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Abstract. S-Phenylethyl isothiocyanate (PEITC) is a
promising chemoprotective compound that is routinely
consumed in the diet as its glucosinolate precursor. Pre-
vious studies have shown that PEITC can inhibit phase |
enzymes and induce phase II detoxification enzymes
along with apoptosis in vitro. The detailed mechanisms
involved in the apoptotic cascade, however, have not been
elucidated. In the present study, we demonstrate that
PEITC can induce apoptosis in hepatoma HepG2 cells in
a concentration- and time-dependant manner as deter-
mined by TUNEL positive and SubG1 population analy-
sis. Caspase-3-like activity and poly(ADP-ribosyl)poly-
merase cleavage increased during treatment with 20 pM
PEITC; high concentrations, however, induced necrosis.
Pre-treatment with Z-VAD-FMK and the caspase-3-spe-
cific inhibitor Ac-DEVD-CHO prevented PEITC-in-

duced apoptosis, as determined by caspase-3-like activity
and DNA fragmentation. Additional investigations also
showed that at concentrations of 5-10 pM PEITC, DNA
synthesis was inhibited and G2/M phase cell cycle arrest
occurred, correlating with an alteration in cyclin B1 and
p34°42 protein levels. Furthermore, we also demonstrate
a concentration- and time-dependant burst of superoxide
(O%7) in PEITC-treated cells. However, pre- and co-treat-
ment with the free radical scavengers Trolox, ascorbate,
mannitol, uric acid and the superoxide mimetic man-
ganese (III) tetrakis (N-methyl-2-pyridyl) porphyrin
failed to prevent PEITC-mediated apoptosis. Taken to-
gether, these results suggest that PEITC potently induces
apoptosis and cell cycle arrest in HepG?2 cells and that the
generation of reactive oxygen species appears to be a sec-
ondary effect.
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Epidemiological evidence suggests that high consump-
tion of fruits and vegetables can prevent the development
of a wide range of cancers such as colon, lung and oe-
sophageal [1, 2]. The reduction especially in the gastroin-
testinal tract is associated with a high intake of green leaf
vegetables such as those found in the Brassicaceae [1].
The chemoprotective effects are believed to be due in part
to a group of phytochemicals known as glucosinolates

* Corresponding author.

(GSLs) that under the action of myrosinase (thiogluco-
side glucohydrolase, EC 3.2.3.1) are converted to the
bioactive isothiocyanates (ITCs), following tissue disrup-
tion and or hydrolysis by enteric gut bacteria [3, 4].

Mechanistic studies indicate that ITCs, especially the -
methylsulphinylalkyl (Msalk) ITCs, are potent phase 11
enzyme inducers up-regulating gene expression and en-
zyme activity in a variety of tissues. Glutathione-S-trans-
ferases (GSTs) (EC 2.5.1.18), quinone reductase (QR)
[NAD(P)H: (quinone acceptor) oxidoreductase, EC
1.6.99.2] and UDP-glucuronosyl transferases (EC
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2.4.1.17) have all been observed to increase in vivo and in
vitro when exposed to ITCs [5—7]. The induction of
phase II detoxification enzymes is believed to give these
compounds their chemoprotective attributes. Indeed, con-
sumption of watercress has been shown to alter the me-
tabolism of the tobacco-specific carcinogen 4-(methylni-
trosamino)- 1-(3-pyridyl)-1-butanone (NNK) in humans
by the proposed stimulation of UDP-glucuronosyl trans-
ferases [8]. Epidemiological studies complement the
above finding by showing a strong correlation between
exposure to dietary-derived ITCs and a reduced risk of
lung cancer [9, 10]. Moreover, a high intake of broccoli
Brassica oleracea var. italica, a species known to contain
sulphoraphane (MSB), has also been associated with a re-
duced risk of colon cancer [11].

More recent studies have also begun to explore the possi-
ble role of ITCs in the induction of apoptosis in mam-
malian cells. Reports have demonstrated the ability of
MSB, a major ITC found in broccoli to inhibit cell prolif-
eration by inducing the expression of cyclins A and Bl
and apoptosis in colonic HT29 cells [12]. Cell cycle ar-
rest and apoptosis induced by MSB and its N-acetylcys-
teine mercapturic acid metabolite S-(N-methylsulphinyl-
butyl)-L-N-acetylcysteine in human prostate cancer cells
has also been described [13].

