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Berberine is a clinically important natural isoquinoline alkaloid found in many medicinal herbs. Berberine has
been shown to have many pharmacological effects including antimicrobial, antitumor, and anti-inflammatory
activities. However, the effects and mechanism of action of berberine have not been studied in chondrosar-
coma. Therefore, the effects of berberine on proliferation in a human chondrosarcoma cell line (HTB-94) were
investigated. Berberine inhibited cell proliferation in a concentration-dependent manner. We also determined
that inhibition of cell proliferation by berberine occurred via G,/M phase arrest in HTB-94 cells. Berberine
induced cell cycle arrest at the G,/M phase by upregulation of p53 and p21 expression and suppressed cyclin
B1, cyclin-dependent kinase 1 (cdc2), cdc25c, and phosphorylated retinoblastoma tumor-suppressor protein
(pRDb) expression. In addition, berberine stimulated phosphorylation of protein kinase B (Akt) and p38 kinase.
Inhibition of phosphatidylinositol 3-kinase (PI3K)/Akt with LY294002 (LY) and p38 kinase with SB203580
(SB), respectively, decreased berberine-induced p53 and p21 expression and restored cell proliferation and
expression of cyclin B1, cdc2, cdc25c, and pRb cell cycle progression proteins. These results suggest that
berberine-induced inhibition of cell proliferation by cell cycle arrest at the G,/M phases was regulated through

PI3K/Akt and p38 kinase pathways in HTB-94 chondrosarcoma cells.

Key words: Berberine; Chondrosarcoma; Proliferation; Cell cycle arrest

INTRODUCTION

Chondrosarcoma, which develops in cartilage cells, is the
second most common bone malignancy. Chondrosarcoma
primarily affects the pelvis and the long bones of the arms
and legs (1). Clinically, surgical resection is the primary
and most successful means of treating chondrosarcomas.
However, there is a high incidence of mortality associated
with this malignancy due to the lack of an effective adju-
vant therapy. Therefore, it is important to explore novel
adjuvant treatments (2,3).

Many adjuvant chemotherapy agents affect the pro-
gression of cancer cells through the cell cycle. Cell cycle
progression is controlled via a network of cell cycle
regulatory proteins. Cyclin B1/cyclin-dependent kinase
1 (cdc2) complex is an important regulator for progres-
sion through the G/M phase checkpoint (4). Cdc25¢
controls progression through the G, phase and entry into
mitosis. In the late G, phase, the cdc25¢ phosphatase
dephosphorylates the cyclin Bl/cdc2 complex leading
to the activation of the cyclin B1/cdc2 complex and to
entry into mitosis (5).

The retinoblastoma tumor-suppressor protein (Rb) is
known to be active in the G, phase of the cell cycle. Rb
appears to suppress transcription of E2F genes through
interaction with E2F and thereby suppresses cell growth.
Rb activity, including the ability to interact with E2F,
is regulated by phosphorylation, primarily by cyclin
D-dependent kinases. Cyclin D/cyclin-dependent kinase
4 (cdk4) activity is induced by growth stimulation and
initiates the cascade of events that causes E2F accumula-
tion and S phase entry (6,7).

These cell cycle regulatory molecules are modulated by
some upstream proteins such as p53. p53 mediates either
apoptosis or cell cycle arrest in response to DNA damage.
p53 can regulate the expression of p21, an inhibitor of most
of the cyclin-dependent kinases that directly binds to some
cyclin-dependent kinase—cyclin complexes to inhibit their
kinase activity. Since p21 inhibits both the cyclin-dependent
G, kinases and the G,/M-specific cdc2 kinase, p53 may be
able to control both the G, and the G,/M checkpoints (4,3).

