumor weight (g) Antitumor ratio (%)

Before OA administration Before killing

Control 10 30.25 ± 1.22 205.47 ± 26.32 269.36 ± 52.65 1.45 ± 0.039 —
LOA 10 27.62 ± 3.05 208.49 ± 38.19 187.46 ± 43.78* 0.99 ± 0.058* 31.72
HOA 10 23.48 ± 1.59* 206.16 ± 25.79 115.31 ± 22.61* 0.62 ± 0.064* 57.24

*P < 0.05, compared with control. 
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PPAR γ was involved in OA-induced apoptotic cell death. As a kind of 
fatty acid metabolites, COX is implicated in essential aspects of cel-
lular signaling especially the induction of apoptosis (13). In this study, 
COX-2 was elevated in OA-treated tumors and in cells incubated with 
OA for 8 and 16 h (Figure 2K and L). NS398, an inhibitor of COX-2 
activity, signi�cantly prevented annexin V/PI staining induced by 
OA, con�rming the involvement of COX-2 in OA-induced apoptosis 
(Supplementary Figure 5, available at Carcinogenesis Online).

The p53 tumor suppressor protein is a key player in the cellular 
defense against tumor growth (14). In this study, we further 
determined the expression of p53. As shown in Figure 2K and L, p53 
protein was elevated in OA-treated tumors and in cells incubated with 
OA for 8 and 16 h. In addition, pi�thrin-α (PFT-α), an inhibitor of 
p53 activity, remarkably inhibited OA-induced CREB-1 and COX-2 

expression, implicating that p53 was responsible for OA-induced 
activation of CREB-1 and COX-2 signaling. Furthermore, PFT-α 
inhibited OA-induced apoptosis, evidenced by decreased �uorescence 
of annexin V/PI (Supplementary Figure 5, available at Carcinogenesis 
Online).

OA induces G2/M cell cycle arrest in transplanted tumor in mice 
and HepG2 cell in vitro

Cell cycle arrest plays an important role in the inhibition of proliferation. 
Next, we investigated the effects of OA on cell cycle distribution. The 
proportions of cells in different phases of cell cycle in tumors and cells 
treated by OA for 16 and 24 h were analyzed by the incorporation of PI. 
The results revealed that OA induced a signi�cant increase in the number 
of cells within the G2/M phase (Figure 3A and B). mRNA expression of 

Fig. 1. The effect of OA on apoptosis in transplanted tumor in mice and HepG2 cells in vitro. (A) After transplantation of tumor cells, mice were administrated 
with OA for 3 weeks. At the end, tumors were collected and apoptosis was evaluated by cell cycle analysis. Percentage of sub-G0/G1 DNA content was shown. 
(B) HepG2 cells were treated with 40 μM OA for indicated hours. Annexin V FITC/PI double staining was conducted to observe the effect of OA on apoptosis 
in vitro. Representative images were shown. (C and D) Effect of OA on Bax and Bcl-2 mRNA expression in tumors and HepG2 cells was evaluated by RT–PCR. 
(E) Effect of OA on cyto c release in tumors was measured by western blot analysis of cytosolic protein. Representative blots were shown. (F) Effect of OA 
on cyto c release in HepG2 cells was measured by immuno�uorescence using confocal microscopy. Representative images were shown. (G–J) Effect of OA 
on caspase 9 and -3 activities in tumors and HepG2 cells was determined by commercial kits. Results were expressed as means ± SD. (K–N) Effect of OA on 
proteolytic cleavage of PARP and phosphorylation of Akt and mTOR in tumors and HepG2 cells was determined by western blot. Representative blots were 
shown. *P < 0.05, compared with control.

1326

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/c
a
rc

in
/a

rtic
le

/3
4
/6

/1
3
2
3
/2

4
6
3
1
8
6
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u
s
tic

e
 u

s
e
r o

n
 1

7
 A

u
g
u
s
t 2

0
2
2

http://carcin.oxfordjournals.org/lookup/suppl/doi:10.1093/carcin/bgt058/-/DC1
http://carcin.oxfordjournals.org/lookup/suppl/doi:10.1093/carcin/bgt058/-/DC1


Oleanolic acid inhibits hepatocellular carcinoma

cdc2 and cyclin B1, two important G2/M phase transition checkpoints, 
was decreased by OA both in mice and in cells (Figure  3C and D). 
Moreover, in tumors and cells treated by OA for 8 and 16 h, the expression 
of p21 was elevated (Figure 3E and F), which was known to control the 
entry of cells at the G2/M phase transition checkpoint. In the presence 
of PFT-α, the upregulation of p21 induced by OA was signi�cantly 
inhibited (Figure 3G). Furthermore, PFT-α inhibited OA-induced G2/M 
cell cycle arrest, evidenced by decrease of G2/M phase cell population 
(Supplementary Figure 6, available at Carcinogenesis Online), indicating 
an important role of p53 in OA-induced cell cycle arrest via activating 
p21. In addition, as NS398 inhibited G2/M cell population induced by 
OA (Supplementary Figure  6, available at Carcinogenesis Online), 
COX-2 was also involved in OA-induced cell cycle arrest.

