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Abstract. Cisplatin-based chemotherapy is the standard 
regimen for patients with bladder cancer, but its effective-
ness is limited by high toxicity and the development of drug 
resistance. β-elemene (β-ELE), a compound extracted from 
Rhizoma zedoariae, has antitumor activity in various malignan-
cies and exhibits low toxicity. However, the effects and specific 
mechanism of β-ELE in bladder cancer remain unclear. The 
present study aimed to investigate the antitumor activity and 
possible mechanisms of β-ELE alone and in combination with 
cisplatin in bladder cancer cells. Cell viability was determined 
using Cell Counting Kit-8. Cell cycle and reactive oxygen 
species (ROS) analyses were performed by flow cytometry. 
Apoptosis was detected by Hoechst 33258 and Annexin-V/prop-
idium iodide staining. Mitochondrial membrane potential was 
determined by staining with a JC‑1 probe, flow cytometry and 
fluorescence microscopy. Protein expression was detected by 
western blotting. The results revealed that β‑ELE significantly 
inhibited the proliferation of various bladder cancer cell lines 
and induced cell cycle arrest at G0/G1-phase in T24 and 5637 
cells. Compared with cisplatin alone, co-treatment with β-ELE 
increased cisplatin-mediated cytotoxicity against T24 cells, 
which resulted in the loss of mitochondrial membrane potential 
and release of cytochrome c into the cytoplasm. Co-treatment 
with β-ELE and cisplatin enhanced ROS accumulation 
and activation of 5'AMP‑activated protein kinase (AMPK), 
which induced apoptosis. The results of the present study 
suggested that β-ELE inhibited the proliferation of bladder 
cancer cells in vitro and enhanced cisplatin-induced mito-
chondria‑dependent apoptosis via the ROS‑AMPK signaling 
pathway. Combination therapy with β-ELE requires further 
investigation as a potential treatment of bladder cancer.

Introduction

Urothelial bladder cancer is the 10th most commonly diag-
nosed carcinoma, with an estimated 549,000 new cases and 
200,000 cancer-related deaths worldwide in 2018 (1). Among 
newly diagnosed cases, >70% are non-muscle-invasive bladder 
cancer, which exhibits a satisfactory 5-year survival rate, but is 
prone to relapse (2). Up to 10-15% of bladder cancers progress 
to muscle invasion, which has a poor prognosis despite 
treatment, including radical cystectomy, adjuvant chemo-
therapy, radiation therapy and immunotherapy (3). Cisplatin 
(CDDP)‑based chemotherapy is the standard first‑line 
treatment for patients with muscle-invasive bladder cancer. 
Cisplatin is a platinum-based compound used to treat various 
malignancies such as lung, ovarian, head and neck and bladder 
cancer (4). However, its therapeutic efficacy in the clinic is 
inevitably reduced by intrinsic or acquired chemoresistance 
that develops by poorly understood molecular mechanisms.

Elemene (ELE) (1-methyl-1-vinyl-2, 4-diisopropenyl- 
cyclohexane) is a novel broad-spectrum antitumor agent 
extracted from the traditional Chinese medical herb 
Rhizoma zedoariae (5). The antitumor activity of β-ELE, a 
class II antitumor drug, has been evaluated in human solid 
tumors; combined with other chemotherapy drugs, β-ELE 
can reduce the dose of cytotoxic agents and the occurrence of 
side effects (6). β-ELE was approved by the State Food and 
Drug Administration of China for the treatment of certain 
types of cancer, including malignant brain tumors, in clinical 
practice (7). β-ELE suppresses tumor activity by decreasing 
the mitochondrial membrane potential to promote apoptosis, 
causing cell cycle arrest, promoting necrosis and inhibiting 
angiogenesis (6,8). β-ELE has also been reported to inhibit cell 
proliferation and enhance cisplatin-induced cell death in bladder 
cancer, but the mechanisms have not been described (9,10).