Berberine (Fig. 1) is an isoquinoline alkaloid component
found in several Chinese herbal medicines. It is present
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Figure 1. Chemical structure of berberine (molecular weight=
371.8). Berberine is an isoquinoline alkaloid component found
in several traditional Chinese medicines including those isolated
from Berberis aquifolium, Berberis vulgaris, Berberis aristata,
Coscinium fenestratum, and Coptis chinensis (9,10).

in several medicinal plants such as Berberis aquifolium,
Berberis vulgaris, Berberis aristata, Coscinium fenes-
tratum, and Coptis chinensis (9,10). Berberine has been
reported to exert a variety of pharmacological activities
such as antibacterial (11), antihypertensive (12), anti-
inflammatory (13), antidiabetic (14), and antihyperlipidemic
effects (15). A recent study showed berberine had potential
chemotherapeutic efficacy against cancer (16). In addition,
considerable in vitro evidence has indicated that berberine
inhibited growth in several human cancer cell lines (10).

However, the effects of berberine on the proliferation
of human chondrosarcoma cells have not been studied.
Therefore, the aim of this study was to investigate the
effect of berberine on proliferation of HTB-94 human
chondrosarcoma cells and the underlying molecular
mechanisms. These data could provide experimental evi-
dence for developing effective drugs for the clinical treat-
ment of human chondrosarcoma.

MATERIALS AND METHODS
Materials

Berberin was purchased from Sigma-Aldrich (St.
Louis, MO, USA). Dulbecco’s modified Eagle’s medium
(DMEM) and fetal bovine serum (FBS) were purchased
from Invitrogen (Burlington, ON, Canada). Sterepto-
mycin and penicillin were obtained from Sigma-
Aldrich. SB203580 and LY294002 were purchased from
Calbiochem (San Diego, CA, USA).

Cell Culture

HTB-94 chondrosarcoma cells were obtained from
American Type Culture Collection (ATCC; Rockville,
MD, USA). HTB-94 cells were grown in DMEM (Invitro-
gen) supplemented with 10% (v/v) bovine calf serum
(Invitrogen), 50 pg/ml streptomycin (Sigma-Aldrich),
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and 50 units/ml penicillin (Sigma-Aldrich). Cell cul-
tures were incubated at 37°C in a humidified atmo-
sphere of 5% CO.,,.

MTT Cell Proliferation Assay

HTB-94 cells were plated on a 96-well plate and incu-
bated overnight to allow attachment. The next day, the
medium was replaced. The cells were treated with ber-
berine (0, 10, 30, 50, or 100 uM) and incubated for 6, 12,
or 24 h. Four hours before the end of the incubation period,
10 pl of methyl thiazole tetrazolium (MTT) reagent I
(10 mg/ml) was added to each well. After completing the
incubation, 100 ul of MTT reagent II (solubilization buf-
fer, 10% SDS with 0.01 N HCI, dimethyl sulfoxide) was
added to each well, and the cells were incubated over-
night at 37°C under 5% CO,. Finally, absorbance was
measured at 595 nm using an ELISA plate reader.

Flow Cytometry Analysis of Cell Cycle Distribution

HTB-94 cells were harvested, washed once with
phosphate-buffered saline (PBS), fixed in ice-cold 70%
ethanol, and then stored at 4°C. The cells were washed
again with PBS, suspended in 1 ml of a propidium iodide
(PI; Sigma-Aldrich) solution containing 50 pg/ml RNase
A (Sigma-Aldrich), 50 pg/ml PI, and 0.1% (v/v) NP-40,
and then incubated in a 37°C water bath for 20 min in
the dark. Flow cytometric analyses were conducted using
a flow cytometer. Cell Quest software (Partec, Munich,
Germany) was used to determine the relative DNA con-
tent based on fluorescence.

