
Role of Lipid Peroxidation in Cellular Responses to D, L-
Sulforaphane, A Promising Cancer Chemopreventive Agent†

Rajendra Sharma‡,*, Abha Sharma‡, Pankaj Chaudhary‡, Virginia Pearce§, Rit Vatsyayan‡,
Shivendra V. Singh∥, Sanjay Awasthi‡, and Yogesh C. Awasthi‡
‡Department of Molecular Biology and Immunology, University of North Texas Health Science
Center, Fort Worth, TX
§Department of Pharmacology and Neuroscience, University of North Texas Health Science Center,
Fort Worth, TX
∥Department of Pharmacology and Chemical Biology, University of Pittsburgh, Pittsburgh, PA

Abstract
D, L-Sulforaphane (SFN), a synthetic analogue of broccoli-derived L-isomer, is a highly promising
cancer chemopreventive agent substantiated by inhibition of chemically-induced cancer in rodents
and prevention of cancer development and distant site metastasis in transgenic mouse models of
cancer. SFN is also known to inhibit growth of human cancer cells in association with cell cycle
arrest and reactive oxygen species-dependent apoptosis, but the mechanism of these cellular
responses to SFN exposure is not fully understood. Because 4-hydroxynonenal (4-HNE), a product
of lipid peroxidation (LPO), the formation of which is regulated by hGSTA1-1, assumes a pivotal
role in oxidative stress-induced signal transduction, the present study investigated its contribution in
growth arrest and apoptosis induction by SFN using HL60 and K562 human leukemic cell lines as
model. The SFN-induced formation of 4-HNE was suppressed in hGSTA1-1 over expressing cells,
which also acquired resistance to SFN-induced cytotoxicity, cell cycle arrest, and apoptosis. While
resistance to SFN-induced cell cycle arrest by ectopic expression of hGSTA1-1 was associated with
changes in levels of G2/M regulatory proteins, resistance to apoptosis correlated with increased Bcl-
xL/Bax ratio, inhibition of nuclear translocation of AIF, and attenuated cytochrome c release in
cytosol. The hGSTA1-1 over expressing cells showed enhanced cytoplasmic export of Daxx, nuclear
accumulation of transcription factors Nrf2 and HSF1, and up regulation of their respective client
proteins, γ-GCS and HSP70. These findings not only reveal a central role of 4-HNE in cellular
responses to SFN but also reaffirm that 4-HNE contributes to oxidative stress mediated signaling.

D, L-Sulforaphane (SFN), a synthetic analogue of naturally-occurring L-isomer abundant in
several cruciferous vegetables (e.g., broccoli), is a potent inhibitor of chemically-induced
cancer in experimental rodents (1–5). It has been shown to modulate inflammation, induce
apoptosis, cause cell cycle arrest, and inhibit several Phase 1 enzymes that may activate
chemical carcinogens (1). Even though the mechanisms of the chemo preventive activities of
SFN are not completely understood, it has been suggested that besides inhibiting Phase I
enzymes, SFN can also induce Phase 2 detoxification enzymes such as glutathione transferases
(GSTs) through transcriptional activation of antioxidant response element (ARE) driven genes
regulated by nuclear factor E2-related factor-2 or Nrf2 (1,6–8). Being an electrophile, SFN
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causes oxidative stress by generating reactive oxygen species (ROS) which are believed to
contribute to its biological properties (1). ROS mediated signaling for cell cycle arrest and
apoptosis along with DNA damage and depleted cellular glutathione (GSH) levels are also
implicated in the mechanisms of its chemopreventive activity (1–8).

Membrane lipid peroxidation (LPO) is an inevitable consequence of ROS induced oxidative
stress and there is ample evidence that the electrophilic LPO products including lipid
hydroperoxides and α β-unsaturated carbonyls particularly, 4-hydroxynonenal (4-HNE) play
a crucial role in ROS induced signaling (9–17). In recent years, 4-HNE has emerged as an
important second messenger molecule involved in signaling for cell proliferation, cell cycle
arrest, differentiation, apoptosis, and regulation of the expression of a multitude of genes in
cells of diverse origin (9–13). 4-HNE has also been shown to modulate survival and death
signaling pathways in a concentration dependent manner by interacting with several signaling
proteins involved in both, the extrinsic and the intrinsic pathways of apoptosis (18,19).
Furthermore, 4-HNE has been shown to modulate the expression and functions of stress-
responsive transcription factors, Nrf2 (20) and heat shock factor1 (HSF1), and the transcription
repressor, Daxx or death associated Fas interacting protein (19,21,22).

Since ROS are implicated in the biological activities of SFN we reasoned that ROS induced
LPO products, particularly 4-HNE could contribute to these activities. We have tested this
postulate by studying the effects of SFN in an in vitro model in which ROS induced LPO has
been suppressed by over expression of the alpha class GSTA1-1 isozyme. Apart from
catalyzing the conjugation of toxic electrophiles to GSH, GST A1-1 also catalyzes the GSH-
dependent reduction of phospholipids hydroperoxides (PL-OOH) and fatty acid
hydroperoxides (FA-OOH) through its Se-independent glutathione peroxidase (GPx) activity
thereby terminating the autocatalytic chain of LPO reactions resulting in decreased intracellular
4-HNE levels (14,15,23). Previous studies conducted on various GSTA1-1 transfected cell
types in culture have shown that these cells have reduced 4-HNE levels and acquire resistance
to ROS induced apoptosis (9,10,23). Present studies were designed to elucidate the putative
contributions of 4-HNE in the mechanisms of SFN-induced cytotoxicity and signaling in two
human leukemic cell lines viz. HL60 derived from a promyelocytic leukemia patient, and K562,
originated from chronic myelogenous leukemia having specific chromosome abnormality
designated as Philadelphia chromosome(24). Specifically, we have addressed the question as
to whether or not the over expression of hGSTA1-1 can affect SFN-induced cytotoxicity and
signaling events by modulating intracellular levels of 4-HNE in these cells. We have also
studied the effects of SFN on cell cycle arrest and apoptosis related proteins, stress responsive
transcription factors Nrf2, HSF1, and the transcription repressor Daxx. Furthermore, we have
examined whether or not these effects of SFN can be abrogated by the over expression of
GSTA1-1 in these cells. Results of these studies strongly indicate that 4-HNE plays a crucial
role in the mechanisms of SFN-induced signaling. Our data also suggests that the α-class GSTs
can modulate cell survival and death signaling by regulating the intracellular concentrations
of 4-HNE which reinforces our previous assertion that these enzymes play an important role
in the over all regulation of ROS induced signaling.

