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ABSTRACT

Sulforaphane is an isothiocyanate that is present naturally in widely
consumed vegetables and has a particularly high concentration in broc-
coli. This compound has been shown to block the formation of tumors
initiated by chemicals in the rat. Although sulforaphane has been pro-
posed to modulate the metabolism of carcinogens, its mechanism of action
remains poorly understood. We have previously demonstrated that sul-
foraphane inhibits the reinitiation of growth and decreases the cellular
viability of quiescent human colon carcinoma cells (HT29). Moreover, the
weak effect observed on differentiated CaCo2 cells suggests a specific
anticancer activity for this compound.

Here we investigated the effect of sulforaphane on the growth and
viability of HT29 cells during their exponentially growing phase. We
observed that sulforaphane induced a cell cycle arrest in a dose-dependent
manner, followed by cell death. This sulforaphane-induced cell cycle
arrest was correlated with an increased expression of cyclins A and B1.
Moreover, we clearly demonstrated that sulforaphane induced cell death
via an apoptotic process. Indeed, a large proportion of treated cells display
the following: (a) translocation of phosphatidylserine from the inner layer
to the outer layer of the plasma membrane; (b) typical chromatin con-
densation; and (c) ultrastructural modifications related to apoptotic cell
death. We also showed that the expression of p53 was not changed in
sulforaphane-treated cells. In contrast, whereas bcl-2 was not detected, we
observed increased expression of the proapoptotic protein bax, the release
of cytochromec from the mitochondria to the cytosol, and the proteolytic
cleavage of poly(ADP-ribose) polymerase. In conclusion, our results
strongly suggest that in addition to the activation of detoxifying enzymes,
induction of apoptosis is also involved in the sulforaphane-associated
chemoprevention of cancer.

INTRODUCTION

The incidence of high disease with poor prognosis in humans, as is
the case for colon cancer, is inversely correlated with the consumption
of fruits and vegetables (1). The anticarcinogenic activities of isothio-
cyanates, a family of compounds found in large amounts in crucifer-
ous vegetables in the form of the thioglucoside precursors (glucosi-
nolates), have been demonstrated in rodents treated with a wide
variety of chemical carcinogens. Moreover, these compounds exhibit
a protective effect against cancer in a variety of target organs such as
lung, esophagus, mammary gland, liver, small intestine, colon, and
bladder (2). Most isothiocyanates have shown chemopreventive ac-
tivity in protocols involving their administration either before or
during exposure to the carcinogen (3).

The mechanisms by which isothiocyanates might exert their anti-
carcinogenic effects remain unclear. One proposed hypothesis in-
volves the modulation of the metabolism of carcinogens (4, 5). The
fate of chemical carcinogensin vivo is determined at least in part by
the balance between phase I and phase II enzymes: phase I enzymes

activate many carcinogens to highly reactive electrophilic metabolites
capable of damaging DNA; phase II enzymes convert these reactive
electrophiles to less toxic and more easily excretable products. It has
been hypothesized that isothiocyanates may competitively inhibit
enzymes such as cytochrome P-450 involved in the bioactivation of
carcinogens (5). The chemopreventive properties of isothiocyanates
are also associated with the induction of phase II detoxifying enzymes
including glutathioneS-transferase, quinone reductase, epoxide hy-
drolase, and UDP-glucuronosyltransferase. Indeed, molecular studies
have shown that isothiocyanates can induce phase II enzymes by
stimulating transcription of their genes via a common antioxidant/
electrophile enhancer element present in the upstream region of sev-
eral phase II enzyme genes (5, 6).

However, some recent results suggest that the chemopreventive
activities of isothiocyanates may involve other mechanisms as well.
Indeed, isothiocyanates could also act at the DNA level or affect
signal transduction pathways leading to growth arrest or cell death.
Stoneret al. (7) have established that the inhibitory effects of PEITC2

on the production of esophagus tumors byN-nitrosobenzylmethyl-
amine in rats paralleled the inhibition of the binding of the carcinogen
to DNA and the formation ofN-methylguanine and (O)-methylgua-
nine. In addition, it was recently reported that PEITC could inducein
vitro activation of c-Jun NH2-terminal kinase 1, an activation associ-
ated with the induction of apoptosis (8). Moreover Huanget al. (9)
have demonstrated that PEITC also induces p53 transactivation in a
dose-and time-dependent fashion, a mechanism required for the
PEITC-induced apoptosis and antitumor promotion effects of this
compound in mouse epidermal cells.

