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a b s t r a c t

Glibenclamide, a blocker of ATP-sensitive potassium (KATP) channels, can suppress pro-

gression of many cancers, but the involved mechanism is unclear. Herein we reported that

MGC-803 cells expressed the KATP channels composed of Kir6.2 and SUR1 subunits. Glib-

enclamide induced cellular viability decline, coupled with cell apoptosis and reactive

oxygen species (ROS) generation in MGC-803 cells. Meanwhile, glibenclamide increased

NADPH oxidase catalytic subunit gp91phox expression and superoxide anion (O2
�) genera-

tion, and caused mitochondrial respiration dysfunction in MGC-803 cells, suggesting that

glibenclamide induced an increase of ROS derived from NADPH oxidase and mitochondria.

Glibenclamide could also lead to loss of mitochondrial membrane potential, release of

cytochrome c and apoptosis-inducing factor (AIF), and activation of c-jun NH(2)-terminal

kinase (JNK) in MGC-803 cells. Pretreatment with antioxidant N-acetyl-L-cysteine (NAC)

prevented glibenclamide-induced JNK activation, apoptosis and cellular viability decline.

Furthermore, glibenclamide greatly decreased the cellular viability, induced apoptosis and

inhibited Akt activation in wild-type mouse embryonic fibroblast (MEF) cells but not in

JNK1�/� or JNK2�/�MEF cells. Taken together, our study reveals that glibenclamide exerts an

antitumor activity in MGC-803 cells by activating ROS-dependent, JNK-driven cell apoptosis.

These findings provide insights into the use of glibenclamide in the treatment of human

gastric cancer.

# 2008 Elsevier Inc. All rights reserved.
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1. Introduction

ATP-sensitive potassium (KATP) channels that are gated by

intracellular ATP/ADP concentrations play essential roles in

coupling cell metabolic events to electrical activity [1]. The

KATP channel located in surface membrane (surfaceKATP

channel) or in the mitochondrial inner membrane (mitoKATP

channel) is an octamer, formed by the physical association of

four inwardly rectifying potassium channel subunits (Kir6.x)
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and four regulatory sulfonylurea receptor subunits (SUR) [2].

The exact subunit composition differs among different

tissues, including pancreas, cardiac, smooth and skeletal

muscle and brain [2]. Recently, it was demonstrated that

opening of KATP channels especially mitoKATP channels

inhibited apoptosis in ischemia, hypoxia or oxidative stress-

induced injury by promoting ATP synthesis, attenuating Ca2+

accumulation, regulating the generation of ROS and its

downstream PKC, MAPK signaling pathways, enhancing
ive oxygen species; RCR, respiratory control ratio; AIF, apoptosis-
steine; DCm, mitochondrial membrane potential.
.
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Bcl-2 expression, and inhibiting the release of cytochrome c

from mitochondria, and these effects could be reversed by

blockers of KATP channels [3,4]. Also, KATP channel openers

(minoxidil, cromakalim and pinacidil) were reported to increase

HepG2 cell proliferation, whereas KATP channel blockers

(quinidine and glibenclamide) attenuated HepG2 cell prolifera-

tion [5], and glibenclamide could inhibit progression of many

cancers such as bladder carcinoma [6], prostate cancer [7], liver

cancer [5]. However, the molecular mechanisms for the antic-

ancer actions of glibenclamide remain to be elucidated.

Reactive oxygen species (ROS) including superoxide (O2
�),

hydroxyl radical (�OH) and H2O2 are generated in a variety of

cells stimulated with cytokines, peptide growth factors,

irradiations or inflammatory system [8]. NADPH oxidase and

mitochondria are two major sources of ROS [9]. Electrons from

NADPH are transferred through the enzyme to molecular

oxygen to generate superoxide, with the secondary production

of other ROS [10]. Embedded in the lipid bilayer of the

mitochondrial inner membrane, the oxidative phosphoryla-

tion system (OXPHOS) is another ROS production pathway,

and the retardation of mitochondrial respiratory chain

promotes the generation of ROS [11]. ROS at low concentration

functions as a physiological mediator in many cellular events,

including cell proliferation, glucose transport and lipid

synthesis, while excessive ROS production causes direct

cellular damage and induces cell death [12]. ROS can activate

several mitogen-activated protein serine/threonine kinases

(MAPKs), which transduce diverse extracellular stimuli (mito-

genic growth factors, environmental stresses, and proapop-

totic agents) to the nucleus via kinase cascades to regulate a

wide array of cellular processes, including proliferation,

differentiation and apoptosis [13]. It has been demonstrated

that many cancer chemotherapeutic agents can be selectively

toxic to tumor cells by inducing production of ROS, loss of

mitochondrial membrane potential, and activation of mito-

chondrial apoptosis pathways [14–16]. Therefore, ROS has

been an important target for developing antitumor drugs.