Apoptosis, or programmed cell death, eliminates defective 
cells to maintain a balance between cell proliferation and 
differentiation (11). Dysfunction of apoptosis can result in 
tumor growth and distant metastasis and may be involved 
in drug resistance. Apoptosis occurs by either an extrinsic 
pathway (mediated by the death receptor) or an intrinsic 
pathway (mediated by loss of mitochondrial membrane 
potential and translocation of cytochrome c) (11). Generation 
of reactive oxygen species (ROS) results in a reduction in 
the mitochondrial membrane potential, imbalance of the 
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anti-apoptotic and pro-apoptotic members of the bcl-2 family, 
release of cytochrome c from the mitochondria to the cyto-
plasm and activation of the downstream caspase cascades (12). 
A previous study reported that β-ELE promoted platinum 
intake and oxaliplatin‑induced intrinsic apoptosis in hepa-
tocellular carcinoma cells (13). The effects of β-ELE and its 
mechanism of action with regards to bladder cancer have not 
been reported. Hence, the present study investigated the anti-
tumor activity of β-ELE alone or in combination with cisplatin 
in cultured bladder cancer cells.

Materials and methods

Reagents and cell culture. Human bladder cancer cell lines 
SW780, 5637, J82, UM‑UC‑3, TCCSUP and T24 and human 
ureteral epithelium immortalized cell line SV-HUC-1 were 
purchased from the American Type Culture Collection; 
RT4 cells were purchased from Procell Life Science & 
Technology Co., Ltd. The cells were cultured in RPMi‑1640 
medium (Corning, Inc.) with 10% fetal bovine serum (Gibco; 
Thermo Fisher Scientific, Inc.), 100 µg/ml penicillin and 
100 µg/ml streptomycin (cat. no. C0222; beyotime Institute 
of biotechnology ) at 37˚C with 5% CO2. β-ELE was obtained 
from Dalian Holley Kingkong Pharmaceutical Co., Ltd. 
Monoclonal antibodies specific for p21 (cat. no. 2947), p27 
(cat. no. 3686), cyclin D1 (cat. no. 2978), CDK4 (cat. no. 2906), 
CDK6 (cat. no. 3136), phospho‑Akt (Thr308) (cat. no. 13038), 
total Akt (cat. no. 4685), phospho‑STAT3 (cat. no. 9145), 
total STAT3 (cat. no. 12640), bax (cat. no. 5023), bcl-2 
(cat. no. 4223), cytochrome c (cat. no. 11940), caspase-9 (cat. 
no. 9508), caspase-3 (cat. no. 9662), cleaved caspase-3 (cat. 
no. 9664), cleaved caspase-9 (cat. no. 7237), cleaved poly 
(ADP‑ribose) polymerase (PARP; cat. no. 9548), PARP (cat. 
no. 9532), phospho‑AMPKα (cat. no. 2535) and total AMPK 
(cat. no. 5832) were purchased from Cell Signaling Technology, 
Inc. N-acetyl-l-cysteine (NAC; ROS scavenger) and compound 
C (a specific inhibitor of AMPK) were purchased from Selleck 
Chemicals. Cell Counting Kit-8 (CCK-8) was purchased from 
Dojindo Molecular Technologies, Inc.

Cell viability. SV-HUC-1 and seven types of bladder cancer cells 
(T24, 5637, TCCSUP, J82, UM‑UC‑3, RT4 and SW780 cells) 
were seeded into 96-well plates at density of 5x103 cells/well 
and cultured at 37˚C with 5% CO2 for 24 h. Following treat-
ment with β-ELE at varying concentrations (0, 6.25, 12.5, 25, 
50, 100, 150 and 200 µg/ml) for 24 h, 10 µl CCK-8 solution 
was added into each well. The cells were incubated for 2 h 
at 37˚C. Absorbance at 450 nm was measured using a Tecan 
Infinite F200/M200 type multifunction microplate reader 
(Tecan Group, Ltd.). Cell viability was calculated as follows: 
Cell viability=[mean optical density (OD) of experimental 
group/mean OD of control group] x100%.

Assessment of apoptosis by Hoechst 33258 staining. Hoechst 
33258 staining (beyotime Institute of biotechnology) was 
performed according to the manufacturer's instructions. 
T24 cells were seeded into 6-well plates at a density of 
5x104 cells/well and cultured at 37˚C with 5% CO2 for 24 h. 
Cells were treated with cisplatin (20 µM) and/or β-ELE 
(50 µg/ml) at 37˚C for 24 h, washed three times with PbS 

and incubated with Hoechst 33258 (10 µg/ml) for 10 min at 
room temperature (RT) in the dark. Morphological changes in 
nuclei for the evaluation of apoptosis were observed under a 
fluorescence microscope using a blue filter.

