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Glioma is the most common malignant tumor of the central nervous system, and it is characterized by high 
relapse and fatality rates and poor prognosis. Bufalin is one of the main ingredients of Chan-su, a traditional 
Chinese medicine (TCM) extracted from toad venom. Previous studies revealed that bufalin exerted inhibitory 
effects on a variety of tumor cells. To demonstrate the inhibitory effect of bufalin on glioma cells and glioma 
stem-like cells (GSCs) and discuss the underlying mechanism, the proliferation of glioma cells was detected by 
MTT and colony formation assays following treatment with bufalin. In addition, we investigated whether bufa-
lin inhibits or kills GSCs using flow cytometry, Western blotting, and reverse transcription polymerase chain 
reaction analysis (RT-PCR). Finally, we investigated whether bufalin could improve the therapeutic effect of 
temozolomide (TMZ) and discussed the underlying mechanism. Taken together, our data demonstrated that 
bufalin inhibits glioma cell growth and proliferation, inhibits GSC proliferation, and kills GSCs. Bufalin was 
found to induce the apoptosis of GSCs by upregulating the expression of the apoptotic proteins cleaved cas-
pase 3 and poly(ADP-ribose) polymerase (PARP) and by downregulating the expression of human telomerase 
reverse transcriptase, which is a marker of telomerase activity. Bufalin also improved the inhibitory effect of 
TMZ on GSCs by activating the mitochondrial apoptotic pathway. These results suggest that bufalin damages 
GSCs, induces apoptosis, and enhances the sensitivity of GSCs to TMZ.
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INTRODUCTION

Glioma has the highest incidence among primary 
malignancies of the nervous system, accounting for 42.6% 
of malignant tumors in the brain1. Because of the charac-
teristics of gliomas, particularly glioblastoma, including 
invasive growth, high degree of malignancy, and unclear 
boundaries between the tumor tissue and the surrounding 
brain tissue, complete surgical resection of the tumor is 
difficult2. Although glioma is one of the deadliest malig-
nancies, the effectiveness of traditional treatments is not 
satisfactory3. Thus, novel effective treatment methods 
and drugs for glioma are urgently needed.

Cancer stem cells (CSCs) are responsible for the 
metastasis of tumor cells and development of resistance 

to chemotherapeutic drugs4. Although certain malignant 
tumors may regress after traditional treatment, the major-
ity relapse, which is attributed to the self-regeneration 
and differentiation capacities of CSCs5,6. Therefore, novel 
chemotherapeutic drugs that exert a clear inhibitory effect 
on glioma stem cells are required.

Bufalin, an extract of traditional Chinese medicine 
(TCM) Chan-su, exerts a clear inhibitory effect on sev-
eral types of tumor cells, such as prostate, lung, liver, 
ovarian, and colon cancer cells7–12. Furthermore, early 
studies revealed that bufalin induces glioma cell apo
ptosis and autophagy through endoplasmic reticulum 
stress13, and miR-203, a regulatory factor for cancer 
progression, plays a key role in the ability of bufalin to  
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inhibit the growth and development of glioma stem-like 
cells (GSCs)14.

Human telomerase reverse transcriptase (hTERT), a  
catalytic subgroup in human telomerase, is highly expressed 
in most malignant tumor cells and is not expressed in 
normal tissues, and its expression is closely associated 
with the occurrence and development of glioma15–17. It 
was previously reported that the expression of hTERT is 
associated with cell apoptosis and telomerase activity in 
human hepatocellular carcinoma cells (SMMC-7721) and 
basal-type breast cancer cells18,19. Therefore, we investi-
gated whether bufalin can affect the telomerase activity  
of GSCs and induce apoptosis.