In the present study, we first investigated whether KATP

channels are expressed in MGC-803 cells and whether their

blocker glibenclamide exerts anticancer activity. Then, the

mechanisms underlying the anticancer effects of glibencla-

mide on MGC-803 cells were further explored. The results

show that glibenclamide induced apoptosis of MGC-803 cells

by activating mitochondrial death pathways related to the

generation of ROS, activation of JNK and inhibition of Akt

pathway. These findings provide crucial evidence and mole-

cular insight for the use of glibenclamide in the treatment of

human gastric cancer.
2. Materials and methods

2.1. Materials and reagents

Glibenclamide was purchased from Tocris, dissolved at 10 mM

concentration in dimethylsulfoxide (DMSO; Sigma) and kept

as stock solutions. NAC, MTT and Hoechst 33342 were

purchased from Sigma (St Louis, MO, USA). DMEM and fetal

bovine serum (FBS) were purchased from Life Technologies,

Inc. Antibodies against Kir6.1, Kir6.2, SUR1 and SUR2 were
purchased from Santa Cruz Biotechnology, Inc., and the

antibodies against phosphorylated Akt (Ser473), Akt, phos-

phorylated JNK, JNK, Cytochrome c and AIF were from Cell

Signaling Technology, Inc.

2.2. Cell culture

Human gastric cancer cell line MGC-803 was supplied by the

Cell Bank of Shanghai Institute of Cell Biology. Wild type,

JNK1�/�, and JNK2�/� mouse embryonic fibroblast (MEF) cells

were presented as a gift by Prof. Y. Wan (Department of

Biology, Providence College). These cells were cultured in

DMEM containing 10% fetal calf serum, 100 U/ml penicillin and

100 mg/ml streptomycin, and maintained in a humidified

atmosphere of 95% air and 5% CO2 at 37 8C.

2.3. Cell viability assay

Cell viability was measured by MTT method. The absorbance

of each well was obtained using a Dynatech MR5000 plate

counter at a test wavelength of 570 nm with a reference

wavelength of 630 nm. The following formula was used to

calculate cell viability: percentage cell viability = (absorbance

of the experiment samples/absorbance of the control) � 100.

2.4. Hoechst 33342 staining

To quantify apoptotic cells, cellular monolayer was fixed and

stained with Hoechst 33324. The morphological features of

apoptosis (cell shrinkage, chromatin condensation, and

fragmentation) were monitored by fluorescence microscopy

(Olympus BX 60, Tokyo, Japan). At least 400 cells from 12

randomly selected fields per dish were counted, and each

treatment was performed in triplicate.

2.5. Reverse transcription-polymerase chain reaction (RT-
PCR)

Total RNA was extracted from MGC-803 cells after stimulation

using Trizol (Invitrogen Life technologies, USA). TotalRNA (2 mg)

from MGC-803 cells was reversely transcribed into single-

stranded cDNA. PCR was performed on the equivalent cDNAs

from each sample. Amplification was performed with specific

sets of primers: gp91phox (forward 50-TGACTCGGTTGGCTGG-

CATC-30 and reverse 50-CGCAAAGGTACAGGAACATGGG-30),

and glyceraldehyde-3-phosphate dehy-drogenase (GAPDH)

was used as housekeeping gene (forward 50-TGGT GCC-

AAAAGGGTCATCTCC-30 and reverse 50-GCCAGCCCCAGCAT-

CAAAGGTG-30). PCR cycles were as follows: gp91phox and

GAPDH: 94 8C, 4 min; 94 8C, 30 s; 60 8C, 30 s; 72 8C, 30 s; 72 8C,

5 min (32 cycles). The PCR reactions were then visualized on a

1.8% agarose gel containing 0.06 mg/ml ethidium bromide and

the resulting bands were confirmed using Molecular Image FX

(BIO-RAD).

2.6. Measurement of ROS

Formation of ROS was evaluated using 20, 70-dichlorofluor-

escein diacetate (DCFH-DA; Sigma). DCFH-DA enters cells

passively and is de-acetylated by esterase to non-fluorescent
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DCFH. DCFH reacts with ROS to form DCF, the fluorescent

product. DCFH-DA was dissolved in ethanol at 10 mM and was

diluted 500-fold in DMEM to give DCFH-DA at 20 mM. Cells were

exposed to DCFH-DA for 1 h and then treated with DMEM

containing corresponding concentration of glibenclamide for

3 h. The fluorescence was visualized immediately at wave-

lengths of 485 nm for excitation and 530 nm for emission by a

Nikon Optical TE2000-S (Tokyo, Japan) inverted fluorescence

microscope. And the total green fluorescence intensities of

every well were quantitated using image-analysis software

(Simple PCI, Hamamatsu City, Japan).