Cell cycle analysis. T24 and 5637 cells were seeded into 6-well 
plates at density of 5x104 cells/well and cultured at 37˚C with 
5% CO2 for 24 h. Cells were treated with different concentra-
tions of β‑ELE (0, 25, 50 and 75 µg/ml) at 37˚C for 24 h, washed 
twice with PbS and fixed in cold 70% (v/v) ethanol for 48 h at 
4˚C. Prior to analysis, cells were washed with PbS, incubated 
with 100 µl Rnase A (0.1 mg/ml) for 30 min at 37˚C, stained 
with 2 µl propidium iodide (Pi; Sigma‑Aldrich; Merck KGaA) 
and incubated for another 30 min at RT in the dark according 
to the manufacturer's instructions. Samples were analyzed by 
flow cytometry using CellQuest™ Pro software (version 5.1 
bD CellQuest Pro Software, bD biosciences).

Flow cytometry for apoptosis detection. T24 cells were 
seeded into 6-well plates at density of 5x104 cells/well and 
cultured at 37˚C with 5% CO2 for 24 h. Cells were incubated 
with cisplatin (20 µM) and/or β-ELE (50 µg/ml) for 24 h 
at 37˚C, harvested and washed with PbS, re‑suspended in 
binding buffer and stained with Annexin V‑FiTC and Pi 
(cat. no. C1062M; all beyotime Institute of biotechnology) 
according to the manufacturer's instructions. The stained 
samples were analyzed by flow cytometry (bD biosciences). 
Data were analyzed using CellQuest™ Pro software (version 
5.1 bD CellQuest Pro Software, bD biosciences).

Western blotting. T24 cells were seeded into 6-well plates at 
a density of 5x104 cells/well, and cultured at 37˚C with 5% 
CO2 for 24 h. Cells were pretreated with Compound c (Selleck 
Chemicals) for 2 h, and treated with cisplatin (20 µM) and/or 
β‑ELE (50 µg/ml) for a further 12 h at 37˚C. Total protein 
of T24 cells were lysed in RiPA buffer (beyotime institute 
of biotechnology). Mitochondrial and cytoplasmic compo-
nents were isolated using the Cell Mitochondria isolation kit 
(beyotime Institute of biotechnology) according to the manu-
facturer's instructions. Protein concentration was measured 
using a bCA kit (beyotime institute of biotechnology). The 
prepared protein samples (40 µg/ml) were loaded and subjected 
to 12% SDS‑PAGE, transferred to PVDF membranes (EMD 
Millipore), blocked with 5% skimmed milk for 1.5 h at room 
temperature and incubated with primary antibodies overnight 
at 4˚C. Following washing with TbST (10 mmol/l Tris, pH 7.5; 
100 mmol/l NaCl; 0.1% Tween-20), the membranes were incu-
bated with horseradish peroxidase-conjugated goat anti-rabbit 
(cat. no. 7074; Cell Signaling Technology, Inc.) or goat 
anti-mouse (cat. no. 7076; Cell Signaling Technology, Inc.) 
secondary antibody for 1.5 h at room temperature. Primary 
antibodies were diluted at 1:1,000 and secondary antibodies 
were diluted at 1:3,000. The bands were detected by enhanced 
chemiluminescence (EMD Millipore) and visualized using an 
ECL system (Pierce Chemical Co.). The results were quanti-
fied using image J (version 2.0; national institute of Health).

Detection of mitochondrial membrane potential by JC‑1 
staining. T24 cells were seeded into 6-well plates at a density of 
5x104 cells/well and cultured at 37˚C with 5% CO2 for 24 h. Cells 
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were treated with cisplatin (20 µM) and/or β-ELE (50 µg/ml) 
for 12 h at 37˚C and stained with a JC‑1 probe (beyotime 
institute of biotechnology) for 20 min at 37˚C according to the 
manufacturer's instructions. The prepared cells were observed 
by fluorescence microscopy and detected by flow cytometry. 
Five visual fields were randomly selected for each sample by 
fluorescence microscopy (magnification, x400). Flow cyto-
metric data were analyzed using CellQuest™ Pro software 
(version 5.;1 bD CellQuest Pro Software; bD biosciences).

