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A forskolin derivative, FSK88, induces apoptosis in human gastric
cancer BGC823 cells through caspase activation involving regulation

of Bcl-2 family gene expression, dissipation of mitochondrial
membrane potential and cytochrome c release
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Abstract

FSK88, a forskolin derivative, was extracted and purified from cultured tropical plant roots, Coleus forskohlii. Our previous studies have
demonstrated that FSK88 can inhibit HL-60 cell proliferation and induce the differentiation of HL-60 cells to monocyte macrophages. In
this study, we showed that FSK88 can induce apoptotic death of human gastric cancer BGC823 cells in a dose- and time-dependent manner.
Results showed that FSK88-induced apoptosis was accompanied by the mitochondrial release of cytochrome c and activation of caspase-3 in
BGC823 cells. Furthermore, treatment with caspase-3 inhibitor (z-DEVD-fmk) was capable of preventing the FSK88-induced caspase-3 activity
and apoptosis. FSK88-induced apoptosis in human gastric cancer BGC823 cells was also accompanied by the up-regulation of Bax, Bad and
down-regulation of Bcl-2. Theses results clearly demonstrated that the induction of apoptosis by FSK88 involved multiple cellular and molecular
pathways and strongly suggest that pro- and anti-apoptotic Bcl-2 family genes, mitochondrial membrane potential (Djm), cytochrome c, and
caspase-3, participate in the FSK88-induced apoptotic process in human gastric cancer BGC823 cells.
� 2006 International Federation for Cell Biology. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Gastric cancer is the second leading cause of cancer death
in the world and particularly prevalent in certain countries in-
cluding China (Bamias and Pavlidis, 1998; Hohenberger and
Gretschel, 2003; Lu et al., 2005). However, its pathogenesis
is not completely understood and there are few effective ther-
apies in gastric cancer prevention and treatment (Hampton and
Orrenius, 1997). The prognosis of gastric cancer is poor, with
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a five-year survival of 15%e20% (Thompson et al., 1993).
Cancer of the stomach is a disease for which treatment and
attitudes vary in different regions of the world. That an organ
cancer should show varying causative factors in different parts
of the world is not unusual; however, with gastric cancer, it is
not only the incidence of the disease, but also the approach of
early diagnosis and treatment that varies greatly between the
western and eastern hemispheres (Hohenberger and Gretschel,
2003). Currently, inducing cancer cells into apoptosis is one of
the important therapeutic intervention approaches in cancer
(Ferreira et al., 2002; Hengartner, 2000; Kasibhatlal and
Tseng, 2003; Lowe and Lin, 2000; Tamm et al., 2001a,b),
therefore, it is crucial to reveal the molecular mechanism of
apoptosis in gastric cancer cells. In this study, BGC823 cells,
a human gastric cancer cell line, was exploited to investigate
y. Published by Elsevier Ltd. All rights reserved.
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the effects of FSK88 on the human gastric cancer cells and the
underlying molecular mechanisms.

It has been reported that forskolin, a diterpene from the
roots of the herb Coleus forskohlii, is capable of preventing tu-
mor colonization and metastasis (Agarwal and Parks, 1983)
and inhibiting growth and inducing apoptosis of myeloid and
lymphoid cells (Gutzkow et al., 2002; Moon and Lerner,
2003; Taetle and Li-en, 1984). Recently, it has been found
that forskolin, as a potent PP2A activator (Feschenko et al.,
2002; Neviani et al., 2005), induced marked apoptosis, re-
duced proliferation, impaired colony formation, inhibited
tuomorigenesis, and restored differentiation of BCR/ABL e
transformed cells regardless of their degree of sensitivity to
imatinib (Neviani et al., 2005).

Our previous studies have demonstrated that FSK88, a
forskolin derivative, can inhibit HL-60 cell proliferation and
induce the differentiation of HL-60 cells to monocyte macro-
phages, as shown by enhancing nitroblautetrazolium (NBT)
reduction ability and increasing alpha-naphthyl acetate ester-
ase (ANAE) activity. At the same time, FSK88 could decrease
the membrane lipid fluidity of the UMR106 cells but had little
effect on the normal osteoblastic cells, which possibly indi-
cates that FSK88 could inhibit the proliferation and stimulate
the differentiation of cancer cells (Wang et al., 1999). In the
present study, we have confirmed that FSK88 induces apopto-
sis in gastric cancer BGC823 cells and demonstrated that
dissipation Djm, cytochrome c release and caspase activation
are involved in FSK88-induced apoptosis.

