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Abstract Gossypin is a flavone that was originally iso-

lated from Hibiscus vitifolius and has traditionally been

used for the treatment of diabetes, jaundice, and inflam-

mation. Recently, gossypin was found to have potent

anticancer properties; however, its effect on human glio-

mas still remain unknown. To investigate the potential

anticancer effects of gossypin on malignant gliomas and

analyze the associated molecular mechanisms, we treated

human glioma U251 cells with gossypin. Our study showed

that the treatment of U251 cells with gossypin inhibited

cell proliferation in a dose- and time-dependent manner

and was observed to be minimally toxic to normal human

astrocytes. Gossypin’s effect on cell cycle distribution was

observed, and we found that it induced G2/M-phase arrest

in U251 cells. An analysis of cell-cycle regulatory proteins

indicated that the arresting effect of gossypin on the cell

cycle at G2/M phase was involved in the phosphorylation

of cell division cycle 25C (Cdc25C) tyrosine phosphatase

via the activation of checkpoint kinase 1 (Chk1). These

findings indicate that gossypin is a potential treatment of

gliomas because of gossypin’s potential to regulate the

proliferation of U251 cells via the cell-cycle regulatory

proteins Chk1 and Cdc25C.
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Introduction

Malignant gliomas are the most common malignant pri-

mary tumors of the brain and are aggressive, highly inva-

sive, and neurologically destructive. Even with the

combination of surgery, chemotherapy, and radiotherapy,

the median survival rate of patients with glioblastoma, the
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14 months (Sampson et al. 2010). Gossypin is a flavone

isolated from hibiscus vitifolius, which has been tradi-

tionally used for the treatment of diabetes, jaundice, and

inflammation. Recently, it has been demonstrated that

gossypin acts as a cancer chemopreventive agent by

inhibiting tumor initiation, promotion, and progression in

some cell-culture systems and animal models (Kunnu-

makkara et al. 2007).

Although gossypin has been shown to inhibit various

stages of tumor growth, the molecular mechanism of its

anticancer activity has not been previously well defined,

particularly in brain tumors, which are difficult to treat. In

this study, we investigated the anticancer effects of gos-

sypin on malignant human glioma U251 cells, and we

demonstrated that gossypin could cause a proliferation

defect in U251 cells and arrest the G2/M transition of the

cell cycle.

To elucidate the mechanism causing G2/M arrest in

gossypin-treated cells, we determined its effects on the

expression of proteins important in the G2/M transition.

The cell-cycle Chk1-Cdc25C pathway was selected for

investigation. Chk1, checkpoint kinase 1, plays a pivotal

role in controlling the G2/M phase of the cell cycle (Na-

kamizo et al. 2002). One well-defined target of Chk1 is

Cdc25C (O’Neill et al. 2002). Chk1 phosphorylates the

phosphatase Cdc25C on residue Ser216, which promotes

the binding of Cdc25C with the molecular chaperone 14-3-

3 protein. The 14-3-3 protein then sequesters Cdc25C in

the cytoplasm and leads to G2/M arrest (Tyagi et al. 2005).

In this study, we provide evidence that the gossypin-

induced G2/M arrest provided an explanation for the acti-

vation of the Chk1-Cdc25C pathway. These findings show

that gossypin is an attractive candidate for use in brain-

glioma treatment. Understanding the molecular signaling

mechanisms of this naturally derived compound will

facilitate the development of therapeutic interventions for

the prevention and treatment of brain gliomas.

Experimental Procedures

Reagents

Gossypin (Sigma, St. Louis, MO) was dissolved in dime-

thyl sulfoxide (DMSO) (Sigma, St. Louis, MO), stored in

small aliquots at -20�C, and then thawed and diluted as

needed in a cell-culture medium. The cell-proliferation

reagent WST-1 was purchased from Roche Applied Sci-

ence (Roche Applied Science, IN). P-Cdc25C (Ser216),

p-Chk1, and total Chk1 antibodies were purchased from

Cell Signaling Technology (Beverly, MA). The Cdc25C

antibody was purchased from Santa Cruz Biotechnology

(Santa Cruz, CA).

Cell Lines and Culture Conditions

Human glioma U251 cells were purchased from the Chi-

nese Academy of Sciences Cell Bank. The U251 cells were

maintained at 37�C in a 5% CO2 incubator in DMEM

medium supplemented with 10% fetal bovine serum (FBS)

and were routinely passaged at 2- to 3-day intervals.

Normal human brain tissues were obtained with the

informed consent of the patients who suffered severe trau-

matic brain injury (TBI) and needed post-trauma surgery.

