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Scope: Naturally-occurring chemopreventive agent phenethyl isothiocyanate (PEITC), derived

primarily from watercress, has been shown to inhibit cell growth and induce apoptosis in

cancer cells. In this study, we examined the potential of PEITC in enhancing cisplatin-

induced apoptosis in cervical cancer cells and its mechanisms.

Methods and results: HeLa cells were exposed to PEITC, cisplatin or both. Pretreatment of

cells with PEITC strongly enhanced cisplatin-induced cytotoxicity. PEITC activated the

mitogen-activated protein kinases, including c-Jun N-terminal kinase (JNK), extracellular

signal-related kinase (ERK), and p38. Caspase-3 activity assay demonstrated that the syner-

gistic induction of apoptosis was significantly attenuated by MEK1/2 inhibitor U0126, but not

by JNK or p38 inhibitor, suggesting that ERK activation is responsible for the synergistic

effect. We found that NF-kB signaling pathway is not involved in the synergistic effect.

Sulforaphane and benzyl isothiocyanate, two other members of the isothiocyanate family,

also sensitize HeLa cells to apoptosis induced by cisplatin. Furthermore, we found that the

synergistic effect was also observed in cervical cancer C33A and breast cancer MCF-7 cells but

not in normal mammary epithelial MCF-10A cells. Finally, we demonstrated that Noxa

induction was associated with apoptosis induced by PEITC plus cisplatin.

Conclusion: Taken together, this study shows that PEITC can sensitize cancer cells to

apoptosis induced by cisplatin and this effect is mediated through ERK activation, suggesting

the potential of PEITC to be used as an adjuvant with cisplatin in combination therapeutic

treatments.
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1 Introduction

Cisplatin (CDDP) is one of the most important anticancer

drugs used in the treatment of human tumors, including

head and neck, colorectal, ovarian, cervical, testicular, and

small cell lung cancers [1]. The acquisition of resistance by

cancer cells to CDDP is one of the major hurdles in CDDP-

based chemotherapy. Mechanisms of resistance identified to

date include reduced drug uptake, inactivation by gluta-

thione, and other antioxidants, and increased repair of

CDDP-induced DNA damage or enhanced DNA damage

tolerance [2]. Various CDDP-based combination therapies

have been intensely evaluated for cancer treatment in recent

years. A major remaining question is what type of drug
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would be the best candidate for the combination therapy

with CDDP. Many new chemotherapeutic strategies

combine multiple agents, which result in improved tumor

response and enhanced efficacy. However, the employment

of multiple agents often leads to increased toxicity, causing a

poor treatment outcome. Thus, combination chemotherapy

must be optimized to increase the response of tumors to

chemotherapy and, at the same time, diminish its toxicity.

One strategy to overcome drug resistance and enhance

chemotherapy efficacy is to use a combination of standard

anticancer drugs with chemopreventive agents that are by

themselves nontoxic at lower doses [3].

The chemopreventive agent phenethyl isothiocyanate

(PEITC) is present in high concentrations as its precursor

gluconasturtiin in cruciferous vegetables, such as watercress.

Upon chewing or chopping, PEITC is released as a product of

hydrolysis mediated by myrosinase [4]. Strong chemopreven-

tive activities have been demonstrated in various carcinogen-

induced cancer animal models [5, 6]. Furthermore, accumu-

lating evidence indicates that PEITC can inhibit cell growth

and induce apoptosis in a variety of cultured cancer cells,

suggesting its potential therapeutic value as an anticancer

agent or an adjunct to current cancer therapies [7–9]. Despite

the recent data showing that sulforaphane (SFN), another

member of isothiocyanate (ITC) family, and PEITC can

sensitize various tumor cells to Fas, TRAIL, adriamycin,

etoposide, or docetaxel-induced apoptosis, not enough infor-

mation is available on the mechanisms of the potential synergy

between PEITC and standard chemotherapy agents [10–14]. A

Phase I trial with PEITC showed that at the lower doses tested

(40 and 80 mg daily for 30 days) it was well tolerated, and only

minor toxicity with low-grade diarrhea was observed predo-

minantly at the high doses (120 and 160 mg daily for 30 days)

(Leonard Liebes et al., unpublished results). The dietary role of

PEITC plus its relatively low toxicity in humans and its ability

to induce apoptosis in cancer cells lend a strong support for a

critical investigation of its combination treatments with other

anticancer drugs to enhance the efficacy of cancer prevention

and therapy.