2.7. Superoxide production

Superoxide ions were detected using dihydroethidium (DHE,

Molecular Probes, Eugene, OR, USA). DHE is a cell-permeable

fluorescent dye that is oxidized to generate two fluorescent

products, 2-hydroxyethidium (EOH) and ethidium [17]. The

fluorescence intensity indicates the relative level of super-

oxide production [18]. MGC-803 cells were treated with DMEM

containing corresponding concentration of glibenclamide for

3 h. Then, the cells were incubated with 2 mM DHE for 30 min.

The cells were then washed and examined with a Nikon

Optical TE2000-S inverted fluorescence microscope at wave-

lengths of 535 nm for excitation and 610 nm for emission. And

the total red fluorescence intensities of every well were

quantitated using image-analysis software.

2.8. Isolation of mitochondria

Mitochondria were isolated by using a differential centrifuga-

tion method (500, 800, 1000 � g) that retains mitochondrial

structure and respiratory functions [19]. MGC-803 cells (2.5–

5 � 108) were harvested and placed on ice for 15 min,

centrifuged at 500 � g for 5 min at 4 8C, washed one time with

ice-cold PBS, and subsequently washed with ice-cold mito-

chondrial isolation buffer (MIB) (200 mM mannitol, 70 mM

sucrose, 1 mM EGTA, 10 mM Hepes; pH 7.4). MGC-803 cells

were resuspended in ice-cold MIB + 0.5 mg/ml BSA (MIB/BSA)

and then homogenized in a syringe-driven cell disruptor. The

lysate was spun at 800 � g for 10 min at 4 8C. Supernatants

were removed and spun at 10,000 � g for 10 min at 4 8C. Pellets

were resuspended in MIB/BSA and normalized by protein

concentration. Mitochondrial protein concentration was

quantified according to Bradford [20] using BSA as standard,

and the mitochondria were diluted in isolation buffer to yield a

fixed concentration before measurement.

2.9. Mitochondrial respiration

Respiratory activities of mitochondrial preparations were

measured by determining oxygen consumption using a Clark

Electrode provided by Hansatech (King’s Lynn, UK). The

incubation medium was constantly stirred using an electro-

magnetic stirrer and bar flea. The oxygen consumption studies

were conducted at 30 8C in respiration medium consisting of

25 mM sucrose, 75 mM mannitol, 95 mM KCl, 5 mM KH2PO4,

20 mM Tris–HCl, 1 mM EGTA, pH 7.4. The concentrations of

substrates used were 5 mM glutamate and 5 mM malate,

which were added to the respiration media before the
mitochondria. Approximately 0.5 mg of mitochondrial protein

was preincubated in the oxygen electrode in a total volume of

1 ml with substrates for 5 min before the addition of reagents

to give a final concentration of 5–100 mM glibenclamide and

the vehicle of 100 mM glibenclamide. The mitochondrial

suspension was incubated for 2 min in the oxygen electrode

to allow for reagents uptake. State 3 respiration (ST3) was

induced by the addition of ADP (1 mM). Approximately 3 min

later, ST3 was terminated and state 4 respiration (ST4) (resting)

was detected. The respiratory control ratio (RCR) was

calculated from the ratio of the ST3/ST4 oxygen consumption

rates, with and without ADP, respectively [21].

2.10. Measurement of MGC-803 cell mitochondrial
membrane potential (DCm)

MGC-803 cell mitochondrial membrane potential was

assessed with the fluorescent probe JC-1 (Molecular Probes,

Eugene, OR, USA). At 490 nm, cells with polarized mitochon-

dria predominantly contained JC-1 in aggregate form, and

mitochondria fluoresced red–orange. Cells with depolarized

mitochondria contained JC-1 predominantly in monomeric

form and fluoresced green. Cells were incubated with 5 mM JC-

1 for 10 min at 37 8C, washed, and placed on a thermostatted

stage at 37 8C. Fluorescent images were visualized by a Nikon

Optical TE2000-S inverted fluorescence microscope with

excitation at 490 nm and emission at 520 nm. MGC-803 cells

with polarized mitochondria were seen with distinct mito-

chondria fluorescing red-orange, and, in MGC-803 cells with

depolarized mitochondria, the cytoplasm and mitochondria

appeared green. Acquired signal was analyzed with image-

analysis software. A minimum of six fields were selected and

average intensity for each region was quantified. The ratio of J-

aggregate to JC-1 monomer intensity for each region was

calculated. A decrease in this ratio was interpreted as loss of

DCm, whereas an increase in the ratio was interpreted as gain

in DCm.