Primary astrocyte cultures were performed according to the

procedures described by Miller et al. (1995). The brain tissue

was then treated with trypsin (0.1%), dissociated by tritur-

ation, and plated at a density of 5 9 107 cells per 75 cm2

flask in DMEM (adjusted to a pH of 7.5 with 25 mm of

HEPES and 14.3 mM of NaHCO3). The tissue was supple-

mented with 10% FCS, 1 mM of pyruvate, 2 mM of gluta-

mine, 50 lg/ml of streptomycin, and 50 U/ml of penicillin.

The cells were maintained in DMEM containing 10% FCS

for 6 days. Next, the flasks were shaken mechanically at

200 rpm overnight in a horizontal orbital shaker to remove

the top layer of cells. This procedure removed the majority of

the oligodendrocytes, microglia, and type-2 astrocytes and

yielded mainly type-1 astrocytes with a flat shape. Within

10–14 d in culture, the astrocytes had formed a subconfluent

monolayer. One day after this purification step, secondary

astrocyte cultures were established by trypsinizing the pri-

mary culture and subplating it onto poly-D-lysine-precoated

plastic dishes in DMEM supplemented with 10% FCS

(Tokita et al. 2001). The cultures consisted of 95–99%

astrocytes as determined by glial fibrillary acidic protein

(GFAP) immunohistochemistry. Primary astrocytes were

treated with gossypin (0 * 90 lM) for various incubation

periods (12, 24, 48, and 72 h) before further experiments

were conducted. Experiments were divided into three

groups: the blank control group, the negative control (0.1%

DMSO) group, and the gossypin group.

Cell Transfection

Human Chk1 siRNA and scrambled control siRNA (siR-

NAsc) were designed according to the recommendations in

Xiao et al. (2003) and synthesized by Shanghai Gene-

Pharma Company (Shanghai, China). When the U251 cells

were 70–90% confluent, they were transfected with

FuGENE HD6 (Roche, Basel, Switzerland) according to

the manufacturer’s instructions.

WST-1 Assay for Cell Viability

The effect of gossypin on cell viability was determined

using the cell proliferation reagent, water-soluble tetrazo-

lium-1 (WST-1). Normal human astrocytes and malignant

290 Cell Mol Neurobiol (2012) 32:289–296

123



glioma U251 cells were plated at 5 9 103 cells per well in

96-well plates with six replicate wells at the indicated

concentrations. After incubation for 12, 24, 48, or 72 h, the

cell proliferation assay was performed as described in

Chang et al. (2009). The absorbance was measured at

450 nm using an enzyme-linked immunosorbent assay

plate reader. All data points represent the means of a

minimum of six wells. The viability of the untreated cells

was assumed to be 100%.

Trypan Blue dye Exclusion Test for Cell Viability

The cells were harvested with trypsin/EDTA, suspended in

PBS and mixed with an equal amount of 0.4% trypan blue

stain (Invitrogen) after all treatments. They were counted

in four different fields, and the number of viable cells was

calculated as percentage of the total cell population. The

count for non-treated cells was 100%.

Soft Agar Colony Assay

Anchorage-independent glioma cell growth was deter-

mined by soft agar analysis according to a published

method (Finlay et al. 1993). The U251 cells were seeded in

0.35% agar in the middle agar. The bottom of the plate

contained 0.5% agar and 0.35% agar was at the top. Plates

were incubated at 37�C in a 5% CO2 incubator for two

weeks. Then, the U251 colonies were treated with gossypin

for 72 h. After treatment, the colonies were photographed

and counted under microscopic fields at 109 magnifica-

tion. Groups consisting of 30 or more cells were considered

colonies, whereas groups consisting of fewer cells were

counted as clusters (Calin et al. 2002). Each assay was

performed in triplicate in four independent experiments.

Cell Cycle Analysis

The U251 cells treated with gossypin were trypsinized and

subsequently fixed with ice-cold ethanol (70%) for at least

1 h. After extensive washing, the cells were suspended in

Hank’s Balanced Salt Solution (HBSS) containing 50 lg/ml

Propidium Iodide (PI) (Sigma-Aldrich) and 50 lg/ml of

RNase A (Boehringer Mannheim, Indianapolis, IN), incu-

bated for 1 h at room temperature, and analyzed by

FACScan (Becton–Dickinson, San Jose, CA). The cell

cycle was analyzed by ModFit LT software.