In the present study, we investigated the mechanisms of

apoptosis induction by PEITC and its synergism in combi-

nation with CDDP in human cervical cancer HeLa cells. The

data show that PEITC exhibits a synergistic effect with

CDDP on the induction of apoptosis. This synergistic effect

was specifically blocked by MEK1/2 inhibitor U0126 treat-

ment, suggesting that the effect involves extracellular signal-

related kinase (ERK) activation.

2 Materials and methods

2.1 Materials

PEITC, benzyl ITC (BITC), and CDDP were purchased from

Sigma-Aldrich (St. Louis, MO). SFN was from Alexis

Biochemicals (San Diego, CA). The p38 polyclonal and

b-actin monoclonal antibodies were purchased from Santa

Cruz Biotechnology (Santa Cruz, CA); the anti-poly(ADP-

ribose) polymerase (PARP) monoclonal antibody from BD

Biosciences (San Jose, CA); the phospho-specific ERK rabbit

polyclonal antibody from Promega (Madison, WI); and the

phospho-specific p38 and phospho-specific JNK1/2 poly-

clonal antibodies from Cell Signaling Technology (Beverly,

MA). The antibodies to total forms of ERK1/2, p38, and

JNK1/2 were obtained from Cell Signaling Technology

(Beverly, MA); and p38 inhibitor SB203580, MEK inhibitor

U0126, and JNK inhibitor SP600125 were from Calbiochem

(La Jolla, CA).

2.2 Cell culture

HeLa, C33A, and MCF-7 cells were obtained from American

Type Culture Collection. NF-kB reporter stable cells (HeLa/

NFkB-luc) were from Panomics (Redwood City, CA). All

cells were maintained in Dulbecco’s-modified Eagle’s

medium (Mediatech, Herndon, VA) containing 10% fetal

bovine serum (FBS) (Quality Biological, Gaithersburg, MD),

100 units/mL penicillin and 100 mg/mL streptomycin, and

were maintained at 371C in 5% CO2. Working solutions of

ITCs were prepared in DMSO.

2.3 40,6-Diamidino-2-phenylindole staining

40,6-Diamidino-2-phenylindole (DAPI) staining was

performed as described previously [15]. In brief, prior to

staining, the cells were fixed with 4% paraformaldehyde for

30 min at room temperature and then washed with PBS.

DAPI was added to the fixed cells for 1 h, after which they

were examined by fluorescence microscopy. Apoptotic cells

were identified by condensation and fragmentation of nuclei.

2.4 Flow cytometry analysis of DNA content

HeLa cells were incubated with PEITC or vehicle control for

24 h. Cells were harvested and fixed in 70% chilled ethanol.

Fixed cells were stained with propidium iodide (50 mg/mL).

The stained cells were analyzed for DNA content on a

Becton Dickinson Flow Cytometer (BD Biosciences, Frank-

lin Lakes, NJ). The presence of a sub-G1 compartment of

cells was indicative of apoptosis.

2.5 NF-jB luciferase assay

Stable HeLa/NF-kB-luc reporter cells were seeded into a

24-well plate (50 000 cells/well) in DMEM media with 10%

fetal bovine serum for 24 h. The cells were treated in

triplicate with DMSO (vehicle), CDDP (10 mM), PEITC

(5mM), CDDP (10 mM) plus PEITC (5 mM) and 10 ng/mL
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TNF-a for 2, 4, and 6 h. The cells were then harvested, and

the luciferase activity was measured using a Bright-Glo

assay system from Promega according to the manufacturer’s

instructions; the data were collected using MicroLumat Plus

LB96 V (Berthold Technologies) and the attached Winglo

version 1.25 software. The reproducibility of the results was

verified with two independent experiments.