Temozolomide (TMZ), a first-line oral alkylating 
agent used in the clinical treatment of glioma20, can acti-
vate the DNA damage pathway and lead to cell cycle 
arrest at the G2/M phase to induce glioma cell death21–23. 
TMZ can easily cross the blood–brain barrier to inhibit 
the proliferation and induce apoptosis of glioma cells by 
increasing the Bax/B-cell lymphoma-2 (Bcl-2) expression 
ratio, reducing the expression of O6-methylguanine-DNA 
methyltransferase (MGMT) and Bcl-xL24–26. However, 
whether bufalin affects the efficacy of TMZ in glioma 
cells or GSCs has not yet been reported. Therefore, we 
herein aimed to investigate the effect of bufalin on sensi-
tivity of glioma cells and GSCs to TMZ and elucidate the 
underlying mechanism.

MATERIALS AND METHODS

Materials

Bufalin was purchased from Sigma-Aldrich (St. Louis, 
MO, USA). The antibody against glyceraldehyde 3- 
phosphate dehydrogenase (GAPDH) was purchased from 
PeproTech (Rocky Hill, NJ, USA). The following anti-
bodies were obtained from Cell Signaling Technology 
(Boston, MA, USA): b-actin rabbit mAb [horseradish 
peroxidase (HRP) conjugated], caspase 3, Bcl-2, Bcl-xL, 
caspase 9, and poly(ADP-ribose) polymerase (PARP). 
The antibodies against Bad and p-Bad were purchased 
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). 
The antibodies against SOX2, Nanog, Oct4, and hTERT 
anti-mouse IgG-HRP and anti-rabbit IgG-HRP were pur-
chased from Abcam (San Antonio, TX, USA). RNAiso 
Plus kits, PrimeScript Reverse Transcriptase kits, and 
SYBR Premix Ex Taq II kits were purchased from 
Takara (Tokyo, Japan). The hTERT and b-actin gene 
primers were synthesized by Sangon Biotech Co. Ltd. 
(Shanghai, P.R. China). Recombinant human epidermal 
growth factor (EGF; Invitrogen, Carlsbad, CA, USA), 
basic fibroblast growth factor (bFGF; EMD Millipore, 
Billerica, MA, USA), growth factor B-27 (Gibco, Grand 
Island, NY, USA), growth factor N2 (Gibco), and hepa-
rin (Selleck, Houston, TX, USA) were used for spheroid  
culture.

Cell Lines and Cell Culture

The human glioma cell lines U87MG and LN-229 
and LO2 hepatocytes were obtained from the American 
Type Culture Collection (ATCC, Manassas, VA, USA). 
U87MG cells were cultured in modified Eagle’s medium 
(MEM) (HyClone, South Logan, UT, USA) with 10% 
fetal bovine serum (FBS; Sigma-Aldrich). LN-229 cells 
were cultured in Dulbecco’s MEM (DMEM) (Gibco)  
with 5% FBS. The LO2 hepatocytes were cultured in 
RPMI-1640 medium (Gibco) with 10% FBS. Penicillin 
(100 U/ml) and streptomycin (100 μg/ml) (PS) (Gibco) 
were also added to the three types of media. Primary 
glioma cells were isolated from fresh glioma tissues 
obtained from 20 patients undergoing surgical resec-
tion (Department of Neurosurgery, Cancer Hospital of 
China Medical University, Liaoning Cancer Hospital 
and Institute, P.R. China), with a confirmed diagnosis 
of glioma following postoperative pathological exami-
nation. The tissue acquisition was approved by the eth-
ics committee of the hospital, and all the patients signed 
informed consent forms. All the cells were cultured in  
a humidified atmosphere containing 5% CO2 at 37°C.

Cell Viability Assay

U87MG, LN-229, LO2, and primary glioma cells were 
seeded in three 96-well plates at a density of 5 ´ 103 cells/
well and cultured with various concentrations of bufalin 
or 1% dimethyl sulfoxide (DMSO) for solvent control in 
100 μl of medium for 24, 48, or 72 h. After treatment, 
MTT solution [0.5 mg/ml in 10 μl of phosphate-buffered 
saline (PBS)] was added to the wells for 4 h in the origi-
nal environment. Subsequently, the supernatant was dis-
carded and 200 μl of DMSO was added to each well for 
15 min to fully dissolve the crystals. Cell viability was 
assessed using the optical density (OD) value at 490 nm 
with enzyme-linked immunoassay assay. The viability of 
LO2 hepatocytes was considered to indirectly reflect the 
toxicity of bufalin against normal glial cells, and the via-
bility of primary glioma cells suggested the effect of buf-
alin on glioma patients. The experiments were repeated 
three times independently.