Detection of ROS levels by dichloro‑dihydro‑fluorescein 
diacetate (DCFH‑DA) staining. T24 cells were seeded into 
6-well plates at a density of 5x104 cells/well and cultured 
at 37˚C with 5% CO2 for 24 h. Cells were pretreated with 
n‑acetyl‑L‑cysteine (nAC, Sigma‑Aldrich; Merck KGaA) for 
3 h, and treated with cisplatin (20 µM) and/or β-ELE (50 µg/ml) 
for another 12 h at 37˚C, before being stained with DCFH‑DA 
probe for 20 min at 37˚C using the Reactive Oxygen Species 
Assay kit (beyotime institute of biotechnology) according to 
the manufacturer's instructions. Intracellular production of 
ROS was evaluated by flow cytometry using CellQuest™ Pro 
software (version 5.1; bD CellQuest Pro; bD biosciences,).

Statistical analysis. Data are presented as the mean ± SD. 
Statistical analysis was performed using SPSS 22.0 soft-
ware (IbM Corp.). One-way analysis of variance was used 
for comparisons among multiple groups, followed by the 
newman‑Keuls post hoc test. P<0.05 was considered to indi-
cate a statistically significant difference.

Results

β‑ELE inhibits the proliferation of human bladder cancer 
cells. Exposure to 0, 6.25, 12.5, 25, 50, 100, 150 and 200 µg/ml 
β-ELE for 24 h inhibited the proliferation of RT4, SW780, 
J82, UMUC‑3, TCCSUP, 5637 and T24 human bladder cancer 
cells and SV-HUC-1 human urothelial cells. The results of the 
CCK-8 assay demonstrated that β-ELE effectively suppressed 
cell viability of all tested bladder cancer cell lines (Fig. 1). The 
half-maximal inhibitory concentrations (IC50) of β-ELE for 
each bladder cancer cell line and SV-HUC-1 cells are presented 
in Table I. The aforementioned result indicated that β-ELE had 
a notable anti-tumor effect on bladder cancer cells. As T24 

and 5637 are the most commonly used and representative cell 
line in bladder cancer research, they were both selected for 
subsequent experiments.

β‑ELE induces cell cycle arrest in T24 cells. Regulation of 
the cell cycle was investigated by fluorescence microscopy 
and flow cytometry of T24 cells exposed to 0, 25, 50 or 
75 µg/ml β-ELE. Cell numbers began to decrease at a dose of 
50 µg/ml and were notably decreased at 75 µg/ml (Fig. 2A). 
Flow cytometry revealed that treatment with β-ELE induced 
dose-dependent G1-phase arrest in T24 and 5637 cells and 
significantly reduced the percentage of cells in the S‑phase 
(Fig. 2b and C). Western blotting of proteins that modulate 
cell survival, cell cycle and cancer progression demonstrated 
that the expression levels of p-STAT3 and the cell cycle-related 
proteins cyclin D1, CDK4 and CDK6 were downregulated, and 
p21 and p27were upregulated by β-ELE. The phosphorylation 
of Akt (Thr 308) was reduced by 75 µg/ml β-ELE (Fig. 2D).

β‑ELE potentiates cisplatin‑induced apoptosis in T24 cells. 
β-ELE was previously demonstrated to promote apoptosis in 
T24 and 5637 human bladder carcinoma and primary bladder 
cancer cells (14). In the present study, β-ELE only induced a 
small increase in the apoptosis of T24 cells (Fig. 3A). Cisplatin 
significantly suppressed T24 cell viability in a time- and 
dose-dependent manner (Fig. 3b). The IC50 values were 
20.07±2.18 µM at 24 h, 8.68±1.31 µM at 48 h and 4.63±0.40 µM 

Table I. IC50 of β-elemene in bladder cancer and normal 
urothelial cells.

