
Glioblastoma is the most common and most aggressive of
the primary brain tumors.1,2) With its highly invasive pheno-
type, glioblastoma diffusely infiltrates various regions of the
normal brain, making total surgical removal impossible, and
thus patients diagnosed with glioblastoma have a poor prog-
nosis, even in response to multidisciplinary treatment strate-
gies, including surgery, radiotherapy and chemotherapy.3)

Unlike normal cells, the growth of tumor cells is uncon-
trolled. A strategy of chemotherapy is to change the biologi-
cal properties of the cancerous cells that lead to apoptosis or
to kill the cancer cells.4) Apoptosis is a physiological mode
of cell death that can be selectively triggered by cells in re-
sponse to a stimulus. Therefore, the induction of apoptosis is
a key target of anticancer drugs.

Berberine, a well-known alkaloid, was found to be initially
isolated from herbs used in traditional Chinese herbal medi-
cine, such as Coptis chinensis and Hydrastis Canadensis.
Currently, the predominant clinical uses of berberine prepa-
rations include the treatment of bacterial diarrhea, intestinal
parasite infections and ocular trachoma infections.5) Other
pharmacological effects of berberine, such as its antiarrhyth-
mic, anti-inflammatory, anticancer, immunosuppressive, va-
sorelaxant and antiproliferative effects, have also been re-
ported.6—10) The chemical structure of berberine chloride,
which has a molecular weight of 371.8, is shown in Fig. 1. In
recent years, berberine has been examined for anticancer ac-
tivity, following evidence of its antineoplastic properties.11)

Berberine has also been shown to interact with nucleic acids,
especially DNA, in vitro.12) Berberine has the ability to in-
duce apoptosis in human cancer cells, and promyelocytic
leukemia HL-60 cells can form berberine complexes with
DNA.13) Cell cycle studies showed that berberine induces

rapid apoptosis during the S phase of the cell cycle.13) It has
also been reported that berberine has dose-dependent effects
on the G2/M phase and on the process of apoptosis in Balb/c
3T3 cells.14) However, the effects of berberine on human
glioblastoma cells remain unclear. Therefore, we recently fo-
cused on human glioblastoma, one of the tumor incidences
that has increased extensively worldwide and has become
one of the most frequent malignant neoplasms. The purpose
of the present study was to investigate the relationship be-
tween the antiproliferative activities of berberine and the
apoptotic pathway with its molecular mechanism of action in
human glioblastoma T98G cells.

MATERIALS AND METHODS

Chemicals and Reagents Minimal essential medium
(MEM) was purchased from Gibco Life Technologies
(Gaithersburg, MD, U.S.A.). Fetal bovine serum (FBS) was
purchased from Hyclone. 3-[4,5-Dimethylthiazol-2-yl]-2,5-
diphenyl tetrazolium bromide (MTT), trypsin, streptomycin,
penicillin, and berberine were obtained from Sigma Co. (St.
Louis, MO, U.S.A.). 4�,6-Diamidine-2-phenylindole (DAPI)
and Rhodamine 123 were purchased from Molecular Probes
(Eugene, OR, U.S.A.). The antibodies used in this study were
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Berberine is an isoquinoline plant alkaloid with a long history of being used for the treatment of many dis-
eases in Chinese herbal medicine. Berberine has a wide range of biochemical and pharmacological effects, in-
cluding antitumor activities, but its mechanism of action is not clearly understood. In this study, we investigated
that the relationship between the antiproliferative activities of berberine and the apoptotic pathway associated
with its molecular mechanism of action in human glioblastoma T98G cells. Berberine treatment of T98G cell
lines inhibited cell proliferation and induced cell death in a dose (50—200 mmg/ml) dependent manner with an
IC50 value of 134 mmg/ml, which was associated with an increase in G1 arrest. Western blot analysis showed that
the berberine-induced G1 arrest was mediated through the increased expression of P27 and the decreased ex-
pression of cyclin-dependent kinase (CDK) 2, CDK4, cyclin D, and cyclin E proteins. Berberine treatment also
markedly enhanced apoptosis in T98G cells through the induction of a higher ratio of the Bax/Bcl-2 proteins, the
disruption of mitochondrial membrane potential, and the activation of procaspase-9, caspase-9, caspase-3, and
poly(ADP-ribose) polymerase (PARP). Berberine can inhibit T98G cell proliferation by inducing G1 arrest and
apoptosis. These results demonstrate that the berberine-induced apoptosis of T98G cells is primarily mediated
through the mitochondrial/caspases-dependent pathway.
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Fig. 1. Chemical Structure of Berberine Chloride



purchased from Santa Cruz Biotechnology Inc. (Santa Cruz,
CA, U.S.A.). The colorimetric kit used to measure caspase-3
activity was purchased from R&D systems. All other chemi-
cals used were of the highest grade commercially available.