Colony Formation

U87MG and LN-229 cells were seeded (1 ´ 103/well) 
in six-well plates and incubated overnight at 37°C, fol-
lowed by the addition of various concentrations of bufa-
lin to the wells and culture for 14 days. The colonies were 
fixed with 4% paraformaldehyde (2 ml/well for 20 min) 
and stained with 2 ml/well crystal violet (0.2% in anhy-
drous ethanol) for 10 min at room temperature. The colo-
nies were then washed slowly with water and naturally air 
dried. The colonies were counted and photographed. The 
results were calculated as the mean from three separate 
experiments using the Image-Pro Plus 6.0 software.
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Spheroid Formation and Cell Death Assay

U87MG and LN-229 cells were seeded (1 ´ 103/well 
in 96-well plates and 1 ´ 104/well in 6-well plates) in low- 
attachment plates and suspended in serum-free DMEM/F12 
(Gibco) containing 20 ng/ml EGF, 20 ng/ml bFGF, 8 μg/ml 
heparin, 2% B-2727,28, 1% N2, and 1% PS29. Subsequently, 
the GSCs were treated with various concentrations of 
bufalin, and the morphological changes of the spheroids 
were observed using an electron microscope. In addition, 
the spheroids of bufalin-containing cultures were stained 
with 10 μg/ml propidium iodide (PI)30. Subsequently, the 
cells were observed by fluorescence microscopy, and  
dead cells were identified by red fluorescent PI staining.

Flow Cytometry Analysis

Cells were inoculated in six-well low-attachment 
plates for 10 days, and the formed spheroids (GSCs) 
were treated with different concentrations of bufalin for 
48 or 72 h. The supernatant was discarded after centrifu-
gation, and StemPro Accutase was used for disaggrega-
tion to single cells. The cell suspension was washed twice 
with precooled PBS by centrifugation, and the cells were 
stained with annexin V-FITC/PI (AV/PI) in the dark for 
15 min. Finally, the single-cell suspension was examined 
using flow cytometry. The analyzed apoptotic data were 
obtained from three separate experiments.

Western Blot

Following treatment with bufalin for 48 h, GSCs were 
lysed with lysis buffer and the mixture was gently shaken 
for 30 min on ice. Total cellular protein was extracted and 
the protein concentration was quantified using the BCA 
method. The same amount of protein was subjected to 
10%–15% sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis, transferred to blotting membranes, and 
blocked in TBST with 5% nonfat milk at room tempera-
ture for 1.5 h. Subsequently, the membranes were incu-
bated with the primary antibodies overnight on a shaking 
table at a slow speed at 4°C. After washing five times  
with precooled TBST, the membranes were incubated 
with the corresponding secondary antibodies at room 
temperature with gentle shaking for 1 h, and then washed 
with TBST. The objective protein bands were observed 
using a gel imaging system and chemiluminescence.

Reverse Transcription Quantitative Polymerase Chain 
Reaction (RT-qPCR) Analysis

GSCs were treated with different concentrations of 
bufalin for 24 h, and total RNA was extracted according 
to the RNAiso Plus reagent instructions. Subsequently,  
the RNA concentration was detected by spectrophotom-
etry, and first-strand cDNA was synthesized using Prime 
Script Reverse Transcriptase. The primers for hTERT 
were as follows: 5¢-CGGAAGAGTGTCTGGAGCAA-3¢  

(forward) and 5¢-GGATGAAGCGGAGTCTGGA-3¢ 
(reverse). PCR amplification was performed with SYBR 
Premix Ex Taq II kit using the iQ5 real-time fluorescence 
qPCR system (iQ5; Bio-Rad).