Cell line IC50, µg/ml (mean ± SD)

SV-HUC-1 72.860±4.128
T24 47.403±8.950
5637 61.553±4.070
TCCSUP 3.661±0.735
j82 68.201±0.441
UM-UC-3 72.129±1.121
RT4 37.894±10.307
SW780 37.703±7.323

Figure 1. β-ELE reduces bladder cancer cell viability. Cell Counting Kit-8 assay results revealed that β-ELE treatment resulted in a strong inhibition of human 
bladder cancer cell proliferation compared with normal urothelial cells. The assays were performed in triplicate.
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Figure 2. β-ELE induces G0/G1 cell cycle arrest in T24 and 5637 cells. (A) T24 cells were counted using an inverted microscope following treatment with 0, 25, 50 
or 75 µg/ml β-ELE for 24 h. (b and C) The percentages of (b) T24 and (C) 5637 cells in G0/G1, S and G2/M phase following treatment with 0, 25, 50 or 75 µg/ml 
β‑ELE for 24 h were determined by flow cytometry. Data are presented as the mean ± SD, n=3. *P<0.05 vs. control. (D) Western blot analysis of the expression of 
cell cycle-related proteins and signaling molecules in T24 cells following treatment with 0, 25, 50 and 75 µg/ml β-ELE for 24 h. Con, control; β-ELE, β-elemene.
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Figure 3. β-ELE potentiates cisplatin cytotoxicity. (A) Effect of different concentrations of β-ELE (0, 25, 50 and 75 µg/ml) on the apoptosis of T24 cells. 
(b) Cell Counting Kit-8 assay of the effects of cisplatin on the viability of T24 cells. The assays were performed in triplicate; data are presented as the 
mean ± SD. *P<0.05 vs. 0 µM CDDP. (C) Additive inhibitory effects of low (25 µg/ml) and moderate (50 µg/ml) doses of β-ELE and 20 µM cisplatin co-treat-
ment on the proliferation of T24 cells. *P<0.05 vs. 0 µg/ml β-ELE. (D) Western blot assays demonstrated the effects of cisplatin and β-ELE co-treatment on 
cleaved caspase‑3 and cleaved PARP expression. (E) Fluorescence microscopy of cells stained with Hoechst 33258. Original magnification, x100 and x200. 
(F) Annexin-V/propidium iodide staining revealed the effect of cisplatin and β-ELE co-treatment on the apoptotic rate of T24 cells. ***P<0.001 vs. cisplatin 
alone. CDDP, cisplatin; Con, control; PARP, poly (ADP‑ribose) polymerase; β-ELE, β-elemene.
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at 72 h. The additive cytotoxicity of low (25 µg/ml) and moderate 
(50 µg/ml) dose β-ELE and cisplatin was stronger compared 
with that of cisplatin treatment alone at 24 h (Fig. 3C). Thus, 
20 µM cisplatin and 50 µg/ml β-ELE were used in subsequent 
experiments. Western blotting results revealed that caspase-3 
and PARP cleavage was increased by cisplatin combined with 
β-ELE compared with either β-ELE of cisplatin alone (Fig. 3D). 
Fluorescence microscopy of T24 cells stained with Hoechst 
33258 (Fig. 3E) indicated the compounded effect of cotreatment 
with cisplatin and β-ELE, compared with either compound 
alone, which was consistent with the results of the flow cytom-
etry apoptosis assay of Annexin-V stained cells (Fig. 3F).

β‑ELE promotes cisplatin‑induced apoptosis via the 
mitochondrial pathway. The augmentation of cisplatin 
cytotoxicity by β-ELE in cisplatin-resistant ovarian cancer 
cells has been demonstrated to be mediated in part by 
mitochondria-dependent apoptosis (15). In the present study, 
apoptotic T24 cell death induced by cisplatin and β-ELE 
was determined by the change in mitochondrial membrane 
potential (ΔΨm) indicated by the jC-1 fluorescent probe. 
The decrease in the red/green fluorescence ratio observed by 
fluorescence microscopy or flow cytometry was significantly 
larger in cells co-treated with cisplatin and β-ELE compared 
with those treated with cisplatin or β-ELE alone, and results of 
flow cytometry were statistically analyzed and shown in the bar 
graph (Fig. 4). Western blotting revealed upregulated expression 

of cleaved caspase-9, bax and cytoplasmic cytochrome c, as 
well as downregulated expression of bcl-2 following cisplatin 
and β-ELE co-treatment for 12 h compared with single drug 
treatment group (Fig. 5). Thus, the additive effect of β-ELE on 
cisplatin-induced apoptosis in T24 cells may be associated with 
the activation of the mitochondrial apoptosis pathway.

