
Type of the Paper Article 

Oleanolic Acid Induces p53 Dependent Apoptosis via 
the ERK/JNK/AKT Pathway in Cancer Cell Lines 
Gyeong-Ji Kim1, Hyeon-Ju Jo2, Kang-Hyun Chung2, Kwon-Jai Lee3, and Jeung Hee An1,* 

1Division of Food Bioscience, Konkuk University, Chunju 27478, Korea; E-mail: kgj8495@hanmail.net (G.-J.K); 
anjhee@hanmail.net (J.H.A) 

2Department of Food Science and Technology, Seoul National University of Science & Technology, Seoul 
139-743, Korea; E-mail: pomrin@hanmail.net (H.-J.J); carl@seoultech.ac.kr (K.H.J) 

3Department of Advanced Materials Engineering, Daejeon University, Daejeon 300-716, Korea; E-mail: 
jmul@ssu.ac.kr 

* Correspondence: anjhee@hanmail.net; Tel.: +82-43-840-3584 

Abstract: We evaluated oleanolic acid (OA)-induced anti-cancer activity, apoptotic mechanism, cell 
cycle status, and MAPK kinase signaling in DU145 (prostate cancer), MCF-7 (breast cancer), and 
U87 (human glioblastoma) cells. The IC50 values for OA-induced cytotoxicity were 112.57 in 
DU145, 132.29 in MCF-7, and 163.60 in U87 cells, respectively. OA (at 100 µg/mL) increased the 
number of apoptotic cells to 27.0% in DU145, 27.0% in MCF-7, and 15.7% in U87 cells, when 
compared to control cells. This enhanced apoptosis was due to increases in p53, cytochrome c, and 
Bax expression. OA-treated DU145 cells were arrested in G2 because of the activation of p-ERK and 
p21, and the decrease in cyclin B1 and cyclin E expression. Furthermore, OA-treated MCF-7 cells 
were arrested in G1 owing to the activation of p-JNK, p-ERK, p21, and p27, and the decrease in 
p-AKT, cyclin E, and CDK2. U87 cells also exhibited G1 phase arrest caused by the increase in 
p-ERK, p-JNK, p21, and p27, and the decrease in CDK2. Thus, OA arrests the cell cycle in different 
phases, and increases apoptosis in cancer cells. These results suggest that OA may alter the 
expression of cell cycle regulatory proteins in a cancer type-dependent manner. 
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1. Introduction 

Cancer represents one of the major health problems [1]. In 2008, approximately 12.7 million 
cancers were reported worldwide, and this number is estimated to increase to 21 million in 2030 [2]. 
According to the National Cancer Information Center of Korea, cancer is more common in males 
compared to females [3]. In 2014, the cancer incidence in Korea was highest for thyroid cancer, 
followed by stomach, colon, breast, lung, and prostate cancers [3]. Chemotherapy is effective 
against most cancer types, but drug resistance limits the success of treatment in most cases, while the 
inability of the drug to distinguish between normal and cancerous cells hinders its applicability 
[4-5]. Thus, utmost attention is being given to the search for better and safer drugs of natural origin, 
which may raise the efficacy of cancer treatment [5]. 

Apoptosis, the process of programmed cell death, is the most common mechanism for inducing 
death in cancer cells using targeted chemotherapy [6]. It is a regulated process of cell death, which is 
activated by stressors such as DNA damage, cytokines, and oxidative stress [7]. The p53 tumor 
suppressor is activated by oncogene-or DNA damage- induced signaling pathways, and accelerate 
the transcription of several genes that are involved in apoptosis, proapoptotic members of the Bcl-2 
family and including those encoding for death receptors. [8]. Bax is an important proapoptotic 
member of the Bcl-2 family of proteins that regulates the balance between cellular survival and death 
[9]. In response to apoptosis signals, Bax is transformed into a fatal mitochondrial oligomer that 
causes mitochondrial damage; this represents an important step for the intrinsic apoptosis pathway 
[10, 11]. In addition, the p53-induced apoptosis induces the activation of caspases [8]. Caspase 
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activation primarily occurs through the activation of the death receptor pathway or through 
mitochondrial membrane depolarization [6]. 