2. Materials and methods

2.1. Materials and cell culture

The human gastric cancer BGC823 cells were obtained from Beijing Insti-

tute for Cancer Research. Cells were cultured in RPMI1640 medium (Gibco

BRL) supplemented with heat inactivated 10% fetal bovine serum made by

Hyclone (Logan, UT, USA), 100 mg/ml penicillin, 100 mg/ml streptomycin

and 100 mg/ml amphotericin B. The cells were grown in a humidified incuba-

tor at 37 �C under a 5% CO2/95% air atmosphere. For each experiment,

2� 105 cells were seeded in 1 ml of fresh medium per well in a 96-well plate.

When cell confluence reached 80%, the cells were treated with or without

FSK88 for the indicated time.

FSK88 was extracted and purified (HPLC pure, �98%) by the State Key

Laboratory of Biomembrane and Membrane Biotechnology, Institute of Zool-

ogy, Chinese Academy of Sciences, dissolved in pure grade ethanol. Caspase

colorimetric assay kits and caspase-3 inhibitor (z-DEVD-fmk) were purchased

from Sigma (St. Louis, MO, USA). The cytochrome c kits were purchased

from R&D Systems (Minneapolis, MN, USA). All chemicals were of the high-

est pure grade available.

2.2. MTT cell viability assay

An MTT (3-[4,5-dimethylthiazol-2-y1]-2,5-diphenyltetrazolium bromide)

test was performed on cultures 0e72 h after initial plating as described by Mos-

mann (1983). The MTT test is based on the ability of viable cells to produce for-

mazan from the cleavage of the tetrazolium salt by functional mitochondria.

Briefly, 200 ml aliquots of a suspension of exponentially growing cell were

seeded in 96-well plates (Flow Laboratories, Inc., USA) and incubated for

12 h. Ten microlitres aliquots of FSK88 at various concentrations were added.

After exposure to FSK88 for 0e72 h, 20 ml MTT solution (5 mg/ml in distilled

water) was added to each well and the plates were incubated at 37 �C for another
4 h .After the incubation, 200 ml dimethyl sulfoxide (DMSO) (Sigma, St. Louis,

MO, USA) was added to each well to dissolve the formazan. Absorbance was

read at 550 nm using a spectrophotometric microplate reader (Labsystems, Fin-

land). The experiments were performed in triplicate and repeated three times.

2.3. Quantitative measurement of apoptosis

Apoptosis was measured by direct determination of nucleosomal DNA

fragmentation with the cell death detection ELISA (Roche, Mannheim,

Germany), which measures the amount of histone-associated DNA fragments

present in the cytosol of apoptotic cells. 1� 106 BGC823 cells were treated

with or without 10 mM FSK88 for the indicated periods of time. Cells were

harvested by centrifugation and lysed in 0.5 ml of the lysis buffer provided

with the kit. Two microlitres of the extract was used, and the ELISA was per-

formed as instructed by the manufacturer. The data are expressed in photomet-

ric units. Each unit corresponds to w12,500 apoptotic cells. The optical

density was read on a spectrofluorometer at a wavelength of 405 nm. The

experiments were performed in triplicate and repeated three times.

2.4. Caspase activity assay

After treatment, cells were washed twice with ice-cold PBS and harvested

as described previously (Ortiz et al., 2001). The catalytic activity of caspases

was measured with their fluorogenic substrate. Briefly, 10 mg of total protein,

as determined by the Bio-Rad protein assay, was incubated, respectively, with

200 mM fluorogenic peptide substrates Ac-DEVD-MCA (for caspase-3), Ac-

IETD-MC A (for caspase-8), and Ac-LEHD-FCA (for caspase-9) in a 50 ml

assay buffer at 37 �C for 2 h. The release of AMC was measured with a spec-

trofluorometer at an excitation wavelength of 360 nm and an emission wave-

length of 460 nm. The release of 7-amido-4-trifluoromethycoumarin was

monitored at 360/530 nm. The experiments were performed in triplicate and

repeated three times.

