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Abstract. Tubeimoside‑1 (TBMS1), a traditional Chinese herb 
extracted from Bolbostemma paniculatum (Maxim.), induces 
apoptosis in a number of human cancer cell lines. TBMS1 
has been reported to induce apoptosis in human glioma cells, 
however the mechanism remains to be elucidated. The present 
study explored TBMS1‑induced PI3K/Akt‑related pathways in 
human glioma cells. The human glioma U251 and the human 
astrocyte (HA) cell lines were treated with various concen-
trations of TBMS1. MTT assays were conducted to analyze 
cell viability. Cell cycle distribution and the rate of apoptosis 
were assessed using flow cytometry. BrdU incorporation and 
Hoechst 33342 staining were performed to analyze the cell cycle 
and apoptosis, respectively. Western blotting was performed 
to investigate protein expression levels. The results demon-
strated that TBMS1 reduced cell viability in human glioma 
cells U251 by suppressing Akt phosphorylation. Subsequently, 
TBMS1 inhibited DNA synthesis and induced G2/M phase 
arrest by targeting the PI3K/Akt/p21 and the cyclin‑dependent 
kinase 1/cyclin B1 signaling cascades. In addition, TBMS1 
triggered apoptosis via the PI3K/Akt‑mediated Bcl‑2 signaling 
pathway. These results demonstrated that TBMS1 prevented 
the progression of gliomas via the PI3K/Akt‑dependent 
pathway, which provided a theoretical basis for in vivo studies 
to use TBMS1 as potential therapy for the prevention of cancer.

Introduction 

Gliomas have been recognized as one of the most common 
invasive malignancies of the central nervous system, with high 
recurrence rates, high mortality and low rates of cure (1,2). 
Although the diagnosis and treatment of glioma has made great 
progress in recent years, the overall survival of glioma patients 

remains low (3,4). Currently, there is no effective treatment for 
gliomas; therefore, novel treatments are required. Elucidating 
the possible molecular mechanisms of action is also an impor-
tant aspect for the development of treatments for gliomas.

Tubeimoside‑1 (TBMS1) is a triterpenoid saponin the 
sugar chains of which are connected by 3‑hydroxy‑3‑meth-
ylglutaric acid to form a unique macrocyclic structure. 
TBMS1 is extracted from the tubers of a traditional Chinese 
medicinal plant, Bolbostemma paniculatum (Maxim.): 
Franquet (Cucurbitaceae), as recorded in the Supplement to 
the Compendium of Materia Medica  (5). It is convention-
ally used as a natural medicine to treat a variety of diseases 
by producing anti‑inflammatory and immunosuppressive 
activities (6,7). In addition, TBMS1 has been revealed to have 
antitumor effects and is considered a candidate for treating 
various types of cancer (8). Notably, TBMS1 was revealed to 
exert a direct cytotoxic effect on glioma cell lines and induce 
apoptosis (9). However, the exact role TBMS1 plays in glioma 
cells remains to be elucidated.

Serine/threonine kinase Akt kinase regulates diverse 
cellular processes, including cell survival, proliferation, 
angiogenesis and migration (10). Akt is a main downstream 
effector of PI3K whose dysregulation causes aberrant Akt 
activity. Therefore, targeting this pathway may have an 
effect on cancer treatment (11). In addition, dysfunction of 
the PI3K/Akt pathway has been revealed to cause human 
glioma cell apoptosis (12). TBMS1 has been also reported 
to act as a potent apoptosis inducer by modulating PI3K/Akt 
signaling (13). PI3K/Akt has not been reported to be modified 
in TBMS1‑treated glioma cancer, to the best of the authors' 
knowledge.

In the present study, the mechanisms of action underlying 
TBMS1‑induced cytotoxicity, apoptosis and cell cycle arrest in 
human glioma cells were investigated. It was also demonstrated 
that the PI3K/Akt‑mediated signaling pathway was involved in 
the anti‑glioma effects of TBMS1 in human glioma cells.

