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Abstract

We examined the effects of diallyl disulfide (DADS), an oil-soluble organosulfur compound found in garlic, on human HepG2

hepatoma cells to better understand its effect on apoptosis and apoptosis-related genes. Our study has demonstrated that DADS affects cell

proliferation activity and viability and elicits typical apoptotic morphologic changes (chromatic condensation and nuclear fragmentation)

in human HepG2 hepatoma cells. Also, treatment with DADS induces a temporary increase in phosphorylated p38 MAPK (phospho-p38)

and phosphorylated p42/44 MAPK (phospho-p42/p44) in a time- and concentration-dependent manner. Inhibition of activated/

phosphorylated mitogen-activated protein kinase (MAPK) with phospho-p38 or phospho-p42/44 specific inhibitors, SB203580 or

U0126, induces apoptosis without DADS treatment, indicating that at least the endogenous activated forms of p38 MAPK and p42/p44

MAPK markedly exert cytoprotective roles from cell apoptosis in the HepG2 hepatoma cells. Combined treatment with these inhibitors

followed by DADS further enhances the DADS-induced apoptosis. Taken together, these results show that both DADS and the specific

inhibitors of MAPKs could induce apoptosis in HepG2 hepatoma cells and that the MAPKs inhibitors further enhance the apoptotic effect

in DADS-treated HepG2 hepatoma cells.

# 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Diallyl disulfide (DADS), an important component of

garlic (Allium sativum) has been recently shown to inhibit

the growth of human tumor cells from colon, lung, skin,

and breast origins [1–4]. The anti-proliferative effect of

DADS was attributed to suppression of the rate of cell

division and induction of apoptosis in human tumor cells.

Although the role(s) and/or mechanism(s) of DADS as an

anticancer agent remain unclear, there is an increasing

evidence for DADS-mediated modulation of signal trans-

duction pathways [2,3,5]. Recent studies have demon-

strated that DADS-induced apoptosis appears to occur

via induction of p53 and activation of caspase-3 [2,3].

Apoptosis plays an essential role as a protective mechan-

ism against neoplastic development by eliminating geneti-

cally damaged cells or excess cells that have been

improperly produced. The maintenance of homeostasis in

normal mammalian tissues by apoptosis reflects a critical

balance between cell proliferation and cell loss. Inappropri-

ate regulation of apoptosis is associated with a variety of

diseases [6–8]. In particular, the failure of dividing cells to

initiate apoptosis in response to DNA damage has been

implicated in the development and progression of cancer.

On the other hand, since apoptosis represents an active,

gene-directed mechanism, it should eventually be possible

to control this process for therapeutic purposes.

In addition to the well-documented effects on apoptosis

of some inducers such as Taxol and inducible nitric oxide

synthase (iNOS) [9,10], a number of reports have described
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activation of components of the mitogen-activated protein

kinase (MAPK) pathway in response to treatment with

these inducers. MAPKs are serine–threonine protein

kinases that are activated in response to a diverse range

of stimuli including growth factors, hormones, neurotrans-

mitters, and cellular stress. So far, the c-Jun NH2-terminal

kinases (JNKs), p38 MAPK, AKT, and p42/44 MAPK have

been identified as sub-families of MAPK [11–14]. The

MAPK cascades are characterized with sequential signal-

ing. The MAPK kinase kinases (MAPKKKs) phosphor-

ylate and activate downstream MAPK kinases (MAPKKs)

that ultimately activate MAPKs. Through these specific

intracellular signaling cascades, a variety of extracellular

stimuli are transduced through cells in a tightly regulated

manner.

The p38 MAPK is more commonly activated in response

to cytokines, stress and cellular damage, and the p44/42

MAPK is activated by growth stimuli and generally con-

sidered as a prosurvival mediator [15–17]. Several studies

have described that cellular redox state, tyrosine kinases,

and phosphatases are thought to be involved in the activa-

tion of stress responses, and represented the activation of

various components of the MAPK family in different cell

models after treatment with paclitaxel or TNF [18–23].