Drug Combination Index (CI) Analysis

Different concentrations of the two drugs (bufalin  
and TMZ) and the effects of individual and combined 
applications were entered into the CompuSyn software, 
and the corresponding CI values were obtained. CI > 1.1 
indicated antagonism; CI = 0.9–1.1, an additive effect; 
and CI < 0.9, synergism.

Statistical Analysis

The data are expressed as mean ± standard deviation 
(SD). The t-test was used for comparisons between two 
groups, and comparison of multiple groups was performed 
by one-way analysis of variance. All statistical analyses 
were performed using the GraphPad Prism 5 software, 
and a value of p £ 0.05 was considered to indicate statisti-
cally significant differences.

RESULTS

Bufalin Inhibits the Proliferation of Glioma Cells

The MTT assay was used to demonstrate the effect of 
bufalin on glioma cell proliferation, and the results dem-
onstrated that bufalin treatment significantly decreased 
the viability of U87MG and LN-229 cells in a dose- and 
time-dependent manner. The half-maximal inhibitory con-
centration (IC50) values in U87MG cells were 85.3, 34.5, 
and 16.7 nM for 24, 48, and 72 h of treatment, respec-
tively. Similarly, the IC50 values in LN-229 cells were 
184.2, 96.1, and 32.7 nM for 24, 48, and 72 h of treat-
ment, respectively (Fig. 1A). Different concentrations 
of bufalin were used in LO2 hepatocytes, and the results 
demonstrated that bufalin exerted almost no effect after 
24 h; with increasing concentrations of bufalin, the inhi-
bition rate of LO2 cells was ~20%–30% after 48 and 72 h  
(Fig. 1B). We then investigated whether bufalin exerted 
antitumor effects on human primary glioma cells. A total 
of 20 glioma tissue samples were obtained during surgery, 
and the glioma cells were treated by bufalin at different 
concentrations for 24 h. As shown in Figure 1C, the inhi-
bition rate was increased significantly at concentrations 
>160 nM, and the IC50 was ~120 nM. The colony forma-
tion assay revealed that the clonogenic survival of U87MG 
and LN-229 cells was significantly reduced following the 
addition of bufalin (Fig.  1D), and it was significantly 
lower with 20 nM bufalin treatment compared with 10 nM. 
These data indicate that bufalin inhibits the growth and  
proliferation of U87MG and LN-229 cells; furthermore, 
bufalin also leads to minor damage of normal cells and  
exerts obvious inhibitory effects on primary glioma cells.
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Bufalin Suppresses and Damages GSCs

To elucidate whether bufalin exerts inhibitory effects 
on GSCs, the growth ability of the GSCs from U87MG 
and LN-229 cells was examined after a 10-day culture 
using an electron microscope, and GSCs formed three-
dimensional (3D) spheroids suspended in medium 
(Fig. 2A). The expression levels of the stem cell mark-
ers Nanog, SOX2, and Oct4 were markedly increased in 
the 3D spheroids compared with those in normally cul-
tured 2D U87MG and LN-229 cells (Fig. 2B), suggest-
ing that the 3D spheroids display the characteristics of 
CSCs. When U87MG and LN-229 cells were cultured in 
serum-free DMEM/F12 containing different concentra-
tions of bufalin for 7 days, the 3D spheroids were sig-
nificantly smaller compared with those observed in the 
nonbufalin group in U87MG cells, whereas in LN-229 
cells GSCs were unable to form spheroids under a bufalin 
concentration of 40 nM (Fig. 2C). These findings indicate 
that GSC activity was inhibited by bufalin. In addition,  

GSCs derived from U87MG cells were significantly 
smaller compared with those in the control group, and 
the spheroids derived from LN-229 cells were looser 
and surrounded by cell debris following treatment 
with bufalin for 3 days (Fig. 2D). PI staining revealed 
that the cell death rate increased significantly with the 
increase in bufalin concentration (Fig. 2E). As shown  
in Figure  2D and E, GSCs were damaged or killed by 
bufalin to a certain extent.