β‑ELE enhances cisplatin‑induced apoptosis by activating 
the ROS‑AMPK signaling pathway. ROS generation and 
the activation of ROS-dependent pathways were associ-
ated with the induction of apoptosis in bladder cancer cells 
co-treated with cisplatin and curcumin (16). The involvement 
of ROS-dependent pathways in the regulation of apoptosis 
by co-treatment with cisplatin and β-ELE was evaluated by 
DCFH-DA assay of intracellular ROS in the present study. 
Flow cytometry results demonstrated that the intracellular 
ROS levels were significantly higher in cells co‑treated with 
cisplatin and β-ELE compared with those in cells treated with 
cisplatin alone; pre-treatment with 5 or 10 mM NAC reversed 
ROS accumulation induced by the addition of cisplatin and 
β-ELE (Fig. 6A). Western blotting results demonstrated that 
AMPK phophorylation was increased by cisplatin and β-ELE 
co-treatment and reversed by NAC pretreatment (Fig. 6b). 
Considering the complicated roles of the ROS‑AMPK 
signaling pathway in maintaining redox homeostasis and cell 
survival (17), it was speculated in the present study that the 
ROS‑mediated AMPK activation may contribute to regulating 

Figure 5. Co-treatment of β-ELE and cisplatin promotes mitochondrial apop-
tosis-related proteins. Western blot assays of mitochondrial apoptosis-related 
proteins cleaved caspase-9, bax and bcl-2. Mitochondrial and cytosolic 
fractions were separated and cytochrome c was assayed in the cytosol frac-
tions. Corresponding quantitative results were shown as bar graphs. *P<0.05. 
CDDP and C, cisplatin; E, β-ELE; Con, control; β-ELE, β-elemene.

Figure 4. β-ELE enhances cisplatin-induced reduction of mitochondrial 
membrane potential in T24 cells. T24 cells were treated for 12 h prior to 
determining the mitochondrial membrane potential by fluorescence micros-
copy and flow cytometry. Scale bar, 20 µm. mitochondrial membrane 
potential was calculated as the ratio of red‑to‑green fluorescence intensity. 
Data are presented as the mean ± SD of three independent experiments. 
**P<0.01 vs. cisplatin alone. CDDP, cisplatin; Con, control.
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apoptosis via the mitochondrial pathway. T24 cells were 
pretreated with 5 or 10 µM compound C, a specific inhibitor 
against AMPK, for 2 h and treated with cisplatin and β-ELE 
for 12 h. Pretreatment with compound C reversed the effects 
of cisplatin and β-ELE co-treatment on the expression of mito-
chondrial apoptosis-related proteins, including bax, bcl-2, 
cleaved caspase-9 and cytoplasmic cytochrome-c (Fig. 7A), as 
well as the loss of mitochondrial membrane potential (Fig. 7b). 
in addition, the inhibition of AMPK by compound C attenu-
ated the levels of caspase‑3 and PARP cleavage (Fig. 7C) and 
apoptotic rate (Fig. 7D) compared with cisplatin and β-ELE 
co‑treatment. These results suggested that the ROS‑AMPK 
signaling pathway may be involved in the intrinsic apoptosis 
induced by cisplatin and β-ELE co-treatment.

Discussion

Cisplatin-based regimens are currently the standard treat-
ment of advanced bladder cancer, but the 5-year survival rate 
of patients with muscle‑invasive bladder cancer is <60% (2). 
The effectiveness of cisplatin is reduced by treatment-related 
side effects and the development of chemoresistance (18). 
Traditional Chinese medical herbs with anticancer activity, 
low toxicity and low rates of adverse effects can be combined 
with chemotherapeutic agents to improve clinical treatment 
response (6). β-ELE has previously been demonstrated to 
synergistically enhance cisplatin cytotoxicity in drug-resistant 
ovarian cancer cells by activating mitochondria-dependent 
signaling (15). β-ELE has also been reported to induce 
apoptosis in non-small cell lung cancer cells by triggering 
endoplasmic reticulum (ER) stress, activating the PRKR‑like 
ER kinase/ire1‑α/activating transcription factor 6 pathway and 
downregulating bcl-2 expression (19). In addition, β-ELE can 
induce different types of cell cycle arrest, including G0/G1, 
G2/M and S phase arrest, depending on the tumor type. For 
example, β-ELE reduced the expression of α-tubulin and 
interrupted microtubular polymerization to induce G2/M and 
S phase arrest in human liver cancer HepG2 cells. In addi-
tion, β-ELE can directly regulate the activity of CDK and cell 