2.6 Caspase-3 activity assay

Caspase-3 activity was measured by the detection of the

cleavage of a colorimetric caspase-3 substrate, N-acetyl-Asp-

Glu-Val-Asp (DEVD)-p-nitroaniline, using an assay kit

(R&D Systems, Minneapolis, MN). In brief, cells were

treated with drugs for different times. The attached and

detached cells were collected, and lysed in ice-cold lysis

buffer provided by the manufacturer. The same amount of

protein extracts (100–200mg) was incubated in a reaction

buffer containing N-acetyl-DEVD-p-nitroaniline at 371C for

2–4 h. The levels of the proteolytic fragment p-nitroanilide

were measured as optical density at 405 nm with a

plate reader. The data represent the mean7SD of three

independent experiments.

2.7 Western blot analysis

For immunoblot analysis, cells were harvested in

300–500 mL of lysis buffer ([20 mM Hepes, pH 7.4, 2 mM

EGTA, 50 mM b-glycerol phosphate, 1% Triton X-100, 10%

glycerol, 1 mM DTT, 1 mM PMSF, 10 mg/mL leupeptin,

10 mg/mL aprotinin, 1 mM Na3VO4, and 5 mM NaF]). The

resulting protein samples were separated by 4–12%

NuPAGE gels (Invitrogen, Carlsbad, CA) (30–40 mg/lane)

and transferred onto PVDF membranes (Millipore, Bedford,

MA). The membranes were blocked with 5% nonfat dry

milk in Tris-buffered saline containing 0.1% Tween-20 for

1 h at room temperature. After incubation of the

membranes with appropriate antibodies, specific proteins

were detected with enhanced chemiluminescence (ECL)

reagents (Amersham Biosciences, Piscataway, NJ). b-Actin

was used as a loading control for all the Western blot

analysis.

3 Results

3.1 PEITC induces apoptosis in HeLa cells

PEITC has been shown to induce apoptosis in various

cancer cells [7–9]. We initially tested its effects on cell

viability. HeLa cells were treated with different concentra-

tions of PEITC. After 24 h of treatment, the number of live

cells was determined by MTS assay, the IC50 for PEITC was

around 13mM (data not shown). We then investigated

whether PEITC can cause apoptosis in HeLa cells. The

apoptotic effects of PEITC were evaluated 24 h after the

treatment of HeLa cells with 15mM PEITC. The PEITC-

treated cells showed morphological alterations consistent

with apoptosis, including shrinkage, membrane blebbing

and detachment of cells, and DAPI-stained cells showed
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Figure 1. PEITC treatment induces apoptosis

in HeLa cells. (A) Representative phase

contrast microscopy (upper panels) and DAPI

staining (lower panels) of untreated cells

and cells treated with 15mM PEITC for 24 h.

Nuclei of apoptotic cells are fragmented and

condensed. (B) Flow cytometry analysis of

cells 24 h after treatment with 15mM PEITC.

AP denotes sub-G1 peak, indicative of apop-

totic cells in PEITC-treated, but not in control,

cells. (C) Time course of caspase-3 activation

in PEITC-treated cells. Caspase-3 activity was

analyzed by a caspase-3 colorimetric assay

kit. (D) Cleavage of caspase substrate PARP

in 15 mM PEITC-treated cells. Cells were

harvested at the indicated times, and PARP

cleavage was assessed by Western blot

analysis using an anti-PARP monoclonal

antibody. b-Actin was used as a loading

control.
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evidence of nuclear condensation and fragmentation

(Fig. 1A). The PEITC-induced cell death via apoptosis was

further confirmed by FACS analysis. Figure 1B shows a sub-

G1 peak was evident in the treated cells but absent from the

untreated control cells. We also determined caspase-3

activity in the PEITC-treated cells. As shown in Fig. 1C, a

time-dependent increase of caspase-3 activity was found in

HeLa cells after treatment with 15mM PEITC, with a 3.3-fold

increase at 12 h. PARP cleavage was also evaluated in cells

treated with PEITC. The results showed that PARP cleavage

became evident at 8 h post-treatment and increased in a

time-dependent manner (Fig. 1D).