Bufalin Induces Apoptosis and Reduces  
Telomerase Activity in GSCs

To determine whether bufalin induces GSC apo
ptosis, GSCs from U87MG and LN-229 cells were ana-
lyzed by flow cytometry with AV/PI staining. The cell  
apoptosis ratio increased significantly from 3.46% to 
13.83% following treatment with 20–80 nM bufalin for 
48 h and from 11.53% to 41.40% after treatment for 72 h 
in U87MG GSCs. In GSCs derived from LN-229 cells, 

Figure 1.  Bufalin suppresses the growth of glioma cells. (A) The U87MG, LN-229, and (B) normal liver LO2 cells were treated with 
bufalin (0, 10, 20, 40, 80, and 160 nM) for 24, 48, and 72 h, and cell viability was evaluated using an MTT assay. The data are presented 
as the mean ± standard deviation (SD). (C) Human primary glioma cells were treated with bufalin (0, 20, 160, 320, 640, and 800 nM) 
for 24 h, and an MTT assay was used to assess cell viability. (D) U87MG and LN-229 cells were treated with bufalin (0, 10, and 20 nM) 
for 14 days, after which a colony formation assay was performed. The number of colonies was counted, and the results are presented 
as the mean ± SD. All experiments were repeated three times. *p < 0.05.
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Figure 2.  Bufalin affects cell activity in glioma spheroid cultures. (A) U87MG and LN-229 cells were cultured in two-dimensional 
(2D) and 3D (spheroid) cultures. The cells formed spheroids following a 10-day culture in serum-free medium. Scale bars: 100 μm. 
(B) The human embryonic stem cell markers Nanog, SOX2, and Oct4 were upregulated in 3D cell cultures compared with those in 2D 
cell cultures. (C) The cells formed spheroids following a 7-day culture in serum-free medium with bufalin (0, 5, and 20 nM in U87MG 
and 0, 10, and 40 nM in LN-229 cells). Scale bars: 100 μm. **p < 0.01, ***p < 0.001. (D) Cell spheroids were treated with bufalin (0, 
10, and 20 nM in U87MG and 0, 40, and 80 nM in LN-229 cells) for 5 days. The number of spheroids (diameter ³100 μm) was counted, 
and the results are expressed as the mean ± SD. Scale bars: 100 μm. ***p < 0.001. (E) U87MG and LN-229 cell spheroids were treated 
with bufalin (0, 5, 10, and 40 nM in U87MG and 0, 20, 80, and 160 nM in LN-229 cells) for 3 days and then stained with propidium 
iodide. All experiments were repeated three times. Scale bars: 50 μm.
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the apoptosis ratio increased from 3.9% to 5.46% at 
48 h and from 5.76% to 14.63% at 72 h after treatment 
with 20–160 nM bufalin (Fig. 3A). The apoptosis ratio 
was increased by bufalin in a dose- and time-dependent 
manner. In addition, Western blotting detected the cleav-
age of apoptotic proteins caspase 3 and PARP after 48 h 
of treatment with bufalin in U87MG and LN-229 cells 
(Fig. 3B). In summary, apoptosis was induced by bufalin  
in U87MG and LN-229 cells.

To determine the effect of bufalin on telomerase 
activity, hTERT was detected by Western blot analysis, 
which revealed that the expression of the hTERT protein 
decreased significantly in U87MG GSCs and gradually 
decreased in LN-229 GSCs, in direct association with 
the increase in the concentration of bufalin (Fig.  3C). 
The expression levels of hTERT mRNA were signifi-
cantly reduced compared with the control group after 
the GSCs were treated with different concentrations of 
bufalin (Fig. 3D). These data indicate that bufalin effec-
tively inhibits telomerase activity in GSCs derived from 
U87MG and LN-229 cells.