cycle checkpoints to suppress tumor growth (20). β-ELE has 
been demonstrated to induce a persistent arrest at the G2/M 
phase in human platinum-sensitive and -resistant ovarian 
carcinoma cells by reducing the expression of CDK1, cyclin 
A and cyclin b1 and increasing that of p53 and p21, which are 
vital regulatory proteins that target cell cycle progression (21). 
by contrast, β-ELE increased the proportion of cells at the 
G0/G1 phase in a time- and dose-dependent manner in human 
nasopharyngeal carcinoma by inactivating phospho-STAT3, 
a transcription factor that participates in tumor cell growth 
and progression, and inhibiting the protein expression of 
DNA methyltransferase 1 (DNMT1) and enhancer of zeste 
homolog 2 (22). In the present study, β-ELE induced G0/G1 
phase arrest in T24 and 5637 cells, which may have resulted 
from β-ELE-induced inactivation of phospho-AKT and 
phospho-STAT3, which are closely associated with tumor cell 
survival and cancer progression (23). A similar previous study 
demonstrated that the anticancer activity of β-ELE in T24 and 
5637 bladder cancer cells was modulated by the PTEn and 
AKT pathway (14), which is in agreement with the results of 
the present study. The mechanisms of action of β-ELE used 
in combination with chemotherapeutic agents have not been 
clearly described. β-ELE has been demonstrated to enhance 
the radiosensitivity and temozolomide sensitivity of glioblas-
toma cells through the inhibition of the ataxia telangiectasia 
mutated‑AKT and extracellular‑signal‑regulated kinase (ERK) 
signaling pathways (24). In addition, β-ELE has been reported 
to augment the cisplatin-induced inhibition of proliferation 
and promotion of apoptosis in gingival squamous cell carci-
noma by blocking the activation of the JAK2‑STAT3 signaling 
pathway (25). In MCF-7 breast cancer cells, β-ELE reversed 
Adriacin and docetaxel resistance by altering the expression of 
multidrug resistance‑specific microRnAs, increasing PTEn 
and decreasing phosphoglycolate phosphatase gene expression 
in exosomes (26). Another study reported that β-ELE medi-
ated an increase in cisplatin response of platinum-resistant 
ovarian cancer cells by inducing caspase-dependent apoptosis, 
decreasing mitochondrial transmembrane potential and 
releasing cytochrome c into the cytoplasm (15). In the present 

Figure 6. β‑ELE elevates cisplatin‑induced AMPK signaling activation through ROS pathway. T24 cells were pretreated with 5 or 10 mM nAC for 1 h, then 
treated with cisplatin and β‑ELE for 12 h. (A) ROS generation was determined by flow cytometry. ***P<0.001 vs. cisplatin and β-ELE; ###P<0.001 vs. control. 
(b) Western blot assay of phospho‑AMPK expression. CDDP and C, cisplatin; E, β-ELE; Con, control; NAC, N-acetyl-l-cysteine; β-ELE, β-elemene.
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study, intrinsic apoptosis was triggered by the combined effects 
of cisplatin and β-ELE on mitochondrial membrane potential, 
increased cytosolic cytochrome c, increased bax and cleaved 
caspase-9 expression and decreased bcl-2 expression.