The relationship between the cell cycle and apoptosis is underscored by the role of the p53 
tumor suppressor gene, and those of the p21WAF1/CIP1 and BAX genes, which induce cell cycle 
arrest and cell death [12]. Cell proliferation is mediated by several signaling molecules and 
checkpoints (CDKs) that regulate cell division [13]. The progression through the cell cycle is 
positively regulated by cyclin E and the cyclin-dependent kinase (CDK) complex, which 
phosphorylate the retinoblastoma tumor suppressor protein to induce the transition from the G1 to 
the S phase [10]. The p21WAF1/CIP1 and p27KIP1 kinase inhibitor proteins bind to the cyclin 
E/CDK2 complex and block the G1/S transition [14]. Besides these proteins, cyclin B1 plays a key role 
in the cell cycle transition from the G2 to M phase [15]. The decreased expression of cyclin B1 may 
disrupt cell growth, and promote malignant transcription [16]. 

Oleanolic acid (3-β-hydroxy-olea-12-en-28-oic acid, OA) is natural pentacyclic triterpenoic acid 
[17, 18]. OA has chemopreventive, including hepatoprotective, tumor-suppressive, 
anti-inflammatory, various biological effects, contraceptive, anti-oxidant, and antineoplastic 
activities [19 - 21]. Anti-cancer activity of OA has been demonstrated in several cancer cell lines, such 
as KB, HT29, MCF-7, HONE-1, Hep-G2 and HL-60 [20, 22]. Recently, several reports have shown 
that OA can induce G1 cell cycle arrest in the GBC-SD, NOZ, HCT15, and K562 cell lines [21, 23]. 
Moreover, it was reported that OA induces a concentration-dependent S phase and G2/M phase cell 
cycle arrest in Panc-28 and Hep-G2 cells [24, 25]. The inhibitory effects of OA are due to the 
suppression of specific intracellular signaling pathways, such as the STAT3, JNK, AKT, and 
NF-kappaB signaling pathways [26] These studies indicate that OA can be proposed as an adjunct to 
cancer chemotherapy.  

In this study, we investigated the cellular viability, apoptosis, and cell cycle in OA-treated 
DU145 (prostate cancer), MCF-7 (breast cancer), and U87 (human glioblastoma) cells. In addition, 
we examined the protein expression in relationship to apoptosis, cell cycle, and kinase signaling in 
these OA-treated cells. These results suggest that OA may alter the expression of cell cycle 
regulatory proteins in a cancer type-dependent manner. 

2. Materials and Methods  

 2.1 Cell culture and reagents  
Human prostate cancer (DU145), breast cancer (MCF-7), and glioblastoma cancer (U87) cell 

lines were purchased from the Korea Cell Line Bank (Seoul, Korea). U87 cells were grown in 
Dulbeccoe Korea Cell Line Bank (Seoul, Korea). DU145 and MCF-7 cells were grown in RPMI 1640 
culture medium (Welgene). DMEM and RPMI 1640 were supplemented with 10% fetal bovine 
serum (HyClone, Logan, UT), 100 U/mL penicillin, and 100 mg/mL streptomycin (GIBCO, Grand 
Island, NY, USA). Cancer cells were cultured as previously described [12]. Cells were seeded into 
96-well cell culture plates and allowed to grow for 24 h prior to treatment with oleanolic acid (Sigma, 
St. Louis, MO, USA). 
 
2.2 Cytotoxicity assays  

The effects of oleanolic acid on tumor cell proliferation were evaluated using the 3-(4,5 
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Genetrone, Seoul, Korea) analysis. 
 