Cell Culture Human glioblastoma T98G cells obtained
from the Korean Collection for Type Cultures (KCTC) were
cultured as monolayers in MEM supplemented with 10%
heat inactivated FBS and 100 mg/ml penicillin/streptomycin.
The cells were maintained in an incubator with a humidified
atmosphere of 95% air and 5% CO2 at 37 °C. All experi-
ments were carried out 24 h after the cells were seeded onto
plates or dishes.

Cell Viability Assay The effect of berberine on cell via-
bility was quantified using MTT assay. Briefly, 5�104 cells
were plated in 48-well culture plates and allowed to adhere 
at 37 °C for 12 h. The following day, the cells were treated
with varying concentrations of berberine (0, 50, 75, 100, 150,
200 mg/ml) for 24 h. The cells were treated with 50 m l of
5 mg/ml MTT and the resulting formazan crystals were 
dissolved in dimethylsulfoxide (200 m l). The absorbance 
was then measured at 595 nm using a Digiscan Microplate
Reader (Assys Hitech, Kornenburg, Austria). An empty well
was used as a blank. The results were assessed as the percent
cell viability as compared to the vehicle-treated control cells,
which were arbitrarily assigned 100% viability.

Cell Cycle Analysis Flow cytometric analysis was used
to measure the cellular DNA content. Briefly, 5�104 cells
were seeded in six-well plates and allowed to attach overnight.
The cells were treated with different concentrations of
berberine (50, 75, 100, 150 mg/ml) for 48 h and then har-
vested by trypsin treatment, washed with cold PBS, and
stained with propidium iodide (PI) solution (50 mg/ml of PI,
100 mg/ml RNase, and 0.1% Triton X-100 in PBS). The
stained cells were analyzed for DNA histograms and cell
cycle phase distribution by flow cytometry (FACSCalibur,
BD Bioscience). Data from 10000 cells per sample were col-
lected and analyzed with CellQuestTM software (Becton
Dickinson).

Determination of Mitochondrial Membrane Potential
Mitochondrial membrane potential was quantified using the
ratio metric probe Rhodamine 123. Briefly, cells in 6 cm tis-
sue culture plates were treated with berberine (150 mg/ml) for
24 h. Twenty minutes before the cells were harvested, Rho-
damine 123 was added directly to the culture medium to a
final concentration of 30 nM. The cells were harvested by
trypsinization, washed with 5 ml PBS at 37 °C, pelleted by
centrifugation, resuspended in 500 m l of fluorescence-acti-
vated cell sorting (FACS) buffer, and analyzed immediately
for Rhodamine 123 fluorescence intensity by flow cytometry
(FACSCalibur, BD Bioscience, San Jose, CA, U.S.A.).

Western Blot Analysis Cytosolic protein extracts were
prepared according to the previously described methods.15)

Briefly, cells were collected by centrifugation at 300�g for
5 min at 4 °C and washed with cold PBS. The cell pellet was
then resuspended in 500 m l of lysis buffer (20 mM HEPES–
KOH, pH 7.5, 250 mM sucrose, 70 mM mannitol, 1.5 mM

MgCl2, 10 mM KCl2, 10 mg/ml leupeptin, and 10 mM digi-
tonin). After 10 min incubation at 25 °C, the sample was cen-
trifuged at 14000�g for 15 min, and the supernatant contain-
ing cytosolic proteins was stored at �70 °C until analyzed by
polyacrylamide gel electrophoresis (SDS-PAGE). The pro-

tein extract was subjected to standard SDS-PAGE, trans-
ferred onto polyvinylidene difluoride membranes (Millipore)
and probed with the appropriate antibodies as described indi-
vidually in the figure legends. The bound primary antibody
was detected by using an appropriate horseradish peroxidase-
conjugated secondary antibody, and the reaction band was 
visualized using an enhanced chemiluminescence detection
kit. Western blot analysis was performed using primary 
antibodies against p27, CDK2, CDK4, cyclin D, cyclin E,
Bcl-2, Bax, procaspase-9, caspase-9, caspase-3, poly(ADP-
ribose) polymerase (PARP), and b-actin (SantaCruz Bio-
tecnology) at optimal dilution. b-actin was used as an internal
control to confirm that the amount of loaded protein was equal.