However, the role of the MAPKs in inducing tumor

apoptosis by inducers including DADS is not entirely clear

[23–28], although the activation of p38 MAPK is generally

associated with induction of apoptosis, and p42/44 MAPK

exerts cytoprotective effects [29].

In this report, we find that DADS and phosphorylated

p38 MAPK (phospho-p38) or phosphorylated p42/44

MAPK (phospho-p42/44) specific inhibitors, 4-(4-fluoro-

pheny)-2-(4-methylsulfinylphenyl)-5-(4-pyridyl)IH-imi-

dazole (SB203580) or 1,4-diamino-2,3-dicyano-1,4-

bis(phenylthio) butadiene (U0126), significantly increase

HepG2 hepatoma cell apoptosis. The activated MAPKs

(p38 and p42/p44 MAPK) appear to play a cytoprotective

role, and the MAPK specific inhibitors enhance apoptotic

effects in HepG2 hepatoma cells with DADS treatment.

2. Materials and methods

2.1. Materials

Diallyl disulfide was purchased from Fluka Co. (80%

purity). BSA, Dulbecco’s modified Eagle medium

(DMEM) medium, SB203580, and Hoechst 33258 were

purchased from Sigma. Specific anti-phospho-and the

cocktail of anti-total p38 and anti-total p42/44 MAPK

antibodies, goat horseradish peroxidase (HRP)-conjugated

anti-rabbit secondary antibody were purchased from Santa

Cruz Biotech. Phototope–HRP Western Detection Kit was

purchased from New England Biolabs Inc. U0126 was a

kind gift from Dr. J.M. Trzaskos (DuPont Merck Research

Laboratory).

2.2. Cell culture

HepG2, a human hepatoma cell line, were cultured

in DMEM with 10% heat-inactivated fetal bovine serum

(FBS), benzylpenicillin (100 kU/L) and streptomycin

(100 mg/L) at 37 8C in an incubator containing humidified

air with 5% CO2.

2.3. Morphologic determination and quantification of

apoptosis

After treatment with or without DADS (100 mmol/L) in

phenol- and serum-free DMEM for 24 h, HepG2 hepatoma

cells were observed by fluorescence microscopy after

Hoechst 33258 staining. Apoptosis was routinely deter-

mined by counting the number of cells with condensed or

fragmented chromatin as described previously [30].

Briefly, cells from different treatments were cytospun onto

glass slides, followed by a mild hypotonic treatment (1:1,

distilled water/growth medium ratio) for 10 min. The cells

were pre-fixed for 5 min with a 50% fixative solution (3:1,

methanol/acetic acid ratio), and then fixed with neat fixa-

tive solution for 10 min. The preparations were stained

with Hoechst 33258 for 10 min, rinsed, and dried. The

preparations were examined using fluorescence micro-

scope. Condensed and fragmented nuclei, typical morpho-

logic changes of apoptosis were easily distinguishable

from intact nuclei and counted, and the percentages were

subsequently calculated. Six randomly chosen fields of

view were examined with a minimum number of 500 cells

scored in each condition.

2.4. Determination of cell proliferation activity

HepG2 hepatoma cells were plated in 24-well plates and

grown to 80% confluence in DMEM with 10% dialyzed

and charcoal-stripped FBS. The cultures were then rinsed

in phenol-free DMEM medium and incubated with respec-

tive test substances in phenol-free and serum-free DMEM

for 12 h. [3H] thymidine (1:35 � 104 Bq/L) was added.

Cells were cultured for another 12 h. The supernatant was

aspirated and then washed twice with PBS to remove

excess [3H] thymidine. Ice-cold 10% trichloroacetic acid

(TCA) was applied for 30 min. The cells were then dis-

solved in 0.2 mol/L NaOH. Radioactivity (incorporation

activity) was determined by scintillation counting.