Watercress [Rorripa nasturtium aquaticum (L.) Hayek,
syn. Nasturtium officinale R. Br] is an exceptionally rich
source of B-phenylethyl isothiocyanate (PEITC) in the
form of its GSL precursor. In addition to its ability to in-
duce phase II detoxification enzymes and inhibit phase I
enzymes, PEITC can also induce apoptosis. Evidence
suggests that both p53-dependent and -independent
mechanisms are involved [14—16]. Inhibition of cell pro-
liferation, caspase-3 and -8 activation and bid cleavage
have been described for PEITC-induced apoptosis in
HL60 cells. Furthermore, the mercapturic acid metabo-
lites derived from the conjugation of PEITC with N-
acetylcysteine and cysteine are also potent apoptotic
agents both in vivo and in vitro [17-19].

In the present study we investigated the ability of PEITC
to induce apoptosis and cell cycle arrest using hepatoma
HepG2 cells as a hepatic model, and determined whether
reactive oxygen species (ROS) had any involvement in
this cascade. PEITC induced typical morphological
changes associated with the induction of apoptosis such
as cell shrinkage, nuclear condensation and membrane
blebbing. Time- and concentration-dependent increases
in lactate dehydrogenase (LDH) leakage, caspase-3 like
activity, poly(ADP-ribosyl)polymerase (PARP) cleavage
and DNA fragmentation were observed. We also demon-
strate that PEITC-induced G2/M phase arrest correlates
with a committed increase in cyclin B1 and a decrease in
p34<¢? protein levels. In addition, one of the major ques-
tions that still remains to be elucidated in the mechanisms
of ITC-induced apoptosis is the signalling event that

P-phenylethyl isothiocyanate-mediated apoptosis

leads to the subsequent activation of the apoptotic cas-
cade. The role of ROS generation has been well-charac-
terised for several apoptotic agents such as UV-B, tumour
necrosis factor-a (TNF-a), vincristine and vanadate and
is suggested to contribute to the signalling events leading
to programmed cell death [20—23]. Recent reports have
also suggested a possible role for ROS in benzyl isothio-
cyanate-mediated apoptosis [24]. In our study, we ob-
served an early generation of superoxide; co- and pre-
treatment with several antioxidants, however, failed to
prevent PEITC-mediated apoptosis.

Materials and methods

Cells and reagents

Chemicals were of the highest quality available. The hu-
man hepatoma HepG2 cell line was purchased from the
American Type Culture Collection (Rockville, Md.).
PEITC, dimethyl sulphoxide (DMSO), RNase A,
paraformaldehyde, sodium dodecylsulphate (SDS), peni-
cillin and streptomycin were purchased from Sig-
ma-Aldrich (Poole, U. K.). Manganese(II)tetrakis (N-
methyl-2-py-ridyl) porphyrin (MnPyP) was purchased
from Calbio-chem (San Diego, Calif.). 1’N, and '3C heavy
isotopic DNA base standards FAPy guanine, 8-OH gua-
nine, 8-OH adenine, FAPy adenine, thymine glycol, 5,6-
dihydroxyuracil, 5-(hydroxymethyl)uracil and 5-hydrox-
ycytosine were purchased from Cambridge Isotope
(Cambridge, Mass.). The remaining DNA bases were
quantified using azathymine for the remaining pyrim-
idines, and 2,6-diaminopurine was used for the remaining
purines as previously described [25]. CelluSep dialysis
membranes with a relative molecular mass cut-off of
3500, silylation grade acetonitrile and bis(trimethyl-
silyl)trifluoracetamide (BSTFA) (containing 1% trime-
thylchlorosilane, TMCS) were obtained from Pierce
(Rockford, I11.). Distilled water passed through a purifi-
cation system (Elga, High Wycombe, U. K.) was used for
all purposes. Minimal essential medium (MEM), trypsin
and fetal bovine serum (FBS) were purchased form
GIBCO BRL (Gaithersburg, Md.). Propidium iodide
(PI), dihydroethidium (DHE) and carboxy-2",7’-dichloro-
fluorescein (carboxy-DCFDA) were purchased from
Molecular Probes (Eugene, Ore.). The TUNEL assay kit
and BrdU incorporation kit were from Roche Diagnostics
(Mannheim, Germany).

Cell culture

HepG2 cells were cultured as described elsewhere [26].
In brief, HepG2 cells were cultured in complete MEM
(containing 10% FBS, 100 U/ml penicillin, 100 mg/ml
streptomycin, pH 7.4) in 75-cm? culture flasks at 37°C in
5% CO, unless otherwise stated. After reaching 70—80%
confluence, the complete MEM was removed and cells



CMLS, Cell. Mol. Life Sci.  Vol. 60, 2003

were washed 2 X 1% in phosphate-buffered saline (PBS).
Fresh MEM media, FBS free, was then added for the des-
ignated treatments. PEITC was dissolved in DMSO to a
final concentration of 10 mM and diluted in media to the
desired concentration such that the DMSO concentration
was less than 0.1 %.