2.3 Measurement of apoptosis 

Apoptotic cells were quantified using Annexin V-FITC/PI double staining, with an Annexin 
V-FITC apoptosis detection kit (BD Pharmingen, San Diego, CA, USA) according to the 
manufacturer’s instructions.  
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2.4 Cell cycle analysis 
Cells (5 × 104 cells/well in 6-well plates) were treated with OA for 24 h. After incubated, cells 

were harvested and washed once with ice cold phosphate-buffered saline (PBS), and fixed with 
ice-cold 70% ethanol at 4 °C. After removing the remaining PBS, cell pellets were suspended in 300 
µL propidium iodide (PI) solution (69 µM PI in 38 mM sodium citrate) and incubated at 37 °C for 45 
min in the dark. Cells were then analyzed using a flow cytometer (Becton Dickinson, CA, USA). The 
percentage of cell distribution was calculated using Cell Quest software. Specific inhibitors of 
PD98059 (PD) were purchased from Cell Signaling Technology (Beverly, MA, USA) and Calbiochem 
(San Diego, CA, USA). 
 
2.5 Western blot analysis 

Cells were lysed in ice-cold RIPA lysis buffer and 1 mM phenylmethylsulfonyl fluoride 
(protease inhibitor). The membranes were then incubated with primary antibodies including p53, 
p-AKT (Epitomics, Burlingame, CA, USA), cytochrome c, Bax, caspase-3, p-ERK, p-JNK, CDK2, p27, 
and β-actin (Cell Signaling Technology), p21, cyclin B1 (Santa Cruz Biotechnology, Santa Cruz, CA, 
USA) antibodies. Membranes were then incubated with a goat anti-rabbit IgG (H+L) HRP-conjugated 
secondary antibody (Zymax, San Francisco, CA, USA). The antigen-antibody complexes were 
visualized by enhanced chemiluminescence. Densitometric analysis of the signal was performed 
using a C-DiGit Blot Scanner (Li-COR Inc., Lincoln, NE, USA). Relative expression was quantified 
using Image J (NIH, Bethesda, Rockville, MD, USA) and compared to β-actin. 
 
2.6 Statistical analyses 

The statistical analysis was performed using SPSS 18.0 (SPSS Inc., Chicago, IL, USA). Averages 
and standard deviations were calculated and differences between groups were assessed using the 
analysis of variance method and Duncan’s multiple range test. A difference was considered 
significant if p < 0.05. 

 

3. Results 

 
3.1 Cytotoxic activity of OA in cancer cells 

To investigate the effects of OA on cell viability in cancer cells (DU145, MCF-7, and U87 cell 
lines), we treated the cells with 0, 25, 50, and 100 µg/mL OA for 24 h and assessed cell proliferation 
using the MTT assay (Table 1). The IC50 values, following OA treatment, were 112.56, 132.29, and 
163.60 µg/mL in the DU145, MCF-7, and U87 cell lines, respectively. OA presented an anti-tumor 
effect in cancer cells, we investigated the underlying molecular mechanism.  
 

Table 1. Cytotoxicity of Oleanolic acid (OA) in cancer cells (DU145, HeLa, U87, and MCF-7) as 
determined using the MTT assay. 

 DU145 MCF-7 U87 

IC50 (µg/mL) 112.57 132.29 163.60 

 
3.2 Proapoptotic activity of OA in cancer cells 

To determine whether the anti-cancer effects of OA were associated with apoptosis, we 
quantified apoptosis in OA-treated DU145, MCF-7, and U87 cells were treated with OA (0, 50, and 
100 µg/mL) for 24 h, and apoptotic cells were quantified by Annexin V-FITC staining (Figure 1(a)). 
OA increased the number of late-apoptotic cells according to dose-dependent manner. As shown in 
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Figure 1(b), treatment with 50 and 100 µg/mL OA resulted in 7.69% and 27.0% apoptotic cells in 
DU145, 20.9% and 27.0% apoptotic cells in MCF-7, and 4.02% and 15.7% apoptotic cells in U87 
respectively, as compared with 0% (early-apoptotic and late-apoptotic cells) in the control. Our 
results show that OA treatment decreased cell proliferation and increased apoptosis in these cancer 
cell lines. 
 

 
Figure 1. Dose dependence of oleanolic acid (OA)-induced apoptotic cell death in DU145, MCF-7, 
and U87 cells. (a) Annexin V-FITC/PI staining for the detection of apoptotic cells. After treatment 
with OA (0, 50, or 100 µg/mL), cells were stained with Annexin V-FITC/PI and subjected to flow 
cytometry. (b) Quantitation of the FACS data shown in (a). Results are expressed as the means ± SD.  