ERK–p53 signaling is responsible for OA-induced apoptosis and 
cell cycle arrest

Accumulating evidences indicate that activation of mitogen-activated 
protein kinases is associated with cell cycle arrest and apoptosis induc-
tion. Our previous studies have shown that ERK phosphorylation was 
involved in several effects of OA. In this study, in tumors, ERK phos-
phorylation was increased by OA (Figure 4A). In HepG2 cells, OA 
also induced a transient increase of ERK phosphorylation (Figure 4B). 
U0126, an inhibitor of MEK/ERK signaling, signi�cantly inhibited 
OA-induced p53 expression in HepG2 cells (Figure 4C). Moreover, 
U0126 also inhibited apoptosis (Supplementary Figure 5, available at 

Carcinogenesis Online) and cell cycle arrest (Supplementary Figure 6, 
available at Carcinogenesis Online) induced by OA, indicating a key 
role of ERK in the initiation of cascades responsible for OA-exerted 
inhibitory effect on tumor growth and cell proliferation.

Discussion

Accumulating evidence shows that OA (15–17) and its derivatives 
(18–20) exhibit inhibitory effect on tumor growth in vivo and induce 
apoptosis in various tumor cells. However, the mechanism of antitu-
mor effect of OA is still largely unknown. In this study, we investi-
gated the inhibitory effect of OA on transplanted tumor in mice and 
HepG2 cell proliferation and elucidated the possible mechanisms.

The results showed that OA inhibited tumor growth in mice and 
HepG2 cell proliferation. Both in tumors and cells, OA induced apoptosis 
involving increase of Bax, decrease of Bcl-2, release of mitochondrial 
cyto c into the cytosol and subsequent activation of caspase-9 and -3, 
followed by cleavage of PARP, which was consistent with previous 
�ndings of antitumor effect of OA in other cells (21). In accordance with 
the results of OA derivatives (22), the inhibition of Akt/mTOR pathway 
was involved in OA-exhibited inhibitory effect on cell growth. It is 
established that lipolysis is associated with apoptosis (23). FAO products 
could induce signal transduction pathways involved in apoptosis (13) 
and FFAs could induce apoptosis in pancreatic β cells (24), hepatocytes 
(25), granulosa cells (26) and brain tumors (27). In addition, oxidation of 

Fig. 2. The effect of OA on lipolysis and mitochondrial fatty acid oxidation in transplanted tumor in mice and HepG2 cells in vitro. (A) HepG2 cells 
were incubated with 40 μM OA for 16 h in the presence or absence of MitoQ (a mitochondrial-targeted antioxidant, 500 nM) and rotenone (an inhibitor of 
mitochondrial complex I, 10 μM). At the end, cells were incubated with Hoechst and MitoSOX (a speci�c probe for mitochondrial superoxide anion, 500 nM) 
for 30 min at 37°C and then observed under a confocal microscopy. Representative images were shown. (B) HepG2 cells were treated with 40 μM OA for 
indicated hours. Neutral lipid content was assayed by oil red O staining. Results were expressed as folds of control. (C) HepG2 cells were treated with 40 μM 
OA for 16 h and incubated with Hoechst and BODIPY (a neutral lipid probe, 3.5 ng/ml) for 30 min at 37°C and then observed under a confocal microscopy. 
Representative images were shown. (D–G) HepG2 cells were treated with 40 μM OA for indicated hours. At the end, extracellular and intracellular glycerol and 
FFAs were detected, respectively. Results were expressed as folds of control. (H and I) Effect of OA on PGC-1α and carnitine palmitoyltransferase I mRNA 
expression in tumors and HepG2 cells was evaluated by RT–PCR. (J) HepG2 cells were treated with 40 μM OA for 16 h and HSL expression was evaluated by 
immuno�uorescence. (K and L) Effect of OA on protein expression of p53, COX-2, CREB-1 and PPARγ in tumors and HepG2 cells was determined by western 
blot. (M) HepG2 cells were treated with 40 μM OA for 16 h in the presence or absence of PFT-α, an inhibitor of p53, and then protein expression of COX-2 and 
CREB-1 was measured by western blot. Representative blots were shown. *P < 0.05, compared with control.
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FFAs is the main source of mitochondrial ROS production (28). OA was 
reported to arrest cell cycle and induce apoptosis via ROS generation 
in human pancreatic cancer cells (29). Gao et  al. (30) reported that 
ROS was involved in CDDO-Me (an oleanane synthetic triterpenoid)-
mediated growth inhibition and apoptosis in colorectal cancer cells. In 
this study, the activation of mitochondrial apoptotic pathway may be due 
to elevated ROS level, generated by FAO resulted from enhancement 
of lipolysis induced by OA because speci�c antioxidant and inhibition 
of mitochondrial FAO could inhibit OA-induced ROS generation and 
apoptosis.