2.5. Assay of mitochondrial membrane potential (Djm)

Alterations in the Djm were analyzed by fluorescence spectrophotometer

using the mitochondrial membrane potential sensitive dye rhodamine 123,

which accumulates eletrophoretically in mitochondria as a direct function of

the membrane potential and is released upon membrane depolarization (Emaus

et al., 1986), as described by Palmeira et al. (1996) with slight modification.

Briefly, after incubation with or without 10 mM FSK88 for 0e72 h, cells

were harvested, washed twice with ice-cold PBS, re-suspended in DMEM

without FBS, and incubated with 2 mM rhodamine 123 at 37 �C for 10 min.

Stained cells were then washed three times with ice-cold PBS, harvested by

centrifugation, and re-suspended in 2 ml PBS. The fluorescence intensity of

each cell suspensions was measured at excitation wavelength 480 nm and

emission wavelength 530 nm in a fluorescence spectrophotometer. The fluo-

rescence intensity was measured using an arbitrary unit representing the

Djm. The experiments were performed in triplicate and repeated three times.

2.6. Cytochrome c release

BGC823 cells were seeded in 2 ml fresh medium at an initial density of

1.5� 106 cells/ml and incubated up to 0e72 h with or without 10 mM

FSK88. After the incubation, the cells were harvested by centrifugation and

washed three times with cold PBS. The cells were re-suspended in 200 ml lysis

buffer (200 mM mannitol; 150 mM sucrose; 0.05 mM EGTA; 0.01 mM

MgCl2; 20 mM HEPES, pH 7.5; 0.5 mg/ml BSA) and lysed by the addition

of 0.02% digitonin, incubated for 1 h at room temperature with gentle mixing.

The cytosolic fraction was obtained from 10,000� g centrifugation for 15 min

and was collected for cytochrome c assay in 1� RD5P calibrator diluent (cy-

tochrome c immunoassay kit, R&D Systems, MN, USA). Adding 200 ml of

substrate solution to each well, incubated at room temperature for 30 min,

and adding 50 ml stop solution to each well. The absorbance was measured

at 450 nm (reference wavelength is 570 nm) and measurements were per-

formed in triplicate. The experiments were repeated three times.
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Table 1

Primers used for RT-PCR analysis

Gene Gene bank accession no. Primers (5 0e3 0) Product

size (bp)
Sense Anti-sense

Bcl-2 Ml 4745 GGCAAATGACCAGCAGA TGGCAGGATAGCAGCAC 345

Bcl-xL Z23115 GAGGCAGGCGACGAGTT TTCCCATAGAGTTCCACAAAA 317

Bax L22474 GCTTCAGGGTTTCATCCA TGTCCACGGCGGCAAT 176

Bad AF031523 CCAGAGTTTGAGCCGAGTG CTGTGCTGCCCAGAGGTT 312

b-Actin NM_00110l TGGCATCCACGAAACTA AAAGGGTGTAACGCAACTA 345
2.7. RT-PCR analysis for Bcl-2 family gene expression

Total RNA from BGC823 cells was prepared with TRIzol (Invitrogen) ac-

cording to the manufacturer’s instructions. Two micrograms of total RNA from

each sample was subjected to reverse transcription using Superscript first

strand cDNA synthesis kit (Invitrogen) according to the manufacturer’s proto-

col. PCR reactions were then carried out by mixing 5 ml of cDNA, 5 ml of

10� PCR buffer, 1 ml of 10 mM dNTP, 2 ml of 25 mM specific gene primer

pair, 2 ml of 25 mM b-actin primer pair, 35 ml of H2O, and 1 ml of 5 U/ml

Taq DNA polymerase (Invitrogen), and amplified for 25 cycles. The primers

used in the PCR reaction are presented in Table 1. Each cycle consisted of de-

naturing for 45 s at 94 �C, annealing for 30 s at 60 �C, and polymerization for

1 min at 72 �C. The PCR products were separated by electrophoresis on 1.5%

agarose gel stained with ethidium bromide and photographed under UV light.

2.8. Statistical analysis

Values are expressed as mean� SD Student’s t-test was used for statistical

evaluation and P< 0.05 was considered significant.