 
3.3 Effects of OA treatment on the expression of apoptosis-related proteins 

To characterize the molecular mechanism of OA-induced apoptosis in DU145, MCF-7, and U87 
cells, we measured the expression of apoptosis-related proteins (p53, cytochrome c, Bax, caspase-3, 
PARP-1) by western blot (Figure 2). OA treatment significantly increased the expression of 
apoptosis-related proteins in DU145, MCF-7, and U87 cells. The expression of p53 and cytochrome c 
in DU145 cells treated with 100 µg/mL OA was significantly higher (10.11, 74.70-fold) than that in 
the control group. Moreover, the expression of Bax and caspase-3 increased 1.51 and 3.16-fold in 
cells treated with 100 µg/mL OA, compared to that in the control group. In addition, the expression 
of p53 and cytochrome c in MCF-7 cells treated with 100 µg/mL OA increased, and the expression 
of Bax and PARP-1 increased 1.79 and 2.16-fold, compared to that in the control group. Similarly, an 
upregulation of p53 and cytochrome c was observed in U87 cells treated with OA. These results 
show that apoptosis is induced in cancer cell lines treated with OA. 
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Figure 2. Effect of oleanolic acid (OA) on apoptosis in DU145, MCF-7 and U87 cells. The cells were 
treated with 50 and 100 µg/mL OA for 24 h. After treatment, the expression of p53, cytochrome c, 
Bax, PARP-1, and caspase-3 was determined by western blot. Equal loading was confirmed by 
β-actin quantification. The relative density of the proteins was measured and normalized to β-actin 
(arbitrarily set at 1). Results are expressed as means ± SD. Significant differences (p < 0.05) are 
represented using different letters. 

 
3.4 Effects of OA on cell cycle progression 

To investigate the effects of OA on cell cycle progression, we treated DU145, MCF-7, and U87 
cells with OA (at 0, 50, and 100 OA-treated DU145, MCF- and analyzed the different stages of the cell 
cycle using flow cytometry. As shown in Figure 3(b), OA-treated DU145 cells showed enhancement 
in the percentage of cells in G2, compared to that in control cells (P < 0.05). Treatment with 50 and 
100 µg/mL OA resulted in 23.15% and 27.62% of cells arrested in the G2 phase, respectively. 
Conversely, MCF-7 cells treated with growth-suppressive concentrations of OA (0, 50, and 100 
µg/mL concentrations) decrease in the percentage population (64.62 and 67.21%, respectively), and a 
decrease in the S and G2 populations, compared to those in the control. U87 cells showed no 
significant differences. These observations suggest that OA implicated cell cycle progression in a cell 
type-dependent manner. 
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Figure 3. Effect of oleanolic acid (OA) treatment on cell cycle progression in DU145, MCF-7, and 
U87 cells. (A) Flow cytometric analysis of cell cycle distribution in cells treated with 0, 50, and 100 
µg/mL OA. (B) Histograms showing the percentages of cells in the G1, S, and G2 phases of the cell 
cycle. Results are expressed as the means ± SD.  

 
3.5 Effects of OA on the expression of cell cycle regulators  

As shown by western blot analysis in Figure 4, OA caused the arrest of cells in the G2 phase in 
DU145 cells, and the G1 phase in MCF-7 cells. We next assessed its effects on the G1 and G2 cell cycle 
regulators, including cyclin B1, p21, cyclin E, CDK 2, and p27. Treatment with 100 µg/mL OA in 
DU145 cells showed that expression of cyclin B1 and cyclin E considerably decreased compared to 
that in the control, while the level of p21 (13.64-fold) and CDK2 (1.46-fold) increased under the same 
treatment. In MCF-7 cells, treatment with 100 µg/mL OA decreased the expression of cyclin B1, 
cyclin E, and CDK2 by 1.03-, 0.04-, and 12.02-fold with respect to that of the control group, 
respectively, while the expression of p21 and p27 increased 9.09- and 4.78-fold, respectively. 
Treatment of U87 cells with 100 µg/mL OA significantly increased the expression of cyclin B1, p21, 
and p27, and decreased the level of CDK2. 
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Figure 4. Effect of oleanolic acid (OA) treatment on the levels of cell cycle regulatory proteins in 
DU145, MCF-7, and U87 cells. The cells were treated with 50 and 100 µg/mL OA for 24 h. After 
treatment, the expression of cyclin B1, p21, cyclin E, CDK2, and p27 was determined by western blot 
analysis. Equal loading was confirmed by β-actin quantification. For each protein, the relative 
density was measured and normalized to the β-actin bands (arbitrarily set at 1). The results are 
expressed as the means ± SD. Significant differences (p < 0.05) are represented using different letters. 