Sulforaphane is an isothiocyanate that has been isolated from
SAGA broccoli as the major phase II enzyme inducer present in
organic solvent extracts of this vegetable (10). Our interest on sul-
foraphane stemmed from the following observations: (a) it occurs
naturally in widely consumed vegetables and at a particularly high
concentration in broccoli (11); (b) it blocks chemical-initiated tumor
formation in rats (11); (c) it is a very potent monofunctional inducer
of phase II enzymes in both cultured cells and mouse tissues; and (d)
it has recently been shown to inhibit at least one cytochrome P-450
(CYP2E1) involved in the activation of a variety of carcinogens
(11, 12).

In this study, we have investigated whether sulforaphane has direct
anticancer activities besides its blocking action on carcinogenesis. In
a previous study (13), we have shown that sulforaphane inhibits the
reinitiation of growth and diminishes cellular viability in quiescent
colon carcinoma cells (HT29) and had a lower toxicity on differenti-
ated CaCo2 cells.

Here we show that in highly proliferative HT29 cells, sulforaphane
induces a cell cycle arrest, followed by cell death. This arrest is
correlated with an increased expression of cyclins A and B1. More-
over, we clearly demonstrate that sulforaphane induces cell deathReceived 7/13/99; accepted 1/6/00.
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through an apoptotic pathway involving typical biochemical and
ultrastructural modifications related to programmed cell death. We
also demonstrate that the activation of the proapoptotic protein bax,
but not p53, is required for sulforaphane-induced cell death. Finally,
bax induction is correlated with cytochromec release from the mito-
chondria to the cytosol and PARP cleavage. Our results strongly
suggest that in addition to the activation of detoxifying enzyme
activities, specific mechanisms such as apoptosis are also involved in
the sulforaphane-associated chemoprevention of cancer.

MATERIALS AND METHODS

Drugs and Chemicals

DMEM and FCS were purchased from Life Technologies, Inc.
Annexin V-fluorescein was obtained from Boehringher Mannheim
(France). Antibody to bcl-2 was obtained from Santa Cruz Biotech-
nology, and antibodies to actin, p53, PARP, bax, and cyclins A and B1
were purchased from Pharmingen (Le Pont de Claix, France).
Peroxidase-labeled rabbit antimouse immunoglobulin was purchased
from Sigma (St. Louis, MO). [3H]Thymidine, [3H]uridine, [3H]cho-
line, and [3H]leucine were from Amersham. All other chemicals were
purchased from Sigma or Merk and were of the highest purity avail-
able. Sulforaphane was synthesized according to the method described
by Schmid and Karrer (14), with slight modifications. The product
was purified just before use by high-performance liquid chromatog-
raphy (Hewlett Packard System Series 1050) on a reverse-phase
column [Ultrabase C18 (2503 4.6 mm) using elution, starting with
100% solution A (20% acetonitrile, 80% H2O, v/v) for 10 min,
followed by a 10-min linear gradient to reach 100% solution B (90%
acetonitrile, 10% H2O, v/v). Sulforaphane elution buffers were de-
tected at 245 nm; the product was collected, dried under nitrogen, and
then dissolved in ethanol at a concentration of 30 mM and stored at
220°C.

Cell Culture

The HT29 cell line was established in permanent culture from a human
colon carcinoma by Dr. J. N. Fogh (Sloan Kettering Institute for Cancer
Research, Rye, NY; Ref. 15). HT29 cells were purchased from European
Collection of Cell Culture (Salisbury, United Kingdom). Stock cells were
routinely cultured in DMEM containing 25 mM glucose, 43 mM bicarbonate,
60 mM/ml penicillin, and 100mg/ml streptomycin at 37°C under an air:CO2

(9:1) atmosphere supplemented with 5% heat-inactivated FCS, and the me-
dium was changed every 48 h. For the experiments, HT29 cells were seeded at
low density (53 104 cells/ml) in 35- or 120-mm diameter Primaria dishes in
standard medium containing 5% FCS. One day after seeding, medium was
changed, and HT29 cells were treated with sulforaphane. An equivalent
amount of the solvent (ethanol) was added to control cells (0.2% final con-
centration).

Cell Viability Assay

Drug effect on cellular viability was evaluated using an assay based on the
cleavage of the yellow dye MTT to purple formazan crystals by deshydroge-
nase activity in mitochondria, a conversion that occurs only in living cells (16).
At each time point, cells were rinsed with phenol red-free RPMI 1640, and
then they received MTT diluted in RPMI 1640 for 4 h. The cells were then
solubilized in SDS/NaOH, and the optical density of the cellular homogenate
was measured at 570 and 690 nm.