Bufalin Increases the Sensitivity of GSCs to TMZ

Previous studies demonstrated that the IC50 of TMZ 
is >200 μM in U87MG and LN-229 cells31,32; therefore, 
these two cell types were selected as TMZ resistant, and 
a lower dose (25 or 50 μM) of TMZ was used to conduct 
the experiment in order to determine whether bufalin can 
improve the sensitivity of GSCs to TMZ. MTT analysis 
was performed with a combination of bufalin and TMZ 
(74.1% in U87MG and 58.1% in LN-229 cells), and the 
combination significantly reduced cell viability com-
pared with TMZ alone (103.7% in U87MG and 95.5% 
in LN-229 cells) after treatment for 48 h of GSCs from 
U87MG and LN-229 cells (Fig. 4A). The cell apoptosis 
ratio was assessed by flow cytometry, and the results 
revealed that the apoptosis ratio of TMZ 25 μM combined 
with bufalin (14.2% in U87MG and 18.7% in LN-229 
cells) was higher compared with that of TMZ 25 μM alone 
(5% in U87MG and 11.2% in LN-229 cells). Similarly, 
the apoptosis ratio of TMZ 50 μM combined with bufa-
lin (21.5% in U87MG and 6.3% in LN-229 cells) was 
significantly higher compared with that of TMZ 50 μM 
alone (6.1% in U87MG and 13.6% in LN-229 cells) in 
GSCs (Fig. 4B). To investigate the mechanism underly-
ing the improvement of sensitivity to TMZ by bufalin, 
Western blotting was performed and the results revealed 
that the expression of the phosphorylated apoptotic pro-
tein Bad (p-Bad) in the mitochondrial apoptosis pathway  
was significantly increased and the inhibition of apo
ptotic proteins Bcl-2 and Bcl-xL was significantly reduced  
when bufalin was combined with TMZ, compared with 
TMZ alone (Fig. 4C), in U87MG and LN-229 GSCs. The 
aforementioned experimental results suggest that bufalin 

enhances the effect of TMZ on GSCs. The underlying 
mechanism is that bufalin induces apoptosis by TMZ via  
upregulation of p-Bad and cleaved caspase 9, and down-
regulation of Bcl-2 and Bcl-xL in the mitochondrial 
apoptosis pathway. These results suggest that bufalin 
increases sensitivity to TMZ and enhances its effect by 
inducing mitochondrial apoptosis.

Drug CI Analysis

  We analyzed the effect of bufalin in enhancing the 
sensitivity to TMZ using CompuSyn software to deter-
mine the CI. The results revealed that the CI values of 
U87MG and LN-229 GSCs were between 0.1 and 0.8 
and between 0.1 and 0.3, respectively, after the combined 
application of bufalin and TMZ, indicating a synergistic 
effect between the two agents (Fig. 5A). The linear anal-
ysis results demonstrated that there may be an additive 
effect or antagonism at very low doses of the two drugs 
in U87MG and LN-229 cells (Fig. 5B and C).

DISCUSSION

Complete surgical resection of glioma is difficult in 
clinical practice, and the tumors are often insensitive to 
radiotherapy, with the additional risk of injury to normal 
nervous system tissues1. In addition, due to the presence 
of CSCs, most tumors relapse after traditional therapy5,6. 
Therefore, safer and more effective anti-glioma or anti-
GSC drugs are urgently needed to improve the outcome 
of chemotherapy for glioma patients.