2.11. Western blot analysis

After drug treatment, cells were washed twice with ice-cold

PBS and homogenized in 200 ml lysis buffer. After incubation

for 20 min on ice, cell lysates were centrifuged (10,000 � g for

10 min at 4 8C) and protein concentration in the extracts was

determined by the Bradford assay. Proteins in cell extracts

were denatured with SDS sample buffer and separated by 10%

SDS-PAGE. Proteins were transferred to nitrocellulose mem-

branes using a Bio-Rad miniprotein-III wet transfer unit.

Nonspecific binding was blocked with 5% nonfat milk

dissolved in TBST (pH 7.5, 10 mM Tris–HCl, 150 mM NaCl,

and 0.1% Tween-20) for 1 h at room temperature. The

membranes were then incubated overnight at 4 8C with

individual primary antibodies including antibodies against

different subunits of KATP channel (Kir6.1, Kir6.2, SUR1 and

SUR2), anti-JNK, anti-phospho-JNK, anti-Akt, and anti-phos-

pho-Akt. Following three washes with TBST, the membranes

were then incubated with the horseradish peroxidase-con-

jugated secondary antibodies dilution in TBST containing 5%

BSA for 1 h at room temperature. The membranes were then

washed thrice with TBST and the protein bands were
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visualized with the ECL Western blotting detection system

according to the manufacturer’s instructions.

For mitochondrial cytochrome c and AIF Western blot

analysis, mitochondrial proteins (50 mg) isolated from MGC-

803 cells after glibenclamide treatment were subjected to

Western blot analysis using a monoclonal cytochrome c and

AIF antibody.

2.12. Statistical analysis

Statistical analysis was done using two-tailed Student’s t-test.

All values were expressed as mean � S.D. of triplicate

samples. Differences were considered significant at P < 0.05.
3. Results

3.1. MGC-803 cells express KATP channel subunits Kir6.2
and SUR1 but not Kir6.1 and SUR2

Initial experiments were undertaken to detect the expression

of KATP channel subunits in MGC-803 cells. The results of

Western blot analysis showed that prominent bands at

expected molecular weights of 50 kDa for Kir6.2 and 150 kDa

for SUR1 were observed in MGC-803 cells. However, no obvious

bands at expected molecular weights of 50 kDa for Kir6.1,

130 kDa and 30 kDa for SUR2 were detected (Fig. 1A). These

results indicate that MGC-803 cells express the KATP channels

composed of Kir6.2 and SUR1 subunits.

3.2. Glibenclamide decreases the viability and induces
apoptosis of MGC-803 cells

Incubation of MGC-803 cells with glibenclamide for 48 h

resulted in a concentration-dependent reduction of cell

viability (Fig. 1B). This result indicates that glibenclamide

exerts antitumor activity in MGC-803 cells.

The nuclear staining with Hoechst 33342 was performed on

MGC-803 cells so as to investigate whether the antitumor

activity exerted by glibenclamide involved cellular apoptosis.

As shown in Fig. 1C, untreated MGC-803 cells exhibited regular

and round shaped nuclei. In contrast, the condensation and

fragmentation of nuclei, the characteristic of apoptotic cells,

were evident in the cells treated with different concentrations

of glibenclamide for 48 h, suggesting that glibenclamide

treatment induced apoptosis of MGC-803 cells.

3.3. Glibenclamide induces ROS generation in MGC-803
cells

KATP channels have been reported to regulate the ROS

generation [3,4], and ROS functions as a pivotal component

in a proapoptotic signaling cascade [22]. We therefore

hypothesized that glibenclamide may affect cellular ROS

generation. To test this hypothesis, we monitored ROS levels

using a fluorescent probe, DCFH-DA, which is nonfluorescent

until it is oxidized by ROS within the cell. The representative

fluorescent microscopic images in Fig. 2A showed that the

treatment with glibenclamide (5, 50 and 100 mM) induced an

increase in DCFH-DA fluorescence within 3 h in a concentra-
tion-dependent manner, while the vehicle of glibenclamide

100 mM significantly decreased ROS production. These data

support our hypothesis that glibenclamide treatment leads to

an increase in ROS production, which may represent a critical

step in glibenclamide-induced apoptosis in MGC-803 cells.