3. Results

3.1. FSK88 affects BGC823 cell viability in a dose- and
time-dependent manner

First we assessed dose- (0.1e30 mM) and time-dependent
(12e72 h) effects of FSK88 on BGC823 cell viability using

Fig. 1. The dose- and time-dependent effect of FSK88 on cell viability of human

gastric cancer BGC823 cells. BGC823 cells were incubated with or without

0.1 mM, 1 mM, 10 mM, or 30 mM of FSK88 for 12 h, 24 h, 48 h, and 72 h, respec-

tively. At the end of the incubation, the cell viability was determined by MTT

methods. The cell viability is expressed as the percentage of MTT reduction to

control conditions (mean� SD, n¼ 3), *P< 0.01, **P< 0.001 compared

with untreated cells by Student’s t-test.
MTT assay. As shown in Fig. 1, the inhibitory effect of
FSK88 on BGC823 cells was in a dose- and time-dependent
manner. In initial dose-response study, FSK88 treatment for
72 h at 0.1 mM and 30 mM doses resulted in 3.7� 0.8%
( p> 0.05) and 87.3� 5.7% ( p< 0.001) cell viability de-
crease in a dose-dependent manner compared with that of
control. In a time-response study, 10 mM dose of FSK88
for 12 h and 72 h resulted in 7.5� 0.6% ( p> 0.05) and
75.3� 6.1% ( p< 0.01) cell viability decrease compared
with that of control.

3.2. FSK88 induces time-dependent apoptosis in
BGC823 cells

The effect of FSK88 on BGC823 cell apoptosis was mea-
sured by direct determination of nucleosomal DNA fragmenta-
tion, which measures the amount of histone-associated DNA
fragments present in the cytosol of apoptotic cells. As shown
in Fig. 2, FSK88-induced a moderate to strong apoptotic death
in a time-dependent manner, 10 mM dose of FSK88 for 12 h
and 72 h resulted in 3.8� 0.2% ( p> 0.05) and 47.4� 4.9%
( p< 0.01) apoptosis increase compared with that of control
cells.

Fig. 2. Percentage of apoptotic cells determined by DNA fragmentation.

BGC823 cells were treated without (B) or with (C) 10 mM of FSK88 for

the indicated time. At the end of treatment, cells were lysed for quantitative

measurement of apoptosis using the percentage of DNA fragmentation as an

index. Data are expressed as mean� SD of three individual determinations

at each time point, *P< 0.01 and **P< 0.001 compared with untreated cells

by Student’s t-test.
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3.3. Regulation of apoptosis-related Bcl-2 family gene
expression in FSK88-treated BGC823 cells

To investigate the molecular mechanism of FSK88-induced
apoptosis in BGC823 cells, the gene expression of apoptosis-
related Bcl-2 family with or without 10 mM FSK88 was
examined. Bax and Bad, two pro-apoptotic factors, were up-
regulated in a time-dependent manner whereas Bcl-2, an
anti-apoptotic factor, was down-regulated in a time-dependent
manner, but the expression of Bcl-xL, another anti-apoptosis
factor, changed slightly. Therefore, the ratios of Bcl-2:Bax
and Bcl-xL:Bax all decreased in a time-dependent manner
(Fig. 3).

3.4. FSK88 disrupts mitochondrial membrance potential
and induces cytochrome c release in BGC823 cells

Mitochondrial intergrity or the loss of Djm has been linked
to the initiation and activation of some apoptotic cascades
(Green and Reed, 1998; Li et al., 1997). To determine whether
FSK88-induced apoptosis in BGC823 cells involves mito-
chondrial disruption, we examined the depolarization of
mitochondrial membrane spectrophotometrically. BGC823
cells were treated with or without 10 mM FSK88 for 12 h
and 72 h, and at the end of treatments, cells were processed
and stained with rhodamine 123. Fig. 4A shows that FSK88
induced a significant time-dependent decrease of Djm follow-
ing FSK88 treatment accounting for 54.2� 7.9% (P< 0.01)

Fig. 3. RT-PCR assay of the effect of FSK88 on Bcl-2 family gene expression

in BGC823 cells. The cells were treated with 10 mM FSK88 for the indicated

periods of time (in hours), and at the end of treatment total RNA was prepared

with TRIzol and Bcl-2 family gene expression was analyzed using RT-PCR.

b-actin was used as a control for the amplification. The experiment was

performed three times with very similar outcomes, and a representative result

is shown.