Cell viability testing

Cell viability was determined by the MTT or the crystal
violet assay as previously described [7, 27]. In brief,
HepG?2 cells were seeded at a density of 1 x 10* cells/well
in a 96-well microtitre plate and incubated for 24 h. Fol-
lowing cell adhesion, the medium was replaced with
MEM (FBS free) containing the designated concentra-
tions of PEITC. Viability was measured by the colouri-
metric change using a plate reader at 595 nm for the MTT
assay or 610 nm for crystal violet (model 3550; Bio-Rad,
Hercules, Calif.).

Activity of LDH in the medium was measured using an
Abbott VP Biochemical Analyser with the test kit (Abbott
Laboratories, Irving, Tex.). The total LDH activity was
determined by ultrasonication and assessed by expressing
as percentage LDH leakage (LDH in medium/total LDH
activity x 100).

TUNEL and BrdU incorporation assays

DNA fragmentation and BrdU incorporation in HepG2
cells was measured using the TdT-mediated dUTP nick
end-labelling (TUNEL) and BrdU incorporation assay.
The experiments were conducted following the manufac-
turer’s instructions. From each treatment 10,000 cells
were analysed using flow cytometry to determine the
number of TUNEL positive cells (Coulter Epics Elite
ESP, Miami, Fla.). Data were analysed using WinMDI 2.7
software (Scripps Institute, La Jolla, Calif.).

Sub-G1 analysis

Following the designated treatments, cells were scrap-
ed, washed 2 x 1% PBS, fixed and permeabilised with
70% ice-cold ethanol and incubated at 4°C/2 h. Cells
were then incubated for 30 min/37 °C in freshly prepared
PI solution (0.1% Triton X-100, 200 pg/ml RNase A,
and 20 pg/ml PI in PBS) followed by flow cytometry.
Cell cycle changes were analysed by flow cytometry
of at least 10,000 cells per sample. Data were analysed
using WinMDI 2.7 software (Scripps Institute, La
Jolla, Calif.) and the percentage of sub-G1 cells deter-
mined from histogram analysis as previously described
[26].

Determination of cellular caspase-3-like activity

Caspase-3-like acitivity was determined spectrofluoro-
metrically using the synthetic substrates Ac-DEVD-AFC
(Bio-Rad). Briefly, cells were collected from each treat-
ment by scraping and lysed on ice in cell lysis buffer
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(10 mM Tris-HCI, pH 7.5, 10 mM NaH,PO,, 130 mM
NacCl, 1% Triton X-100 and 10 mM NaPPi) for 30 min.
Cell homogenates were then incubated with synthetic
substrate at 37°C/2 h. The fluorescence intensity of the
liberated AFC from the substrate was monitored using a
spectrofluorometer (LS-5B; Perkin Elmer, Beaconsfield,
UK) with an excitation wavelength of 390 nm and an
emission wavelength of 510 nm.

Western blot analysis: PARP, cyclin B1 and p34¢
Western blot analysis was used to determine changes in
key apoptotic proteins. In brief, 20—30 pg of protein
was subjected to a 7.5-10% SDS gel. Following elec-
trophoresis, the protein was transferred to a nitrocellu-
lose membrane at 4°C and subsequently hybridized
with either purified mouse anti-human PARP (clone
AC10-5), cyclin Bl and p34¢? (Santa Cruz Biotech,
Santa Cruz, Calif.) or B-actin (Sigma-Aldrich, Poole, U.
K.) and incubated with goat anti-mouse or rabbit IgG-
horseradish peroxidase. Blots were visualised using the
enhanced chemiluminescence ECL-plus Western blot-
ting detection system (Amersham Biosciences, U. K.).

Measurement of intracellular superoxide

and peroxide generation

Superoxide and peroxide generation were determined us-
ing the fluorescent probes DHE (excitation 488 nm, emis-
sion 620 nm) and carboxy-DCFDA (excitation 485 nm,
emission 530 nm) using flow cytometry as previously de-
scribed [28, 29]. In brief, at the end of designated treat-
ments, cells were collected, washed twice with PBS and
co-incubated with the recommended concentrations of
DHE or carboxy-DCFDA (2.5 pM) in PBS for 15 min/
37°C. A minimum of 10,000 cells were analysed per
treatment using flow cytometry. Data were analysed us-
ing WinMDI 2.7 software.