NADPH oxidase is one of the major sources of ROS, and its

activation produces superoxide ions that are subsequently

converted to hydrogen peroxide (H2O2) by superoxide dis-

mutase (SOD) [23]. Analysis of superoxide anion (O2
�)

generation with fluorescent dye DHE can assess NADPH

oxidase activity [17]. Recent studies indicated that DHE is

susceptible to nonspecific oxidation by two electrons to

generate ethidium, or selective oxidation by O2
� to generate

2-hydroxyethidium (2-OH-E+). However, the fluorogenic probe

DHE remains the probe of choice to detect and quantify the O2
�

in cellular systems [24]. We used DHE to detect glibenclamide

treatment-induced O2
� generation. As shown in Fig. 2B,

treatment of MGC-803 with glibenclamide (5, 50, 100 mM) for

3 h significantly increased O2
� generation, and RT-PCR

analysis showed that glibenclamide increased the expression

of NADPH oxidase catalytic subunit gp91phox in a concentra-

tion-dependent manner within 1 h. Although glibenclamide

100 mM vehicle can also increase gp91phox mRNA levels, the

effect of glibenclamide 100 mM is much greater than its

vehicle. These results suggest that glibenclamide can induce

ROS production through activation of NADPH oxidase.

It has been documented that the retardation of mitochon-

drial respiratory chain can promote ROS generation [11]. So the

mitochondria prepared from MGC-803 cells were used to

investigate the effect of glibenclamide on mitochondrial

respiratory. The RCR ratio (state 3/state 4) provides a measure

of mitochondrial integrity and is a sign of the compactness of

coupling mitochondria [25]. The result showed that incubation

with glibenclamide (100 mM) induced a significant decrease in

respiratory control ratio (RCR) (Fig. 2C), indicative of the

retardation of mitochondrial respiratory chain. We conclude

that glibenclamide treatment results in an increase of ROS

derived from both NADPH oxidase and mitochondria of MGC-

803 cells.

To further determine whether glibenclamide treatment-

induced increase of ROS is involved in its antitumor effect, we

tested the effect of antioxidant NAC on the changes of MGC-

803 cell viability and apoptosis induced by glibenclamide

(100 mM) after 48 h of treatment. It was found that pretreat-

ment with NAC (1 mM) for 1 h abrogated glibenclamide-

induced viability decline and apoptosis of MGC-803 cells

(Fig. 2D). These findings indicate that ROS production

increased by glibenclamide may be a requirement in glib-

enclamide-induced apoptosis in MGC-803 cells.

3.4. Glibenclamide leads to loss of mitochondrial
membrane potential and release of pro-apoptotic factors from
mitochondria of MGC-803 cells

ROS can initiate apoptosis via the mitochondrial pathway by

inducing loss of the mitochondrial membrane potential

(DCm), and release of mitochondrial pro-apoptotic proteins

such as cytochrome c and AIF [26]. In the present study, JC-1

staining showed that glibenclamide (50 mM) treatment for 3,

12, and 24 h resulted in a loss of DCm in a time-dependent



Fig. 1 – Effects of glibenclamide on the viability and apoptosis of MGC-803 cells. (A) Western blot analysis of Kir6.2 and SUR1

subunits expression in MGC-803 cells. The brain tissue (Brain) was used as positive control of Kir6.2, Kir6.1, SUR1 and SUR2.

(B) MTT assay showed that glibenclamide (Gli) decreased the viability of MGC-803 cells in a concentration-dependent

manner after treatment for 48 h, and the vehicle of 200 mM glibenclamide (Gli 200 V) had no effect on the viability of these

cells. (C) Fluorescence microscopy images of Hoechst 33342-stained cells showing the appearance of apoptotic morphology

in glibenclamide treated MGC-803 cells in a concentration-dependent manner. Scale bar: 50 mm. Lower histogram:

quantitative analysis of % condensed nucleus as in above fluorescence images. Columns, mean of triplicates from three

separate experiments; bars, S.D. P represents statistical analysis. *P < 0.05, vs. control group.
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manner, with a maximum effect at 24 h (data not shown).