Flow Cytometry Analysis

Drug effect on cell proliferation was evaluated by measuring the distribution
of the cells in the different phases of the cell cycle by flow cytometry. This
determination was based on the measurement of the DNA content of nuclei
labeled with propidium iodide according to the method of Vindelov and
Christensen (17), with slight modifications. Cell suspensions from either

control cultures or treated cultures were prepared by trypsinization and washed
twice with 0.9% NaCl. Cells (13 106) were resuspended in 220ml of solution
A 3.4 mM trisodium citrate (pH 7.6), 0.1% NP40, 1.5 mM spermine tetrahy-
drochloride, and 0.5 mM Trisbase containing trypsin (30 mg/liter) for 10 min
at room temperature. Trypsin was then inhibited by the addition of 180ml of
solution A containing trypsin inhibitor (0.5 g/liter) and Rnase A (100 mg/liter)
for an additional 10 min. Finally, nuclei were labeled by the addition of 180ml
of solution A containing PI (416 mg/liter) and additional spermine tetrahydro-
chloride (1160 mg/liter). The suspension was incubated overnight at 4°C to
allow maximum labeling of DNA. Cell cycle analysis was performed on a
Coulter ELITE flow cytometer through a 630 nm LP filter. Debris and doublets
were eliminated by gating on peakversusintegrated signals, and 1.53 104

cells were collected per sample. Calculations were performed with MULTI-
CYCLE AV Software (Phoenix Flow System).

Determination of Apoptosis

Analysis of Chromatin Condensation. Cells were plated at low density
(1.25 3 105 cells/well) on glass coverslides (Esco; 203 20 mm; Erie
Scientific, Portsmouth, NH) in a 6-well plate and treated with sulforaphane for
48 h. At the end of the experiment, cells were washed twice with PBS at room
temperature and then fixed with ice-cold methanol/ethanol (v/v, 1/1) for 10
min at 220°C. Fixed cells were rinsed with PBS and stained with Hoechst
33342 (10mg/ml) in PBS (15 min at room temperature in the dark). Finally,
cells were washed three times with PBS and analyzed under a fluorescence
microscope with a UV light filter.

Detection of PS on the Outer Leaflet of Cells.Analysis of the presence
of PS on the outer leaflet of cell membrane was performed using a double-
labeling experiment with annexin V-fluorescein and PI to discriminate apop-
totic from necrotic cells. In the presence of calcium, annexin V binds to PS,
which are translocated to the outer leaflet of the plasma membrane of apoptotic
cells. PI is a nonpermeant cell marker that is able to label the DNA of cells with
a permeable plasma membrane,i.e., necrotic or lysed cells. Cells that stain only
for annexin V are considered apoptotic.

Cells were plated and treated as described above. After washing twice with
PBS and once with the incubation buffer [10 mM HEPES/NaOH (pH 7.4), 140
mM NaCl, and 5 mM CaCl2], cells were incubated with annexin V-fluorescein
and PI (1mg/ml) for 10 min in the dark at room temperature. Cells were then
washed two times with the incubation medium and fixed for 10 min in an
ice-cold solution of methanol/ethanol (v/v, 1/1) at220°C. Analysis was
performed on a fluorescence microscope (488 nm excitation and a 515 nm
longpass filter for detection).

Electron Microscopy Analysis. HT29 cells were plated at a density of
7.5 3 105 cells/flask (Nunc, 80 cm2) and treated with control (ethanol) or
sulforaphane-supplemented medium for 24, 48, or 72 h. At the end of each
incubation time, cells were fixed for 2 h with 3% glutaraldehyde in 0.1M
sodium cacodylate buffer (fixation buffer). After three washes in the same
buffer, cells were postfixed with 1% osmium tetroxide and then dehydrated
in graded ethanol. The 100% ethanol solution was then replaced by pro-
pylene oxide and embedded in epon 812. Sections were stained with uranyl
acetate and lead citrate and then examined with a Jeol 1200EX electron
microscope.

For light microscopy observations, the epon-embedded semithin sections
were stained with 1% methylene blue/azur II (v/v) for 10 min, rinsed with
water, and observed using a Leitz Ortholux II microscope.

Measurement of DNA, RNA, Protein, and Phospholipid Synthesis

[3H]Thymidine (59 Ci/mmol), [3H]leucine (60 Ci/mmol), [3H]uridine (25 Ci/
mmol), and [3H]choline (85 Ci/mmol) were used as markers for the biosynthesis
of DNA, protein, RNA, and the major phospholipid phosphatidylcholine, respec-
tively, as follows: cells were seeded at 53 105 cells/ml for 1 day, and then each
marker (1mCi/ml) was added independently to the culture medium together with
ethanol (control) or sulforaphane (15mM). At each time point, cells were washed
twice with ice-cold PBS, treated with 10% ice-cold trichloracetic acid (15 min on
ice), and washed twice with 10% trichloracetic acid to remove unincorporated
label. The precipitate was then dissolved in 0.1N NaOH and 0.1% SDS for 4 h at
room temperature. Aliquots were counted in a Packard B counter in the presence
of Ultimagold scintillation liquid. All experiments were carried out in triplicate.
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Determination of Intracellular ATP Content

Intracellular ATP levels were determined by capillary zone electrophoresis
according to the method of Kamarytet al. (18), with slight modifications.