Nuclear Morphology The nuclei of T98G cells were
stained with DAPI in order to assess the degree of apoptosis.
The cells were fixed in phosphate buffered saline (PBS) con-
taining 3.7% paraformaldehyde for 15 min. After fixation,
the cells were washed twice with PBS and then treated with
DAPI (1 : 5000 dilutions) in PBS at room temperature for
15 min. After three washes, the cells were observed under a
fluorescence microscope.

Statistical Analysis The data shown are a summary of
the results from at least three experiments and are presented
as the means�S.D. Statistical evaluation of the results was
performed by One-way analysis of variance (ANOVA). The
results were considered significant at a value of p�0.05,
p�0.01.

RESULTS

Berberine Decreases Cell Viability in T98G Cells We
first examined the effect of berberine on the proliferation and
cell viability of T98G cells using MTT assay. The treatment
of T98G cells with varying concentrations of berberine (0,
50, 75, 100, 150, 200 mg/ml) led to a significant reduction in
cell viability. The dose-dependent reduction in the viability
of the cells ranged from 18 to 60% after 24 h of berberine
treatment, and the IC50 value was found to be 134 mg/ml of
berberine (Fig. 2).

Berberine Induces G1 Arrest in T98G Cells The cell
cycle distribution was evaluated using flow cytometric analy-
sis in order to examine the possible mechanism of anti-prolif-
erative activity of berberine. As shown in Fig. 3A, treatment
of T98G cells with berberine for 24 h resulted in a clear 
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Fig. 2. Cytotoxic Effect of Berberine in T98G Cells

Cell viability was determined by MTT assay. The treatment of T98G cells with vary-
ing concentrations of berberine (0, 50, 75, 100, 150, 200 mg/ml) for 24 h resulted in a
significant dose-dependent reduction in the viability of the cells. The data are repre-
sented as the means�S.D. of three independent experiments. * p�0.05, ** p�0.01,
compared with control cells.



increase in the percentage of cells in the G1 phase at all 
concentrations used: 50 mg/ml (68%), 75 mg/ml (72%), and
100 mg/ml (71%), as compared with the non-berberine-
treated control cells (59%). The increase in the percentage of
cells in the G1 phase was accompanied by a concomitant re-
duction in the number of cells in the S and G2/M phases,
which suggested that berberine induces G1 phase cell cycle
arrest in T98G cells (Fig. 3B).

Effect of Berberine on Cell Cycle-Related Molecules in
T98G Cells Since the treatment of T98G cells with berber-
ine is known to induce G1 arrest, we evaluated the effect of
berberine on cell cycle regulatory molecules involved in the
G1 phase of the cell cycle progression. The treatment of
T98G cells with varying concentrations of berberine (0, 50,
75, 100, 150, 200 mg/ml) led to an increase in the expression
of the p27 proteins (Fig. 4A) and a marked reduction in the
expression of CDK2, CDK4, cyclin D, and cyclin E in a
dose-dependent manner after 24 h of treatment (Fig. 4B). The
berberine-induced increase in inhibitory proteins may play a
role in the blockade of T98G cells in the G1 phase. These re-
sults suggest that the down-regulation of the levels of the cy-
clin/CDK proteins in berberine-treated T98G cells is closely
related to its induction and regulatory role in the berberine-
induced G1 arrest of cell cycle progression.

Berberine Decreased the Expression of the Anti-apop-
totic Protein Bcl-2 But Increased the Expression of the
Pro-apoptotic Protein Bax in T98G Cells To investigate
the mitochondrial apoptotic events involved in berberine-in-
duced apoptosis, we first analyzed the changes in the levels

of the pro-apoptotic protein Bax and anti-apoptotic protein
Bcl-2. The results of Western blot analysis showed that the
treatment of T98G cells with berberine resulted in a dose-de-
pendent reduction in the levels of anti-apoptotic proteins of
the Bcl-2 family. At the same time, the level of the pro-apop-
totic protein Bax increased with increasing doses of berber-
ine under identical conditions in comparison with the cells
that were not treated with berberine (Fig. 5A). These results
suggested that berberine has the ability to alter the levels of
pro- and anti-apoptotic proteins of the Bcl-2 family in a man-
ner that contributes to the susceptibility of T98G cells to
berberine-induced apoptosis.