Z. Li, J. Wang / Cell Biology I
and 63.2� 4.7% (P< 0.001) at 48 h and 72 h of treatments,
respectively, compared with control cells.

Cytochrome c release from mitochondrial inter-membra-
nous space into cytosol has been shown to be a key event in
the activation of caspase-9 which subsequently initiates a cas-
pase cascade involving caspase-3 (Reed, 1997; Slee et al.,
1999), in order to define an upstream event in FSK88-induced
apoptosis in BGC823 cells, we also investigated cytochrome c
release in cytosolic fraction following FSK88 treatment of
cells. Immunoassay of cytosolic fraction of FSK88 (10 mM)
treated cells showed an increase in the level of cytochrome c
at 48 h and 72 h treatment duration compared with control

Fig. 4. Measurement of mitochondrial membrane potential and cytochrome c

release in human gastric cancer BGC823 cells during the FSK88 treatment.

(A) BGC823 cells were treated without (B) or with (C) 10 mM of FSK88

for different periods of time and then cells were incubated with 10 mM rhoda-

mine 123 for 10 min. At the end of incubation, the mitochondrial membrane

potential was measured spectrophotometrically. (B) BGC823 cells were incu-

bated without (B) or with (C) 10 mM of FSK88 for the indicated time.

Cytochrome c release was determined by immunoassay. The data are

expressed as mean� SD of three determinations, *P< 0.05 and **P< 0.01

compared with untreated cells by Student’s t-test.
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cells (Fig. 4B). The results showing an increase in the level of
cytosolic cytochrome c suggested that its release from
mitochondria to the cytosol might be an important event in
FSK88-induced apoptosis in BGC823 cells.

These observations suggest an involvement of cytochrome
c release from mitochondria as well as a possible disruption
of mitochondria in FSK88-induced apoptosis in BGC823 cells.

3.5. FSK88-induced apoptosis is largely mediated via
caspase-3 activation

Activation of caspase-3 is a central mechanism of apoptosis
in the mitochondria-dependent and death receptor-dependent
pathway (Vaux and Korsmeyer, 1999). In the present study,
we examined whether caspase-3 activation is involved in the
apoptotic process triggered by FSK88.

To investigate whether or not initiator and effector caspases
are involved in the apoptotic progression, we measured the
activity of caspases-3, -9 and -8 using the synthetic peptide
substrates, Ac-DEVD-AMC, AC-LEHD-AFC, and AC-IETD-
AMC, respectively. As shown in Fig. 5, caspase-3 activity was
detectable after 12 h and then markedly increased after 48 h of
FSK88 treatment. The kinetics of caspase-9 activation was
similar to that of caspase-3, whereas caspase-8 activity was
barely changed during these time periods. Activities of
caspase-3, -9 and -8 increased 6.7-, 4.9- and 1.8-fold, respec-
tively, after 72 h FSK88 treatment. To further investigate the
function of caspase-3 in FSK88-induced apoptosis, BGC823
cells were pretreated with 50 mM caspase inhibitors (z-
DEVD-fmk) for 2 h, and then induced to undergo apoptosis
by treatment with FSK88. The results clearly showed that
administration of caspase-3 inhibitor significantly affected
the cell viability and caspase-3 activity (Fig. 6).

Fig. 5. Time course of caspase enzymatic activities. BGC823 cells were treated

with 10 mM FSK88 for the indicated times. Ac-DEVD-AMC, Ac-IETD-AMC,

and Ac-LEHD-AFC were used as substrates of caspase-3, caspase-8, and

caspase-9, respectively. Caspase activities were assayed as described in Section 2.

Data are expressed as mean� SD of three individual determinations at each

time point, *P< 0.05 and **P< 0.01 compared with untreated cells by

Student’s t-test.
4. Discussion

The central finding of the present study is that FSK88, a for-
skolin derivative, induces apoptotic death of human gastric
cancer BGC823 cells through caspase activation involving dis-
sipation of Djm and cytochrome c release from mitochondria
into the cytosol.