Furthermore, glibenclamide (5, 50 and 100 mM) caused loss of

DCm after 24 h of treatment in a concentration-dependent

manner (Fig. 3A). Western blot analysis revealed that the

mitochondrial levels of cytochrome c and AIF were decreased
in the MGC-803 cells treated with glibenclamide for 24 h

(Fig. 3B and C). These results implied that glibenclamide

increased the release of cytochrome c and AIF from mitochon-

dria and subsequently increased the cytosolic cytochrome c

levels and nuclear AIF levels, and eventually triggered the



Fig. 2 – Glibenclamide induces production of ROS in MGC-803 cells. (A) DCFH-DA fluorescence (green) imaging of ROS in MGC-

803 cells. Cells were labeled with DCFH-DA 10 mM and then treated with indicated concentration of glibenclamide for 3 h.

Scale bar: 100 mm. (B) Effects of glibenclamide on NADPH oxidase activity. MGC-803 cells were treated with indicated

concentration of glibenclamide for 3 h and then labeled with DHE 2 mM for 30 min, the O2
S levels were indicated by the red

fluorescence intensities. Scale bar: 100 mm. MGC-803 cells were treated with indicated concentration of glibenclamide for

3 h and then the total RNA was extracted and RT-PCR was performed to analysis the expression of gp91phox. (C) Effects of

glibenclamide on mitochondrial respiration of MGC-803 cells. Freshly isolated MGC-803 mitochondria (0.5 mg) in 1 ml of the

standard medium were incubated with indicated concentration of glibenclamide for 2 min. Respiratory activities of

mitochondrial preparations were measured by determining oxygen consumption as described in Section 2. (D) Antioxidant
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Fig. 3 – Glibenclamide activates mitochondria apoptosis pathways. (A) JC-1 fluorescence imaging of mitochondria. After the

application of glibenclamide for 24 h, JC-1 fluorescence shifted from red-orange to green, which indicated the

depolarization of mitochondrial membrane potential. Quantification of mitochondrial membrane potential expressed as a

ratio of J-aggregate to JC-1 monomer (red:green) fluorescence intensity. Scale bar: 50 mm. (B, C) Cells were incubated with

indicated concentrations of glibenclamide for 24 h. Then, mitochondrial extracts (50 mg) were obtained and analyzed with

anti-AIF (B) or anti-cytochrome c antibodies (C) by Western blot. Although glibenclamide 100 mM vehicle (Gli 100 V) can also

induce cytochrome c release from mitochondria, the effect of glibenclamide 100 mM is much greater than its vehicle.
*P < 0.05 vs. control group; **P < 0.01 vs. control group; # P < 0.05 vs. vehicle group. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of the article.)
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caspase-dependent and caspase-independent apoptosis path-

way, respectively.

3.5. Glibenclamide induces activation of JNK as a
downstream event of ROS production

An increase in ROS is also associated with the activation of

the redox sensitive JNK signaling pathway [27–29]. To

investigate whether glibenclamide-induced ROS leads to

the activation of JNK in MGC-803 cells, we determined

the phosphorylation state of JNK in MGC-803 cells treated

with glibenclamide. As shown in Fig. 4A, glibenclamide

(50,100 mM) treatment for 24 h significantly increased the

phosphorylation of JNK. Furthermore, pretreatment with

NAC (1 mM) for 1 h could prevent the phosphorylation of JNK

caused by glibenclamide (100 mM) (Fig. 4B). These results
(NAC) inhibited the antitumor effect of glibenclamide. Fluoresce

showed that pretreatment with NAC (1 mM) for 1 h suppressed

MGC-803 cells. MTT assay showed pretreatment with NAC inhi

vs. control group; **P < 0.01 vs. control group; # P < 0.05 vs. contr

the references to color in this figure legend, the reader is referr
indicate that ROS production induced by glibenclamide

contributes to the activation of JNK.

3.6. The antitumor activity of glibenclamide is suppressed
in JNK1S/S or JNK2S/S MEF cells

Increasing evidence shows that JNK plays an important role in

apoptosis by directly initiating mitochondrial death pathways

[30] or indirectly inhibiting Akt anti-apoptotic signaling

pathway [31]. In the present study, JNK1�/� or JNK2�/� MEF

cells were used to determine whether JNK is required for

glibenclamide-induced apoptosis. As shown in Fig. 5A and B,

glibenclamide markedly decreased the cellular viability and

induced apoptosis in wild-type MEF cells but not in JNK1�/� or

JNK2�/� MEF cells. Notably, glibenclamide treatment resulted

in a significant reduction of phospho-Akt levels in wild-type
nce microscopy images of Hoechst 33342-stained cells

glibenclamide (100 mM) treatment-induced apoptosis of

bited glibenclamide-induced cell viability decline. *P < 0.05

ol group; ## P < 0.01 vs. vehicle group. (For interpretation of

ed to the web version of the article.)