Materials and Methods
Materials

Epoxy-activated Sepharose 6B, glutathione (GSH), 1-chloro-2, 4-dinitrobenzene (CDNB),
cumene hydroperoxide (CU-OOH), and 3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide (MTT) were obtained from Sigma (St. Louis, MO). RPMI 1640
medium, fetal bovine serum, phosphate-buffered saline (PBS), and penicillin/streptomycin
were purchased from GIBCO, Inc (Grand Island, NY). All reagents for SDS polyacrylamide
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gel electrophoresis (SDS-PAGE) and Western transfer were purchased from Invitrogen
(Carlsbad, CA). Sulforaphane (SFN) was obtained from Sigma (St. Louis, MO).

Antibodies
Antibodies against Bax (N-20, sc-493, polyclonal), caspase3 (sc-7148, polyclonal), Bcl-xL
(sc-23958, monoclonal), Nrf2 (sc-722, polyclonal), Daxx (sc-7152, polyclonal), and HSF1(sc-
9144, polyclonal), Hsp 70, cyclin B1 (sc-595), cdk1/cdk2 (sc-53219), histone 3(sc-H0164,
polyclonal), and VDAC1 (sc-8829, polyclonal) were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA) while AIF (# 4642, polyclonal) was obtained from Cell Signaling
Technology, Inc. Horseradish peroxidase (HRP)-conjugated secondary antibodies as well
those against GAPDH were purchased from Southern Biotech (Birmingham, AL). Polyclonal
antibodies raised against the human α class GSTs and the GPx were the same as those used in
our previous studies (15). Antibodies against 4-HNE-protein adduct (4-HNE 11S) were
purchased from Alpha Diagnostics (San Antonio, TX).

Cell Cultures
HL60, and K562 cells were grown as suspension cultures in RPMI 1640 medium containing
L-glutamine supplemented with 10% (v/v) fetal bovine serum and 1% penicillin/streptomycin
(v/v) at 37°C in a 5% CO2 humidified atmosphere. Cells were passaged by mechanical de-
segregation and transfer of small number of cells to new flasks.

Stable transfection with hGSTA1
Based on the previously reported cDNA sequence for hGSTA1 (23), PCR primers were
designed to amplify the complete coding sequence (656 base pair) of hGSTA1 from pET-30a
(+)/hGSTA1 vector. The amplified cDNA was sub cloned into the pTarget-T mammalian
expression vector (Promega). Cells were then transfected with pTarget-T/hGSTA1, or with the
vector alone, using the Lipofectamine Plus reagent (Invitrogen, San Diego, CA) according to
the manufacturer’s instructions. Stable transfectants were isolated by selection on 300µg/ml
G418 for ~2 weeks. Single clones of stably transfected cells were obtained by limiting dilution.
Further characterization of the selected G418- resistant stable clones expressing hGSTA1-1
was achieved by Western blotting and enzyme assays.

Enzyme assays
For determination of the activity of the antioxidant enzymes and the enzymes involved in GSH
homeostasis in the pTarget-T/hGSTA1 or the empty vector transfected cells, the respective cells
were homogenized in buffer A containing 1.4mM β-mercaptoethanol (β-Me) by sonication.
The sonicated cells were centrifuged for 45 min at 28,000g at 4°C, and the 28,000g supernatant
was then subjected to GSH-affinity chromatography (25). The purified hGSTA1-1 was eluted
from the GSH-affinity resin in 50mM Tris-HCl, pH 9.6 containing 10mM GSH and 1.4 mM
β-Me. Enzyme activities were assayed both in the crude 28,000g fraction as well as the purified
hGSTA1-1.

GST activity towards CDNB (26) and SFN (27), GPx activity towards cumene hydroperoxide
(CU-OOH) (28), and the activities of glutathione reductase (GR) and γ-glutamylcysteine
synthetase (γ-GCS) were determined by the previously reported methods (29,30).

Western Blot Analysis
For the detection of the expressed hGSTA1-1 protein, stably transfected HL60 and K562 cells
were collected by centrifuging for 5 min at 500g, washed twice with PBS, and resuspended in
hypotonic lysis buffer (buffer A). After a brief sonication for 15 sec, three times each, the cell
lysate was centrifuged at 28,000g and the supernatants were measured for protein concentration
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by the Bradford method (31). Cell lysates containing 50µg protein were separated with 12%
polyacrylamide gels according to the method of Laemmli (32), and subjected to Western blot
analysis essentially according to the method of Towbin et al. (33) using the polyclonal
antibodies against the human alpha class GSTs. Chemiluminescence reagents (Invitrogen)
were used to develop the immunoblots by following the manufacturer’s instructions.

For detection of other proteins, treated cells were collected, washed with PBS and resuspended
in radio-immunoprecipitation assay (RIPA) lysis buffer, containing 1x PBS, (pH 7.4), 1%
Nonidet-P-40 (NP-40), 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulphate, 1mM
phenylmethanesulfonyl fluoride (PMSF), and 2µg/ml of pepstatin. After sonicating three times
for 5s, the lysates were centrifuged at 14,000 rpm for 15 min and the supernatants collected.
Sub-cellular fractionated extracts containing cytoplasmic, mitochondrial and nuclear proteins
were prepared by a modification of the published procedure used previously (34). Protein
concentrations in various extracts were determined by the Bradford assay (31). Separation of
proteins in the various extracts was ascertained by Western blot analysis using marker
antibodies for different proteins as described above.