 
3.6 Effects of OA on ERK, JNK, and AKT activation in cancer cells 

To determine whether OA affects MAPK activation, we measured ERK, JNK and AKT 
activation in response to OA in DU145, MCF-7, and U87 cells. As shown in Figure 5, the 
phosphorylation levels of JNK and AKT increased after OA treatment in DU145 cells. However, the 
phosphorylation levels of ERK decreased. In MCF-7 cells, the levels of p-AKT significantly 
decreased, while those of p-ERK and p-JNK increased. Moreover, we measured the activation of 
p-ERK, p-AKT and p-JNK in U87 cells. An increase in p-ERK, p-AKT, and p-JNK was observed 
following the 100 µg/mL OA treatment. Our results demonstrate that the expression of proteins 
involved in MAPK kinase signaling was differently regulated in various cell lines.  
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Figure 5. Effect of oleanolic acid (OA) on MAPK kinase signaling in DU145, MCF-7, and U87 cells. 
The cells were treated with 50 and 100 µg/mL OA for 24 h. After treatment, the expression of p-ERK, 
p-AKT, and p-JNK was determined using western blot analysis. Equal loading of proteins was 
confirmed using β-actin quantification. Results are expressed as the means ± SD. Significant 
differences (p < 0.05) are represented using different letters. 

 
3.7 The inhibition of the MAPK signaling pathway is involved in the OA-induced anticancer effect 

To further test whether the inhibition of the ERK signaling pathway is involved in the 
OA-induced anticancer activities in DU145, MCF-7, and U87 cell lines, the cells were treated with 
PD98059, a selective inhibitor of MAPK that disrupts the downstream expression of p-ERK, p-AKT, 
and p-JNK. As shown in Figure 6, treatment with PD98059 increased the activation of p-ERK in 
DU145 cells, compared to that observed with OA alone. Moreover, treatment with PD98059 alone 
showed that p-AKT and p-JNK levels decreased in DU145 cells. Combination treatment with 
PD98059 and OA further decreased the p-ERK and p-JNK levels in DU145 cells, compared with 
those observed after treatment with PD98059 alone. In DU145 cells treated with a combination of 
PD98059 and OA, p-JNK levels did not change compared to its levels following treatment with 
PD98059 alone. We found that treatment with PD98059 in MCF-7 cells reduced the expression of 
p-ERK and p-JNK, compared to that detected with OA alone. However, in MCF-7 treated with a 
combination of PD98059 and OA, no changes were observed in p-ERK, p-AKT, and p-JNK levels, 
compared to their levels in cells treated with PD98059 alone. In U87 cells treated with PD98059, 
p-ERK and p-JNK expression decreased, compared with that in cells treated with PD98059 alone. 
However, the expression of p-AKT increased in U87 cells treated with PD98059. The expression of 
p-ERK, p-AKT, and p-JNK in U87 cells treated with a combination of PD98059 and OA was lower 
than that observed in cells treated with PD98059 alone.  
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Figure 6. Effect of oleanolic acid (OA) or PD98059, alone or in combination, on the expression of 
proteins involved in MAPK kinase signaling in DU145, MCF-7, and U87 cells. The cells were treated 
with OA (100 µg/mL) and PD98059 (50 µM), alone or in combination, for 24 h, and the expression of 
p-ERK, p-AKT, and p-JNK was determined by western blot. Equal loading of proteins was 
confirmed using β-actin quantification. Results are expressed as the means ± SD. Significant 
differences (p < 0.05) are represented using different letters. 