Analysis of DNA base modification by gas
chromatography-mass spectrometry

Preparation, hydrolysis, derivatisation and analysis of
samples were essentially performed as described previ-
ously [30—32]. Aliquots of 100 pg isolated DNA includ-
ing 0.5 nmol of ®N and *C heavy isotopes were freeze-
dried under reduced pressure after addition of internal
standards. Samples and commercial standards were sub-
sequently hydrolysed by addition of 0.5 ml of 60% (v/v)
formic acid and heating at 150 °C for 45 min in evacuated
glass hydrolysis tubes. Samples were cooled, lyophilised
and finally derivatised under a nitrogen atmosphere in
poly(tetrafluoroethylene)-capped hypovials (Pierce) by
adding 100 pl of a BSTFA [+ 1% TMCS/acetonitrile/
ethanethiol (16:3:1 v/v] mixture. Samples were deriva-
tised at room temperature for 2 h and then analysed
by gas chromatography-mass spectrometry (GC-MS)
(Hewlett-Packard, 689011 gas chromatography interfaced
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with a Hewlett-Packard 5973 A mass selective detector),
as described elsewhere [30—32].

Statistical analysis

Histograms, dot plot, density plot and Western blot data
are representative of at least three separate independent
experiments conducted on separate days using freshly
prepared reagents. All experimental data consists of the
mean * SE and were analysed by one-way ANOVA.

Results

Effects of PEITC on cell viability

The concentration-dependant changes in cell viability in
PEITC-treated HepG2 cells were determined by the MTT
assay as shown in figure 1. PEITC induced a concentra-
tion-dependant decrease in cell viability that was signifi-
cant from the control as determined at 24 h (ANOVA,
p <0.01).

PEITC induced apoptosis in HepG2 cells

In the current study, apoptosis was evaluated using the
TUNEL assay, LDH leakage, measurement of sub-G1
cells and changes in cell size and morphology. Time- and
concentration-dependant increases in TUNEL-positive
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Figure 1. Concentration-dependant changes in cell viability as de-
termined by the MTT assay in HepG2 cells. Cells were treated with
0 (control = 0.01% DMSO) and PEITC at the concentrations indi-
cated for 24 h. Data are expressed as the mean + SE of eight or more
separate experiments performed on separate days using freshly pre-
pared reagents (**p <0.01).
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cells after treatment with PEITC are represented in figure
2 A. The lowest concentration of 5 pM PEITC caused no
significant increase in apoptotic cells after 24 h treatment
when compared to the control (ANOVA, p < 0.83). How-
ever, at concentrations of 10, 20 and 50 pM PEITC, the
percentage (mean *+ SE) of apoptotic cells at 24 h was
20.5+3.5%,41.5 £ 6.0% and 79.4 + 4.3 % that was sig-
nificantly different from controls (ANOVA, p < 0.01. In
addition, time-dependant effects of 20 and 50 pM PEITC
were determined (fig. 2B). The percentage of TUNEL-
positive cells increased significantly at 12 and 24 h post-
treatment. Consistent with DNA fragmentation were
changes in cell size and granularity that were supported
by an increase in membrane blebbing and chromatin con-
densation (data not shown).

Figure 2 C, D represents the increase in LDH leakage in a
concentration- and time-dependant manner in the con-
centration range 0—50 pM PEITC. The release of LDH
into the extracellular medium represents a change in cell
membrane viability. After 24 h treatment 10, 20 and
50 pM PEITC showed a significant increase (mean * SE)
in extracellular LDH represented by 15 + 2.6%, 35 *
4.7% and 65 £ 6.0% elevation, respectively, compared to
the control (ANOVA, p <0.01) (fig. 2C). Lower concen-
trations of PEITC failed to induce any LDH leakage at
any time point. Indeed, LDH leakage observed for 5 pM
PEITC was comparable to untreated control cells:
9.43 £ 1.63% and 9.12 £ 1.53 %, respectively (ANOVA,
p <0.8). PEITC at 20 pM showed no LDH leakage prior
to 6 h treatment and extracellular LDH only began to ac-
cumulate after 12 h, represented by an increase of
12 £ 1.9%. Indeed, not until 24 h treatment was any sig-
nificant leakage observed. However, 50 pM PEITC in-
duced a rapid release of LDH at 6 h that was maintained
at an elevated level over the time course investigated
(50.6 £ 1.9%) (fig. 2D).