In addition, upregulation of HSL, a rate-limiting enzyme of 
lipolysis, and downregulation of PPARγ, an important transcription 
factor responsible for adipogenesis and lipid accumulation, may be 
involved in the regulation of lipid metabolism by OA. The apoptosis-
inhibitory effect of RSG further indicated the involvement of lipolysis 
in OA-induced apoptosis. CREB is involved in lipolysis, which is 
known to be stimulated by cyclic adenosine 3′,5′-monophosphate 
pathway (31). Mice exhibiting lower expression of CREB display 
higher liver triglyceride content than wild-type littermates (32). It is 
also reported that CREB controls hepatic lipid metabolism through 
PPARγ (32) and activates FAO programs by stimulating expression of 
PGC-1α (33). In this study, activation of CREB was induced by OA, 
which may be involved in the increase of HSL and the inhibition of 
PPARγ, leading to accumulation of lipolysis products, and activation 
of FAO, resulting in mitochondrial ROS generation and dysfunction.

Furthermore, we also detected the effect of OA on cell cycle distri-
bution. Both in transplanted tumors and cells, OA induced G2/M cell 
cycle arrest. G2/M progression of cell cycle is driven by the matura-
tion promoting factor, a complex of cyclin B1/cdc2. p21 is reported 
to control the entry of cells at the G2/M phase transition checkpoint 
through inhibiting cyclin B1/cdc2. p21-mediated inhibition of cyclin 
B1/cdc2 may also play a role in OA-induced G2/M cell cycle arrest.

COX-2, a rate-limiting enzyme in prostaglandin synthesis, is 
paradoxically related to cancer cell growth. A number of evidence 
demonstrates that COX-2 and its product PGE2 are actors of can-
cer promotion and progression (34). However, recent evidence 
also suggests that COX-2 may be pro-apoptotic and is involved 
in the apoptotic effect of apoptosis inducers (35,36). Intracellular 
PGE2 induced an apoptotic cell death, which was dependent on 
the expression of the pro-apoptotic protein Bax (37). Moreover, 
overexpression of COX-2 could induce cell cycle arrest (38). 
Our results demonstrate that COX-2 activation is involved in 
OA-induced apoptosis and cell cycle arrest because inhibition of 
COX-2 could reduce OA-exerted annexin V and PI staining and 
G2/M cell accumulation.

p53 regulates cell cycle and apoptosis through transcriptional 
modulation of a myriad of genes, which have been shown to possess 
antitumorigenic functions. For example, p53 induces apoptosis 
through promoting the transcription of pro-apoptotic genes such 
as Bax, release of cyto c and the activation of pro-caspase-3 and 

Fig. 3. The effect of OA on cell cycle progression in transplanted tumor in mice and HepG2 cells in vitro. (A and B) Effect of OA on cell cycle distribution in 
tumors and HepG2 cells was determined by �ow cytometric analysis. Results were expressed as percentage of cell population. (C and D) Effect of OA on mRNA 
expression of cdc2 and cyclin B1 was measured by RT–PCR. (E and F) Effect of OA on protein expression of p21 was measured by western blot. (G) HepG2 
cells were treated with 40 μM OA for 16 h in the presence or absence of PFT-α, an inhibitor of p53, and then protein expression of p21 was measured by western 
blot. Representative blots were shown. *P < 0.05, compared with control.
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repressing the transcription of antiapoptotic Bcl-2 (39,40). p53 is 
also shown to induce G2/M arrest via p21-mediated downregulation 
of cyclin B1/cdc2 (41). In this study, OA increased p53 expression 
and inhibition of p53 suppressed OA-induced CREB-1, COX-2 and 
p21 expression, indicating a pivotal role of p53 in the upstream of 
OA-exerted apoptotic cascades, leading to both apoptosis and cell 
cycle arrest. As a signaling molecule for survival and differentiation 
pathway, ERK has recently been identi�ed to be involved in 
apoptosis (42) and PARP signaling (43). In human adipocytes, 
tumor necrosis factor-α stimulates lipolysis through activation 
of MEK/ERK and subsequent activation of cyclic adenosine 
3′,5′-monophosphate signaling (44). In resveratrol-induced ovarian 
cancer cell apoptosis, activation of ERK is responsible for the 
upregulation of COX-2 (35). In this study, OA activated ERK and 
inhibition of ERK blocked OA-induced p53 expression and thus 
apoptosis and cell cycle arrest.

In conclusion, this study has found that OA exhibits inhibitory 
effect on HCC through inducing apoptosis and cell cycle arrest 
both in transplanted tumors and in HepG2 cells. OA induces 
mitochondrial-dependent apoptosis through FAO-mediated 
mitochondrial dysfunction via regulation of lipolysis by CREB 
(Figure 4D). OA induces cell cycle arrest through p21-mediated 
downregulation of cyclin B1/cdc2 (Figure  4D). COX-2 and p53 
are involved in OA-exerted effect, and ERK–p53 signaling plays 
a central role in OA-activated cascades responsible for apoptosis 
and cell cycle arrest (Figure 4D). Taken together, these data pro-
vide new insights into the mechanisms underlying the antitumor 
effect of OA and the cell-type-specific toxic effect of OA gives it 
superiority in becoming a promising pharmacological agent for 
treating cancer.

Supplementary material

Supplementary Table 1 and Figures 1–6 can be found at http://carcin.
oxfordjournals.org/
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