Materials and methods

TBMS1. TBMS1 with HPLC ≥98% was obtained from the 
National Institute for the Control of Pharmaceutical and 
Biological Products. TBMS1 powder was processed into a 
1‑mg/ml stock solution with DMEM (Gibco; Thermo Fisher 
Scientific, Inc.) and stored at ‑20˚C.
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Cell culture. The human glioma U251 cell line was obtained 
from the Type Culture Collection of the Chinese Academy of 
Sciences. Normal human astrocyte HA cell line was obtained 
from Lonza Group Ltd. All cell lines were incubated in DMEM 
supplemented with 10% FBS with antibiotics 100 U/ml peni-
cillin and 100 µg/ml streptomycin (all from Gibco; Thermo 
Fisher Scientific, Inc.) in a humidified incubator containing 
5% CO2 at 37˚C.

Cell proliferation assay. The cell viability was detected using 
MTT assays (Sigma‑Aldrich; Merck KGaA). U251 and HA cell 
lines were seeded (5x103 cells/well) for 24 h. The cells were 
treated with TBMS1 (0‑50 µg/ml) at 37˚C for 24, 48 or 72 h 
or TBMS1 (30 µg/ml) in the presence or absence of PI3K/Akt 
inhibitor LY294002 (20 µM; cat. no. L9908; Sigma‑Aldrich; 
Merck KGaA) for 24 h. Then, 20 µl MTT solution (5 mg/ml; 
Sigma‑Aldrich; Merck KGaA) was added to each cell sample 
for 4 h at 37˚C. The cells were then dissolved using 100 µl 
DMSO, shaken for 10 min on a mini shaker and analyzed 
using a multi‑well plate reader at 570 nm on a microplate 
reader (Thermo Fisher Scientific, Inc.). The proliferation rate 
(%) was calculated using the following formula: Proliferation 
rate = ODadministrated/ODcontrol x 100%. 

BrdU incorporation assay. DNA synthesis was assessed via 
the incorporation of BrdU into newly synthesized strands. 
U251 cells (5x103 cells/well) were seeded in 96‑well plates, 
cultured for 24 h and treated with 0, 20, 30 or 40 µg/ml TBMS1 
at 37˚C for 24 h. BrdU labelling was commenced through the 
addition of 10 µl/ml labelling solution, at a final concentration 
of 10 µM, to the medium. After the cells were incubated at 
37˚C for 6 h, labelling was stopped and the uptake of BrdU 
was measured using a Cell Proliferation ELISA kit (Roche 
Diagnostics) according to the manufacturer's protocol.

Cell cycle assay. U251 cells (5x103 cells/well) were seeded in 
six‑well plates and treated with 0, 20, 30 or 40 µg/ml TBMS1 
at 37˚C for 24 h. Cells were collected, washed twice with 
cold PBS, fixed with 70% cold alcohol at ‑20˚C overnight 
and then stained with 10 µl propidium iodide (PI; 1 mg/ml) 
in the presence of 1% RNase A for 30 min at 37˚C, for cell 
cycle detection. Analysis was performed using Cell Quest and 
Mod Fit programs (v5.1, BD Biosciences) as described previ-
ously (14). The proportions of cells in the G0/G1, S and G2/M 
phases were presented as DNA histograms.

Hoechst 33342 staining assay. U251 glioma cells 
(5x103 cells/well) were seeded in 6‑well culture plates and then 
treated with TBMS1 (0, 20, 30 or 40 µg/ml) at 37˚C for 24 h. 
The cells were washed twice with cold PBS and then fixed 
with cold methanol and acetic acid (3/1, v/v) at 4˚C for 30 min. 
After washing with PBS, a solution of Hoechst 33342 staining 
dye was added to the cells at 37˚C for 30 min in the dark. After 
a final wash in PBS, a single, randomly selected field of view 
of the cells was visualized under a fluorescence microscope 
(magnification, x400; Nikon Corporation). 

Annexin V/PI flow cytometric assay. The effect of TBMS1 on 
the apoptosis of U251 cells was analyzed using flow cytometry. 
Cells (5x103  cells/well) were seeded in 6‑well plates and 

treated with 0, 20, 30 or 40 µg/ml TBMS1 at 37˚C for 24 h 
and then washed with cold PBS and resuspended in incubation 
buffer. The rate of apoptosis was examined by staining the 
samples with Annexin V‑fluorescein 5‑isothiocyanate (FITC) 
and PI for 20 min in the dark at room temperature using an 
Annexin V‑FITC staining kit according to the manufacturer's 
protocol (BD Biosciences). Subsequently, flow cytometric 
analyses were performed using a FACS‑Canto flow cytometer 
(Beckman Coulter, Inc.) with Cell Quest software (v5.1, BD 
Biosciences).