Cells were scraped in 0.6M perchloric acid, and homogenates were rapidly
neutralized with 0.75M K2CO3 and centrifuged at 14,000 rpm for 1 min. The
neutralized supernatants were filtered through 0.45-mm membrane filters be-
fore analysis. ATP standard solutions (concentrations between 7.81 and 125
mM) were prepared in a mixture of 0.6M HClO4 0.75M/K2CO3 (3.5:1.4, v/v)
and filtered through 0.45-mm membrane filters.

Capillary zone electrophoresis was carried out on a HP3DCE System
(Hewlett-Packard Co., Wilmington, DE) with a built-in UV diode-array de-
tector. Capillary zone electrophoresis separations were performed using a
noncoated fused silica capillary equipped with a bubble detection cell to
improve detection sensitivity (68.5 cm3 50/150mm inner diameter; 60 cm,
effective length; Hewlett Packard). Experiments were carried out in the cati-
onic mode by applying a voltage of 30 kV. Hydrostatic injection was applied

for 6 s at 50 mbar, followed by a 3-s flush with the buffer. Detection
wavelength was 260 nm. The temperature was kept constant at 25°C. To
improve the migration time and peak shape reproducibility, the system was
rinsed between each run as follows: 3 min with 0.1M NaOH, followed by 5
min with running buffer 50 mM disodium tetraborate (pH 9.18)].

The detector response linearity over the range has been determined (corre-
lation coefficient, 0.99949). Ten preparations of ATP standard (125mmol/liter)
have been analyzed to determine the repeatability of the analysis (Relative
Standard Deviation5 2.14%). The lower limit of detection was about 2
mmol/liter ATP (signal:noise ratio5 3).

Western Blot Analysis

The levels of p53, bax, cytochromec, cyclin B1, cyclin A, and actin were
measured by Western blotting with specific antibodies against these proteins.
Cells (5 3 105) were seeded in Primaria dishes. One day later, cells were
treated without or with 15mM sulforaphane for 24 h and then trypsinized,
washed with ice-cold PBS, and counted. For bax, p53, and cyclin analysis,

Fig. 1. Effect of sulforaphane on HT29 cell growth and viability.a, 1 day after seeding,
cells were treated with increasing concentrations of sulforaphane for 48 h. At the end of the
incubation, the number of cells present in the culture medium (F) that adhered to the plate (■)
was determined. Results are expressed as the percentage of untreated cells.b, cell viability in
control (h) or in 15mM sulforaphane-treated cells (G) was measured every day using the MTT
assay as described in “Materials and Methods.” Results are expressed as the percentage of
viable cells at the beginning of the experiment (time 0) and are the mean6 SE of four separate
experiments. When they do not appear, error bars are smaller than the symbol size.

Fig. 2. Effect of sulforaphane on DNA (a), protein (b), RNA (c), and phospholipid (d)
synthesis in HT29 cells. One day after seeding, cells were treated with 0 (h) or 15 (G) mM

sulforaphane in the presence of 1mCi of either [3H]thymidine (a), [3H]leucine (b),
[3H]uridine (c), or [3H]choline (d). At the indicated time, the radioactivity incorporated in
the respective fractions was measured as described in “Materials and Methods.” Results
are expressed as dpm/dish and are the mean6 SE of four separate experiments. The
difference between control and treated cells was significant fora–c.

Fig. 3. Effect of sulforaphane on HT29 cell cycle distribution. One day after seeding,
cells were treated with 0 (h) or 15 (G) mM sulforaphane for up to 3 days. At the indicated
time, distribution of the cells in G0-G1, S phase, and G2-M phase was analyzed by flow
cytometry as described in “Materials and Methods.” Results are expressed as the percent-
age of total cells and are from one typical experiment among five experiments.

Table 1 Intracellular content of ATP in control (untreated) and sulforaphane-treated
cells

At the indicated times, cells were harvested in perchloric acid, rapidly neutralized, and
centrifuged as indicated in “Materials and Methods.” The neutralized supernatant was then
analyzed by capillary zone electrophoresis, and ATP content was calculated according to
ATP standard solutions. The differences between control and treated cells are not
significant at any time point (Student’st test).

ATP (1029
M/dish)

0.5 h 1 h 3 h 8 h

Control 6.856 0.15 7.316 0.16 8.256 0.18 10.756 0.23
15 mM sulforaphane 5.956 0.13 7.056 0.15 8.806 0.19 11.456 0.24
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2 3 105 cells were lysed on ice in 62.5 mM Tris (pH 6.8) containing 2% SDS,
5% glycerol, and 2.5% 2-mercaptoethanol (lysis buffer).