Berberine Induces the Disruption of Mitochondrial
Membrane Potential in T98G Cells Changes in the mito-
chondrial membrane potential (Dym) have been linked to
the initiation and activation of the apoptotic cascade.16) This
event is induced by a variety of stimuli, including the translo-
cation of Bax from the cytosol to the mitochondria, which
triggers the release of cytochrome c from the mitochondria to
the cytosol.16,17) This then contributes to the activation of cas-
pases and subsequent induction of apoptotic cell death. The
T98G cells treated with 150 mg/ml of berberine for 6, 18, and
24 h showed clear changes in mitochondrial membrane po-
tential, which confirmed the disruption of berberine treat-
ment (Fig. 5B).

Berberine Induces the Activation or Cleavage of Cas-
pases and Poly(ADP-ribose) Polymerase (PARP) in T98G
Cells Once in the cytosol, cytochrome c binds to Apaf-1
and recruits and activates procaspase-9 in the apoptosome,
active caspase-9 cleaves and activates executioner caspases,
including caspase-3, which cleave a broad spectrum of cellu-
lar target proteins, including PARP, thus leading to cell
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Fig. 3. Effect of Berberine on the Cell Cycle in T98G Cells

T98G cells were treated with varying concentrations (0, 50, 75, 100 mg/ml) of
berberine for 24 h. The cells were then harvested and washed with cold PBS buffer.
Cellular DNA was stained with propidium iodide solution and flow cytometric analysis
was performed in order to analyze the cell cycle distribution. (A) Cell cycle distribution
in T98G cells after treatment with varying concentrations of berberine. (B) A summary
of the cell cycle distribution data in histograms.

Fig. 4. Effect of Berberine on Cell Cycle-Related Molecules in T98G
Cells

The T98G cells were cultured in complete medium and treated with varying concen-
trations of berberine (0, 50, 75, 100, 150, 200 mg/ml) for 24 h and then subjected to
SDS-PAGE followed by Western blot analysis with antibodies for p27 (A) as well as
CDK2, CDK4, cyclin D, and cyclin E (B). Berberine treatment resulted in the increased
expression of p27 proteins and a marked reduction in the expression of CDK2, CDK4,
cyclin D, and cyclin E in a dose-dependent manner.



death.18,19) Treatment of T98G cells with berberine (0, 50, 75,
100, 150, 200 mg/ml) for 24 h led to a dose-dependent de-
crease in procaspase-9 while increases were observed in the
cleavage of caspase-9 and PARP when compared with the
cells that were not treated with berberine (Fig. 5C). The role
of caspase-3 activation in berberine-induced apoptosis was
further confirmed using a colorimetric caspase-3 activity
assay. Treatment of T98G cells with berberine for 24 h re-

sulted in a dose-dependent increase in the activity of cas-
pase-3 (Fig. 5D). In addition, flow cytometric analysis also
revealed the effect of berberine on the induction of apoptosis.
As shown in Fig. 5E, the percentage of the sub-G1 fraction in
berberine-treated cells increased in a dose-dependent man-
ner, which was indicative of apoptotic cell death. In order to
define the mode of cell death induced by berberine treatment,
we examined the nuclear morphology and DNA fragmenta-
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Fig. 5. Berberine Induced Apoptosis through the Mitochondrial/Caspases
Pathway in T98G Cells

(A) Treatment of T98G cells with varying concentrations of berberine (0, 50, 75,
100, 150, 200 mg/ml) for 24 h led to a decrease in the expression of Bcl-2 and an in-
crease in the expression of Bax in a dose-dependent manner as estimated by Western
blot analysis. (B) Treatment of T98G cells with berberine led to a decrease in the mito-
chondrial membrane potential. T98G cells were treated with 150 mg/ml berberine for 6,
18, and 24 h, and the relative Dym was measured by fluorescent intensity. We found
clear changes in the mitochondrial membrane potential, which confirmed the disruption
by berberine treatment. (C) T98G cells were treated with varying concentrations of
berberine for 24 h, and the cells were then harvested and the samples were prepared for
the analysis of porcaspase-9, cleaved caspase-9 and poly(ADP-ribose) polymerase
(PARP) using Western blot analysis. Representative blots from three independent exper-
iments with very similar results. (D) The activity of caspase-3 was measured using a
colorimetric protease assay. Berberine treatment increased the activity of caspase-3 in a
dose-dependent manner in T98G cells. (E) Flow cytometric analysis also revealed that
the percentage of the sub-G1 fraction in berberine-treated cells was increased in a dose-
dependent manner, which was indicative of apoptotic cell death. (F) T98G cells were
treated with 150 mg/ml berberine, and their nuclear morphology was examined by 4�,6-
diamidine-2-phenylindole (DAPI) staining. In contrast to those of the control group, the
cells in the treatment group showed heterogeneous staining, chromatin condensation,
and DNA fragmentation.



tion in T98G cells. After T98G cells were treated with 150
mg/ml berberine, their nuclear morphology was examined by
DAPI staining. In contrast to the control group, the group
treated with berberine showed heterogeneous staining, chro-
matin condensation, and DNA fragmentation under fluores-
cence microscopy (Fig. 5F).