3.2 Mitogen-activated protein kinase’s activation is

not involved in the PEITC-induced apoptosis in

HeLa cells

The mitogen-activated protein kinase (MAPK) signaling

pathway has been shown to be activated by ITC treatment in

different cell types [8, 9, 16–19]. To investigate whether

PEITC treatment led to MAPKs activation in HeLa cells,

lysates obtained at various times from PEITC-treated cells

were subjected to Western blot analysis using anti-phospho-

ERK, phospho-JNK, and phospho-p38 antibodies to detect

phosphorylated (and therefore activated) MAPKs. As shown

in Fig. 2A, PEITC treatment of HeLa cells resulted in a

strong activation of ERK1/2, JNK1/2, and p38. Activation of

these kinases was observed at as early as 2 h following

treatment and was sustained over a period of 24 h. The same

blots were subsequently stripped and reprobed with anti-

bodies that recognize regular MAPKs; the results showed

that PEITC treatment has no effect on the total MAPKs

protein level. To examine whether MAPK’s activation is

required for PEITC-induced apoptosis, HeLa cells were

pretreated with selective inhibitors of MAPKs, SP600125,

U0126, or SB203580 for 30 min prior to addition of 15mM

PEITC. Apoptosis was determined by measuring caspase-3

activity and detecting PARP cleavage. As shown in Fig. 2B,

none of the selective MAPK inhibitors was able to suppress

PEITC-induced caspase-3 activation or PARP cleavage.

These results indicate that MAPK’s activation is not involved

in PEITC-induced apoptosis in HeLa cells.

3.3 The synergistic effect of PEITC and CDDP in

apoptosis induction

As both PEITC and CDDP induce apoptosis in various

cancer cells, we examined whether there is a synergistic
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Figure 2. MAPKs activation is not involved in the PEITC-induced apoptosis. (A) Time course of MAPK activation by PEITC in HeLa cells.

Cells were treated with 15 mM PEITC and harvested at the indicated times. Phosphorylation of JNK1/2, ERK1/2, and p38 was analyzed by

Western blotting with phospho-JNK, phospho-ERK, and phospho-p38-specific polyclonal antibodies. Total JNK, ERK, and p38 protein

levels were also determined by Western blot analysis using antibodies to the respective kinases. (B) MAPKs activation is not involved in

the PEITC-induced apoptosis in HeLa cells. Cells were pretreated with the MAPK inhibitors (SP600125, U0126, and SB203580 for JNK, ERK,

and p38, respectively) for 1 h before the addition of 15mM PEITC. After 24 h, the treated cells were harvested and assayed for caspase-3

activity with a colorimetric assay kit (top) and PARP cleavage assessed by Western blot analysis using an anti-PARP monoclonal antibody

(bottom).
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effect on the induction of apoptosis by these agents. As

shown in Fig. 3A, 24 h following treatment, the morphology

of cells treated with 10 mM CDDP (the IC50 for CDDP in

HeLa cells was around 12 mM; data not shown) or

5mM PEITC alone showed no apoptotic changes; however,

the cells treated with PEITC and CDDP in combination

displayed typical features of apoptosis, such as cell shrink-

age, membrane blebbing, and detachment of cells.