Induction of caspase-3 like activity by PEITC in
HepG2 cells

Figure 3 A, B, represents the concentration- and time-de-
pendant induction of caspase-3-like activity in HepG2
cells mediated by PEITC. The concentration- and time-
dependant increases in caspase-3-like activity were deter-
mined by measurement of AFC fluorescence intensity de-
rived from the catalytic cleavage of the substrate Ac-
DEVD-AFC by endogeneous caspase. The fluorescence
intensity of treated over control cells was used to deter-
mine the fold increase in caspase activity. In all experi-
ments, 25 ng/ml TNF-a (with 4 pg/ml actinomycin D, 1 h
pre-treatment) was used as a positive control typically
giving a 3.2 + 0.3-fold increase after 6 h treatment (mean
* SE).

The time-dependant increase in caspase-3-like activity at
a concentration of 20 pM PEITC was observed to be
rapid, occurring 1 h after treatment with a 1.45 + 0.2-fold
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Figure 2. (A4, B) Concentration at 24 h and time-dependant increases in PEITC-induced apoptosis evaluated by the TUNEL assay. (C, D)
Concentration at 24 h and time-dependant increases in LDH leakage induced by PEITC in HepG2 cells. Data are expressed as Mean +
SEM of 3 or more separate experiments. (4—D) ** Significant difference compared to control (ANOVA, p < 0.01).

increase. Prolonged exposure to 20 pM PEITC ultimately
led to a 2.48 + 0.1-fold increase at 12 h that was signifi-
cantly different from control cells (ANOVA, p < 0.01)
(fig. 3B). Associated with the rapid induction of caspase-
3-like activity was the cleavage of PARP as assessed by
Western blot (fig. 3C). The characteristic 116-kDa and
associated 85-kDa fragment of PARP were observed in
cystolic extracts, treated with PEITC (5—20 pM). The 85-
kDa protein appeared as early as 3 h, with maximal PARP
cleavage occurring at 12 h. The concentration-dependant
increase in PARP cleavage correlated with caspase-3-like
activity and DNA fragmentation as determined by the
TUNEL assay. At higher concentrations (~50 pM), no
caspase-3-like activity or PARP cleavage were observed
(fig. 3A, D).

Inhibition of PEITC-induced apoptosis by caspase
inhibitors Ac-DEVD-CHO and Z-VAD-FMK

The preliminary data for caspase-3-like activity in
HepG2 cells further allowed us to explore the effects of

Ac-DEVD-CHO and Z-VAD-FMK on PEITC-induced
apoptosis. Pre-treatment (1 h) with either the caspase-3-
specific inhibitor Ac-DEVD-CHO (75 pM) or the broad-
range caspase inhibitor Z-VAD-FMK (75 pM) signi-
ficantly reduced caspase-3-like activity (ANOVA,
p <0.01) (fig. 4). Associated with the inhibitory effects
of both agents was a decrease in the number of TUNEL-
positive cells and LDH leakage at 24 h (fig. 4E—G). Typ-
ically, 20 pM PEITC induced apoptosis in 41.5 £ 6.0%
(mean £ SE) of the cell population as assessed by an in-
crease in TUNEL-positive cells. However, treatment with
Z-VAD-FMK significantly inhibited the number of apop-
totic cells as observed by a decrease back to control lev-
els, 9.3 = 3.1%. The reduction in apoptotic cells corre-
sponded to the inhibition of caspase-3-like activity as
measured at 12 h (fig. 4F). In contrast, Ac-DEVD-CHO
showed only partial protection in PEITC-induced apopto-
sis, represented by a 50% reduction in TUNEL-positive
cells but having a significant inhibitory effect on caspase-
3-like activity.
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Figure 3. (4) Concentration-dependant increase in caspase-3-like activity induced by PEITC measured at 12 h by the increase in fluores-
cence intensity of liberated AFC from the synthetic substrate Ac-DEVD-AFC. (B) Time-dependant increases in caspase-3-like activity
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PEITC inhibits DNA synthesis and induces G2 M
phase cell cycle arrest in HepG2 cells

Analysis of DNA synthesis showed a significant reduc-
tion in the incorporation of BrdU in PEITC-treated cells
at all concentrations tested. The significant inhibitor ef-
fects of 20 pM PEITC were apparent as early as 1 h after
treatment with a 35 £ 3.4% reduction in BrdU incorpo-
ration when compared with controls (ANOVA, p <0.01).
Similar reductions were also observed for 5 and 10 pM
PEITC concentrations (fig. 5A, B). We next determined
the changes in cell cycle by analysing the distribution of
cells within the total population using flow cytometry fol-
lowing PI staining. During the course of exposure to
5—10 pM PEITC, a significant reduction in the number
of cells in the G1 phase was observed that corresponded
to an increased transition of cells to the G2/M phase
(fig. 6 A—D). These changes occurred as early as 6 h,
peaked at 12 h and subsequently declined at 24 h at 5 pM
PEITC, yet were sustained throughout the time course at