DISCUSSION

In the present study, we show that a naturally occurring
isoquinoline alkaloid, berberine, significantly inhibited the
proliferation of T98G cells and reduced their viability, which
suggests that berberine may be an effective chemotherapeutic
agent against malignant glioma cells. Further studies were
performed to elucidate the mechanism underlying the reduc-
tion in cell viability and the induction of cell death in T98G
cells by berberine treatment. Our in vitro data indicated that
the treatment of T98G cells with berberine resulted in signifi-
cant cell cycle arrest at the G1 phase, which indicates that
one of the mechanisms by which berberine may act to inhibit
the proliferation of cancer cells is by inhibiting cell cycle
progression. Our finding of a significant decrease in the ex-
pression of cyclin D, cyclin E, CDK2, and CDK6 in T98G
cells treated with berberine suggests that berberine was ef-
fective at disrupting the uncontrolled cell cycle progression
in this cell and that the berberine-induced G1 arrest is medi-
ated through the up-regulation of p27 proteins, which en-
hances the formation of heterotrimeric complexes with the
G1/S CDKs and cyclins, thereby inhibiting their activity
(Fig. 4). The increased expression of G1 cyclins in cancer
cells provides an uncontrolled growth advantage because
most of these cells either lack CDK inhibitors or the expres-
sion of CDK inhibitors is not at a sufficient level to control
CDK-cyclin activity.20) The arrest of cell cycle progression at
the G1 phase provides an opportunity for cells to either un-
dergo repair mechanisms or follow the apoptotic pathway. In
most of the advanced malignancies, cancer cells become re-
sistant to apoptosis and/or do not respond to the cytotoxic ef-
fects of chemotherapeutic agents.21)

Apoptosis is tightly regulated by antiapoptotic and proapop-
totic effector molecules, including proteins of the Bcl-2 fam-
ily, and it can be mediated by several different pathways.
Therefore, we investigated the contribution of Bcl-2 family
proteins to berberine-induced apoptosis in human glioblas-
toma T98G cells. The ratio of Bax/Bcl-2 is critical for the in-
duction of apoptosis because it determines whether cells will
undergo apoptosis.18) An increase in the Bax/Bcl-2 ratio
stimulates the release of cytochrome c from the mitochondria
into the cytosol. Cytosolic cytochrome c then binds to Apaf-
1, leading to the activation of caspase-3 and PARP.18,19) We
found that treatment of T98G cells with berberine resulted in
an increase in the expression of the Bax protein and a de-
crease in the expression of Bcl-2 (Fig. 5A), which increased
the ratio of Bax/Bcl-2. This may be responsible for the con-
comitant execution phase of apoptosis observed in these
cells, which included the disruption of the mitochondrial
membrane (Fig. 5B). As the level of cytochrome c increases
in the cytosol, it interacts with Apaf-1, and ATP forms a
complex with procaspase-9, leading to the activation of pro-
caspase-9 and caspase-3.22) Activated caspase-3 is the key
executioner of apoptosis and cleaved caspase-3 leads to the

cleavage and inactivation of key cellular proteins, such as
PARP.22) We found that the treatment of T98G cells with
berberine led to the dose-dependent activation of procaspase-
9 and cleavage of caspase-9, and PARP (Fig. 5C). The in-
volvement of a berberine-induced increase in caspase-3 and
its effect on apoptosis were further confirmed by measuring
its activity (Fig. 5D) and by analyzing the induction of apop-
tosis by flow cytometry (Fig. 5E). Since DNA damage is a
feature of apoptotic cell death, we further confirmed DNA
damage using DAPI staining (Fig. 5F).

In conclusion, these data suggest that the inhibition of cell
proliferation or induction of cell death in T98G cells by
berberine may be exerted by the induction of G1 phase arrest
and subsequent apoptotic processes. In addition, we provide
mechanistic evidence that berberine-induced apoptosis in
T98G cells is mediated through the enhanced expression of
Bax, disruption of the mitochondrial membrane potential,
and activation of caspase pathways, although other pathways
may be involved, which requires further investigation. Fur-
ther in vivo studies are required to determine whether berber-
ine could be an effective chemotherapeutic agent for the
management of malignant gliomas.
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