After 24 h treatment, the combination of 5 mM PEITC and

10 mM CDDP caused a four-fold increase in caspase-3

activity (Fig. 3A). On the contrary, no substantial caspase-3

activity changes were observed in 10mM CDDP-treated

cells, and only a 1.5-fold increase was observed in the 5 mM

PEITC-treated cells. PARP cleavage was also examined in

whole-cell lysates collected 8 and 24 h after treatment and

assessed by Western blot analysis. At 24 h, the combination

of 5 mM PEITC and 10 mM CDDP produced a large amount

of the cleaved PARP, compared with that by either agent

alone (Fig. 3A).

3.4 MEK1/2 inhibitor blocks PEITC plus CDDP-

induced apoptosis

Previous findings have shown that ERK activation plays an

active role in mediating CDDP-induced apoptosis of HeLa

cells [20]. Therefore, we wanted to investigate ERK activation

after the combination treatment of PEITC plus CDDP. As

expected, higher ERK activation was evident in cells treated

with PEITC plus CDDP, compared with those treated with

PEITC or CDDP alone (Fig. 3B). To examine the role of the

ERK signaling pathway in the synergistic interaction

between PEITC and CDDP, we treated cells with the

combination of agents in the absence or presence of specific
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Figure 3. The synergistic effect of PEITC on CDDP-induced apoptosis in HeLa cells. (A) Top: phase contrast photomicrographs of cells

treated with DMSO (vehicle control), 10 mM CDDP, 5 mM PEITC, and 5 mM PEITC plus 10mM CDDP for 24 h. Note the presence of massive

cell death in cells treated with 5 mM PEITC plus 10 mM CDDP. Middle: caspase-3 activity analysis in cells treated with 5 mM PEITC,

10 mM CDDP, or the combination for 24 h. Bottom: Effect of PEITC plus CDDP on PARP cleavage. Subconfluent cells were incubated with

5 mM PEITC, 10 mM CDDP alone or the combination, PARP expression, and cleavage was examined in whole-cell lysates collected

8 and 24 h after treatment and assessed by Western blot analysis using an anti-PARP monoclonal antibody. (B) Enhanced ERK activation

after the combination treatment of PEITC plus CDDP in HeLa cells. Cells were treated with either 10 mM CDDP alone, 5 mM PEITC

alone, or 5mM PEITC plus 10mM CDDP for 8 and 24 h. Western blot analysis shows enhanced ERK activation in PEITC plus CDDP-treated

cells. (C) MEK1/2 inhibitor blocks apoptosis induced by the combination of PEITC and CDDP. Pretreatment with MEK1/2 inhibitor

U0126 inhibits ERK (lane 2) and caspase-3 activation caused by the combination of PEITC and CDDP (top). Western blot analysis

shows reduced PARP cleavage in cells treated with U0126 prior to PEITC plus CDDP (bottom). (D) PARP cleavage shows that JNK

inhibitor SP600125 and p38 inhibitor SB203580 have no effect on apoptosis induced by the combination of PEITC and CDDP in

HeLa cells.
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MEK1/2 inhibitor U0126. Pretreating cells for 30 min with

U0126 inhibited ERK activation (Fig. 3C, top, lane 2) and

resulted in a significant attenuation of apoptosis caused by

the combination of PEITC and CDDP, shown by both

caspase-3 activity (Fig. 3C, top) and PARP cleavage (Fig. 3C,

bottom). However, the synergistic effect could not be

blocked by either the JNK inhibitor SP600125 or the p38

inhibitor SB203580 (Fig. 3D). These results suggest that the

ERK signaling pathway contributes to the synergistic

induction of apoptosis by PEITC. Interestingly, while PEITC

alone activated the ERK pathway, ERK activation did not

seem to play a role in the apoptosis induced by PEITC,

because the inhibitor of MEK1/2 did not block apoptosis

(Fig. 2B).