10 pM PEITC. Apoptotic concentrations of PEITC
(20 pM) had no significant effects on the accumulation of
cells in the G2/M phase. Indeed, cell cycle changes were
only apparent in the reduction of cells in the G1 phase and
this corresponded with a committed increase in the sub-
G1 population. Determination of increases in the sub-G1
population within control and treated groups is represen-
tative of the formation of mono- and oligo-nucleasomes.
One of the major characteristics of apoptosis is the for-
mation of fragmented DNA products. In PEITC-treated
cells, sub-G1 populations were observed after 12 h treat-
ment with 20 and 50 pM PEITC. The sub-G1 population
reached a maximal increase at 24 h, corresponding with
the TUNEL data. Treatments of 5 and 10 pM PEITC
showed the formation of a sub-G1 population, however at
a lower and less significant incidence (fig 6 A).

As lower concentrations of PEITC (5—10 pM) had a sig-
nificant effect on DNA synthesis and accumulation of
cells in the G2/M phase, we next determined changes in
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key cell cycle proteins p34°?and cyclin B1. p34°¢? has
previously been demonstrated to be a key regulator of the
transition through the G2/M phase of the cell cycle [33].
During the onset of G2/M arrest induced by PEITC, we
observed a decrease in p34<4<? at both concentrations test
(fig. 7A, B). In contrast, cyclin B1 protein levels were in-
creased, this finding being consistent with previous re-
search showing cyclin Bl accumulation in HT29 cells
following MSB treatment [12].

PEITC-induced superoxide generation but not
hydroperoxides is associated with minor oxidative
damage to DNA bases

In our investigations, we observed an early time- and con-
centration-dependant generation of superoxide (O357) in
HepG2 cells treated with PEITC that was significantly
different from the controls (ANOVA, p < 0.01, fig. 8A).

Moreover, pre-treatment (1 h) with the SOD mimetic Mn-
PyP inhibited O3~ generation in HepG2 cells exposed to
20 pM PEITC at 3 h as determined by a decrease in DHE
fluorescence. In further investigations, we were unable to
detect any appreciable levels of peroxide generation by
PEITC using carboxy-DCFDA at the same time points
(fig. 8 B). Using a highly sensitive GC-MS method for the
analysis of oxidative DNA base adducts, we next deter-
mined the pattern of DNA oxidative damage inducted by
PEITC (20 pM). All experiments included a positive con-
trol consisting of exposure of HepG2 cells to | mM H,0,
for 30 min, this leading to the formation of several oxi-
dised adducts derived from both purine and pyrimidine
bases that were presumably derived from hydroxyl (*OH)
radical attack [34, 35]. These included 5-hydroxymethyl-
hydantoin, thymine glycol and 8-hydroxydeoxyguanine
and were significantly different from control levels
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(ANOVA, p <0.01-0.04, fig. 9). Additional base adducts
namely 5-formyluracil, FAPy adenine and FAPy guanine
were also elevated but to a less significant degree
(ANOVA, p <0.05). Likewise, exposure to 20 pM PEITC
led to a small increase in thymine glycol, FAPy adenine,
FAPy guanine and 8-hydroxyguanine. Although a pattern
of oxidative adduct formation was observed in PEITC-
treated cells, only minor differences were observed be-
tween treated and control cells (ANOVA, p < 0.3-0.5).

ROS are not essential for PEITC-induced apoptosis

Based on the findings that 20 pM PEITC could generate
an early burst of ROS as measured by superoxide (O3-)
production and promote minor changes in the formation
of DNA oxidative base adducts, we next investigated
whether pre- and co-treatment with free radical scav-
engers could prevent or partially protect cells from
PEITC-induced apoptosis. This would allow us to deter-
mine whether intracellular ROS generation has a primary
or secondary role in PEITC-mediated apoptosis. Previous
investigations have shown that antioxidants such as
Trolox, mannitol, uric acid and ascorbate can diminish in-
tracellular ROS generation induced by apoptotic agents
such as arachidonic acid, dopamine and thiolactone
[36—38]. The reduction in intracellular ROS production

often correlated with the inhibition of or a decrease in the
number of apoptotic cells, suggesting intracellular ROS
generation plays a role in apoptosis. In our study, neither
pre- or co-treatment with non-cytotoxic concentrations
(1 mM) of the antioxidants Trolox, ascorbate, mannitol
and uric acid had any appreciable inhibitory effects on
PEITC- (20 pM) induced apoptosis as determined by the
MTT or crystal violet assay at 24 h (fig. 10). In addition,
the superoxide mimetic MnPyP (50 pM) that has previ-
ously been shown to inhibit both CYP2E]1 toxicity and
neural and peroxynitrite-induced apoptosis as well as hy-
drogen peroxide-induced DNA strand breakage had no
inhibitory effects [39—42]. These data suggest that ROS
generation is likely to be a secondary effect of PEITC-
mediated apoptosis.