Cytotoxicity Assays
The sensitivity of the cells to SFN was measured by the MTT assay as described by Mosmann
(35) with slight modifications. Briefly, 2× 10 4 cells in 190 µl of medium were plated to each
well in 96-well flat bottomed micro titer plates. 10µl of PBS containing various amounts of
SFN were added. Eight replicate wells for each concentration of SFN were used in these
experiments. Following incubation of the plates at 37°C for 24h, 10µl of MTT solution (5mg/
ml in PBS) was added to each well, and the plates were incubated for additional 4h at 37°C.
The plates were centrifuged at 2000g for 10 min. The medium within the wells was aspirated
and 100µl of dimethylsulfoxide (DMSO) was added to each well. The intracellular formazan
dye crystals were dissolved by shaking the plates at room temperature for 2h. The absorbance
of formazan at 562nm was measured using a microplate reader (Elx808 BioTek Instruments,
Inc). The concentration of SFN resulting in a 50% decrease in formazan formation (IC50) was
obtained by plotting a dose-response curve.

Determination of cellular GSH levels
Intracellular GSH content was determined in cellular homogenates prepared in Buffer A
without β-mercaptoethanol by the method of Beutler et al (36). Briefly, cells were resuspended
in buffer A and sonicated. To 200µl of the lysate, 300 µl of precipitating solution (0.2 M glacial
meta-phosphoric acid, 5 M NaCl, 5 mM EDTA) was added. The acid-precipitated proteins
were pelleted by centrifugation at 4°C for 10 min at 20, 000 × g. To determine the GSH content,
200 µl of the acid-soluble supernatants were mixed with 800 µl of 0.3 M Na2HPO4, mixed and
the initial OD read at 412nm. 100 µl of 0.6 mM 5, 5-dithiobis (2-nitrobenzoic acid) (DTNB in
1% sodium citrate) was added to a final volume of 1 ml. The increase in absorption at 412 nm
was monitored and used to determine the amount of GSH in the samples.

Determination of the intracellular 4-HNE levels
Intracellular levels of 4-HNE in the control and SFN (20µM) treated cells (2×107) were
determined spectrophotometrically by using the LPO 586 (Oxis International) measurement
kit as per the manufacturer’s instructions.

Immunofluorescence detection of 4-HNE-protein adducts and localization of Nrf2
Control and SFN-treated HL60 cells were washed 2x with ice-cold phosphate buffered saline
(PBS) (pH 7.4). These cells were spread onto clean glass slides, using a cytospin (Cytospin 2,
Shandon, USA), fixed with 4% paraformaldehyde for 30 min at room temperature and
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permeabilized with 0.1% Triton X-100 for 30 min. Slides were once again washed with PBS
and blocked with 3% goat serum in PBS for 2h. For the immunofluorescence detection of 4-
HNE adducts, cells were incubated with primary antibodies (1: 250) against the 4-HNE-protein
adduct overnight at 4°C in a humidified chamber. After washing them 3× 10 min with PBS,
cells were incubated with TRITC conjugated anti-mouse secondary antibodies (1:1000) for 2h.
Slides were mounted in a medium containing 1.5 µg/ml DAPI(Vector Laboratories, Inc., USA)
and observed under the fluorescence microscope (Olympus, Japan). For the
immunofluorescence detection of Nrf2, control and SFN-treated cells were processed in a
similar manner as described above except that these cells were incubated with anti-Nrf2
antibody diluted 1:50 in PBS containing 1% bovine serum albumin overnight at 4 °C. After
washing with ice-cold PBS, the slides were incubated with FITC-labeled goat anti-rabbit
immunoglobulin G (1:100; Southern Biotech, USA) for 2h at room temperature. The slides
were viewed under a Nikon E600 microscope with 40X objective using filters for DAPI, FITC
and TRITC stains.

Flow cytometric analysis
The effect of SFN on cell cycle distribution was determined by FACS analysis according to
the protocol provided by Flow Cytometry & Laser Capture Microdissection Core Facility,
UNTHSC. Cells (2×105 in a 100mm dish) were treated with 20µM SFN for 5 and 24h at 37°
C. Appropriate controls were also set up. Care was taken to assure that the cells were no more
than 50% confluent on the day of the treatment. After treatment, floating and adherent cells
were collected, washed with PBS two times by centrifugation at 300g for 5 min at 4°C, and
fixed with 70% ethanol. On the day of flow analysis, cell suspensions were centrifuged, counted
and approximately 600,000 cells were resuspended in 500 µl PBS in flow cytometry tubes.
Cells were incubated with 2.5 µl RNAse (20mg/ml) and incubated at 37°C for 30 min after
which they were treated with 5 µl of propidium iodide (1mg/ml) solution and incubated at room
temperature for 30 min in the dark. The stained cells were analysed using the Beckman Coulter
Cytomics FC500, Flow Cytometry Analyzer. CXP2.2 analysis software from Beckman Coulter
was used to deconvolute the cellular DNA content histograms to obtain quantitation of the
percentage of cells in the respective phases (G1, S and G2/M) of the cell cycle. Appearance of
the sub-G0/G1 peak indicates the cells undergoing apoptosis.

Statistical analysis
Data presented are mean ±SD of triplicate samples from three different experiments. Statistical
significance between different groups was determined using Students t test. A p value of <0.05
was considered significant.

Results
Stable transfection of hGSTA1 in HL60 and K562 cells

The cells were separately transfected with pTarget empty vector, and the pTarget-T/hGSTA1
cDNA. Subsequent selection of stably transfected clones in the presence of G418 resulted in
high expression of hGSTA1-1 as indicated by the results of Western blot analysis shown in
Fig 1A and B where the hGSTA1 transfected cells showed a robust expression of hGSTA1-1
while the wild type and empty vector-transfected cells did not show any detectable expression
of hGSTA1-1. There were no noticeable differences in the morphology or growth kinetics of
the empty vector, and hGSTA1-transfected cells.