3.5 The role of NF-kB in the synergistic effect on

apoptosis

NF-kB plays important roles in cell growth, differentiation,

apoptosis, inflammation, and many other physiologic processes

[21]. NF-kB mediates survival signals that inhibit apoptosis and

promote cancer cell growth. It has been found that inhibition of

NF-kB activation in tumor cells may increase the efficacy of

chemotherapeutic agents [22]. Recent studies have indicated

that both PEITC and SFN can inhibit NF-kB transcriptional

activity [23–25]. We therefore investigated whether PEITC can

inactivate NF-kB in HeLa cells and whether the inhibition of

NF-kB contributes to its synergistic effect on CDDP-induced

apoptosis. Stably transfected HeLa/NF-kB-luc reporter cells

were treated with DMSO (vehicle), CDDP (10mM), PEITC

(5mM), CDDP (10mM) plus PEITC (5mM), and 10 ng/mL TNF-

a (as a positive control) for 2, 4, and 6 h. The cells were then

harvested, and the luciferase activity was measured using the

Bright-Glo assay system (Promega). We found that 10mM

CDDP did not increase NF-kB activity at 2, 4, and 6 h after

treatment, and there is no evidence for the difference in NF-kB

activity between CDDP-treated and PEITC plus CDDP-treated

groups although the inhibition of basal NF-kB activity was

found by PEITC (Fig. 4). Collectively, these results suggest that

the NF-kB pathway does not contribute to the increased

apoptosis induced by the combination of PEITC and CDDP.

3.6 Both BITC and SFN synergize CDDP-induced

apoptosis in HeLa cells

Our results showed that SFN and BITC, two other members

of the ITC family originated from broccoli and garden cress,

also induce apoptosis in HeLa cells. As shown in Fig. 5A,

both SFN and BITC caused a time-dependent cleavage of

PARP protein. We observed that the combination of 5mM

BITC plus 10 mM CDDP or 20mM SFN plus 10mM CDDP

produced a large amount of cleaved PARP, compared with

that by either of the single agent (Fig. 5B and C), suggesting

that, like PEITC, BITC and SFN can also synergize CDDP-

induced apoptosis in HeLa cells.

3.7 PEITC synergizes CDDP-induced apoptosis in

C33A cervical cancer and MCF-7 breast cancer

cells but not normal human mammary epithelial

MCF-10A cells

We examined whether the synergistic effect between PEITC

and CDDP is cell line-specific. First, we tested another
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(Promega) according to the manufacturer’s instructions. The

reproducibility was verified with two independent experiments.
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human cervical cancer cell line, C33A cells were treated with

10 mM PEITC, 10 mM CDDP, or the combination of PEITC

and CDDP for 24 h, as shown in Fig. 6A, PEITC alone

caused very little PARP cleavage, but the combination of

PEITC and CDDP significantly increased the level of PARP

cleavage. Next, we examined MCF-7 breast cancer cells,

5mM PEITC caused an increase of PARP cleavage at 24 h

after treatment; however, the combination of 5mM PEITC

plus 10mM CDDP produced a highly significant increase of

cleaved PARP (Fig. 6B).The synergistic effects were then

evaluated in MCF-10A cells, a well-characterized immorta-

lized normal (nontransformed) human mammary epithelial

cell line. MCF-10A cells were treated with 5mM PEITC,

10 mM CDDP, or the combination of PEITC and CDDP. As

shown in Fig. 6C, at the dose tested there was no cytotoxic

effect by PEITC or synergistic effect between PEITC and

CDDP in MCF-10A cells, suggesting that normal MCF-10A

cells are more resistant to the cytotoxic effects of PEITC or

PEITC plus CDDP than MCF-7 breast cancer cells.

3.8 Effects of PEITC and CDDP alone or in

combination on Bcl-2 family members and other

apoptosis-related proteins

Bcl-2 family proteins play central roles in the regulation of

most, if not all, apoptotic pathways. The Bcl-2 homology 3

(BH3)-only members of this family, such as PUMA and

Noxa, are proapoptotic; they are activated or induced in

response to stress stimuli. These BH3-only proteins then

interfere with the function of prosurvival Bcl-2 family

members, thereby promoting the progression of apoptosis

[26]. PEITC has been shown to regulate certain Bcl-2 family

members in cancer cells [27, 28]. Therefore, we want to

determine whether PEITC regulates the expression of

several Bcl-2 family proteins in HeLa cells. Figure 7A shows

that the expression levels of Bcl-2, Bcl-xL, and Bax were not

altered in response to CDDP, PEITC alone, or the combi-

nation. Interestingly, we observed that CDDP, PEITC alone,

or the combined treatment for 24 h downregulated the

expression of the proapoptotic protein PUMA in HeLa cells.