Western blot assay. U251 cells were exposed to TBMS1 (0, 20, 
30 or 40 µg/ml) or TBMS1 (30 µg/ml) in the presence or absence 
of PI3K/Akt inhibitor LY294002 (20 µM) at 37˚C for 24 h. The 
proteins were extracted using a cocktail of protein lysate solu-
tion supplemented with protease inhibitors (Beyotime Institute 
of Biotechnology). The cell lysate was centrifuged at 700 x g 
for 5 min at 4˚C and the supernatant fraction was collected 
for western blotting. Cell lysates were collected, and the total 
protein was assessed using the BCA protein assay kit (Tiangen 
Biotech Co., Ltd.). A total of 20 µg total protein samples 
were separated on 12% SDS‑PAGE, transferred onto PVDF 
membranes (EMD Millipore) and blocked using Tris‑buffered 
saline containing 5% non‑fat milk for 30 min at room tempera-
ture. These membranes were incubated with the corresponding 
primary antibodies overnight at 4˚C. After being washed three 
times, the membranes were incubated with a secondary anti-
body for 1 h at room temperature. ECL (EMD Millipore) was 
used to detect protein bands. Band densities were quantified 
using Image J 1.45s software (National Institutes of Health). 
The antibodies [Akt (cat. no. sc377457; 1:1,000), phosphorylated 
(p‑)Ser 473‑Akt (cat. no. sc52940; 1:1,000), p‑Thr 308‑Akt (cat. 
no. sc271966; 1:1,000), p21 (cat. no. sc817; 1:200), cyclin B1 
(cat. no. sc245; 1:1,000), Bad (cat. no. sc8044; 1:1,000), Bax (cat. 
no. sc7480; 1:1,000), Bcl‑2 (cat. no. sc509; 1:500), caspase‑3 (cat. 
no. sc7272; 1:1,000), caspase‑9 (cat. no. sc56076; 1:1,000) and 
GAPDH (cat. no. sc365062; 1:1,000), mouse IgG‑horseradish 
peroxidase (HRP; cat. no. sc2748; 1:2,000) and rat IgG‑HRP 
(cat. no. sc2750; 1:2,000)] were purchased from Santa Cruz 
Biotechnology, Inc. The antibody poly‑ADP ribose polymerase 
(PARP; product no. 9542; 1:1,000) and apoptosis‑inducing 
factor (AIF; cat. no. 4642; 1:1,000) were purchased from Cell 
Signaling Technology, Inc. The antibody cyclin‑dependent 
kinase 1 (CDK1; cat. no. PA5‑14438; 1:1,000) was purchased 
from Thermo Fisher Scientific, Inc.

Statistical analysis. All data represent at least 3 indepen-
dent experiments and are expressed as the mean ± standard 
deviation. Statistical analysis with multiple comparisons were 
performed using one‑way ANOVAs followed by Tukey's post 
hoc test. P<0.05 was considered to indicate a statistically 
significant difference.

Results

TBMS1 suppresses the growth of glioma cells through the 
PI3K/Akt signaling pathway. To investigate the effect of 
TBMS1 on glioma cells, MTT was used to analyze changes 
in cell viability. As revealed in Fig. 1A, the viability of U251 
cells decreased in a time‑ and concentration‑dependent 
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manner. However, the effect of TBMS1 on HA cells was less 
pronounced than in U251 cells. The IC50 concentrations of 
TBMS1‑treated U251 cells at 24, 48 and 72 h were 31.55±1.60, 
28.38±1.21 and 25.30±1.26, respectively. When U251 cells 
were treated with TBMS1 for 24 h, the average viability of the 
cells at concentrations of 20, 30 and 40 µg/ml was reduced to 
74.62%, 51.40% and 26.32%, respectively, compared with the 
control group (0 µg/ml). Therefore, concentrations of 20, 30 
and 40 µg/m at 24 h were selected for further experiments to 
research the mechanism of action of TBMS1 in glioma cells. 