Western Blots Analysis

Soluble proteins were isolated in lysis buffer (Applygen

Technologies Inc., Beijing, China). The samples were

subjected to SDS–PAGE on 4, 12 or 16% Tris–glycine

gels. Separated proteins were transferred onto membranes

by western blotting. Membranes were blocked with a

blocking buffer for 1 h at room temperature and, as

desired, probed with primary antibody against the desired

molecule overnight at 4�C. The primary antibody was

followed by a peroxidase-conjugated secondary antibody

for 1 h at room temperature and then detected using ECL

(Gautier et al. 1991; Jessus et al. 1995; Zeng et al. 1998).

Quantitative Real-Time PCR

For the quantitative real-time reverse transcription-poly-

merase chain reaction (RT-PCR) assays, the ABI 7300 HT

Sequence Detection System (Applied Biosystem, Foster

City, CA) was used. The primer design and real-time PCR

process were performed according to the report by Ozen

et al. (2005). The relative gene expression was calculated

via the 2-DDCt method (Livak et al. 2001).

Statistical Analysis

All tests were performed using the SPSS Graduate Pack 11.0

statistical software package (SPSS, Chicago, IL). Descrip-

tive statistics, including the mean and SE, along with

one-way ANOVAs were used to determine significant dif-

ferences. In this study, P \ 0.05 was considered significant.

Results

Evaluation of The Cytotoxicity of Gossypin on Human

Malignant Glioma U251 Cells and Normal Astrocytes

To examine the cytotoxicity of gossypin on glioma cells,

U251 cells were treated with gossypin at the indicated

concentrations. The effects of gossypin treatment on the

survival of U251 cells were assessed by the WST-1 assay.

As the growth curve in Fig. 1a indicates, the concentrations

at which gossypin inhibited cell growth by 50% (IC50)

were 45.0, 29.6, 16.1, and 11.2 lM at 12, 24, 48, and 72 h,

respectively. To examine the toxic effect of gossypin on

normal human glial cells, these cells were treated with

various concentrations of gossypin (0–90 lM for 72 h),

and cell viability was measured using the WST-1 assay.

Cell viability slightly decreased in a dose-dependent

manner in normal human glial cells. The 50% inhibition

ratio was still not observed when the concentration of

gossypin reached 90 lM (Fig. 1b). In addition, the expo-

sure of normal human astrocytes to gossypin at the indi-

cated IC50 concentrations for 12, 24, 48, and 72 h did not

result in any statistically significant change in cell viability

compared to the normal control (Fig. 1c).

The antiproliferative activity of gossypin was further

confirmed using a trypan blue dye exclusion assay. Trypan
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blue dye is the most commonly used staining reagent for

testing the integrity of the biological membrane. Healthy

cells exclude trypan blue, while the nonviable cells take up

trypan blue (Das et al. 2004). As shown in Fig. 1d, the

proliferation of U251 cells was inhibited significantly when

treated with gossypin in a concentration- and time-depen-

dent manner. The viability of the cells was reduced by

89.2% upon exposure for 120 h to 45.0 lM of gossypin. In

addition, a soft agar colony assay for 12–72 h demon-

strated that 29.6 lM of gossypin could inhibit colony for-

mation in the U251 cells (Fig. 1e). The U251 cells treated

with gossypin were refractory to soft agar colony growth.

A treatment with 29.6 lM of gossypin for 72 h nearly

abolished colony formation ability.

These observations demonstrate that gossypin reduced

the viability of U251 cells, and its effect on cell prolifer-

ation was dependent on the concentration levels and

treatment time. It was only slightly toxic to the primary-

cultured normal human astrocytes.

Gossypin Reduces Progression via Cell-Cycle Arrest

in U251 Cells

Previous studies have shown that the proliferation of cells is

dependent on their progression through the cell cycle

(Ogasawara et al. 2004; Chang et al. 2009; Lee et al. 2010).

To gain insights into the mechanism of the antiproliferative

activity of gossypin, its effect on cell-cycle distribution was

determined via a flow cytometry assay. The cells were har-

vested at the indicated time point and analyzed to determine

cell-cycle distributions. As shown in Fig. 2a, a 72-h expo-

sure of U251 cells to 11.2 lM of gossypin resulted in an

accumulation of cells in G2/M phase. Gossypin caused a 2.3-

fold enrichment of cells in G2/M phase (Fig. 2b) and was

accompanied by a decrease in G0/G1-phase cells compared

to the blank control and the negative control groups. These

results suggested that the effects of gossypin on the inhibition

of cell proliferation were, at least in part, because of a

reduced progression of the cell cycle, most likely because of

a block or delay in the G2/M transition.