It has been suggested that disruption of Djm plays a pivotal
role in initiation of apoptotic induction and is also linked to
the release of cytochrome c from mitochondria to the cytosol
(Green and Reed, 1998; Li et al., 1997; Marchetti et al., 1996).
The mitochondria pathway is controlled and regulated by the
Bcl-2 family proteins (Michael et al., 2006; Narita et al.,
1998; Reed, 1998; Schendel et al., 1997), which are comprised
of pro- and anti-apoptotic members (Verma et al., 2006). The
anti-apoptotic subfamily mainly comprises Bcl-2 and Bcl-xL.
The multi-domain pro-apoptotic subfamily consists of Bax and
Bak and the BH3 domain-only protein include Bad and Bim
(Rosse et al., 1998). Pro- and anti-apoptotic Bcl-2 family mem-
bers converge on mitochondria in response to the apoptotic
signal and compete to regulate the release of cytochrome c
(Hengartner, 2000; Schendel et al., 1997; Narita et al., 1998).
Several studies have shown that over-expression of Bcl-2 and
Bcl-xL prevents the mitochondrial release of cytochrome c,

Fig. 6. Inhibition of caspase-3 activity (B) and attenuation of FSK88-induced

cell death (A) by caspase-3 inhibitor (z-DEVD-fmk). Human gastric cancer

BGC823 cells were pre-treated with 50 mM specific caspase-3 inhibitor 2 h

prior to 72 h treatment of 10 mM FSK88. After incubation, cell viability and

caspase-3 activity were examined as described in Section 2. All values are

mean� SD of three determinations. **P< 0.001 compared with the respec-

tive FSK88 and inhibitor free control and aP< 0.001 comparison between

the absence and presence of z-DEVD-fmk in the same FSK88 treatment group.
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thereby inhibiting the activation of caspase cascade and apopto-
sis (Kluck et al., 1997; Yang et al., 1997; Chao and Stanley, 1998;
Tsujimoto, 2003). Previous reports have documented that the
ratio of pro- and anti-apoptotic proteins determined, at least in
part, the susceptibility of cells to the death signal (Tsujimoto, 2003).

It is known that released cytochrome c binds to Apaf-1 and
participates in the activation of caspase-9 (Kluck et al., 1997;
Yang et al., 1997; Zhou et al., 1997). The activated caspase-9
activates caspase-3, resulting in the onset of apoptosis. The in-
creases in caspase-3 and caspase-9 are synchronized with the
increase in Bax expression and the decrease in Bcl-2 (Tanabe
et al., 1998). Our data (Fig. 3) showed that pro-apoptotic Bax
and Bad gene expression was up-regulated and anti-apoptotic
Bcl-2 gene expression was down-regulated in a time-depen-
dent manner. The time-dependent decrease in the ratios of
Bcl-2:Bax and Bcl-xL:Bax showed that the Bcl-2 family genes
participated in FSK88-induced apoptosis in BGC823 cells. At
the same time, Djm significantly decreased and cytosolic
cytochrome c greatly increased in a time-dependent manner
treated with 10 mM FSK88 (Fig. 4).

As shown in Fig. 5, caspase-9 activity increased about 4.9-
fold and caspase-3 activity increased about 6.7-fold after treat-
ment with 10 mM FSK88 for 72 h. Moreover, human gastric
cancer BGC823 cells were pre-incubated with specific cas-
pase-3 inhibitor (z-DEVD-fmk) before treatment of FSK88
and analyzed the cell viability and caspase-3 activity by
MTT assay and spectrophotometry analysis, respectively. Re-
sults showed that pre-incubation of cells with z-DEVD-fmk
effectively inhibited the caspase-3 activity and prevented the
FSK88-induced cell death (Fig. 6). All these data suggested
that FSK88-induced BGC823 cell apoptosis is mainly through
caspase activation involving dissipation of Djm and cyto-
chrome c release from mitochondria into the cytosol.

In conclusion, our study demonstrates that FSK88 is a
potential inducer of apoptosis in human BGC823 cells. It is
most likely that mitochondrial pathways are involved in FSK88-
induced apoptosis in human gastric cancer BGC823 cells. The
treatment of human gastric cancer BGC823 cells with FSK88
activates a cell death pathway that regulates the mitochondrial
membrane permeability by down-regulation of Bcl-2 and up-
regulation of Bax and Bad, triggering cytochrome c release
from mitochondria into cytosol. In addition, FSK88 could in-
duce caspase-9 and caspase-3 activation, consequently leading
to apoptotic changes, such as DNA fragmentation.
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