Fig. 4 – Effects of glibenclamide on JNK activity. (A) Cells were incubated with indicated concentrations of glibenclamide for

24 h, and then, cell proteins were obtained and analyzed with antiphospho-JNK and anti-JNK antibodies by Western blot.

Glibenclamide (50, 100 mM) significantly increased the phosphorylation of JNK. (B) Pretreatment with NAC (1 mM) for 1 h

suppressed glibenclamide (100 mM)-induced JNK phosphorylation. Upper: representative blots are shown. Lower:

densitometric analysis of the phosphorylated forms of JNK. *P < 0.05 vs. control group. #P < 0.05 vs. glibenclamide treatment

group.
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MEF cells but not in the JNK1�/� or JNK2�/� MEF cells (Fig. 5C).

These data strongly indicate a critical role for JNK activation in

the antitumor activity of glibenclamide.
4. Discussion

Cancer drug therapy is undergoing a major transition from a

previous ‘‘cytotoxic’’ era to a new ‘‘post-genomic’’ era, where

mechanism-based therapeutic agents will be designed to act

on molecular targets that are involved in the malignant

progression of human cancers [32]. Accumulated evidence

suggests that K+ channels are potential targets for cancer

therapy [32–34]. The KATP channel is one member of inwardly

rectifying K+ (Kir) channels and influenced by the ATP/ADP

ratio [35]. In responding to cytoplasmic nucleotide levels, KATP

channel activity provides a unique link between cellular

energetics and electrical excitability [36]. Abundant studies

have demonstrated that opening of KATP channels protected

cells against apoptosis in ischemia, hypoxia and oxidative

stress-induced injury, while closing of KATP channels

enhanced cell damage and promoted cell apoptosis [3,4].

The present study demonstrated that MGC-803 cells expressed

the KATP channels composed of Kir6.2 and SUR1 subunits.

Thus, it is highly likely that closure of KATP channels in MGC-

803 may exert an anticancer effect through initiating apoptotic

pathways.

Glibenclamide, a KATP channel blocker, can close KATP

channels, leading to membrane depolarization, opening of

voltage-gated Ca2+ channels, Ca2+ influx, rise in cytoplasmic

free calcium concentration ([Ca2+]i), and thereby exocytosis of

insulin granules, and therefore it has been used in the therapy

of type 2 diabetes [37]. The results in the present study

suggested that glibenclamide exerted a significant antitumor

activity, as shown by the potent cell apoptosis and suppressed
cell viability of MGC-803 cells, which was consistent with

previous reports that closure of KATP channels with glib-

enclamide markedly reduced cell proliferation in liver cancers

[5] and induced cell apoptosis in human bladder and prostate

cancer cells [6,7]. However, the detailed mechanisms by which

glibenclamide exerts antitumor activity are still unclear. Our

data show that glibenclamide-increased ROS generation is an

early event that activates JNK and subsequently triggers the

mitochondrial apoptotic pathways.

ROS is generated by all aerobic organisms and it seems to be

indispensable for signal transduction pathways that regulate

cell growth and reduction–oxidation (redox) status [38].

However, overproduction of these highly reactive oxygen

metabolites can initiate lethal chain reactions, which involve

oxidation and damage to the structures that are crucial for

cellular integrity and survival [39]. Emerging evidence suggests

that most cancer cells are under oxidative stress associated

with increased metabolic activity and production of ROS,

making them vulnerable to chemotherapeutic agents that

further augment ROS generation or weaken the antioxidant

defenses of the cells [40]. Notably, glibenclamide induced

apoptosis concomitant with increased ROS generation in

MGC-803 cells, indicating that glibenclamide may exert

anticancer activity by increasing the production of ROS. This

assumption is strongly supported by the results that the

antioxidant NAC could effectively block glibenclamide-

induced apoptosis and cellular viability decline in MGC-803

cells. ROS may originate from the cytosolic NADPH oxidase

and mitochondria in the cancer cells [9]. It has been reported

that ROS derived from NADPH oxidases is correlated with the

induction of apoptosis [9]. The NADPH oxidase consists of the

catalytic subunit gp91phox (otherwise known as NOX2),

together with the regulatory subunits p22phox, p47phox,

p40phox, p67phox and the small GTPase Rac [10]. Gp91phox is

the limiting subunit of NADPH oxidase, and the increase of its



Fig. 5 – Effects of JNK on glibenclamide-induced anticancer activity. Wild-type and JNK1S/S or JNK2S/S MEF cells were treated

with indicated concentration of glibenclamide for 48 h and then cellular viability and the apoptotic cells were detected with