Western Blot Analysis

Proteins were isolated from whole cell lysates using a
buffer containing 50 mM Tris-HCI, pH 7.4, 150 mM NaCl,
1% Nonidet P-40, and 0.1% sodium dodecyl sulfate (SDS)
supplemented with protease inhibitors and phosphatase
inhibitors. Proteins were separated by SDS-PAGE and
transferred to a nitrocellulose membrane. The nitrocellulose
membrane was blocked with 5% nonfat dry milk in Tris-
buffered saline and incubated with the following primary
antibodies: anti-p53, anti-p21, anti-cyclin B1, anti-cdc2, anti-
cdc25c, anti-pRb, anti-Rb, anti-pAkt, anti-phosphorylated
P38 (pp38), and glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) (Santa Cruz Biotechnologies, CA, USA).
Western blots were developed using peroxidase-conjugated
secondary antibodies (Sigma-Aldrich) and a chemilumines-
cence system (LAS-4000 imager, Fujifilm Corp., Tokyo,
Japan). The bands were quantified by densitometric analy-
sis using the ImageJ software package (Software Inquiry,
Quebec, Canada).

Data Analysis and Statistics

The results are expressed as the meanzthe stan-
dard deviation. These values were calculated from the
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specified number of determinations. The data were
tested for overall significance with an analysis of vari-
ance (ANOVA), and Tukey’s test was used to analyze
pairwise differences. A value of p<0.05 was considered
to indicate a statistically significant difference.

RESULTS

Berberine Inhibited Cell Proliferation and Caused G,/M
Arrest in HTB-94 Human Chondrosarcoma Cells

HTB-94 cells were treated with various concentra-
tions of berberine (0, 10, 30, 50, or 100 uM) for 24 h or
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100 uM berberine for specific times (6, 12, or 24 h), and
the effects on cell proliferation were determined using
the MTT assay. The effects of berberine on cell growth
in HTB-94 cells were detected by phase-contrast micros-
copy and the MTT assay (Fig. 2A, C). As shown in Figure
2B and D, berberine inhibited the growth of HTB-94 cells
in a concentration- and time-dependent manner with the
maximal effect observed at a concentration of 100 uM
and 24 h treatment.

To further examine the effects on cell proliferation,
cell cycle phase distribution of HTB-94 cells treated with
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Figure 2. Treatment of human chondrosarcoma HTB-94 cells with berberine inhibited cell proliferation. HTB-94 cells were treated
with the indicated concentrations of berberine (0-100 mM) for 24 h or 100 uM berberine for various time periods (6, 12, or 24 h).
(A and C) Photographs of HTB-94 cells were taken with a phase-contrast microscope (magnification, A: 200x, B: 100x). (B and D) Cell
proliferation was estimated using the methyl thiazole tetrazolium (MTT) assay. The photomicrograph data are presented as the results
of a typical experiment, and the graphical data are expressed as mean values +standard deviation. *p <0.05 compared to the control.
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berberine was analyzed by flow cytometry. HTB-94 cells
were treated with 0 or 100 uM berberine for 6, 12, or
24 h. The results showed that berberine increased the pro-
portion of cells at the G,/M phase in a time-dependent
manner compared with the untreated control cells (Fig.
3A). The proportion of cells at S phases was reduced by
approximately fivefold (Fig. 3B). These results suggested
that berberine inhibits cell proliferation through induction
of G,/M phase cell cycle arrest in HTB-94 cells.

Berberine Inhibited Expression of Cell Cycle Proteins
Involved in Regulation of G,/M Phase in HTB-94 Cells

To determine the molecular mechanism underlying
berberine-induced cell cycle arrest, proteins involved in
G,/M phase progression in HTB-94 cells were investi-
gated. HTB-94 cells were treated with O or 100 uM ber-
berine for 10 or 30 min or 1, 3, 6, 12, or 24 h. Western
blot analysis was performed using antibodies against cell
cycle-related proteins (cyclin B1, cdc2, and cdc25¢)
(Fig. 4). Berberine significantly decreased the levels of
cyclin B1, cdc2, and cdc25c proteins (Fig. 4A).