GST activity towards 1-chloro-2, 4-dinitrobenzene (CDNB) was found to be increased by
almost 2-fold in hGSTA1-transfected cells whereas selenium-independent GPx activities
towards cumene hydroperoxide (CU-OOH) in hGSTA1-transfected cells was increased by
about 4.5-fold as compared to that in empty vector-transfected cells. Lesser fold increase in
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the conjugating activity against CDNB is perhaps because of the high constitutive level of this
activity in cells (Table 1). Together, these results confirmed the presence of a functional
hGSTA1-1 protein in the transfected cells. Similar to that observed in our previous studies
(16,17), the activities of catalase, superoxide dismutase, and GPx activity towards H2O2 were
comparable in the vector and GSTA1 transfected cells. Since GSTA1-1 has no GPx activity
towards H2O2, these results indicated that the capacities of the empty vector or the GSTA1
transfected cells to detoxify H2O2 and superoxide were similar. There was a 2-fold increase in
the activity of gamma glutamyl cysteine synthase (γ-GCS), the rate limiting GSH synthesizing
enzyme. There was a slight but statistically insignificant increase in the GSH levels of
hGSTA1-1 expressing cells. However, depletion of GSH levels upon SFN treatment was found
to be comparable in the vector and hGSTA1 transfected cells(data not presented) indicating
that intracellular alterations in GSH levels did not contribute to the effects of GSTA1-
transfection on SFN cytotoxicity, and SFN-mediated signaling described later in this
communication.

Overexpression of hGSTA1-1 inhibits SFN-induced LPO
In order to assess the effect of GSTA1 transfection on SFN-induced LPO, we compared the
levels of 4-HNE in empty vector and hGSTA1 transfected cells spectrophotometrically as well
as by comparing the immunofluorescence using antibodies against 4-HNE. Results of these
studies showed that SFN treatment caused a dose dependent increase in cellular 4-HNE levels
and that the expression of hGSTA1-1 attenuated both, the basal and SFN-induced 4-HNE levels
in these cells (Fig. 1C and 1D). Overall, our studies indicated that the over expression of
hGSTA1-1 in cells significantly suppressed the generation of 4-HNE and the accumulation of
4-HNE-protein adducts.

Overexpression of hGSTA1-1 attenuates SFN cytotoxicity
To investigate the protective role of hGSTA1-1 against SFN cytotoxicity in HL60 and K562
cells, we compared the effects of SFN at different concentrations in the empty vector, and
hGSTA1-transfected HL60 cells for a period of 24h by MTT assay. The IC50 values of SFN as
determined in three independent experiments were found to be 19± 3.4, and 42 ±2.6 µM for
the empty vector and hGSTA1-1 overexpressing HL60 cells, respectively whereas the IC50 of
SFN for empty vector and hGSTA1-1 overexpressing K562 cells were found to be 16.4 ± 1.64
and 39.5 ± 2.23 µM respectively. The cell viability data presented in Fig. 2A and 2B indicated
that the expression of hGSTA1-1 in the transfected cells conferred about 2-fold resistance to
SFN-induced cytotoxicity.

Over expression of hGSTA1-1 attenuates SFN-induced cell cycle arrest
A number of studies have shown that plant derived isothiocyanates such as SFN exert their
cytotoxicity on cancer cells through cell cycle arrest in the G2/M phase and apoptosis (2–5).
These effects have been attributed to ROS induced signaling. Since transfection with
hGSTA1 was observed to attenuate intracellular 4-HNE levels (Fig. 1C), we examined if
hGSTA1-1 over expressing cells were resistant to SFN-induced cell cycle arrest. For these
experiments we treated the empty vector and hGSTA1-transfected cells with 20µM SFN for
various time points and quantified percent cells in the different phases of cell cycle in the
control and SFN-treated cells by flow cytometry. Microscopic observations supported by the
FACS analysis data (Fig 3 A–E) demonstrated that SFN (20µM) caused a gradual time-
dependent accumulation of the empty vector and hGSTA1-transfected cells in the G2/M phase
of the cell cycle. Vector transfected cells however were significantly more susceptible to the
SFN-induced cell cycle arrest in the G2/M phase and subsequent apoptosis (subG0/G1 cells)
as compared to those expressing hGSTA1-1 (Fig. 3, C–E). A significant population of cells
underwent apoptosis upon exposure to SFN (Fig. 3B–E) and this population of apoptotic cells
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was significantly attenuated in hGSTA1-transfected cells. When empty vector and GSTA1-
transfected cells were allowed to recover for 24h after SFN treatment in medium without SFN,
a significantly higher percentage (~ 30%) of hGSTA1-1 over expressing cells recovered from
SFN-induced G2/M cell cycle arrest as compared (~16%) to those transfected with the empty
vector (Fig. 3, B–E). During 24h recovery period, percentage of apoptotic cells in empty vector
(VT) transfected cells was significantly higher as compared to those expressing hGSTA1-1.
Considering that the primary ROS detoxifying enzymes, catalase and SOD were comparable
in vector and hGSTA1 transfected HL60 cells and that the GSTA1-1 does not express GPx
activity towards H2O2, these results strongly indicated that the SFN-induced accumulation of
4-HNE contributed to the cell cycle arrest of these cells and that over expression of hGSTA1-1
rescued them from G2/M cell cycle arrest by limiting SFN-induced formation of 4-HNE.

Overexpression of hGSTA1-1 affects proteins involved in SFN-induced cell cycle arrest
Cell cycle progression is regulated by three classes of proteins viz., cyclins, cyclin-dependent
kinases (cdks), and cdk inhibitors (CKIs). During growth arrest, an increase in the levels of
CKIs is reported along with a reduction in the levels of cyclins (37,38). An increase in cdk1-
cyclin B1 complex is reported during the entry of cells into mitosis. Our results (Fig.3F and
3G) showing significantly higher expression of cyclin B1 and Cdk1 (cdc2) in hGSTA1-1 over
expressing cells as compared to the empty vector transfected cells are consistent with the
observed higher rate of recovery of GSTA1-1 over expressing cells from SFN-induced cell
cycle arrest. These results implicate intracellular level of 4-HNE as a major determinant of cell
cycle arrest and suggest that GSTA1 transfection provides protection from SFN-induced cell
cycle arrest.