2.5. Cell viability assay

To assess the cytotoxic effects of DADS in HepG2

hepatoma cells, we used a tetrazolium salt, 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

(MTT) reduction assay [31]. In this assay, the MTT is used

as a colorimetric substrate for measuring cell viability.

When cells are injured, there is an alteration in the cellular

redox activity such that cells are unable to reduce the dye.
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For our MTT assay, the cells were plated in 24-well

plates and grown to 80% confluence. The cultures were

then rinsed in phenol-free DMEM medium and incubated

with respective test substances in phenol-free and serum-

free DMEM for 24 h. At the end of this time interval, MTT

was added to a final concentration of 0.5 g/L. After 1 h

incubation, cultures were removed from the incubator and

the formazan crystals were solubilized by adding solubi-

lization solution including 10% (v/v) Triton X-100 and

0.1 mol/L HCl in isopropanol equal to the volume of

original culture medium. Colorimetric determination of

MTT reduction was made at 570 nm.

2.6. Preparation of lysates

For MAPK kinases detection, HepG2 hepatoma cells

cultured in six-well culture plates were grown to 80–90%

confluence, then nutrient-starved for 24 h in serum-free

DMEM, and then various concentrations of DADS were

added for the indicated times. For MAPK inhibition stu-

dies, cells were pretreated for 10 min with SB203580 or

U0126 before the addition of DADS. After being washed

with ice-cold PBS three times, cells were lysed with 60 mL

ice-cold lysis buffer containing (mmol/L) NaCl, 50;

Na3VO4, 2; phenylmethylsulfonyl fluoride, 0.5; and

HEPES, 10; at pH 7.4, along with 0.01% Triton X-100

and 10 mg leupeptin was added. The lysates were obtained

by centrifugation at 18,000 � g at 4 8C for 15 min and the

concentration of total cell protein was determined [32].

2.7. Western blot analyses

SDS sample buffer (one-forth volume) containing Tris–

HCl (0.33 mol/L), SDS (10% (w/v)), glycerol (40% (v/v)),

and bromophenol blue (0.4%) was added to the cell lysates.

After being boiled for 5 min, 20 mg of extracted protein

was electrophoresed by SDS-PAGE. The protein was

transferred to a nitrocellulose membrane which was then

blocked at 25 8C for 1 h with 5% BSA in TBST (Tris–HCl,

50; pH 7.4; NaCl, 150 mmol/L containing 0.1% Tween-

20). The blots were incubated with the primary antibodies

against phospho-p38, phosphorylated p42/44 MAPK

(phospho-p42/p44) or against total p38, total p42/p44 at

1:1000 dilution at 4 8C overnight, followed by incubation

at room temperature for 1 h with secondary antibody

(horseradish peroxidase conjugated) at 1:2000 dilution.

Immunoreactive signals were visualized by the Phototope

Western Detection System. To control equal protein con-

centrations in MAPK experiments, two gels for each group

were loaded in parallel with the same protein samples and

blotted for activated, phosphorylated MAPKs or total

MAPKs. Bands of MAPK were quantitatively determined

by QuantiScan Version 2.1 Biosoft.

2.8. Statistics

Results are expressed as the mean � S:E:M: with N

being the sample size. Mean values were compared using

a two-tailed t-test. Differences were considered statisti-

cally significant at P < 0:05.

3. Results

3.1. Induction of apoptosis by DADS on HepG2

hepatoma cells

To test the effect of DADS on the proliferation activity

and cell viability of HepG2 hepatoma cells, the [3H]

thymidine incorporation assay and MTT conversion assay

were used. As shown in Table 1, after treatment with

DADS at 50, 100, and 150 mmol/L for 24 h, the [3H]

thymidine incorporation decreased by 4.4, 16.2, and

60.8%, respectively, compared to the control. This result

suggests that DADS appears to be cytotoxic to HepG2

hepatoma cells in a dose-dependent manner. Exposure of

HepG2 hepatoma cells to DADS at concentrations of 50,

100, and 150 mmol/L for 24 h decreased cell viability by

13.0, 23.7, and 36.5%, respectively, compared to the control.