MTT assay (A) and fluorescence microscopy images of Hoechst 33342-stained cells (B), respectively. Scale bar: 50 mm. (C)

Wild-type and JNK1S/S or JNK2S/S MEF cells were incubated with glibenclamide (200 mM) for 24 h, and then, cell proteins

were obtained and analyzed with antiphospho-Akt and anti-Akt antibodies by Western blot. *P < 0.05 vs. control group;
**P < 0.01 vs. control group; #P < 0.05 vs. WT group.
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expression can enhance the activity of NADPH oxidase and

subsequently the production of ROS [41]. The present study

demonstrated that glibenclamide significantly increased

gp91phox expression and NADPH-oxidase-derived superoxide

anion (O2
�) generation, suggesting that glibenclamide could

activate NADPH oxidase, and in turn promote ROS generation.

On the other hand, glibenclamide at a higher concentration

(100 mM) caused retardation of mitochondrial respiratory

chain in MGC-803 cells, and further increased ROS production.

One of the major events during apoptosis is the depolar-

ization of the mitochondrial membrane potential (DCm),

which induces the release of pro-apoptotic proteins cyto-

chrome c and apoptosis inducing factor (AIF) from the

mitochondrial intermembrane space [42]. It has been recog-

nized that the release of cytochrome c or AIF from mitochon-
dria is a key step in the initiation of caspase-dependent or

caspase-independent apoptotic pathways [43]. Depolarization

of DCm was observed as early as 3 h after glibenclamide

treatment, and preceded by the release of cytochrome c and

AIF. These results suggest that glibenclamide may exert its

anticancer effect by initiating both caspase-dependent and

caspase-independent apoptotic pathways.

Intracellular ROS accumulation inactivates MAPK phos-

phatases (MKPs) by oxidation of their catalytic cysteine, which

leads to sustained activation of JNK that plays a central role in

ROS-mediated cell death [27]. Akt, also known as protein

kinase B (PKB), is a serine/threonine protein kinase that plays a

pivotal role in many physiological processes, including

metabolism, development, cell cycle progression, migration

and survival [44–47]. Akt can prevent cell apoptosis by the
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phosphorylation and inactivation of pro-apoptotic factors

such as Bad, caspase-9 and FH transcription factors [48], while

JNK activation can inhibit Akt anti-apoptotic signaling path-

way [33]. We revealed that glibenclamide treatment resulted

in a significant activation of JNK, and this activation could be

suppressed by the antioxidant NAC. These results indicate

that glibenclamide may induce MGC-803 cell apoptosis by

ROS-mediated activation of JNK. This hypothesis was further

supported by the findings that glibenclamide greatly

decreased the cellular viability, induced apoptosis, and

significantly inhibited Akt anti-apoptotic signaling pathway

in wild-type MEF cells but not in the JNK1�/� or JNK2�/� MEF

cells. It has been demonstrated that phosphorylated JNK

translocates from cytosol to mitochondria, where JNK triggers

mitochondrial membrane depolarization, thereby facilitates

the release of mitochondrial proapoptotic proteins to the

cytosol [49]. Therefore, glibenclamide may trigger the mito-

chondrial apoptosis pathways by activating JNK pro-apoptotic

signaling and inhibiting Akt anti-apoptotic signaling path-

ways.

In summary, we demonstrate for the first time that human

gastric cancer cell line MGC-803 cells express the KATP

channels composed of Kir6.2 and SUR1 subunits. KATP channel

blocker glibenclamide induces apoptosis of MGC-803 cells, and

the production of ROS is related to its antitumor activity. The

constructed model of action (Fig. 6) illustrates that glibencla-

mide induced ROS generation through closing the KATP

channels located in cellular or mitochondrial membrane,

which activated the pro-apoptotic stress kinase JNK, inhibited

the anti-apoptotic kinase Akt, and subsequently resulted in

loss of DCm. The loss of DCm increased the release of

cytochrome c and AIF from mitochondria, and eventually
Fig. 6 – Schematic model for the mechanisms of

glibenclamide-exerted antitumor activity. Glibenclamide-

induced ROS generation activated the pro-apoptotic stress

kinase JNK, inhibited the anti-apoptotic kinase Akt, and

resulted in loss of DCm, which subsequently increased

the release of cytochrome c and AIF from mitochondria,

and eventually triggered the caspase-dependent and

caspase-independent apoptosis pathway.
triggered the caspase-dependent and caspase-independent

apoptosis pathway. Taken together, our findings suggest that

glibenclamide is a promising anticancer agent and the KATP

channel expressed in cancer cells may be a potential target for

developing antitumor agents.
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