Over expression of hGSTA1-1 affects the apoptotic proteins, Bcl-xL and Bax
Previous studies have shown that cells respond to various physico-chemical stressors rapidly
by modulating different pro-and anti-apoptotic components of the signaling machinery (10,
15,16–19). Moreover, as described in the preceding section, results of FACS analysis showed
that the exposure of cells to SFN induces G2/M cell cycle arrest of HL60 cells with in a period
of 5h. Therefore, the effects of SFN on pro and anti-apoptotic signaling proteins in both these
cell types were analyzed after 0.5-5h treatment. Bcl-xL is an anti-apoptotic BH-3 only family
of proteins (39) which is known to directly interact with the pro-apoptotic protein Bax to
prevent its translocation to mitochondria thereby inhibiting apoptosis (40). Results presented
in Fig. 4 A indicated that a significantly higher expression of Bcl-xL was observed in SFN-
treated hGSTA1-1 over expressing cells as compared to those transfected with empty vector.
Our results also showed (Fig. 4B) the inhibition of mitochondrial translocation of Bax and the
release of cytochrome C into cytosol (Fig. 4C) in hGSTA1-1 over expressing cells. These
results are consistent with the observed resistance of GSTA1-1 over expressing cells to SFN-
induced apoptosis. Taken together, these results strongly suggest a crucial role of the LPO
product, most likely 4-HNE in SFN induced signaling for cell cycle arrest and apoptosis.

SFN- induced nuclear accumulation of AIF is inhibited in hGSTA1-1over expressing cells
Apoptosis inducing factor (AIF) is a bifunctional NADH oxidase involved in mitochondrial
respiration and caspase independent apoptosis (41,42). AIF plays a pro-survival role through
its redox activity in mitochondria, but assumes a lethal function upon being translocated to the
nucleus where it causes partial chromatin condensation and DNA fragmentation (42). We
therefore compared any possible effect of SFN on AIF in the vector and hGSTA1-transfected
cells. Results of these experiments (Fig. 4D) showed that while in the vector transfected cells,
SFN promoted a time dependent increase in nuclear accumulation of AIF, this effect of SFN
was almost completely abrogated in hGSTA1-1 over expressing cells. Bax is reported to
facilitate the nuclear accumulation of AIF (40). Relatively higher accumulation of Bax in the
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mitochondria of vector transfected cells upon SFN treatment was consistent with the observed
higher nuclear accumulation of AIF in these cells (Fig. 4 B and D). This would also be
consistent with the observed higher sensitivity of the vector transfected cells to SFN-induced
apoptosis as compared to the hGSTA1-1 over expressing cells. Strikingly, lack of any
significant induction of caspase3 during SFN-induced apoptosis suggested that caspase3
independent apoptosis in these cells may be mediated by AIF which was attenuated in
hGSTA1-transfected cells with ameliorated 4-HNE levels.

SFN- induced nuclear accumulation of Nrf2 is exacerbated in hGSTA1-1 over expressing
cells

The transcription factor Nrf2 interacts with ARE and regulates the transcription of genes
encoding antioxidant proteins (6,7,43) involved in protection against oxidative stress. We
compared the levels of Nrf2 in the cytosolic and nuclear fractions of SFN treated empty vector
and hGSTA1 transfected cells to study the possible role of 4-HNE in the nuclear translocation
of Nrf2 upon SFN treatment. Results of these studies (Fig. 5A–C) indicated that exposure to
SFN led to an enhanced accumulation of Nrf2 in the nuclear extracts of both, the empty vector
and hGSTA1 transfected cells in a time- dependent manner. Western blot analyses data (Fig.
5A) indicated a rapid nuclear accumulation of Nrf2 within 30 min of SFN treatment which
persisted for at least up to 5h thereby suggesting this to be an early event for the increased
transcription of antioxidant enzymes to protect cells from the SFN-induced oxidative stress.
The results of Western blot analysis and immunofluorescence studies clearly showed that the
nuclear accumulation of Nrf2 was significantly higher in hGSTA1 transfected cells (Fig.5A–
C). Nuclear translocation of Nrf2 has been suggested to be initiated by its dissociation from
Keap1 during oxidative stress (44). Our results showing relatively higher nuclear accumulation
of Nrf2 in 4-HNE depleted, hGSTA1-1 over expressing cells suggested that SFN-induced up
regulation of Nrf2 is independent of 4-HNE or lipid peroxidation and may result from the direct
interaction of electrophilic SFN with the cysteine residues of Keap1.

Overexpression of hGSTA1-1 exacerbates SFN- induced activation of HSF1 by promoting
translocation of Daxx to the cytosol

The role of transcription factor HSF1 has been suggested in the mechanisms of defense against
oxidative stress (45). Heat shock proteins (Hsps), the client proteins of HSF1, play an important
role in the recovery of cells from the toxic effects of oxidative stress caused by heat, radiation
and chemicals (19–21,45,46). Western blot data presented in Fig.6A and 6B indicated
significantly more induction and enhanced nuclear accumulation of HSF1 in SFN-treated
hGSTA1-1 over expressing HL60 and K562 cells respectively as compared to that in vector
transfected cells. This correlated with significantly higher expression of Hsp70 (Fig. 6C) in
the hGSTA1 transfected cells as compared to the vector transfected cells. Death associated Fas
binding protein, Daxx has been shown to be a transcription repressor which translocates to
cytoplasm upon exposure of cells to oxidative stress (19,47). The translocation of Daxx from
nucleus to cytoplasm has been shown to induce nuclear accumulation of HSF1 and induction
of Hsp70 (19). Results presented in Fig. 6D and 6E show that a time dependent accumulation
of Daxx in the cytoplasm of hGSTA1-transfected cells is accompanied with HSF1 activation
These effects of SFN on HSF1 and Daxx appear to be independent of 4-HNE. Taken together,
our results suggest that GSTA1-1 may also protect cells from SFN-induced toxicity through
the activation of stress responsive HSF1 and Daxx.