To test whether DADS induce apoptosis in HepG2

hepatoma cells, DADS-treated HepG2 hepatoma cells

were examined under fluorescence microscopy after stain-

ing with Hoechst 33258. After exposure to DADS

(100 mmol/L) for 24 h, at least 23.6% of HepG2 hepatoma

cells showed typical morphologic changes of apoptosis.

The cell volume was reduced, the chromatin became

Table 1

Effects of DADS on incorporation activity and cell viability

DADS (mmol/L) [3H] thymidine incorporation MTT absorbance

Bq/min Normalized (%) 570 nm Normalized (%)

0 23.62 � 0.69 – 0.523 � 8.66 � 10�3 –

50 22.58 � 0.70* 4.4 0.455 � 8.66 � 10�3** 13.0

100 19.80 � 0.82** 16.2 0.399 � 3.00 � 10�3** 23.7

150 9.27 � 0.30** 60.8 0.332 � 4.58 � 10�3** 36.5

HepG2 hepatoma cells were treated with DADS for 24 h, and their incorporation activity and cell viability were determined. Data are also normalized (%)

with control (0). Data are shown as mean � S:E:M:, N ¼ 4 experiments.
* P < 0:05.
** P < 0:01 vs. control.
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condensed, and nuclei became fragmented (Fig. 1). Similar

to DADS-induced cytotoxicity, DADS-induced apoptosis

was observed in HepG2 hepatoma cells in a concentration-

dependent manner. After DADS treatment of 50 or

150 mmol/L for 24 h, the number of apoptotic cells was

increased to 14.2 or 37.5% when compared to the untreated

controls (1.3%) (Table 2).

3.2. Transient increase in activation of endogenous

MAPKs during the processing of DADS-induced HepG2

hepatoma cell apoptosis

To directly address the involvement of MAPKs in the

processing of DADS-induced apoptosis, both phospho-p38

and phospho-p42/p44 were determined in DADS-treated

HepG2 hepatoma cells using specific anti-phospho-p38

and anti-phospho-p42/p44 antibodies. As shown in

Fig. 2, DADS caused a time-dependent activation of p38

MAPK and p42/p44 MAPK. DADS (100 mmol/L) stimu-

lated the activation of p38 MAPK and p42/p44 MAPK in a

similar time course with a maximal induction at about 15

and 20 min after stimulation, respectively. Levels returned

nearly to baseline at 30 and 60 min. Treatment with DADS

at concentrations of 50–150 mmol/L for 10 min stimulated

an increase in phospho-p38 and phospho-p42/44 in a

concentration-dependent manner (Fig. 3). These results

suggest that some members of MAPKs play a role in

the processing of DADS-induced apoptosis.

3.3. Protection of HepG2 hepatoma cell apoptosis by

phosphorylated MAPKs

Generally, activation of p38 MAPK is associated with

induction of apoptosis, whereas p42/44 MAPK exerts

cytoprotective effects [29]. To test whether both phos-

phorylated MAPKs in HepG2 hepatoma cells have similar

functions as reported before, the cell proliferation activity

and apoptotic assays were performed after exposure of

cells to active MAPK specific inhibitors. Pre-incubation

with the phospho-p38 specific inhibitor, SB203580

(10 mmol/L), or the phospho-p42/p44 specific inhibitor,

U0126 (5 mmol/L), for 10 min, markedly inhibited

proliferation of HepG2 hepatoma cells. The [3H] thymi-

dine incorporation decreased by 16% (U0126) and 27%

(SB203580), respectively, compared to the untreated

control (0.006% Tween80) (Fig. 4A). Similar results were

also observed using the MTT assay (Fig. 4B). A greater

level of cell apoptosis was also found with both MAPK

inhibitors. U0126 induced an 11-fold and SB203580

induced a 15-fold increase in apoptosis when compared

to the control (Fig. 4C), indicating that endogenous

activated MAPKs, both phospho-p42/p44 and phospho-

p38, play a cytoprotective function in HepG2 hepatoma

cell.