Discussion

The chemopreventative properties of dietary-derived
ITCs have been extensively studied in vivo and in vitro
[1,43-45]. One of the most promising is PEITC, a major
constituent of the salad crops watercress, R. nasturtium
aquaticum and landcress Barbarea vulgaris. Among its
many properties, PEITC is able to induce phase II detox-
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ification enzymes, a function shown to aid carcinogen ex-
cretion. However, recent reports have also implicated
PEITC as a potent inducer of apoptosis. In the present pa-
per, we demonstrated that PEITC induces concentration-
and time-dependant increases in apoptosis in human he-
patoma HepG2 cells. Apoptosis was characterised by a
committed increase in caspase-3-like activity and associ-
ated cleavage of PARP. Treatment with the broad-range
caspase inhibitor Z-VAD-FMK inhibited caspase-3-like
activity and prevented apoptosis, these findings corre-
sponding with previous reports [15, 17]. The partial in-
hibitory effect of Ac-DEVD-CHO on the number of
apoptotic cells, although inhibiting caspase-3-like activ-
ity, suggests that other proteolytic enzymes are involved
in PEITC-induced apoptosis. Indeed, both caspase-8 and
caspase-9 have been implicated in ITC-induced apoptosis
[17,24]. The final terminal event of apoptosis is the com-
mitted increase in DNA fragmentation and loss of mem-
brane viability. In this study, apoptosis was assessed by
analysis of TUNEL and sub-G1 formation and the results
corresponded well with caspase activity and PARP cleav-

age. Furthermore, the onset of DNA fragmentation that
occurred as early as 12 h corresponded with a concentra-
tion- and time-dependant increase in changes in cell mor-
phology and LDH leakage (fig. 2).

Further to the ability of PEITC to induce apoptosis, we
also demonstrated that high concentrations were capable
of inducing necrosis. At 50 pM PEITC, no caspase-3-like
activity or PARP cleavage were observed even though
DNA fragmentation was detected. These data correspond
with findings that 50 pM benzyl ITC (BITC) caused a re-
duction in caspase-3-like activity in rat liver epithelial
RL34 cells [24]. Moreover, other cytotoxic agents have
been shown to impair caspase-3-like activity and PARP
cleavage, while additional research has shown that the
TUNEL assay is incapable of discriminating between
necrosis and apoptosis [46—48]. These characteristics
were all observed at 50 pM PEITC treatments in HepG2
cells and are suggestive of necrosis.

In addition to the induction of apoptosis, we also demon-
strated the ability of PEITC to block cells in the G2/M
phase of the cell cycle. The transient accumulation of
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cells in the G2/M population correlated with an increase
in cyclin B1 and a reduction in p34<42 protein. Inhibition
of p34¢d=2 kinase activity has previously been shown to
lead to a cell block in the G2/M phase [49—-50]. Likewise,
an increase in cyclin Bl protein levels has previously
been associated with G2/M phase arrest [12]. This mech-
anism may serve as an alternative means by which PEITC
offers chemoprotective effects, by allowing cells to repair
damaged DNA before re-entry into the cell cycle.

We next addressed whether PEITC could induce the gen-
eration of intracellular ROS and whether this had any
function in PEITC-mediated apoptosis. Preliminary stud-
ies using DHE to measure O3~ generation revealed a
time- and concentration-dependant increase in O3~ in
HepG2 exposed to PEITC. No such increases were ob-
served for peroxide generation using carboxy-DCFDA.

To circumvent these anomalies, we used a highly sensi-
tive, quantitative GC-MS method to determine the occur-
rence of oxidative DNA base biomarkers in HepG2 cells
following exposure to 20 pM PEITC. This has the advan-
tage over HPLC techniques since it allows the measure-
ment of several DNA base oxidation products simultane-
ously using heavy isotope internal standards. We were
therefore able to determination a ‘fingerprint’ of cau-
sative ROS damage by PEITC in our system. For exam-
ple, GC-MS methodologies have been used to show hy-
droxyl radical (*OH) attack of all four bases resulting in
multiple products, whereas singlet oxygen only attacks
guanine [34]. Reactive nitrogen species such as perox-
ynitrite (ONOO-) and reactive chlorine species such as
hypochlorous acid (HOCI) attack purine [35] and pyrim-
idine bases [32], respectively. All experiments included
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DNA samples obtained from exposing HepG2 cells to
1 mM hydrogen peroxide (H,0,) for 30 min, and served
as a positive control for DNA base adduct formation. Al-
though no significant changes were observed between
treated and control groups in PEITC-treated cells, a visi-
ble time-dependant increase in some adducts was appar-
ent. These bases have previously been identified as being
susceptible to hydroxyl radical attack in epithelial cells
exposed to hydrogen peroxide [50]. Previous investiga-
tions have shown an increase in the oxidative DNA bio-
marker 8-OHdG in HL60 cells exposed to allyl ITC, as
well as an increase in cellular lipid peroxidation induced