For cytochromec and actin determination, 53 107 cells were suspended in
5 volumes of 20 mM HEPES (pH 7.5), 10 mM KCl, 1.5 mM MgCl2, 1 mM

EDTA, 1 mM EGTA, 1 mM DTT, 0.1 mM phenylmethylsulfonyl fluoride, and
10 mM leupeptin containing 20 mM sucrose. After chilling on ice for 30 min,
the cells were disrupted by stroking 40 times in a glass homogenizer. The
nuclei were centrifuged at 1,0003 g for 10 min at 4°C. The resulting
supernatant was centrifuged at 10,0003 g for 30 min to pellet mitochondria.
A final centrifugation at 100,0003 g for 1 h at 4°Cgenerated the cytoplasmic
fraction.

Cell extracts or subfractions were then mixed with loading buffer 250 mM

Tris (pH 8.8), 4% SDS, 16% glycerol, 8% 2-mercaptoethanol, and 0.1%
bromophenol blue; fractionated by electrophoresis on SDS-polyacrylamide
gels (7.5% for p53 and cylin A and B, 14% for bax, and cytochromec); and
transferred to nitrocellulose membranes (Schleicher & Schuell, Keene, NH) by
electroblotting. After transfer, the filters were incubated in saturating buffer
(137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4 z 2H2O, 1.4 mM KH2PO4,

0.05% Tween 20, and 3% nonfat dry milk) at 4°C overnight. Blots were
subsequently incubated for 1.5 h at room temperature with the desired primary
antibodies. After rinsing with saturating buffer, the filters were incubated with
diluted enzyme-linked secondary antibody for 1.5 h. The proteins were then
visualized with an enhanced chemiluminescence detection system (Pierce)
according to the manufacturer’s instructions.

Statistical Method

Statistical calculations were done using Student’st test.

RESULTS

Cytotoxicity of Sulforaphane on Colon Cancer Cell Growth. In
a previous work (13), we have shown that sulforaphane, ranging from
5 to 50 mM, inhibited FCS-induced cell growth and promoted cell
death of synchronized quiescent HT29 cells in a dose-dependent
manner. In this study, we investigated the effect of sulforaphane on
nonsynchronized HT29 cells. When HT29 cells were incubated for
48 h with increasing concentrations of sulforaphane, we observed a
net decrease in the total number of cells and an accumulation of cells
floating in the culture medium (Fig. 1a). The inhibition of growth and

Fig. 4. Western blots of cyclin A and B1 in sulforaphane-treated cells. One day after
seeding, HT29 cells were treated with 0 (control cells), 5, or 15mM sulforaphane for 24 h.
Cellular lysates (from 23 105 cells) were prepared as described in “Materials and
Methods” and fractionated on 7.5% SDS-PAGE gels. Cyclins A and B were analyzed by
Western blotting.

Fig. 5. Flow cytometry analysis of sulforaphane-treated cells. Cells were incubated for
different times with ethanol [control (h)] or 15 mM sulforaphane (G). At the indicated
times, total cells were treated as described in “Materials and Methods,” and DNA content
was analyzed by flow cytometry.a, typical flow cytometry pattern indicates the presence
of sub-G1 cells (apoptotic).b, the percentage of sub-G1 peak cells was calculated for each
time point. Results are the mean6 SE of three separate experiments.

Fig. 6. Sulforaphane induces condensation of nuclear chromatin and PS translocation
in HT29 cells. One day after seeding, HT29 cells were treated with 0 or 15mM

sulforaphane for 48 h, followed by fixation and staining with annexin V-fluorescein or
Hoechst 33342 as described in “Materials and Methods.”A and D, phase-contrast
microscope analysis of sulforaphane-treated cells (A) and control cells (D); B and E,
annexin V-fluorescein binding to PS exposed at the surface of treated cells (B) and not
control cells (E). C andF, condensed nuclear chromatin in sulforaphane-treated cells (C)
compared with control cells (F) was demonstrated using Hoechst 33342 DNA staining as
described in “Materials and Methods.”
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the effect on the adherence were already important at 15mM (of the
total cells present in the plate, 46% were attached and 62% were
floating), thus this concentration was used in all further experiments.
Viability was determined by using the MTT assay on cells treated
with the drug for up to 96 h. As shown in Fig. 1b, sulforaphane at 15
mM was able to inhibit cell growth and induce cell death. Cell
mortality was already 75% at 24 h and almost total at 96 h.