Rb is a tumor suppressor that plays an inhibitory role
in the control of the cell cycle and in tumor progres-
sion. It has been shown that Rb protein is responsible for
inhibiting a primary G, phase, thereby blocking S phase
entry and cell growth (17). However, previous stud-
ies also suggested that Rb protein interacts with some
components of cell cycle regulation mechanisms dur-
ing G, (18). Therefore, we examined phosphorylation
of Rb protein by berberine. The phosphorylation of Rb
protein was decreased by berberine treatment in a time-
dependent manner as determined by Western blot analysis.
Rb expression was not changed by berberine (Fig. 4A).
Quantification of protein content identified a reduction
of cyclin B1, cdc2, cdc25¢, and pRb in a time-dependent
manner (Fig. 4B). These results indicated that berberine
induced cell cycle arrest at the G,/M phase by inhibition
of G,/M phase-related protein in HTB-94 cells.

Berberine Induced p53/p21-Dependent G,/M
Phase Arrest in HTB-94 Cells

Berberine inhibited cell proliferation and G/M phase
progression. p53 mediates either apoptosis or cell cycle
arrest in response to DNA damage, and p21 is an inhibitor
of most of the cyclin-dependent kinases (8). Therefore,
the effects of berberine on expression of p53 and p21 in
HTB-94 cells were examined. Cells were treated with O
or 100 uM berberine for indicated times (10 or 30 min
or 1, 3,6, 12, or 24 h) or treated with various concentra-
tions of berberine (0, 10, 30, 50, or 100 uM) for 24 h.
Berberine significantly increased the expression of p53
and p21 in a time- and concentration-dependent man-
ner, as determined by Western blot analysis (Fig. SA, B).
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These results suggested that berberine-induced G,/M
phase arrest might involve increased expression of p53
and p21 in HTB-94 cells.

Berberine Inhibited Proliferation and G,/M Phase
Progression via Phosphatidylinositol 3-Kinase
(PI3K)/Protein Kinase B (Akt) and p38 Kinase
Pathways in HTB-94 Cells

To determine the underlying signaling pathway that
was involved, the molecular mechanism of the effects
of berberine on the proliferation of HTB-94 cells was
further investigated. Because these pathways are related
to the inflammation, differentiation, and proliferation
of cancers, the effects of berberine on the activation of
PI3K/Akt and p38 kinase were examined. HTB-94 cells
were treated with 0 or 100 uM berberine for indicated
times (10 or 30 min or 1, 3, 6, 12, or 24 h) or treated
with various concentrations of berberine (0, 10, 30, 50,
or 100 uM) for 12 h. Berberine induced the activation
of Akt from 30 min to 12 h and activation of p38 kinase
from 1 h to 24 h. Berberine also induced activation of Akt
and p38 kinase in a concentration-dependent manner as
determined by Western blot analysis of phosphorylated
Akt and p38 (Fig. 6A, B).

To test the functions of PI3K/Akt and p38 kinase on
proliferation by berberine in HTB-94 cells, we pretreated
the cells with LY294002 (LY) and SB203580 (SB) and
for 1 h and then treated with berberine. LY and SB inhib-
ited berberine-induced expression of p53 and p21 in a
concentration-dependent manner and restored berberine-
reduced expression of cyclin B1, cdc2, cdc25c, and pRb as
shown by Western blot analysis (Fig. 7A). Quantification
of protein expression was performed using densitometric
analysis (Imagel) (Fig. 7B-D).