However, we found that 5 mM PEITC combined with 10mM

CDDP induced a sustained expression of the proapoptotic

protein Noxa (Fig. 7A), which correlated with the enhanced

effect on apoptosis induction. On the contrary, PEITC

treatment alone increased Noxa protein expression only at
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8 h, and CDDP alone had no effect on Noxa. To further test

the role of Noxa in apoptosis response to PEITC plus CDDP,

we examined if pretreating HeLa cells with MEK1/2 inhi-

bitor U0126 would block Noxa induction since U0126 can

inhibit apoptosis induced by PEITC plus CDDP (Fig. 3C). As

shown in Fig. 7B, the presence of U0126 partially inhibited

Noxa, and, as a control, we did not see Bax protein level

change following U0126 pretreatment. These data suggest

that Noxa induction is associated with apoptosis induced by

PEITC or PEITC plus CDDP. There are different apoptosis

signaling pathways; one of the apoptosis signaling processes

is initiated by ligation of cell-surface death receptors, DR4

and DR5, by their cognate ligand TRAIL [29]. Others have

reported that SFN enhances TRAIL-induced apoptosis

through the induction of DR5 expression [10, 30]. As shown

in Fig. 7A, we found that CDDP, PEITC alone, or the

combined treatment for 8 and 24 h failed to modify the

expression of the proapoptotic proteins DR4, DR5, or TRAIL.

4 Discussion

The major finding of the present study is that PEITC can

synergize CDDP-induced apoptosis in human cervical

cancer cells. The significance of this study lies in the fact

that CDDP is routinely used in cancer treatment, but causes

high toxicity, and the acquired resistance often diminishes

its efficacy, resulting in treatment failure. One strategy to

overcome resistance and reduce toxicity is the combination

of standard anticancer drugs with naturally occurring

compounds with known anticancer activity [3, 31, 32].

Recent studies have shown that SFN and PEITC can

sensitize various tumor cells to Fas, TRAIL, adriamycin,

etoposide, or docetaxel-induced apoptosis [10–14], and

that SFN can increases the efficacy of doxorubicin in

mouse fibroblasts [33]. Supporting this notion, the present

study shows that PEITC exhibits a synergistic effect

on the induction of apoptosis in HeLa cells treated with

CDDP.

MAPK signaling pathways are important in regulating

cell proliferation and cell survival in response to growth

stimulation and stress. MAPKs consist of at least three

signal transduction pathways (ERK, JNK, and p38). Activa-

tion of the ERK pathway is involved in cell proliferation,

whereas on the contrary, JNK and p38 kinase pathways are

primarily activated by stress signals, and activation of these

pathways leads to inhibition of cellular proliferation and/or

decreased cell survival [34]. Previous reports indicate a role

of MAP kinases in the direct induction of apoptosis by

PEITC [8, 9, 16]. Therefore, it is possible that induction of

MAP kinase by PEITC may play a role in sensitizing cells to

CDDP-mediated apoptosis. While we observed the activation

of ERK, JNK, and p38 upon treatment of HeLa cells with

PEITC alone, inhibitors of these kinases did not block

apoptosis. These results contradict the role of JNK activation

in the induction of apoptosis by PEITC and do not support a

recent study showing that PEITC-induced apoptosis in PC3

human prostate cancer cells is dependent on ERK1/2 acti-

vation [8, 9]. This discrepancy may be due to cell-type

differences. Previous studies have shown that ERK, JNK,

and p38 are all activated in response to CDDP treatment.