Result of Western blot analysis further confirmed that

MAPK inhibitors affect the activation of endogenous

MAPKs in HepG2 hepatoma cells. Treatment with

SB203580 or U0126 blocked phosphorylated forms of

p38 MAPK (Fig. 5A) and p42/p44 MAPK (Fig. 5B).

Western blot bands for phospho-p38 and phospho-p42/

p44 could not be detected using phospho-p38 or phospho-

p42/p44 specific antibodies (lane 2, Fig. 5A and B).

Fig. 1. HepG2 hepatoma cells were treated with or without 100 mmol/L DADS for 24 h, and then stained with Hoechst 33258 (1 mM phosphate-buffered

saline) and photographed under fluorescence microscopy. (A) Untreated HepG2 hepatoma cells. (B) DADS-treated HepG2 hepatoma cells. The nuclei of

dead cells appear to shrink shown with the symbols (#), when compared to the normal nuclei. Six randomly chosen fields of view were observed with a

minimum number of 500 cells scored in each condition. Condensed and fragmented nuclei appeared in DADS-treated cells (magnification, 660�).

Table 2

Effects of DADS on HepG2 hepatoma cell apoptosis

DADS (mmol/L) Proportion of apoptotic cells

(% of total HepG2 cells)

0 1.30 � 0.34

50 14.24 � 0.41*

100 23.58 � 1.31*

150 37.47 � 3.78*

HepG2 hepatoma cells were treated with or without DADS for 24 h, and the

numbers of apoptotic cells were determined by direct apoptotic cell counting

after cell staining. The percentage of apoptotic cells was calculated with

total HepG2 hepatoma cells. Data are shown as mean � S:E:M:, N ¼ 4

experiments.
* P < 0:01 vs. control.
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3.4. Enhancement of DADS-induced apoptosis by

inhibition of MAPKs

To test whether MAPKs inhibitors could block DADS-

induced activation of MAPKs in HepG2 hepatoma cells

and subsequently enhance DADS-induced apoptosis, we

first investigated the inhibition effect of these inhibitors

by Western blot analysis. When SB203580 or U0126 were

added to HepG2 hepatoma cells for 10 min before DADS-

treatment, DADS-induced activations of p38 MAPK and

p42/p44 MAPK were markedly decreased (lane 2 of

Fig. 6), when compared to DADS-treatment alone (lane

1 of Fig. 6) or no treatment (lane 1 of Fig. 5). To examine

further into whether this inhibition could achieve a coop-

erative apoptotic effect with DADS-induced apoptosis, a

combined treatment of these inhibitor followed by DADS

was performed. This combined treatment increased the

proportion of apoptotic HepG2 hepatoma cells by 20%

(DADS plus U0126 when compared with DADS- or

inhibitor-treatment alone P < 0:05) and 40% (DADS plus

SB203580, P < 0:01), respectively (Fig. 7A). Decreases

of 45.9% (for DADS plus U0126) and 59.0% (for DADS

plus SB203580) of proliferation activity were observed

by preincubation of HepG2 hepatoma cells with MAPK

Fig. 2. Time course of DADS-induced activation of p38 MAPK and p42/p44 MAPK in DADS-induced apoptosis in HepG2 hepatoma cells. Cells were

treated with 100 mmol/L DADS for 0–120 min, and Western blot analysis was performed. Extracts (20 mg of protein) from HepG2 hepatoma cells were

resolved by SDS-PAGE and probed with anti-phospho-p38 antibody (top of A), or with anti-phospho-p42/p44 antibody (top of B). These experiments were

repeated thrice with similar results, and typical data are presented. In parallel experiments, the amount of total p38 MAPK or p42/p44 MAPK was determined

in the same cell extracts with anti-total p38 MAPK antibody (middle of A) or anti-total p42/p44 MAPK antibody (middle of B), that recognized p38 MAPK

or p42/p44 MAPK independent of their phosphorylation state. Bands of MAPK were quantitatively determined by QuantiScan Version 2.1 Biosoft (bottom of

A and B).
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inhibitors, when compared with DADS- or inhibitor-

treatment alone (Fig. 7B). Decreased cell viability was

also found by the MTT assay (Fig. 7C).