Gossypin Activates Cell-Cycle Regulated Proteins

Chk1 and Cdc25C in U251 Cells

To elucidate the G2/M-arrest mechanism in the gossypin-

treated cells, we determined its effect on the expression of

proteins that are pivotal in the G2/M transition, including

Chk1 and Cdc25C. Chk1, a checkpoint effector kinase, is

responsible for cell-cycle arrest. It is theorized that Chk1

regulates the G2/M checkpoint by phosphorylating Cdc25C

Fig. 1 Effect of gossypin on the cell viability of human malignant

glioma U251 cells and normal astrocytes. a The cytotoxic effect of

gossypin to U251 cells was measured by WST-1 assay. The

concentrations at which gossypin inhibited cell growth by 50%

(IC50) at 12, 24, 48, and 72 h were calculated. *P \ 0.05; **P \ 0.01

vs. negative control group. b The cytotoxic effect of gossypin to

human normal astrocytes was measured by WST-1 assay. c The cell

viability of human normal astrocytes to gossypin at the indicated IC50

concentrations for 12, 24, 48, and 72 h. d The trypan blue exclusion

assay was used to assess cell viability in U251 cells. Gossypin

inhibited the proliferation of U251 cells in a concentration- and time-

dependent manner. e Colony formation inhibition effect of gossypin

as measured by soft agar assay. After U251 colonies formation, they

were treated with 29.6 lM gossypin for 72 h, and then plates were

fixed and photographed (Magnification: 9100)
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protein phosphatase (Sanchez et al. 1997; Yarden et al.

2002).

Our first test was to determine whether Chk1 was acti-

vated in response to gossypin. The U251 cells were

exposed to 11.2 lM of gossypin for 24, 48, and 72 h, and

soluble proteins were isolated at the indicated times. As

shown in Fig. 3a, we observed that gossypin treatment

resulted in an increase in the phosphorylation of Chk1

without any statistically significant change in the total

Chk1 protein level. Chk1 phosphorylation levels were

clearly higher in cells treated with gossypin compared with

the negative control. Next, to insure that the signaling

pathway downstream of Chk1 activation was Cdc25C in

gossypin-induced cells, we examined the phosphorylation

of Cdc25C at Ser216. Consistent with this hypothesis, we

observed that the phosphorylation of Cdc25C at Ser216

was also considerably enhanced after the U251 cells were

treated with gossypin (Fig. 3b).

Finally, to confirm the direct involvement of the Chk1-

Cdc25C pathway, we designed siRNA that specifically

eliminated Chk1 expression. The Chk1 immunoblot con-

firmed the effective elimination of Chk1 protein by the

Chk1 siRNA at 48 and 72 h (Fig. 3c). As shown in Fig. 3c,

in contrast with gossypin treatment alone, the pre-trans-

fection of Chk1 siRNA resulted in the inhibition of

Cdc25C phosphorylation which was induced by gossypin.

To prove that the Chk1 siRNA did not cause an ‘‘off-

target’’ effect on Cdc25C, the level of Cdc25c mRNA was

detected by a real time RT-PCR. We found that the level of

Cdc25c mRNA was not altered when cells were treated

with the Chk1 siRNA (Fig. 3d).These results suggest that

gossypin-induced G2-phase arrest may occur through the

Chk1-mediated degradation of the endogenous Cdc25C.

Discussion

There is little knowledge of the bioactivity of gossypin on

brain tumors, especially on malignant glioma cells (Babu

et al. 2003). In this study, we first investigated the bioactivity

Fig. 2 Cell cycle change in U251 cells analyzed by flow cytometry.

a The population of cell cycle phase in a 72 h exposure of U251 cells

to 11.2 lM gossypin was analyzed by flow cytometry analysis.

Gossypin arrested the cell cycle at the G2/M phase with a decrease in

G0/G1 phase. b Bar graphs represent the percentage of cell cycle

phase calculated from each group. Data are the means of triplicate

experiments; error bars, S.D. Significant differences are indicated by

*P \ 0.05
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of gossypin on U251 cells. Our data showed that gossypin

could inhibit the growth of U251 cells in a concentration- and

time-dependent manner and was confirmed by WST-1 assay.

In contrast, gossypin exhibited minimal toxicity to normal

astrocytes. Next, cell-cycle analyses demonstrated that

gossypin arrested the cell cycle primarily at G2/M phase. To

the best of our knowledge, this is the first study to demon-

strate the effect of gossypin and its potential mechanisms of

action on malignant glioma cells. In view of the results of this

experiment, it seemed reasonable to highlight the possibility

of gossypin in the clinical treatment of gliomas.