 
3.8 PD98059 enhanced the OA-induced apoptosis in U87 cells 

To determine whether the anti-cancer effects of OA were associated with apoptosis, we 
quantified apoptosis in DU145, MCF-7, and U87 cells treated with a combination of PD98059 and 
OA, using Annexin V-FITC staining. As shown in Figure 7, treatment with PD98059 in DU145 cells 
did not affect apoptosis, when compared to the control. However, in PD98059 and OA 
combination-treated DU145 cells, the number of late-apoptotic cells increased compared to that in 
cells treated with PD98059 alone. Moreover, the number of late apoptotic cells in MCF-7 cells treated 
with PD98059 alone was higher than that in control. In PD98059 and OA combination-treated MCF-7 
cells, the number of apoptotic cells was lower than that in cells treated with PD98059 alone. U87 cells 
treated with PD98059 displayed a decrease in late-apoptotic cells, compared to those treated with 
OA alone. However, in U87 cells treated with a combination of PD98059 and OA, the number of 
late-apoptotic cells increased compared with that in cells treated with OA. Our results show that 
pretreatment with the PD98059 MAPK inhibitor significantly increased the OA-induced apoptosis 
against U87 cells, but did not affect cell death in DU145 and MCF-7 cells. 
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Figure 7. Apoptotic cell death in DU145, MCF-7, and U87 cells treated with oleanolic acid (OA) or 
PD98059, alone or in combination. (a) Annexin V-FITC/PI staining for the detection of apoptotic 
cells. After treatment with OA (100 µg/mL) or PD98059 (50 µM), alone or in combination, cells were 
stained with Annexin V-FITC/PI and subjected to flow cytometry. (b) Quantitation of the FACS data 
shown in (a). Results are expressed as the means ± SD.  

 
3.9 The OA-induced G1, S, and G2 phase arrest is due to the inhibition of the MAPK signaling pathway 

To investigate whether the inhibition of the ERK signaling pathway alters the distribution of 
cells in distinct phases of the cell cycle, we treated DU145, MCF-7, and U87 cells with PD98059 alone, 
or with a combination of PD98059 and OA, and analyzed them using flow cytometry. As shown in 
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Figure 8, treatment with PD98059 increased the percentage of cells in the G1 phase, as compared to 
that in DU145 cells treated with OA alone. Moreover, in DU145 cells treated with a combination of 
PD98059 and OA the number of cells in the G1 phase increased compared with that in cells treated 
with PD98059 alone. A higher percentage of cells arrested in the S phase was found following 
treatment with PD98059 alone, or with a combination of PD98059 and OA in the MCF-7 cell line. We 
also noted that U87 cells treated with PD98059 alone showed a significant increase in the fraction of 
cells in the G2 phase of the cell cycle, while the PD98059 and OA combination treatment enhanced 
the percentage of cells in the S phase compared with that in cells treated with PD98059 alone. 

 

 
Figure 8. Effect of oleanolic acid (OA) or PD98059, alone or in combination, on the cell cycle 
distribution of DU145, MCF-7, and U87 cells. The cells were treated with OA (100 µg/mL) and 
PD98059 (50 µM), alone or in combination, for 24 h, and the cell cycle distribution was estimated 
using flow cytometry, as described in the methods. (a) Flow cytometry analysis of the cell cycle 
distribution in cells treated with OA (100 µg/mL) or PD98059 (50 µM), alone or in combination (b) 
Histograms showing the percentages of cells in the G1, S, and G2 phases of the cell cycle. Results are 
expressed as the means ± SD.  

 

4. Discussion 

Our study investigated the effect of oleanolic acid on the viability, apoptosis, and cell cycle 
arrest of DU145 prostate cancer cells, MCF-7 breast cancer cells, and U87 human glioblastoma cells. 
We investigated that treatment with OA inhibited cell proliferation in all of these cell lines. The IC50 
values for the cytotoxic effect of OA were 112.56, 132.29, and 163.60 µg/mL in the DU145, MCF-7, 
and U87 cell lines, respectively. Our results suggest that OA treatment affects cell-cycle progression 
and apoptosis in a cell type dependent manner. 