The effects of ROS on cell metabolism, homeostasis 
and survival, regulation of immune responses, induc-
tion of autophagy, apoptosis and the chemosensitivity of 
cancer cells are well-described (27,28). ROS is a positive 

regulator of AMPK, which activates glucose and fatty acid 
uptake and metabolism. Activation of AMPK phosphoryla-
tion by exogenous H2O2 is mediated by liver kinase b1 or 
calcium/calmodulin‑dependent protein kinase β and an 
increase in the AMP/ATP ratio (29,30). An increase in ROS 
and AMPK phosphorylation in response to hypoxia can 
be abolished by antioxidants such as EUK-134. Hypoxia 
does not activate AMPK in cells deficient in mitochondrial 

Figure 7. β‑elemene (ELE) facilitates cisplatin‑induced apoptosis by activating the AMPK signaling pathway. T24 cells were pretreated with 10 µM compound 
C for 2 h and treated with cisplatin and β-ELE for 12 h. (A) The expression of mitochondrial apoptosis-related proteins was assayed by western blotting. 
(b) Mitochondrial membrane potential was determined by flow cytometry. Representative images are shown. ***P<0.001 vs. control; ##P<0.01 vs. cisplatin plus 
β-ELE. T24 cells were pretreated with compound C and treated with cisplatin and β‑ELE for an additional 24 h. (C) Cleaved caspase‑3 and cleaved PARP expression 
were assayed by western blotting. (D) Apoptosis rates were measured by flow cytometry. Data are presented as the mean ± SD of three independent experi-
ments. **P<0.01 vs. cisplatin plus β-ELE. C, cisplatin; E, β‑ELE; Con, control; Com c, compound C; PARP, poly (ADP‑ribose) polymerase; β-ELE, β-elemene.
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DNA, with the exception of the presence of exogenous 
H2O2 (31). in addition, AMPK signaling is associated with 
increased cell survival. Activation of AMPKα and ERK1/2 
by β-ELE is associated with the suppression of transcrip-
tion factor Sp1 and DNMT1 protein expression, as well 
as the inhibition of non-small cell lung carcinoma cell 
proliferation in vitro (32). The blocking of AMPK activity 
by compound C or AMPK‑targeting small interfering RnA 
inhibited hispidulin‑induced ER stress and AMPK‑mTOR 
signaling-promoted apoptosis in hepatocellular carcinoma 
cells (33). Metformin can induce apoptosis by activating 
the phosphorylation of AMPK at Thr172, and decreased 
phospho‑AMPK expression has been demonstrated to reverse 
the inhibition of viability of gastric adenocarcinoma cells 
by metformin (34). In the present study, β-ELE promoted 
cisplatin-induced apoptosis accompanied by accumulation of 
ROS and upregulation of phospho‑AMPKα. The apoptosis 
induced by co-treatment with β-ELE and cisplatin was 
reversed by an ROS scavenger and an AMPK inhibitor.

The present study mainly focused on the role of β-ELE in 
increasing the sensitivity of bladder cancer cells to cisplatin 
and it was revealed that the ROS‑AMPK pathway‑mediated 
mitochondrial dysfunction is considered to be involved in 
this process. Since β-ELE improved cell chemosensitivity 
to cisplatin, it may alleviate or reverse chemotherapy resis-
tance by altering of the expression of multidrug resistance 
(MDR)-associated genes and proteins. In addition, a recent 
study revealed that β-ELE may repress the MDR process 
by inhibiting the expression of ATP‑binding cassette trans-
porters, such as P‑glycoprotein (P‑gp) and breast cancer 
resistance protein, which can pump chemotherapeutic drugs 
outside of cancer cells, leading to chemoresistance (35). 
β-ELE also regulates the expression of certain microRNAs 
(miRs; miR-34a, miR-222, miR-452 and miR-29a) that bind 
to the 3'‑untranslated region of PTEn and P‑gp to attenuate 
MDR (35). Drug-resistant bladder cancer cells exhibiting high 
expression levels of MDR-related genes were not available 
in the present study to test whether this process occurred in 
bladder cancer. Further specific studies on MDR in bladder 
cancer are needed in the future.

In conclusion, the results of the present study demonstrated 
that β-ELE suppressed the proliferation of bladder cancer 
cells in vitro and induced G0/G1 phase arrest in T24 and 5637 
cells, which may have involved the AKT and STAT3 signaling 
pathways. β-ELE also enhanced cisplatin-induced mito-
chondrial apoptosis by activating the ROS‑AMPK pathway. 
β‑ELE activity may offer benefits that improve the response 
of bladder cancer to chemotherapeutic agents and reverse 
chemoresistance.
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