Discussion
It has already been well demonstrated that exposure to SFN causes the generation of ROS in
cells and tissues. Furthermore, ROS-induced cellular signaling is believed to contribute to at
least some of its known chemo-preventive properties (1–5). The results of present studies
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indicate that at least some of the biological activities associated with the chemo-protective
properties of SFN may be mediated through LPO-products, particularly 4-HNE generated
during SFN-induced oxidative stress and that these activities can be modulated by GSTs. Over
expression of GSTA1-1 in HL60 and K562 cells was observed to suppress 4-HNE levels by
limiting SFN- induced LPO and confer a remarkable resistance to cells against SFN-mediated
cytotoxicity, cell-cycle arrest, and apoptosis. These findings are consistent with recent studies
(9) showing that 4-HNE is involved in the mechanisms of ROS mediated signaling and that
GSTs play an important regulatory role in oxidative stress-induced signaling.

The attenuation of 4-HNE levels in hGSTA1-1 over expressing cells after SFN treatment
underscores the role of GSTA1-1 in regulating the levels of 4-HNE. Since 4-HNE is known to
cause cell cycle arrest, apoptosis, and cytotoxicity to cells via necrosis (48–50), the observed
effects of GSTA1-1 over expression on these biological activities of SFN may be attributed to
the LPO suppression capability of GSTA1-1. While it is possible that increased SFN-
conjugating activity of GSTA1-1 over expressing cells may lower the actual concentration of
SFN by its accelerated conjugation with GSH, our results showing no significant alteration in
the GSH levels of SFN treated empty vector, or hGSTA1-transfected cells suggest that the
observed protective effects of GSTA1-1 against SFN toxicity may be imparted preferentially
through the inhibition of SFN induced LPO and consequent lowering of 4-HNE levels, rather
than GST-GSH mediated detoxification of SFN.

The observed effects of SFN in HL60 and K562 cells are essentially similar to those reported
in previous studies with colon and prostate cancer cells (2,3). Exposure to SFN caused cell
cycle arrest in the G2/M phase in both these cell types. hGSTA1-1 over expression caused
approximately two-fold resistance to SFN-induced cell cycle arrest as well as apoptosis. Cell
cycle arrest at the G2/M phase by SFN has been suggested to be regulated by cell cycle related
proteins, cyclin B1 and Cdk1, and /or disruption of normal mitotic microtubule polymerization
and histone acetylation (51,52). Cyclins and cyclin-dependent kinase complexes play an
important role in the G2-M transition mechanisms. By binding to Cdk1/2, cyclin B1 can
activate Cdk1/2 (cdc2) to facilitate its nuclear accumulation for mitotic initiation in the late G2
phase of mammalian cells (4,37,38). A time dependent induction of Cdk1 and cyclin B1 in
SFN-treated hGSTA1-1 over expressing cells indicate that the inhibition of SFN-induced
accumulation of 4-HNE by hGSTA1-1 rescued them from the G2/M arrest through an up-
regulated expression of Cdk1 and cyclin B1. Inhibition of SFN induced apoptosis in GSTA1-1
over expressing cells could also be attributed to the effect of suppression of 4-HNE levels and
subsequent modulation of mitochondrial apoptotic pathways. This is indicated by the activation
of Bcl-xL and attenuated translocation of Bax to mitochondria in GSTA1-transfected cells.
Furthermore, in GSTA1-transfected cells, SFN-induced cytochrome C release to cytosol and
nuclear accumulation of AIF are also inhibited. These findings would indicate that SFN can
induce apoptosis in human erythroleukemic cells through mitochondria mediated caspase
independent pathway (53) and that this can be modulated by suppression of LPO by GSTs.

Transcriptional regulation of many genes encoding antioxidant proteins under stressful
conditions for maintenance of cellular redox homeostasis involves an important role for Nrf2,
a short half life protein, sequestered in the cytoplasm through its binding with Keap1. Nrf2 is
targeted for ubiquitination when bound to its inhibitory protein Keap1, but is activated by
oxidative stress when it dissociates from Keap1, translocates into the nucleus, and
transactivates the antioxidant response element (ARE) to induce the phase 2 detoxification,
and antioxidant enzymes (1,6–8). Our results of Western analysis and immunfluorescence
microscopy showed nuclear accumulation of Nrf2 upon SFN exposure, in the nuclei of both,
the empty vector, and hGSTA1-transfected cells. However, relatively higher nuclear
accumulation of Nrf2 observed in hGSTA1-1 over expressing cells as compared to the empty
vector transfected cells may be a contributory factor to the resistance of GSTA1-1 over
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expressing cells to SFN toxicity. Enhanced nuclear accumulation of Nrf2 in GSTA1-1 over
expressing cells upon treatment with SFN may also suggest a reprogramming of protective
machinery of the cells to alleviate electrophilic stress. Our results demonstrate that SFN
exposure leads to nuclear translocation of HSF1 and up regulated expression of a representative
HSF1-client protein, Hsp70 which correlates with the observed inhibition of SFN- induced
nuclear accumulation of AIF in GSTA1-1 over expressing cells and their resistance to
apoptosis. Our results also suggest that SFN-induced up regulation of heat shock proteins most
likely results from the translocation of HSF1 transcription repressor protein- Daxx (19) from
the nucleus to cytoplasm. We demonstrate that SFN-treatment promotes the translocation of
Daxx from nucleus to cytoplasm which is accompanied with the nuclear translocation of HSF1
and up regulation of the expression of HSF1 related genes. These combined effects of GSTA1-1
should collectively contribute to the protective mechanisms against oxidative stress caused by
SFN. Interestingly, these results suggest that similar to 4-HNE (19), SFN also induces
mechanisms to self limit its own toxicity. Since GSTA1-1 over expressing cells with sub-
constitutive 4-HNE levels show higher degree of activation of Nrf2 and HSF1, it appears
unlikely that 4-HNE is involved in up regulation of these parameters. Instead, SFN being a
strong electrophilic compound can directly interact with Keap1 and Daxx to affect the
activation of Nrf2 and HSF1, respectively.