Data presented herein indicated that gossypin could

cause a G2/M arrest in U251 cells. However, the

mechanisms of cell-cycle arrest by gossypin have not been

reported to date. Previous studies have demonstrated that

the attendant delay in cell-cycle progression required the

activation of DNA damage to Chk1 (Walworth et al. 1993;

Dubrez et al. 1995). In higher eukaryotic organisms, the

Chk1 contributes essential functions to both cell cycle and

checkpoint control. Chk1 is a serine/threonine kinase that is

required for both the S and G2/M-phase checkpoints

(Bartek et al. 2003; Zhou and Bartek 2004). The overex-

pression of Chk1 can, by itself, elicit cell-cycle arrest in the

G2/M phase (Walworth et al. 1993; Walworth and

Bernards 1996), and the inhibition of Chk1 is known to

abrogate G2/M arrest in response to DNA damage

Fig. 3 Effect of treatment of

gossypin on cell cycle regulated

proteins Chk1 and Cdc25C in

U251 cells by Western blotting.

a Effects of gossypin on the

activation of Chk1. The relative

expressing fold of p-Chk1/Chk1

at different time points was

compared with the p-Chk1/

Chk1 at 0 h which was

standardized as one fold and

shown in Bar graphs. b Effects

of gossypin on the activation of

Cdc25C. The relative

expressing fold of p-Cdc25C/

Cdc25C at different time points

was compared with the

p-Cdc25C/Cdc25C at 0 h which

was standardized as one fold

and shown in Bar graphs.

c Effects of gossypin on the

phosphorylation of Cdc25C

after Chk1 siRNA pre-

treatment. The relative

expressing fold of p-Cdc25C/

beta-actin at different time

points was compared with the

p-Cdc25C/beta-actin at 48 h

which was standardized as one

fold and shown in Bar graphs.

d Effects of Chk1 siRNA on the

change of the level of Cdc25c

mRNA. Data are the means of

triplicate experiments; error

bars, S.D. Significant

differences are indicated by

*P \ 0.05
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(al-Khodairy et al. 1994 and Yin et al. 2001). In addition,

Chk1 is known to phosphorylate Cdc25C phosphatase at

Ser216 in response to DNA damage, which is essential for

the G2/M checkpoint (Graves et al. 2000 and Chen et al.

2006). The maintenance of Cdc25C phosphorylation on

Ser216 after DNA damage is thought to prevent the pre-

mature progression from G2 to mitosis (Peng et al. 1997;

Matsuoka et al. 1998). Therefore, Chk1 and Cdc25C are

the potential targets of the G2/M checkpoint.

In the present study, we tested the possibility that the

G2/M-cell-cycle phase accumulation was induced by

Cdc25C phosphorylation, which was activated by Chk1.

Consistent with previous reports, our results showed that an

increase in the phosphorylation of Cdc25C was accompa-

nied by an increase in the activation of Chk1 after gossypin

treatment. These results demonstrate a potential connection

between Chk1 activation and Cdc25C phosphorylation in

gossypin-induced G2/M arrest of U251 cells. To confirm

the potential Chk1-Cdc25C pathway, we designed an siR-

NA that specifically silenced Chk1 expression. Chk1 was

proposed to regulate the interactions between human

Cdc25C and 14-3-3 proteins by phosphorylating Cdc25C at

Ser216. Ser 216 phosphorylation mediates the binding of

14-3-3 protein to Cdc25C, and Cdc25C/14-3-3 complexes

likely mediate G2/M arrest by sequestering the Cdc25C in

the cytoplasm (Peng et al. 1998; Weng et al. 1998). Con-

sistent with this hypothesis, the results prove that there is a

formal link between Chk1 and Cdc25C phosphorylation in

gossypin-induced G2/M arrest. We found that gossypin-

induced phosphorylation of Cdc25C was successfully

prevented in Chk1 siRNA pre-treatment. These results

suggested that gossypin could lead to G2/M cell-cycle

arrest by activating the Chk1-Cdc25C pathway.

In summary, study by our group has shown for the first

time that gossypin can effectively inhibit the proliferation

of malignant glioma U251 cells by causing G2/M-phase

arrest. Although there was no direct evidence that gossypin

could cross the blood–brain barrier in the human brain, the

oral supplementation of gossypin has been reported to

protect the alteration of brain oxidative stress in rats and

inhibit certain biochemical processes of brain aging (Sch-

mitt-Schillig et al. 2005; Gautam et al. 2010), demonstrates

a possible effect of gossypin on the brain. Currently, the

side effects of gossypin have not been reported. In sum-

mary, this suggests that gossypin may be used as a che-

motherapeutic agent and could be useful for delaying the

onset and/or progression of human malignant gliomas.
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