In order to evaluate the effect of TBMS1 on the PI3K/Akt 
pathway in U251 cells, Akt phosphorylation and total Akt 
expression in U251 cells were also examined. As revealed 
in Fig. 1B, TBMS1 inhibited the phosphorylation of Akt in 
a concentration‑dependent manner, while expression of total 
Akt was unchanged. To confirm the results, LY294002 was 
used to treat U251 cells alone or in combination with TBMS1 

(30 µg/ml). As revealed in Fig. 1C, the phosphorylation of Akt 
at Thr308 and Ser473 significantly decreased in cells treated 
with TBMS1 alone, LY294002 alone and TBMS1 combined 
with LY294002 compared with the control group, which was 
treated only with DMSO. As revealed in Fig. 1D, compared 
with the control group (0 µg/ml), cell viability was signifi-
cantly decreased in cells exposed to TBMS1 alone, LY294002 
alone or the combination treatment. These results indicated 
that TBMS1 had the potential to inhibit human glioma cell 
growth through the PI3K/Akt signaling pathway.

TBMS1 arrests the G2/M phase of glioma cells by regulating 
the p21/CDK1/cyclin B1 signaling pathway. To explore the 
mechanisms of action underlying the inhibition of cell viability 
in the TBMS1 treatment group, cell cycle changes in U251 
cells and HA cells were investigated. BrdU incorporation was 
used to examine the effect of TBMS1 on DNA synthesis. As 

Figure 1. TBMS1 suppresses the growth of glioma cells by inhibiting the PI3K/Akt signaling pathway. U251 and HA cells were incubated with 0‑50 µg/ml 
of TBMS1 for 24, 48 or 72 h. (A) Cell viability was determined by MTT. **P<0.01 and ***P<0.001 vs. TBMS1 (at 24h, 0 µg/ml); ##P<0.01 and ###P<0.001 vs. 
TBMS1 (at 48 h, 0 µg/ml); &&P<0.01 and &&&P<0.001 vs. TBMS1 (at 72h, 0 µg/ml). (B) The expression levels and quantitative values of p‑Akt (S473), p‑Akt 
(T308) and total Akt in U251 cells were monitored by western blot analysis. U251 cells were treated with TBMS1 (30 µg/ml) in the presence or absence of 
PI3K/Akt inhibitor LY294002 for 24 h. *P<0.05, **P<0.01 and ***P<0.001 vs. TBMS1 (0 µg/ml). (C) The expression levels and quantitative values of p‑Akt 
(S473), p‑Akt (T308) and total Akt in U251 cells were monitored by western blot analysis. *P<0.05, **P<0.01 and ***P<0.001 vs. Control+DMSO; #P<0.05 vs. 
LY294002+DMSO; &P<0.05 vs. Control+TBMS1. (D) Cell viability was determined by MTT. ***P<0.001 vs. Control; #P<0.05 vs. LY294002; &P<0.05 vs. 
TBMS1. TBMS1, tubeimoside‑1; p‑, phosphorylated.
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revealed in Fig. 2A, TBMS1 suppressed DNA synthesis in 
U251 cells in a dose‑dependent manner (P<0.01) while having 
a reduced effect in HA cells, with a significant response only 
observed at the highest dose (40 µg/ml; P<0.05). 

Cell cycle progression was assessed using flow cytometry. 
Flow cytometric analysis demonstrated that with TBMS1 
treatment at 20, 30 or 40 µg/ml, the percentage of U251 cells 
in the G2/M phase increased from 14.30% to 23.76%, 31.56% 

and 38.24%, respectively (Fig. 2B). The percentage of HA 
cells slightly increased only at the highest dose of TBMS1 
(40 µg/ml), indicating that TBMS1 induced cell cycle arrest in 
the G2/M phase in glioma U251 cells. 

To investigate the molecular basis of the effect of TBMS1 
on cell cycle arrest, western blotting was used to study the 
expression levels of regulatory proteins. As a checkpoint of 
G2/M phase, the expression levels of CDK1 and cyclin B1 