In summary, the results of the present studies indicate that SFN-induced LPO contributes to
its cytotoxicity to cells which can be inhibited by the over expression of GSTA1-1 and that the
protective effects of GSTA1-1 are associated with its ability to regulate 4-HNE levels in cells.
GSTA1-1 and possibly other Alpha class GSTs seem to play a crucial role in protecting cells
from the cell-cycle arrest and apoptotic effects of SFN through a well orchestrated interplay
of several pro-survival signaling pathways as presented in a model shown in Fig. 7. Perhaps
this model can be extrapolated to the overall protective role of GSTs during oxidative/
electrophilic stress and the role of 4-HNE in regulation of signaling. Further studies are needed
to validate this model, particularly for deciphering the mechanisms of interplay between Nrf2
and HSF1 and associated genes upon exposure to agents that promote LPO.

Abbreviations

SFN D, L sulforaphane

4-HNE 4-hydroxynonenal

GST glutathione transferase

hGSTA1-1 human glutathione transferase isozyme A1-1

LPO lipid peroxidation

ROS reactive oxygen species

GSH glutathione

Daxx death associated Fas binding protein

Nrf2 Nuclear factor-E2-related factor-2

HSF1 heat shock factor 1

CDNB 1-chloro-2.4-dinitrobenzene

FACS Fluorescence activated cell sorting
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Fig. 1. Expression of hGSTA1-1 in hGSTA1 transfected cells
HL60 (A) and K562 (B) cells were transfected with the cDNA of hGSTA1 cloned in the
pTarget-T mammalian expression vector or the vector alone as described in the Methods
section. The supernatant fraction (28,000g) of homogenates of the wild-type (WT), vector (VT)
and hGSTA1-transfected (hGSTA1-Tr) HL60 cells containing 30µg of protein was subjected
to SDS-PAGE in 12% gel. Expression of hGSTA1-1 in the stable-transfected clone selected
in G418 (300µg/ml) was analyzed by Western blot analysis using polyclonal primary
antibodies against human α-class GSTs raised in rabbits and peroxidase-conjugated goat anti-
rabbit secondary antibodies. The blot was developed using chemiluminescence (Supersignal
West Pico, Pierce) reagents. Lanes have been appropriately marked on the immunoblots.
Representative immunoblot from one of the several hGSTA1-1expressing clones selected is
shown. C. Levels of 4-HNE in SFN treated VT and hGSTA1-1 expressing HL60 and K562
cells: VT and hGSTA1-1 expressing cells (2×107) were incubated with RPMI complete
medium containing SFN (0–40µM) for 5h at 37°C. After pelleting them by centrifugation, cells
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were washed and sonicated (3× 10s, 30W) in PBS containing BHT (5mM final concentration)
on ice. 4-HNE levels in the cell pellets were measured by using LPO-586 kit as per the
manufacturer’s instructions. Data presented are Mean ± SD (n=3, * and ** represent a
significant difference in 4-HNE levels of VT and hGSTA1-1 expressing HL60 and K562 cells
respectively; p< 0.05). D. Immunofluorescence analysis of 4-HNE adducts in SFN treated
VT and hGSTA1-1 expressing HL60 cells: VT and hGSTA1-1 expressing HL60 cells
(1×106) were treated with SFN (20µM) for 2h at 37°C in RPMI complete medium. After
pelleting them by centrifugation at 1000rpm (5min), cells were washed and resuspended in
PBS. Aliquots of cell suspensions were cytospun at 500rpm for 5 min onto the superfrost Fisher
brand slides and fixed in 4% paraformaldehyde for 20min. The cells were incubated with the
primary antibodies against 4-HNE-protein adduct (1:500) prepared in the blocking buffer (1%
BSA +1% goat serum in PBS) overnight at 4°C in a humidified chamber. After three washings
with PBS (5min each), cells were incubated with TRITC conjugated secondary antibodies
(1:500) for 2h at room temperature. Subsequently, this was once again followed by three
washings with PBS (10min each), mounted with Vecta Shield containing DAPI and observed
under the Nikon Eclipse E800 fluorescence microscope with a 40x objective. Different panels
of photographs with DAPI and TRITC stains have been appropriately marked in the figure.
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Fig. 2. Cytotoxic effects of SFN on VT and hGSTA1-1 expressing cells
VT and hGSTA1-1 expressing HL60 (A) and K562 (B) cells (2×104) were plated into replicate
wells of a 96 well plate in RPMI complete growth medium. After incubating the cells overnight,
cells were treated with different concentrations of SFN (0–60µM) prepared in DMSO (final
concentration; 0.02%) with appropriate controls and were incubated for 24h at 37 °C after
which the MTT assay was performed as described in the Materials and Methods section. The
OD580 values of samples subtracted from those of respective blanks (no cells) were normalized
with control values. The values shown are Mean ± SD (n=3 done in quadruplets, p<0.01).
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Fig. 3. FACS analysis of the SFN-induced cell cycle arrest in VT and hGSTA1-1 over expressing
cells
Cells (2×105) plated in complete growth medium were treated with SFN (20µM) for 5h and
24h time points at 37°C with appropriate controls. Separate groups of cells were also allowed
to recover for 24h after a 24h treatment of SFN. After the treatment, cells were pelleted, washed
with PBS and fixed in an ice cold 70% ethanol. As described in the Methods section, cells were
stained with propidium iodide (1mg/ml) and analysed using the Beckman Coulter Cytomics
FC500, Flow Cytometry Analyzer. A. Morphology of cells undergoing SFN induced cell cycle
arrest (shown by arrows) viewed under a phase contrast light microscope B. Flow cytometric
histograms of the percentage of cells in different phases of cell cycle (a–d; (upper) VT and e–