In recent years, TCM has made progress in the treat-
ment of tumors, and various agents extracted from TCM 
substances have been verified to inhibit glioma cell 
growth33–36. In particular, the combination of TCM and 
Western medicine has a unique advantage in improving 
the survival rate and reducing the toxicity of chemoradio-
therapy37. Bufalin, a major component of the TCM Chan-
Su13, has been found to exert a clear inhibitory effect on 
various tumors9,10,12,38. Studies have shown that the Na-K-
ATP enzyme is likely one of the targets for the inhibi-
tion of proliferation of hepatocellular carcinoma cells 
by bufalin39. Furthermore, bufalin facilitates apoptosis 
of prostatic carcinoma cells by inhibiting the AKT/Bcl 
pathway40, and it inhibits the proliferation and migration 
of esophageal squamous cell carcinoma cells by arrest-
ing the cell cycle at the S and G/M phases and by block-
ing the Raf/MEK/ERK signaling pathway41,42. In glioma, 
bufalin has been shown to induce glioma cell apoptosis 
and autophagy via upregulating the protein expression of 
cleaved caspase 3, cleaved PARP, and Bax; downregulat-
ing the expression of Bcl-2; and promoting the release 
of cytochrome c. These mechanisms are closely associ-
ated with endoplasmic reticulum stress13. However, there 
has been no report to date on whether bufalin damages 
normal glial cells. As glioma is a central nervous system 
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Figure 3.  Bufalin induces apoptosis and reduces telomerase activity in GSCs. (A) GSCs were treated with bufalin (0, 20, 40, and 
80 nM in U87MG and 0, 20, 80, and 160 nM in LN-229 cells) for 48 and 72 h. Cell apoptosis was analyzed using flow cytometry. 
The apoptotic rate is presented as the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001. (B) Western blot analysis for caspase3, PARP, 
and GAPDH. (C) Western blot analysis for hTERT and b-actin. (D) Expression of hTERT-mRNA in GSCs induced by bufalin (0, 20, 
40, and 60 nM in U87MG and 0, 40, 80, and 160 nM in LN-229 cells) for 24 h. All experiments were repeated three times. *p < 0.05, 
**p < 0.01, ***p < 0.001. GSCs, glioma stem-like cells; PARP, poly(ADP-ribose) polymerase; GAPDH, glyceraldehyde 3-phosphate 
dehydrogenase; hTERT, human telomerase reverse transcriptase.
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Figure 4.  Bufalin increases the sensitivity of GSCs to TMZ. (A) GSCs derived from U87MG and LN-229 cells were treated with 
bufalin (0, 10, or 20 nM), TMZ (25 μM), or combination of bufalin and TMZ for 48 h, and the cell viability was assessed by MTT 
assay. **p < 0.01, ***p < 0.001. (B) GSCs derived from U87MG and LN-229 cells were treated with bufalin (0, 10, or 20 nM), TMZ 
(25 or 50 μM), and a combination of bufalin and TMZ for 72 h. Cell apoptosis was detected by flow cytometry, and the proportion of 
apoptotic cells is presented as the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001. (C) Western blot analysis for p-Bad, Bcl-2, Bcl-xL, 
caspase 9, and GAPDH. All experiments were repeated three times. TMZ, temozolomide; Bcl-2, B-cell lymphoma-2.
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malignant tumor, therapeutic interventions aim to pre-
serve normal brain tissue function to the greatest extent 
possible in order to ensure quality of life after surgery. 
Normal glial cells are difficult to obtain in clinical prac-
tice. Thus, normal liver cells were selected instead to indi-
rectly reflect the toxicity of bufalin against normal cells. 
In addition, bufalin was used to treat primary glioma cells 
obtained from patients during surgery to explore its effect 
on cell activity, which may represent a step forward in  
the future clinical application of bufalin.

Recent studies reported that bufalin inhibits the pro-
liferation of CSCs from osteosarcoma (OS) by regulat-
ing miR-148a and miR-148a, further regulating DNMT1 
and p27 to control the stemness of OS cells43,44. Bufalin 
also suppressed pancreatic CSCs in gemcitabine-resistant 
MIAPaCa-2 cells, and the Hedgehog (Hh) signaling path-
way, which is key to the therapeutic targeting of CSCs in 
pancreatic cancer, may be involved in this process45–47. 
In  addition, bufalin inhibits cancer stem-like cell phe-
notypes by upregulating the expression of miR-203, a 