Figure 2. TBMS1 induces the G2/M phase arrest of glioma cells by regulating p21/CDK1/cyclin B1 signaling pathway. U251 and HA cells were incubated with 
20, 30 or 40 µg/ml of TBMS1 for 24 h. (A) The DNA synthesis ability was detected via BrdU incorporation. (B) Representative profiles and percentage of cell 
cycle distribution was determined via flow cytometry. (C) The expression levels and quantitative values of p21, CDK1 and cyclin B1 were monitored by western 
blot analysis. *P<0.05, **P<0.01 and ***P<0.001 vs. TBMS1 (0 µg/ml). TBMS1, tubeimoside‑1; CDK1, cyclin‑dependent kinase 1.
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were studied. Fig. 2C demonstrated that the protein expression 
levels of CDK1 and cyclin B1 were significantly decreased in 
the TBMS1‑treated group, in a dose‑dependent manner. As 
a major regulator of the CDK1/cyclin B1 signaling pathway, 
p21 protein expression was significantly increased. These 
data further demonstrated that TBMS1 could induce G2/M 
arrest in glioma cells by regulating the p21/CDK1/cyclin B1 
signaling pathway.

TBMS1 induces apoptosis of glioma cells by blocking the 
Bcl‑2 signaling pathway. The effects on apoptosis of treatment 
with TBMS1 were investigated using Hoechst 33342 staining 
and Annexin V‑FITC/PI staining. As revealed in Fig. 3A, the 
Hoechst 33342 staining assay demonstrated that following 
treatment with TBMS1 for 24 h, chromatin was agglutinated, 
nuclear fragmentation was observed and apoptotic bodies 
were formed in U251 cells, but there was no significant change 

Figure 3. TBMS1 induces the apoptosis of glioma cells by blocking Bcl‑2. U251 and HA cells were incubated with 20, 30 or 40 µg/ml of TBMS1 for 24 h. The 
cells were stained using (A) Hoechst 33342 staining and (B) Annexin V‑FITC/PI double staining. A statistical analysis was performed for apoptosis. (C) The 
expression levels and quantitative values of Bad, Bax, PARP, caspase‑3, caspase‑9, AIF and Bcl‑2 were monitored via western blot analysis. *P<0.05, **P<0.01 
and ***P<0.001 vs. TBMS1 (0 µg/ml). TBMS1, tubeimoside‑1; FITC, fluorescein 5‑isothiocyanate; PI, propidium iodide; PARP, poly‑ADP ribose polymerase; 
AIF, apoptosis‑inducing factor.
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in HA cells. Flow cytometric results demonstrated that in 
the treated U251 cells, the cells experienced typical morpho-
logical changes associated with apoptosis. The results of 
flow cytometric analysis demonstrated that rates of apoptosis 
were 16.67, 29.65 and 39.07% in the cells treated with 20, 30 
or 40 µg/ml of TBMS1 respectively for 24 h as compared to 
9.51% in the control cells (Fig. 3B). No effect was observed 
in the HA cells. These results indicated that TBMS1 could 
induce apoptosis in glioma cells.

To confirm the results, expression changes of the apop-
tosis regulators Bad, Bax, caspase‑3, PARP, caspase‑9, AIF 

and Bcl‑2 were analyzed by immunoblotting. As revealed in 
Fig. 3C, with increasing doses of TBMS1, the protein expres-
sion levels of Bad, Bax, caspase‑3, PARP and caspase‑9 were 
increased while the expression levels of AIF and Bcl‑2 proteins 
were decreased. In addition, TBMS1 increased the Bax/Bcl‑2 
ratio. These results demonstrated that TBMS1 increased cell 
death by suppressing the Bcl‑2 signaling pathway.

TBMS1 attenuates the progression of glioma cells through 
the PI3K/Akt‑mediated signaling pathways. The PI3K/Akt 
signaling pathway is a potential survival signaling pathway in 