Treatment of HT29 Cells with Sulforaphane Results in a De-
crease in DNA, RNA, Protein, and Phospholipid Synthesis.To
determine which major biosynthetic pathway was primarily inhibited,
the effect of sulforaphane on DNA, RNA, protein, and phospholipid
synthesis was analyzed by measuring the incorporation of the respec-
tive markers [H3]thymidine, [3H]uridine, [3H]leucine, and [3H]cho-
line. As shown in Fig. 2a, [H3]thymidine incorporation into DNA was
rapidly inhibited after sulforaphane treatment, decreasing to 636 4%
of control levels within 60 min. Protein synthesis (Fig. 2b) and RNA
(Fig. 2c) synthesis were also inhibited in a similar manner. In each
case, the inhibitory effect of sulforaphane was maintained over a 24-h
period of treatment (data not shown). However, the first significant
inhibition (30%) was observed at 30 min for DNA synthesis, whereas
60 min were needed for RNA and protein synthesis. As estimated by
[H3]choline incorporation into phosphatidylcholine, the major class of

phospholipid (50% of total cellular phospholipids), phospholipid syn-
thesis was not altered by sulforaphane at up to 2 h of treatment (Fig.
2d). However, it decreased dramatically (down to 47%) after 3 h of
treatment, indicating that a prolonged treatment affects all the major
biosynthetic pathways (data not shown).

Effect of Sulforaphane on ATP Levels.Because one common
metabolite required for the major biosynthetic pathways is the energy
donor ATP, we tried to measure the amount of ATP in cells treated
with sulforaphane. As indicated in Table 1, no difference in ATP level
could be seen after up to 8 h ofincubation between control and treated
cells, ruling out ATP as the initial trigger of the biochemical events.

Sulforaphane-treated HT29 Cells Are Blocked in G2-M Phase
of the Cell Cycle and Express High Levels of Cyclin A and B1.
Cell cycle response of HT29 cells to sulforaphane was examined at
various times (Fig. 3). At time 0, most cells (60%) were in S phase,
due to the high proliferative state of this cell line. Untreated control
cells showed the expected pattern for continuously growing cells.
However, in the presence of 15mM sulforaphane, we observed a net
increase in the percentage of cells in the G2-M phase of the cell cycle
that was maintained throughout the overall time of treatment (3 days).
These results suggest that the G2-M phase accumulation was caused
not only by an increase in the duration of the G2-M phase, but by a

Fig. 7. Changes after 15mM sulforaphane treatment
in HT29 cells. One day after seeding, cells were treated
with either 0 or 15mM sulforaphane for 24 h and then
fixed as described in “Materials and Methods.”A, con-
trol cells with apparent desmosome (arrow) and mi-
crovilli. B–F, 24 h.Arrow in B shows membrane bleb-
bing. C, compaction and margination of nuclear
chromatin into an amorphous mass osmophilic is quite
obvious after sulforaphane treatment.D, vesicle forma-
tion and abundant vacuole formation. Multivesicular
bodies appear.E, mitochondrial changes can be charac-
terized by the interruption and/or absence of the cristae
and the loss of matrix density.
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complete arrest of many cells in the G2-M. The G2-M-phase accumu-
lation was accompanied by a decrease in the percentage of cells in S
phase.

To investigate possible mechanisms by which sulforaphane would
interfere with cell cycle progression, we evaluated the cellular content
of G2-M-phase-related cyclins A and B1. Fig. 4 shows that according
to the blockage in the G2-M phase, exponentially growing cells treated
with 15 mM sulforaphane expressed high levels of cyclin A and B1 as
compared with control cells.

Sulforaphane Induces Apoptosis in HT29 Cells.Interestingly,
flow cytometry analysis also showed the presence of a sub-G1 peak
characteristic of potential apoptotic cells (Fig. 5a). Indeed, the number
of cells with subdiploid DNA content increased with time to reach
30% at 72 h (Fig. 5b). Moreover, about half of the floating cells
recovered in the culture medium were subdiploid, with the other half
being in the G2-M phase (data not shown), strengthening the relation-
ship between G2-M-phase accumulation and apoptotic triggering. To
confirm the existence of an apoptotic process, we have analyzed the
presence of apoptosis by different techniques.

The classical DNA ladder assay shown by gel electrophoresis did
not reveal an apoptotic pattern in HT29 cells treated with sulforaphane
for up to 3 days (data not shown). However, the absence of DNA
degradation in small fragments has also been reported in some cells
undergoing apoptosis (19), and we cannot exclude the cleavage of
DNA in a high molecular weight fragment undetectable by simple
agarose gel electrophoresis.