4. Discussion

It has been well documented that DADS inhibits growth

of human MCF-7, T47D, and both ER-positive and ER-

negative breast cancer cells in vitro [4,33], and induces

apoptosis as determined from morphological changes and

DNA fragmentation in HCT-15 human colon tumor cells

[1]. In the present study, we found that DADS inhibits the

growth of human HepG2 hepatoma cells as shown by

decreases in both [3H] thymidine uptake and cell viability

(Table 1). The growth inhibitory properties of DADS are

likely attributed to its induction of apoptotic cell death, at

least partially, as indicated in Fig. 1 and Table 2.

Our present study shows that DADS may be an effective

inducer of apoptosis in HepG2 hepatoma cells. A number

of pathways are known to lead to apoptosis. The Bcl-2

family and caspase-3 are important regulators of apoptosis

[34,35]. The Bcl-2 proteins were associated with up-reg-

ulation of Bax and down-regulation of Bcl-XL. It has been

shown that DADS-induced apoptosis is mediated via acti-

vation of caspase-3 [4]. In DADS-treated HL-60 cells,

caspase-3 activation is evidenced by increase in protease

activity and proteolytic cleavage activity of the proenzyme

[36]. Excessive intracellular calcium is known to lead to

apoptosis in several in vitro models [1]. In HCT-15 cells,

Fig. 3. Concentration-dependent activation of both p38 MAPK and p42/p44 MAPK by DADS treatment for 10 min in HepG2 hepatoma cells. Cells were

treated with increasing concentrations (0–150 mmol/L) of DADS and Western blot assays were performed by applying 20 mg of the extracts and probing

with anti-phospho-p38 (top of A) or anti-total p38 antibody (middle of A), and with anti-phospho-p42/p44 (top of B) or anti-total p42/p44 antibody

(middle of B). Lane 1: control (untreated), lane 2: DADS (treated with 50 mmol/L), lane 3: DADS (100 mmol/L), and lane 4: DADS (150 mmol/L). Results

are representative of three replicates. Bands of MAPK were quantitatively determined by QuantiScan Version 2.1 Biosoft (bottom of A and B).
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DADS was found to cause a sustained and dose-dependent

increase in the intracellular calcium. On the other hand, a

number of reports have described activation of components

of the MAPK pathway in response to Taxol and iNOS-

induced apoptosis [9,10]. Our present data demonstrate

that DADS can activate both p38 and p42/p44 MAPKs in a

time- and concentration-dependent manner during the

processing of DADS-induced apoptosis in HepG2 hepa-

toma cells suggesting a plausible involvement of MAPKs

in the regulation of apoptosis in these cells.

Our study has focused on the roles of MAPKs in the

processing of DADS-induced apoptosis. Activation of p38

MAPK is generally associated with induction of apoptosis,

whereas phospho-p42/44 exerts cytoprotective effects [29].

We found that the reduction of these activated/phosphory-

lated MAPKs by phospho-p38 or phospho-p42/44 specific

inhibitors (SB203580 or U0126), markedly increases

apoptosis (Fig. 4C) and enhances DADS-induced apopto-

sis (Fig. 7A) in HepG2 hepatoma cells. These data suggest

that at least the basal levels of endogenous phospho-p38

and phospho-p42/44 appear to play a role in maintaining

the survival of the HepG2 hepatoma cells. In other words,

our results indicate that DADS exerts a dual role: (1) a

cytotoxic role leading to apoptosis and (2) a temporary

protective role via members of the MAPK family.