HTB-94 cells were treated with 0 or 100 uM of ber-
berine in the absence or presence of 20 uM LY or 20 uM
SB for 12 h. Whether cell proliferation study results
coincided with cell cycle arrest results was investigated by
cell phase-contrast microscopy and the MTT assay. Treat-
ment with LY or SB prior to berberine reversed berberine-
induced suppression of cell proliferation (Fig. 8A, B).
As shown in Figure 8C-D, compared with berberine treat-
ment alone, SB and LY blocked the berberine-induced
increase in the proportion of cells in the G,/M phase
(Fig. 8C) and decreased the percentage of cells in the
G phase by 1.2-fold (Fig. 8D). These results indicated
that PI3K/Akt and p38 kinase activation played an
important role on berberine-induced inhibition of pro-
liferation and G,/M phase progression in HTB-94 cells.
Taken together, the results suggested that the antiprolif-
erative effects and G,/M phase arrest by berberine are
modulated through PI3K/Akt and p38 kinase pathways
in chondrosarcoma cells.
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Figure 5. Berberine induced p53/p21-dependent G,/M phase arrest in HTB-94 cells. HTB-94 cells were untreated (0) or treated with
100 uM of berberine for the indicated times (10 or 30 min or 1, 3, 6, 12, or 24 h). (A) Expression of p53, p21, and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was detected using Western blot analysis. GAPDH was used as loading control (upper panel). The
relative amounts of p53 and p21 were quantified by a densitometric analysis (ImagelJ, lower panel). HTB-94 cells were treated with
the indicated various concentrations of berberine (0, 10, 30, 50, or 100 mM) for 24 h. (B) Expression of p53, p21, and GAPDH was
detected using Western blot analysis. GAPDH was used as loading control (upper panel). The relative amounts of p53 and p21 were
quantified by a densitometric analysis (ImagelJ, lower panel). Western blot data are presented as results of a typical experiment, and
graphical data are expressed as the mean + standard deviation. *p<0.05 compared to the control.

DISCUSSION Inactivation of the p38 pathway enhanced cellular trans-

Induction of cell cycle arrest is regulated by a large
number of molecules. In our study, we found that activa-
tion of PI3K/Akt and p38 kinase mediated the effect of
berberine on cell cycle arrest and induction of p53 and p21
expression. Consistent with this, the role of p38 kinase
pathway in mediating the cancer cell growth inhibition and
induction of apoptosis has been established and reported.

Berberine (100 uM, h)
0 10°30° 1 3 6

L G — S — — pAkt

12 24

T T ew e e» gp w9 | 38

formation and rendered mice prone to tumor development
with concurrent disruption of induction of senescence.
Conversely, persistent activation of p38 inhibited tumor-
igenesis, suggesting a tumor-suppressing function of the
p38 pathway (19,20). Phosphatidylinositol 3-kinases
(PI3K) are a family of enzymes involved in cellular func-
tions. PI3K/Akt pathway is common in human cancer, and

B
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Figure 6. Berberine activated PI3K/Akt and p38 kinase in HTB-94 cells. HTB-94 cells were untreated (0) or treated with 100 uM of
berberine for the indicated times (10 or 30 min or 1, 3, 6, 12, or 24 h). (A) Expression of phosphorylated protein kinase B (pAkt), phos-
phorylated p38 (pp38), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was detected using Western blot analysis. GAPDH
was used as loading control. HTB-94 cells were untreated or treated with the indicated various concentrations of berberine (0, 10, 30,
50, or 100 mM) for 12 h. (B) Expression of pAkt, pp38, and GAPDH was detected using Western blot analysis. GAPDH was used as
loading control. The data present results of typical experiments from at least three independent experiments.
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Figure 7. Berberine regulated expression of p53, p21, Cyclin B1, cdc2, cdc25¢c, and pRb via PI3K/Akt and p38 kinase pathway in
HTB-94 cells. HTB-94 cells were untreated or treated with 100 uM of berberine in the absence or presence of the indicated concen-
trations of LY294002 or SB203580 (5, 10, or 20 mM). (A) Expression of p53, p21, cyclin B1, cdc2, cdc25c, phosphorylated retino-
blastoma tumor-suppressor protein (pRb), phosphorylated protein kinase B (pAkt), and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was determined with Western blot analysis. Expression of GAPDH was used as a loading control. (B-D) The relative
amounts of p53, p21, Cyclin B1, cdc2, cdc25¢, and pRb were quantified by a densitometric analysis (ImagelJ). The Western blot data
present results of typical experiments from at least three independent experiments, and graphical data are expressed as the mean + values
with standard deviation. *p<0.05 compared to the control; #<0.05 compared to the berberine.

there is increasing evidence of PI3K/Akt being involved
in the development of many types of cancers (19).