Nuclear chromatin condensation is considered to be part of the
cellular events involved in apoptosis. Therefore, we have analyzed the
fluorescence of the nuclei of cells stained with the DNA-specific dye
Hoechst 33342. Pictures were taken after 48 h of treatment (Fig. 6). In
untreated cells, we observed normal nuclei staining (Fig. 6F). By
contrast, sulforaphane-treated cells (15mM) displayed typical con-
densed chromatin and fragmented nuclei (Fig. 6C). In addition, the
dying cells appeared rounded (Fig. 6A) compared to control cells (Fig.
6D) when observed using phase-contrast microscopy.

During apoptosis, one of the classical alterations observed at the
plasma membrane level is the translocation of PS from the inner layer
to the outer layer, exposing PS at the external surface of the cell.
Annexin V is a calcium-dependent phospholipid-binding protein with
high affinity for PS that can be used as a sensitive probe for PS
exposure when linked to fluorescein. As shown in Fig. 6E, control
cells did not show fluorescence staining. In contrast, treated cells
displayed the binding of annexin V-fluorescein to the plasma mem-
brane after 48 h of treatment (Fig. 6B). To distinguish between
apoptotic and potential necrotic or lysed cells that may also expose PS
according to the loss of membrane integrity, we have concomitantly
used PI, a DNA dye that is excluded from cells with a nonleaky
plasma membrane (i.e., normal or apoptotic). We never observed PI
staining among the annexin V-positive cells (data not shown), exclud-
ing the presence of necrotic or lysed cells in the population.

Morphological and ultrastructural changes of HT29 cells exposed
to 15 mM sulforaphane were examined at various times by electron
microscopy (Fig. 7) or light microscopy (Fig. 8). In the healthy control
cells (Figs. 7A and 8A), desmosomes keeping cells attached to each
other in the organized cell monolayer were clearly seen (arrow).
Moreover, the structure of the nucleus, as well as the size and shape
of the mitochondria, was normal. In contrast, in treated cells, charac-
teristics of apoptosis [namely, cell detachment, membrane blebbing
(Fig. 8E), cell shrinkage with a condensed cytoplasm, and vesicle
formation (abundant vacuoles with multivesicular bodies)] appeared
(Fig. 7D). The compaction and margination of nuclear chromatin into
an amorphous mass osmophilic is quite obvious (Fig. 7C and Fig.
8,B–E). We also observed swelling of the endoplasmic reticulum

cisternae (Fig. 7B). Moreover, the extent of nuclear chromatin con-
densation could be correlated with changes in mitochondria structure.
At 24 h after the addition of sulforaphane, the mitochondrial changes
can be characterized with interruption and/or absence of the cristae
and with loss of matrix density (Fig. 7E).

Expression of p53, bax, bcl-2, PARP, and Cytochromec Pro-
teins after Sulforaphane Treatment. To better determine which type of
apoptotic pathway was induced by sulforaphane, extracts from HT29
cells at various times after sulforaphane treatment were examined by
Western blotting using p53-, bax-, bcl-2-, PARP-, and cytochrome
c-specific antibodies (Fig. 9). It is clear that HT29 cells do not
undergo any change in p53 expression at any time point or sulfora-
phane concentration studied. By contrast, our results clearly show an
increase in the bax protein content that appears after a 24-h period of
treatment with 5 and 15mM sulforaphane, suggesting that sulfora-
phane induces apoptosis in HT29 cells via a bax-dependent pathway.
The antiapoptotic protein bcl-2 was never detected under any condi-
tions. We then examined whether the expression of bax could promote
the release of mitochondrial cytochromec into the cytosol. Fig. 9 also
shows that as the level of bax increased, cytochromec could be
detected in the cytosol, whereas its level in the mitochondria de-
creased. Finally, the caspase cascade was also induced by sulfora-
phane, as shown by the proteolytic cleavage of PARP.

DISCUSSION

Many classes of cancer chemopreventive agents, including natu-
rally occurring and pharmaceutical compounds, are studied for effi-

Fig. 8. Methylene blue staining and Azur II-stained semithin sections of control (A) and
treated cells after 24 (B andE), 48 (C), and 72 (D) h. As early as 24 h, cells became round,
and typical apoptotic changes are observed in sulforaphane-treated cells such as mem-
brane blebbing and condensed nuclear chromatin (arrow on Fig. 9E).
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cacyin vivoandin vitro. Among the most extensively investigated are
the isothiocyanates, which occur naturally in a variety of cruciferous
vegetables such as cabbage (3, 4). Here we investigated whether
sulforaphane, a member of the isothiocyanate family known to inhibit
tumor development by activation of detoxifying enzymes, could alter
carcinogenesis via other specific mechanisms. Our results clearly
show for the first time that sulforaphane (10–30mM) induces cell
cycle arrest and subsequent apoptotic death in the human colon cancer
cell line HT29 in a dose-dependent manner. Necrotic or lytic effects
were excluded by the lack of plasma membrane permeability as
assessed by the absence of PI uptake or ATP release.