Figure 5.  Drug combination index (CI) analysis. (A) GSCs derived from U87MG and LN-229 cells were treated with bufalin (10, 
20, 40, 80, and 160 nM) combined with TMZ (25, 50, 100, 200, and 400 μM) for 48 h, and CI values were obtained using CompuSyn 
software. (B, C) The results and the graphs of the linear analysis of the drug combinations were obtained from CompuSyn using the 
five combined doses indicated above.
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tumor-suppressive microRNA, to affect the proliferation, 
invasion, and drug resistance of glioma cells and GSCs48–51. 
In the present study, bufalin inhibited GSC activity and 
induced GSC apoptosis and death. hTERT has been shown 
to promote the activation and function of telomerase, and 
changes in its expression level are closely associated with 
telomerase activity52–54. It has been reported that hTERT 
is associated not only with telomerase activity but also 
with apoptosis. When hTERT is highly expressed, cell 
apoptosis is inhibited55–58. Therefore, we investigated the 
effect of bufalin on the expression of hTERT to determine 
whether bufalin can reduce the expression of hTERT, 
decrease the activity of telomerase, and promote apo
ptosis. We observed that bufalin induced GSC apoptosis, 
and the underlying mechanism may be associated with 
the reduction of telomerase activity by downregulating 
the expression of hTERT.

TMZ is the preferred chemotherapeutic drug for 
the treatment of high-grade glioma26,59–61; however, it 
is expensive for patients and many patients have vary-
ing degrees of interruption or dose reduction in the 
application process of a clinical setting. If bufalin can 
improve the efficacy of TMZ or reduce TMZ dosage 
without compromising its efficacy, it may prove valu-
able for the future treatment of glioma patients. In 
this study, bufalin enhanced the sensitivity of GSCs to 
TMZ and enhanced the efficacy of TMZ by inducing 
GSC apoptosis via upregulating p-Bad and downregu-
lating Bcl-2 and Bcl-xL in the mitochondrial apoptosis 
pathway, as well as upregulating the apoptotic pro-
tein cleaved caspase 9. However, whether the specific 
effect of bufalin in enhancing the efficacy of TMZ is 
achieved by activating the mitochondrial apoptosis 
pathway and whether other proteins of the apoptotic 
pathway are involved require further investigation. CI 
analysis further proved that bufalin acts synergistically 
with TMZ in U87MG and LN-229 cells. This may rep-
resent a novel approach to the chemotherapy of glioma  
in the future.

Upon summarizing all the experimental results, we 
found that bufalin exerts a clear inhibitory effect on the 
growth and proliferation of glioma cells, causes minimum 
damage to normal liver cells, and exerts an obvious inhib-
itory effect on the proliferation of human primary glioma 
cells. Furthermore, bufalin inhibits and kills GSCs and 
induces GSC apoptosis by upregulating the expression of 
apoptotic proteins cleaved caspase 3 and cleaved PARP 
and by downregulating the expression of hTERT, which 
may be associated with reduced telomerase activity and 
induction of apoptosis. It has been demonstrated that the 
activity of telomerase is closely linked to the occurrence 
and development of glioma15–17. Bufalin was shown to 
inhibit the telomerase activity of GSCs, and this finding 
may provide a novel therapeutic target for the clinical 

treatment of glioma. Finally, we observed that bufalin 
enhanced the sensitivity of GSCs to TMZ, and the under-
lying mechanism may be through enhancing the ability 
of TMZ to induce apoptosis of GSCs through the mito-
chondrial apoptosis pathway. In the result of the drug CI 
analysis, we found that the combination of bufalin and 
TMZ in effective concentrations can be synergistic. If 
more drug concentration gradients were set in future stud-
ies, it would be very meaningful to find the respective 
medicinal concentrations of bufalin and TMZ for optimal 
therapeutic effect. There will be a new breakthrough to 
reduce the economic burden of patients in the treatment 
of glioma.

There were certain limitations to the present study. 
Thus far, the effects of bufalin have only been studied 
on glioma cells and GSCs, and the mechanism related to 
telomerase activity has not yet been extensively investi
gated. In future studies, the association between buf-
alin-induced apoptosis and telomerase activity, and the 
specific molecular targeted mechanisms should be further 
elucidated. It also should be confirmed whether bufalin is 
effective or has toxic side effects in animal models. If bufa-
lin is effective in animal models, we have no reason not to 
conduct clinical testing of the combination of bufalin and  
TMZ to contribute to the treatment of glioma patients.
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