by BITC in vitro [51, 52]. To determine whether ROS was
the primary cause of apoptosis induced by PEITC, we ex-
amined the effects of antioxidant treatments on PEITC-
mediated apoptosis. Using Trolox and ascorbate, both
effective ROS scavengers, mannitol, a hydroxyl radical
(*OH) scavenger, uric acid, a potent peroxynitrite
(ONOO") scavenger and the superoxide (O3-) radical
scavenger MnPyP, we found no protective effects as mea-
sured by the MTT and crystal violet assays. In addition,
co-treatment with superoxide dismutase (250 U/ml) and
catalase (400 U/ml) failed to prevent PEITC-induced
apoptosis (data not shown). Our investigations are thus
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suggestive that although intracellular ROS levels are in-
creased after PEITC treatment, they are probably a sec-
ondary effect and not involved in the apoptotic cascade.
However, we do believe that future work is still required
to determine the origins of ITC-induced ROS production.
Current data suggest that ITCs are effective uncouplers of
the mitochondria respiratory chain [53] with additional
investigations showing that superoxide (O35~) production
originates from the mitochondrial respiratory complexes
[54]. Indeed, Dussman et al. [55] observed an increased
production of superoxide (O3-) by mitochondria in cells
undergoing apoptosis. Moreover, the increase in superox-
ide (O3) was associated with the release of intermem-
brane proteins such as cytochrome C. Mitochondrial
cytochrome C release has previously being observed in
MSB-induced apoptosis in HT29 cells [12]. In addition,
future investigations should determine whether other ox-
idative biomarkers are more suitable for studying ITC-in-
duced ROS, and determine whether changes in other cel-
lular parameters such as glutathione depletion and/or an
increase in intracellular iron or copper content can poten-
tate ROS generation, leading to an increase in cellular
toxicity.

In summary, we demonstrated that PEITC is effective in
inducing apoptosis in mammalian cancer cells. Our data
along with those of several other groups suggest that ITC-
induced apoptosis in vitro involves a common apoptotic
pathway with caspase-3 being a common element in the
apoptotic cascade. We also showed that PEITC is effec-
tive in inducing G2/M phase cell cycle arrest, a phenom-
enon associated with an increase in cyclin Bl and a re-
duction in p34<¥2 proteins.

Consumption of 30 g fresh weight of watercress is esti-
mated to expose an individual to approximately 21.6 mg
of B-phenylethyl glucosinolate, or alternatively, 7.6 mg of
PEITC, approximately 50% of which is excreted in the
urine as the respective mercapturic acid metabolite [56].
Previous work has also demonstrated that the intracellu-
lar levels of ITCs in murine hepa lclc7 cells can attain
millimolar concentrations [57]. This would suggest that
apoptotic-inducing concentrations are attainable in vivo.
These data imply that apoptosis may play a significant
role in PEITC chemoprevention. Also demonstrated was
the ability of PEITC to circumvent the caspase-mediated
apoptotic pathway switching programmed cell death to
necrosis. These data highlight the deleterious effects that
may be attained from excessive amounts of PEITC. In-
deed, this may partially explain the gross morphological
changes in liver after exposure to PEITC [58]. Moreover,
we have demonstrated for the first time a committed gen-
eration of superoxide (O3$-) that correlates with minor
changes in the levels of oxidative DNA base adducts in
PEITC-treated cells. The increase in intracellular ROS
appears to be a secondary effect of PEITC exposure and
is likely to originate from subcellular organelles rather

Research Article 1501

than being generated in the extracellular media, as has
previously been found for many of the polyphenolics
[59]. Intracellular ROS may feasibly play a role in en-
zyme induction and or stress signalling that are charac-
teristics of ITC exposure. These are currently under in-
vestigation in our laboratory. Taken together, our data
demonstrate the potential of PEITC as a chemoprotective
agent; however, further work is required to elucidate the
apoptotic cascade and the role it plays in ITC chemopre-
vention and/or toxicity.
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