Figure 4. TBMS1 attenuates the progression of glioma cells by the PI3K/Akt‑mediated signaling pathways. U251 cells were incubated with TBMS1 (30 µg/ml) 
in the presence or absence of PI3K/Akt inhibitor LY294002 (20 µM) for 24 h. The expression levels and quantitative values of proteins were monitored by 
western blotting. *P<0.05, **P<0.01 and ***P<0.001 vs. the control; #P<0.05, ##P<0.01 and ###P<0.001 vs. LY294002; &P<0.05, &&P<0.01 and &&&P<0.001 vs. 
TBMS1. TBMS1, tubeimoside‑1; PARP, poly‑ADP ribose polymerase; AIF, apoptosis‑inducing factor; CDK1, cyclin‑dependent kinase 1.
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a number of systems and its inactivation can inhibit growth 
and induce apoptosis. In order to detect whether gliomas are 
inhibited by TBMS1 inducing the inactivation of the PI3K/Akt 
signaling pathway, U251 cells were treated with TBMS1 
(30 µg/ml) in the presence or absence of 20 µM LY294002. 
Western blotting was then performed to explore alterations 
in the protein expression levels. The results indicated that the 
use of TBMS1 alone, LY294002 alone or a combination treat-
ment for 24 h, amplified the effect of Akt dephosphorylation 
in U251 cells (Fig. 4), while total Akt protein levels remained 
constant in all of the treatments. In addition, the protein 
expression levels of p‑Akt was significantly reduced in cells 
treated with TBMS1 and LY294002 together, compared with 
that of TBMS1 or LY294002 alone. Compared with TBMS1 
(30 µg/ml) treatment, the CDK‑interacting protein, p21, expres-
sion levels demonstrated the greatest increase whereas CDK1 
and cyclin B1 levels were reduced the most in cells that were 
treated with TBMS1 and LY294002 combined. Following 
combined treatment, the Bad, Bax, caspase‑3, PARP and 
caspase‑9 levels increased, while the AIF and Bcl‑2 levels 
decreased. In addition, the Bax/Bcl‑2 ratio also demonstrated 
the largest increase following combination therapy, compared 
with single therapies alone. 

Discussion

As a common intracranial tumor, gliomas account for ~40% 
of intracranial tumors (15). Despite recent advances in the 
surgical and medical treatment of glioma, the prognosis of 
patients with malignant glioma is still poor (16). Previous 
research has revealed that a traditional Chinese herb, TBMS1, 
inhibits proliferation and promotes apoptosis in U251 glioma 
cancer cells (9). This apoptotic response is associated with 
the regulation of the expression of the Bcl‑2 gene family 
and the mitochondrial pathway of apoptosis by inducing 
intracellular reactive oxygen species (ROS) (9). Based on 
previous research, the present study further explored changes 

in the PI3K/Akt pathway proteins that regulate apoptosis 
and changes in related pathways (9). The development and 
progression of glioma is usually associated with molecular 
changes in the PI3K/Akt signaling pathway (17), which is 
responsible for a variety of biological processes, including 
cell metabolism, survival, cell cycle progression, regulation 
of apoptosis, protein synthesis and genomic instability (18). 
It is an important intracellular pathway which is frequently 
aberrantly activated in various types of human cancer (19). 
Therefore, targeting the PI3K/Akt pathway can have impli-
cations for the treatment of numerous cancer types (20). Akt 
is a downstream protein of PI3K, a lipid kinase consisting 
of a catalytic subunit  (21). The Akt protein contains two 
phosphorylation sites, Thr308 and Ser473, whose activation 
requires phosphorylation by the phosphoinositide‑dependent 
kinase 1 and rapamycin‑insensitive complex (21). Thr308, 
located in the core activation region of the catalytic protein 
kinase, and Ser473, located in the C‑terminal hydrophobic 
motif, can fully activate Akt  (22). Akt phosphorylation 
is widely considered as a marker for the activation of the 
PI3K/Akt signaling pathway  (23). Aberrant activation 
of the PI3K/Akt signaling pathway has been reported in 
gliomas (23). The present study demonstrated that TBMS1 
inhibited the viability of U251 cells and the phosphorylation 
of Akt. LY294002 demonstrated the same effect. In addi-
tion, the combination of TBMS1 and LY294002 enhanced 
these inhibitions. These results demonstrated that TBMS1 
can inhibit human glioma cell activity through Akt phos-
phorylation.

Progression through the cell cycle in normal cells is 
regulated through various checkpoints during cell division 
and impaired regulation of checkpoints may lead to uncon-
trolled cell proliferation  (24). Cell cycle dysregulation is 
the basis for characterizing abnormal cell proliferation in 
cancer  (25). It has been reported that maintaining proper 
cell cycle progression is an effective therapeutic strategy 
to prevent tumor growth  (25). In the present study, BrdU 