Apoptosis is regulated through endonucleases and the sequential activation of cascade of 
caspases enzymes in the cancer cell. These enzymes carry out a series of studies guiding to the 
characteristic changes related with apoptosis, including cell shrinkage, chromatin condensation, 
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fragmentation and plasma-membrane blebbing [16]. Bax controls cell death through mitochondrial 
disruption, which lead to release of cytochrome c into the cytosol [18]. Caspases, and particularly 
caspase-3, play important roles in executing apoptosis, and an increase in the activity of caspases is 
observed in cells undergoing apoptosis [19,20]. The tumor suppressor gene p53 can be activated 
under a variety of conditions, including hypoxia, heat shock and DNA damage [16]. p53 regulates 
the transcription of genes associated with cell cycle arrest (e.g., Gadd45 and p21) and apoptosis 
(e.g., DR5, Bax, caspase-3, Apaf-1, Fas, the p53-inducible gene, and Noxa) [16]. As shown in Figure 
1, 27.0%, 27.0%, and 15.7% of apoptotic cells were detected in the DU145, MCF-7, and U87 cell lines 
respectively. Moreover, OA treatment decreased cell viability and increased apoptosis in a prostate 
cancer cell line. Furthermore, our results show that the expression levels of the apoptosis-associated 
p53, cytochrome c, Bax, and caspase-3 proteins were significantly increased in cancer cells treated 
with OA. Our results are consistent with a previously report, showing that dextrose-OA induces 
apoptosis in human osteosarcoma cell lines (HOS, U2-OS and MG-63), and in the LM-8 mouse 
osteosarcoma cell line [17].  

Cell cycle analysis result demonstrated that OA treatment increased the percentage of cells in 
the G2 phase in DU145 cells. However, MCF-7 cells treated with growth-suppressive concentrations 
of OA, displayed increases in the G1 population. The protein level of p-JNK increased, but that of 
cyclin B1 decreased after treatment with OA in DU145 cells. In addition, in MCF-7 cells, the 
expression levels of p-AKT, cyclin E, and CDK2 reduced in a dose-dependent manner, while the 
levels of p-ERK and p-JNK increased. Our results demonstrate that the JNK signaling pathway 
modulates the mitochondrial pathway and causes the G2 phase arrest in DU145 cells treated with 
OA. Furthermore, our study suggests that the MAPK signaling pathway is required for the 
regulation of the p53-mediated G1 phase cell cycle arrest in MCF-7 cells. Interestingly, the effect of 
the OA treatment in our study differed from the one noted in other reports. For example, in HL-60 
myeloid leukemia cell line and sHCT15 colon carcinoma, OA treatment suppressed that of cells in S 
phase and enhanced the percentage of cells in the G0/G1 phase [22,21]. Gambogic acid from Garcinia 
hanburyi has been reported to induce G2 arrest in BGC-823 human gastric carcinoma cells, similar to 
the effects we observed with OA [14]. Our observations suggest that OA related with the cell cycle 
progression in a cell type-dependent manner.  

In conclusion, treatment with OA inhibited the growth of DU145, MCF-7, and U87 cancer cell 
lines. Moreover, OA treatment increased the expression of the p53, cytochrome c, Bax, and 
caspase-3 apoptosis-promoting proteins. Our cell cycle analysis showed that OA treatment resulted 
in an accumulation of G2 phase cells, with a concomitant decrease in G1 phase cells in the DU145 
cell line. However, OA treatment in the MCF-7 and U87 cell lines resulted in an accumulation of 
cells in the G1 phase, and in a concomitant decrease in cells in the G2 phase. OA led to an increase 
in p-ERK and p21/WAF-1 expression, and a decrease in cyclin B1 protein levels in DU145 cells. In 
MCF-7 cells, the expression levels of p21 and p53 increased, whereas those of cyclin E, CDK2, and 
p-AKT decreased in a dose-dependent manner. Our studies showed that the anti-cancer effects of 
OA on cancer cells are orchestrated by the activation of apoptosis and the reduction of cell cycle 
progression. These findings raise the possibility that OA might be effective for the treatment of 
prostate and breast cancers, as well as for the treatment of cancers derived from other tissue types. 
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