f; (lower) hGSTA1-transfected cells) Panel a &e: control; b&f: 5h SFN treatment c&g: 24h
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SFN treatment d&h: 24h recovered cells after 24h of SFN treatment. C and D, Bar charts
showing the percentage of cells in the respective phases (sub G0/G1, G0/G1, S and G2/M) of
the cell cycle (Mean ± SD) from three independent experiments. E. Bar chart showing the
effect of SFN on the cell cycle of K562 (VT and hGSTA1 transfected) cells. F Western blot
analysis of cell cycle related proteins Cdk1 and cyclin B1expression respectively in control
and SFN treated VT and hGSTA1-1 expressing HL60 cells. G. Densitometric analysis of bands
obtained for cyclin B1 and cdk1 on immunoblots.* and **represent significant differences in
the percentages of cells in apoptosis (sub G0/G1) and G2/M Phase respectively in VT and
hGSTA1-1.
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Fig. 4. Effects of SFN on the expression of apoptosis related proteins (Bcl-xL, Bax, AIF and
cytochrome C) in VT and hGSTA1-1 expressing HL60 cells
Plated cells (5×106) were incubated with SFN (20µM) in complete RPMI growth medium for
different time points (0.5h, 1h and 5h) at 37°C. After treatment, they were pelleted by
centrifugation and washed 2X with PBS. Whole cell extracts were prepared in RIPA lysis
buffer while sub cellular (cytoplasmic, nuclear and mitochondrial) fractionation was performed
as described in Materials and Methods and by the Imgenex Kit as per the manufacturer’s
instructions. Western blot analyses of these extracts were carried out by using antibodies
against Bcl-xL (panel A), Bax (panel B); cytochrome C (panel C) and AIF (panel D).
Immunoblots were also probed with β-actin (total and cytoplasmic extracts to ascertain equal
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loading of proteins. The blot was developed using chemiluminescence (Supersignal West Pico,
Pierce) reagents to detect the bands on immunoblots.
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Fig. 5. A. Effect of SFN on the expression and localization of Nrf2 in VT and hGSTA1-1 expressing
cells
Cells were treated with SFN (20µM) for different time points (0.5, 1 and 5h). Cytoplasmic and
nuclear extracts of control and treated cells were prepared and subjected to Western blot
analyses as described in the legend of Fig. 4. A representative Western blot showing the
expression of Nrf2 in cytoplasmic and nuclear protein fractions obtained from control and SFN
treated VT and hGSTA1-1 expressing HL60 cells. B. Western blot of nuclear extract of VT
and hGSTA1-1 expressing K562 cells. C. Immunofluorescence localization of Nrf2 in
control and SFN treated VT and hGSTA1-1 expressing HL60 cells. Control and SFN
treated cells (2×105) for immunolocalization of Nrf2 were essentially processed as described
in the legend for Fig. 2B except that antibodies used were those against Nrf2 (diluted 1:200 in
blocking buffer) and FITC conjugated secondary antibodies.
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Fig. 6. Effect of SFN on the expression and localization of HSF1 (A and B), Hsp70 (C) and Daxx
(D and E) in VT and hGSTA1-1 expressing cells
Cells (2×106) were treated with SFN (20µM) in complete growth medium at 37°C for different
time points as shown in the figure. Total cell extracts in RIPA buffer, cytoplasmic and nuclear
fractions of the cells were prepared as described in the Method section. Western blot analyses
of the SDS-PAGE resolved proteins (50–60µg protein in each lane) were carried out by using
antibodies against Daxx, HSF1, and Hsp70 as described in the Methods section.
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Fig. 7. A theoretical model for the mechanisms by which SFN-induced generation and accumulation
of 4-HNE affects signaling for cell cycle arrest and apoptosis and inhibition of these effects of SFN
by GSTA1-1
The model illustrates that treatment of cells with SFN causes enhanced LPO-induced
accumulation of 4-HNE which contributes to SFN-induced cell cycle arrest in G2/M phase
through inhibition of cyclin B1 and cdk1, and apoptosis via down regulation of anti-apoptotic
Bcl-xL, increased translocation of proapototic Bax to mitochondria, increased accumulation
of AIF to nucleus and cytoplasmic release of cytochrome C. These SFN-induced effects are
inhibited by the enforced expression of GSTA1-1 in cells. The over expression of GSTA1-1
limits the formation of 4-HNE by reducing upstream LPO products, which leads to the up
regulation of Bcl-xL, facilitated cytoplasmic export of the transcription repressor Daxx
accompanied by enhanced nuclear accumulation of the transcription factors Nrf2 and HSF1,
and activation of the associated stress responsive antioxidant and heat shock proteins.
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Table 1

Specific activities of antioxidant enzymes in empty vector (VT) and hGSTA1-transfected HL60 cells

S.No.
Enzyme

Specific activity
(nmol/min/mg protein, Mean ± SD, n=3)

VT hGSTA1-Tr

1 GSTs

*CDNB 66.38 ± 2.7 121.7 ± 4.6

*SFN 92.0 ± 6.4 170 ± 11

2 GPx

**CU-OOH 0.175 ± 0.034 0.788 ± 0.12

3 GR 36 ± 2.4 43 ± 1.82

4 γGCS 44.4 ± 3.67 80.13 ± 4.48

*
Substrates of GSTs

**
Substrate of GPx

The activities of GSTs against 1-chloro-2, 4-dinitrobenzene (CDNB) (26) and sulforaphane (SFN) (27) were measured in the crude cytosolic extracts
(28000g supernatants) prepared from the empty vector and hGSTA1-transfected cells. GPx activity against cumene hydroperoxide (CU-OOH) (27),
activities of GR (28) and γGCS (29) were also estimated in the crude extracts.
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