Our findings suggest a critical role for phospho-p38 and
Fig. 4. Effect of MAPK inhibitors on incorporation activity (A), cell

viability (B), and cell apoptosis (C). HepG2 hepatoma cells were treated

with SB203580 (SB, 10 mmol/L) and U0126 (U, 5 mmol/L) for 10 min.

The proliferation activity (Bq/min) and cell viability (570 nm) were

determined, and cell survival was calculated as the ratio of the apoptotic

cells to the total cell number. Data are shown as mean � S:E:M:, N ¼ 4

experiments. �P < 0:01 vs. Ctl (untreated).

Fig. 5. Effect of MAPK inhibitors on the constitutive level of endogenous

phospho-p38 and phospho-p42/p44 in HepG2 hepatoma cells. Cells were

treated with or without MAPK inhibitors, SB203580 and U0126, for

10 min. Western blot analysis was performed with each 20 mg extract and

with the indicated antibodies. (A) Lane 1: control (untreated), lane 2:

SB203580 (treated with 10 mmol/L); (B) lane 1: control, 2: U0126 (with

5 mmol/L). Total p38 MAPK or p42/p44 MAPK was determined in the

same conditions. This experiment was repeated thrice with similar results.

Fig. 6. Effect of MAPK inhibitors on DADS-induced activation of

MAPKs in HepG2 hepatoma cells. Cells were treated with DADS

(100 mmol/L) for 10 min, or preincubated with inhibitors, SB203580

(10 mmol/L) or U0126 (5 mmol/L), for 10 min before adding DADS

reagent. The phospho-p38 and total p38 (A), or phospho-p42/p44 and total

p42/p44 (B) were detected with anti-phospho-p38 and anti-total p38

antibodies, or with anti-phospho-p42/p44 and anti-total p42/p44 antibodies.

(A) Lane 1: DADS-treatment, lane 2: DADS plus SB203580; (B) lane 1:

DADS-treatment, 2: DADS plus U0126.
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phospho-p42/44 in spontaneous apoptosis and the proces-

sing of DADS-induced apoptosis of HepG2 hepatoma

cells. However, our data do not rule out the possibility

that other MAPKs may also play a role in these processes.

Even though our data support the idea that the effects of

DADS on MAPKs inhibit rather than promote apoptosis,

an alternative interpretation may exist for some of our

discoveries. For example, a marked subsequent down-

regulation of phospho-p38 and phospho-p42/44 by DADS

treatment for more than 1 h was observed (Fig. 2). It is

plausible that this down-regulation of phospho-p38 and/or

phospho-p42/44 may constitute an apoptotic stimulus.

Further studies are needed to elucidate the mechanism

of the effect of DADS on apoptosis.

Our results presented in this study also establish

a potential role for MAPK inhibitors in apoptosis of

HepG2 hepatoma cells. First, inhibitor-treatment not only

blocked the constitutive level of phospho-p38 and phos-

pho-p42/44 (Fig. 5), but also blocked DADS-induced

MAPK activation although it is not complete (Fig. 6).

Second, a combination treatment with both DADS and

MAPK inhibitor (SB203580 or U0126) decreased prolif-

eration activity and viability of HepG2 hepatoma cells, and

led to increase in apoptotic activity (Fig. 7). The combined

effect is greater than that by DADS- or inhibitor-treatment

alone, suggesting the possibility that DADS and MAPK

inhibitors, especially the combination of both, may have

chemocytotoxic value for human hepatoma.

In summary, our results show that DADS induces apop-

tosis and temporarily activates MAPKs in HepG2 hepa-

toma cells. Both phospho-p38 and phospho-p42/44

negatively regulate HepG2 hepatoma cell apoptosis. The

MAPK inhibitors, SB203580 and U0126, not only induce

apoptosis but also enhance an apoptotic effect in DADS-

induced apoptosis of HepG2 hepatoma cells.
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