Figure 5. Mechanisms of TBMS1 allow it to suppress glioma cells via the PI3K/Akt signaling pathways. TBMS1, tubeimoside‑1; PARP, poly‑ADP ribose 
polymerase; AIF, apoptosis inducing factor; CDK1, cyclin‑dependent kinase 1.
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incorporation and flow cytometry demonstrated that TBMS1 
could inhibit DNA synthesis and lead to the accumulation of 
U251 cells in the G2/M phase in a concentration‑dependent 
manner. The cell cycle control system is based on two major 
protein families, the cyclins and CDKs (26). Typically, the 
expression levels of cyclins are dynamic, while CDKs act 
as catalytic subunits and stabilize the expression levels of 
the cyclins (26). During the transition from G2 to M phase, 
cyclin B1 activates CDK1, resulting in an increase in acti-
vated CDK1 (26). In glioma cells, the constitutive activation 
of the PI3K/Akt signaling cascade and a decrease in p21 
protein expression levels are common, leading to flawed 
cell cycle progression (27). The present study indicated that 
TBMS1 decreased cyclin B1, CDK1 and Akt phosphoryla-
tion levels, and increased the levels of the CKD1 inhibitor 
p21. Therefore, the PI3K/Akt/p21/CDK1/cyclinB1 signaling 
pathways were involved in TBMS1‑induced glioma cell cycle 
G2/M arrest (Fig. 5).

Apoptosis defects play an important role in the patho-
genesis of tumors: The cytotoxic effects of a number of 
antitumor drugs are usually accompanied by the induction of 
apoptosis (28). The present study demonstrated that TBMS1 
induced apoptosis, as revealed by the typical morphologic 
features such as clear chromatin condensation, nuclear 
fragmentation and apoptotic bodies in the treated U251 
cells. Cell apoptosis signaling pathways are classified into 
the death receptor  (extrinsic) pathway and the mitochon-
drial (intrinsic) pathway (29). The Bcl‑2 family, including 
anti‑apoptotic components such as Bcl‑2 and Bcl‑xL, and 
pro‑apoptotic components such as Bax, Bak and Bad, are 
involved in the regulation of apoptosis through the mito-
chondrial pathway (30). The promotion of Bad expression 
and the increase in the Bax/Bcl‑2 ratio are associated with 
apoptosis in a variety of human cancer types  (31). The 
ratio of Bax/Bcl‑2 is involved in the release of AIF and 
endonuclease G from mitochondria, also referred to as the 
caspase‑independent pathway (32). Mitochondria‑dependent 
signaling occurs through the cleavage of caspase‑9, which 
subsequently activates downstream caspase‑3, leading to 
the cleavage of various key cellular substrates  (including 
PARP), thereby inducing apoptosis  (33). Previous studies 
have demonstrated that TBMS1 exerts anti‑growth and 
induces apoptotic activity against cancer cells by activating 
caspases and Bcl‑2 family proteins (34,35). The present study 
demonstrated that after treatment with TBMS1, p‑Akt, AIF, 
Bad, caspase‑3, caspase‑8 and caspase‑9 expression levels 
were significantly decreased and that the Bax/Bcl‑2 ratio 
was increased, indicating that TBMS1 promoted cell death. 
Inhibition of Akt phosphorylation results in downregulation 
of Akt‑regulated anti‑apoptotic proteins, thereby promoting 
the death of apoptotic cells (36). Inhibition of interference 
with Akt phosphorylation has been revealed to be sufficient 
to promote mitochondrial membrane depolarization and 
apoptosis in numerous types of cancer cells (17). To further 
explore the relationship between apoptotic regulator proteins 
and Akt phosphorylation, glioma cell lines were treated 
with TBMS1, LY294002 or a combination treatment of 
the two drugs. The results demonstrated that the PI3K/Akt 
inhibitor, LY294002, reduced Akt phosphorylation and AIF 
expression, and also increased Bad, caspase‑3, caspase‑8 and 

caspase‑9 expression levels as well as the Bax/Bcl‑2 ratio. 
TBMS1 and LY294002 enhanced these responses. These 
data revealed that the mechanism of action by which TBMS1 
triggered mitochondria‑mediated apoptosis may be through 
the PI3K/Akt signaling pathway.

Collectively, TBMS1 exhibited an inhibitory effect on 
cellular growth, promoted apoptosis and induced cell cycle 
arrest by suppressing the PI3K/Akt‑mediated signaling path-
ways in glioma cells. This provides the rationale for in vivo 
studies on the utilization of TBMS1 as a potential cancer 
therapeutic compound.
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