However, inhibitor studies suggest that only the activation

of ERK seems to be involved in regulating cell survival

following exposure to CDDP [20, 35–37]. In HeLa and A172

cells, ERK activation following CDDP treatment correlates

with increased sensitivity to CDDP [20, 36], whereas in

A2780 ovarian cancer cells, CDDP-induced ERK activation is

associated with increased resistance to its cytotoxicity

[35, 37]. These studies imply that the effect of ERK activation

following treatment of cells with CDDP is cell-type specific.

Although MAPKs are not involved in the apoptosis induced

by PEITC alone in HeLa cells, the decreased apoptosis by

ERK inhibition with U0126 following PEITC plus CDDP

treatment, suggests that PEITC plus CDDP-induced apop-

tosis was in part mediated through activation of the ERK

pathway. This is in agreement with the previous observation

that ERK activation plays an active role in mediating CDDP-

induced apoptosis in HeLa cells [20]. It is unclear how ERK

activation is involved in the apoptosis induced by the

combination of PEITC and CDDP and what are the down-

stream targets mediating its apoptotic effect. Recently, we

showed that PEITC, BITC, and SFN can bind selectively to

tubulins, and their tubulin-binding affinities correlate well

with their potencies of inducing tubulin conformation

changes, degradation, and cell-cycle arrest and apoptosis in

human lung cancer A549 cells [38]. As we observed that

MEK1/2 inhibitor U0126 only partially inhibited apoptosis

triggered by PEITC plus CDDP in HeLa cells, it is concei-

vable that other mechanisms, like tubulin degradation, may

also contribute to chemosensitization induced by PEITC,

and additional death signals triggered by CDDP treatment is

necessary. Indeed, in a separate study, we found that the

sensitization of human nonsmall cell lung cancer A549 cells

to CDDP by PEITC, and BITC is correlated with their ability

to deplete the tubulin [39].

In this study, we examined the roles of several proa-

poptotic and antiapoptotic proteins in the regulation of

apoptosis induced by CDDP and PEITC alone, or the

combined treatment. Among the proteins examined, Bcl-2,

Bcl-xL, Bax, DR4, DR5, and TRAIL showed no protein level

changes after treatments. A recent study by Xiao and Singh

showed that the enhancement of docetaxel-induced apop-

tosis by PEITC in PC-3 and DU145 cells is associated with

suppression of Bcl-2 and induction of Bax [13]. Noxa was

upregulated at early time points by PEITC and its expression

was enhanced and sustained by CDDP. We also showed that

U0126, a MEK1/2 inhibitor, partially inhibited apoptosis

and Noxa protein induced by PEITC plus CDDP. These data

suggest that Noxa induction is associated with apoptosis

induced by PEITC or PEITC plus CDDP. Noxa is mainly

induced through p53-dependent pathways, at present, there

are no reports of any direct link between ERK activation and
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Noxa induction. As one of the BH3-only proteins, Noxa is

known to contribute directly to depolarization of the mito-

chondrial membrane, followed by cytochrome c release and

apoptosis. Our previous study has shown that cytochrome c
was released from mitochondrial in response to CDDP

treatment in HeLa cells [20]. Other studies have reported

that mitochondria are a target in PEITC-induced apoptosis

in human prostate and bladder cancer cells [40, 41].

Our data suggest that the synergism shown in tumor

cells is not observed in normal human mammary epithelial

MCF-10A cells. The synergistic effects are also found with

SFN and BITC, suggesting that other ITCs derived from

cruciferous vegetables may also potentially serve as adjuncts

to chemotherapy in the treatment of human cancers. It

should be noted that the plasma ITCs concentrations in the

micromolar range are achievable following oral adminis-

tration [42]. This study provides evidence supporting novel

therapeutic strategies for human cancer by combining

dietary PEITC with CDDP. Studies using in vivo animal

models and preclinical trials are needed to fully evaluate

PEITC in combination with chemotherapeutic agents for

human cancers.
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