Cell cycle checkpoints play a significant role in the con-
trol mechanisms that ensure the proper progression of the
cell cycle. One of these checkpoints, the G,/M checkpoint,
blocks entry into mitosis when DNA is damaged (21). p53
and p21 proteins play an important role in cell cycle pro-
gression. p21 is an inhibitor of cyclin/cyclin-dependent
kinase complexes and interacts with other regulators of
signal transduction (22). The induction of p21 is mediated
by both p53-dependent and p53-independent mechanisms
and is essential for the onset of both G, and G, cell cycle
arrest in damage response and cell senescence (23,24).

Berberine has been reported to be cytotoxic to vari-
ous cancer cell lines. Other results indicate that berberine

suppressed growth of HepG2 hepatoma cells (25), colon
tumor cells (26,27), epithelial ovarian carcinoma cells
(28), and breast cancer cells (29). In our studies, berberine
inhibited proliferation of human chondrosarcoma cells.
Thus, berberine has been shown to inhibit the growth of a
wide variety of cancer cells.

In addition, our results suggested that berberine-
induced antiproliferative effects were produced through
G,/M phase arrest in human chondrosarcoma cells. In
another study, berberine inhibited human colorectal
adenocarcinoma cell growth via G,/M phase arrest (30).
Berberine induced G,/M arrest in the human promyelo-
cytic leukemia HL-60 cells and murine myelomonocytic
leukemia WEHI-3 cells via the inhibition of cyclin B1 and
the promotion of Weel (24). However, berberine induced
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Figure 8. Berberine modulated proliferation and G,/M phase arrest through PI3K/Akt and p38 kinase pathways in HTB-94 cells.
HTB-94 cells were untreated or treated with 100 uM berberine in the absence or presence of 20 uM LY294002 or 20 uM SB203580
for 12 h. (A) Photographs of HTB-94 cells were taken by phase-contrast microscope (magnification, 100x). (B) Cell proliferation was
estimated using the methyl thiazole tetrazolium (MTT) assay. (C) Cell cycle arrest was determined using flow cytometric analysis.
(D) The percentage of the cells in phases G /G, (dark gray), S (light gray), G,/M (black) was determined. Photomicrograph and flow
cytometry data are presented as results of a typical experiment and cell proliferation data as the mean + standard deviation. *p <0.05

compared to the control. #<0.05 compared to the berberine.

accumulation of cells not only in the G /M phase but also
in the G, phase in several types of cancer cells. Other
studies found G, cell cycle arrest induced by berberine
in Bel7402 cells and cholangiocarcinoma QBC939 cells
(10,31).

Other studies reported that Huanglian, a Chinese
herbal extract containing berberine, inhibited cell prolif-
eration by suppression of cyclin B1 and cdc2 expression
in human cancer cells (32). In another study, berberine
decreased the expression of cyclin B1 in LoVo cells (30).
Our study also showed that berberine decreased expres-
sion of cyclin Bl and cdc2 in human chondrosarcoma
cells. These results suggest that berberine might be one

of the effective components of Huanglian extract exerting
anticancer effects.

In conclusion, our data demonstrated the antiprolifera-
tive effect of berberine in human chondrosarcoma cells.
Berberine inhibited cell growth by inducing G,/M phase
arrest and decreasing the expression of the G,/M phase
regulatory proteins such as cyclin B1, cdc2, cdc25c, and
pRb. In addition, berberine-induced inhibition of GZ/M
phase cell cycle progression was dependent on functional
p53 and p21 in HTB-94 cells. Berberine also activated
the phosphorylation of Akt and p38. Inhibition of PI3K/
Akt and p38 decreased berberine-induced p53 and p21
expression and increased expression of cyclin B1, cdc2,
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cdc25¢, and pRb. Our results suggested that berberine
modulated proliferation and G,/M phase cell cycle arrest
through the PI3K/Akt and p38 kinase pathways in human
chondrosarcoma HTB-94 cells. The antiproliferative abil-
ity of berberine could make it a potentially useful thera-
peutic agent against human chondrosarcoma.
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