Apoptosis is a crucial element in the behavior of mammalian cells
in many different situations (20). The apoptotic program is character-
ized by particular morphological features (21–24). In our model, we
have clearly observed many of the typical structural and ultrastruc-
tural modifications that happen during the apoptotic pathway, which
include cell shrinkage, translocation of PS to the outer layer of the
plasma membrane, alteration of internal membrane of the mitochon-
dria, and condensation of the cytoplasm or of nuclear chromatin. In
contrast, we have never observed classical DNA fragmentation on
sulforaphane treatment. This is not surprising because previous work
(25) has shown that HT29 cells do not give rise to any of the DNA
fragmentation patterns associated with programmed cell death when
challenged with a variety of toxic stimuli.

Our results also clearly show that sulforaphane-induced HT29 cell
death is not associated with a change in p53 protein expression but is
accompanied by an overexpression of bax, one of thebcl-2 gene
family, acting as a promoter of cell death. In contrast, the antiapop-
totic bcl-2 protein was not detected in our cells. bax is a protein
present predominantly in the cytosol (26), which could partially
translocate to the mitochondria on induction of apoptosis (27, 28).
This induces the opening of the mitochondrial permeability transition
pore, a critical event in the loss of cell viability that mediates the
release of cytochromec, finally activating the caspase cascade (28,
29). In our model (15mM sulforaphane), overexpression of the bax
protein was correlated with cytochromec release, suggesting it could
trigger caspase-dependent apoptosis. This was evidenced by the pres-
ence of a proteolytic fragment of the caspase-3 substrate PARP in
treated cells, suggesting that caspase-3 was activated, as has been
recently shown in isothiocyanate-treated HeLa cells (30). Our con-

clusion is strengthened by the observation of abnormalities in the
mitochondria ultrastructure identified by electron microscopy (Fig. 8)
because altered mitochondrial functions have also been observed in
other apoptotic colon cancer cells (31). Surprisingly, the high level of
bax protein at 15mM sulforaphane was not associated with a high
percentage of dead cells. However, the release of cytochromec in the
cytosol and the cleavage of PARP were also low at this concentration,
suggesting a delay between the induction of bax and the final pro-
cesses of apoptosis.

Due to the lipophilic nature of isothiocyanates, inhibition of phos-
pholipid biosynthesis could have been a major event in the induction
of growth arrest and apoptosis, as already reported for other lipidic
compounds,i.e., hexadecylphosphocholine (32), 1-0-octadecyl-2-O-
methyl-rac-glycero-3-phosphocholine (33), or geranyl-geraniol (34).
However, in our case, inhibition of phosphatidylcholine (the major
class of phospholipid) biosynthesis was observed late (3 h) in contrast
to DNA, RNA, or protein synthesis (10 min; Fig. 2), excluding an
apoptosis related to phospholipid metabolism.

Because apoptosis is the end point of at least some colonic epithe-
lial cell differentiation pathways, a process that results in apoptotic
cell death should also minimize the proliferative signal. Indeed, in our
model, apoptotic cell death is preceded by an arrest of the cell cycle
and an accumulation of cells in G2-M phase at the expense of S phase
(Figs. 1 and 5). This is also evidenced by the increase in the level of
cyclins B1 and A, proteins known to regulate cdc2 kinase activity at
G2-M phase (35). Because overexpression of bax has already been
reported to induce the activation of cdk and caspase through the
degradation of the cdk inhibitor P27 (36), it will be of interest to test
whether the cdk inhibitors (p21, p27, and p16) are implicated in the
negative regulation of cell cycle progression by sulforaphane in our
model.

The resistance of cancer to therapy may be due in part to the high
frequency of mutation in p53 that impairs p53-dependent apoptosis.
Many anticancer agents such as doxorubicine, etoposide, or 5-fluorou-
racil induce apoptosis via a p53-dependent pathway (37). The require-
ment of p53 tumor suppressor for efficient activation of apoptosis by
these agents provides an attractive explanation for the poor efficacy of
these drugs on p53 mutant tumors (38). Thus, identifying chemother-
apeutic agents that act independently of the p53 pathway is of major
importance. Interestingly, the growth-inhibitory effect of sulforaphane
was not apparently related to a change in p53 level. However, HT29
cells are known to present p53 mutations, and a strict p53-independent
pathway in our model remains to be clearly demonstrated.

Although the presence of sulforaphane in the blood or intestine has
not yet been quantified, consumption of 100 g of broccoli could
release 40mmol of sulforaphane, suggesting that local concentrations
in the low micromolar range may be achievedin vivo (39–41).
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