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Abstract
Anticancer effects of the dietary isothiocyanate sulfo-
raphane were investigated in the human pancreatic cancer
cell lines MIA PaCa-2 and PANC-1. Sulforaphane-treated
cells accumulated in metaphase as determined by flow
cytometry [4C DNA content, cyclin A(�), cyclin B1(+),
and phospho-histone H3 (Ser10)(+)]. In addition, treated
cells showed nuclear apoptotic morphology that coincided
with an activation of caspase-8, loss of mitochondrial
membrane potential, and loss of plasma membrane
integrity. The initial detection of caspase-3 cleavage
occurring in G2-M arrest was independent of a change in
phospho-cdc2 (Tyr15) protein; consequently, sulforaphane
treatment combined with UCN-01 had no significant im-
pact on cellular toxicity. Incubations at higher sulforaphane
doses (>10 Mmol/L) resulted in cleavage of caspase-3 in
the G1 subpopulation, suggesting that the induction of
apoptosis and the sulforaphane-induced mitosis delay at
the lower dose are independently regulated. Cellular toxic-
ity in MIA PaCa-2, and to a greater extent in PANC-1, was
positively correlated with a decrease in cellular glutathione
levels, whereas sustained increases in glutathione ob-
served in MIA PaCa-2 cells or the simultaneous incubation
with N-acetyl-L-cysteine in PANC-1 cells were associated

with resistance to sulforaphane-induced apoptosis. Daily
sulforaphane i.p. injections (375 Mmol/kg/d for 3 weeks)
in severe combined immunodeficient mice with PANC-1
s.c. tumors resulted in a decrease of mean tumor volume
by 40% compared with vehicle-treated controls. Our
findings suggest that, in addition to the known effects on
cancer prevention, sulforaphane may have activity in
established pancreatic cancer. [Mol Cancer Ther 2004;
3(10):1239–48]

Introduction
Isothiocyanates are components of certain plants and vege-
tables that have selective biological activities and functions
against carcinogenesis (1). Sulforaphane, a potent cancer
preventive agent, is a dietary isothiocyanate compound
found as a precursor glucosinolate in cruciferous vegeta-
bles such as cauliflower, broccoli, and Brussels sprouts (2).
Epidemiologic and clinical studies reviewed by Murillo
and colleagues indicate a positive correlation between the
general consumption of cruciferous vegetables and the de-
creased incidence of some cancers including non-Hodgkin’s
lymphoma, liver, prostate, cervical, ovarian, lung, and gas-
trointestinal tract (3–6). Oral administration of sulfo-
raphane inhibited or retarded experimental multistage
carcinogenesis models including cancers of the breast (7),
colon (8, 9), stomach (10), and lung (11). Previously, these
anticancer effects were attributed to modulation of carcin-
ogen metabolism by the inhibition of metabolic activation
of phase I enzymes and the induction of phase II detoxi-
fication enzymes and glutathione (GSH) levels (12, 13).

Subsequently, several independent mechanisms seemed
to play significant roles in the prevention of cancer devel-
opment including the activation of c-Jun NH2-terminal
kinase (14) and extracellular signal-regulated kinase-1/2
(15), interaction with redox-sensitive proteins (16–18), and
induction of cell cycle arrest (19, 20). The antiproliferative
effects of isothiocyanates on cancer cells have been associ-
ated with detected changes of various cell cycle regulators
[e.g., cyclin A and cyclin B1 (21) and cdk1, cdc25B, and
cdc25C (22)]. The use of naturally occurring compounds
combined with chemotherapy might enhance drug sensi-
tivity (23). The development of such novel approaches for
pancreatic cancer treatment is essential as tumor cells are
highly resistant to conventional chemotherapy drugs.

Effects of sulforaphane and the synthetic alkyl isothio-
cyanates on two established pancreatic cell lines MIA
PaCa-2 and PANC-1, which contain mutant p53 and acti-
vated ras (24–26), were investigated in this study. In agree-
ment with previously reported observations on effects of
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isothiocyanates (19, 21, 22, 27), a G2-M arrest was observed
in the sulforaphane-treated pancreatic cancer cells. How-
ever, on further investigation, our data suggest a more
complex mechanism involving cell cycle deregulation,
apoptosis, and an oxidative stress pathway that seems to
reflect differences in degree of sulforaphane-induced
toxicity between the cell lines.

Materials andMethods
Chemicals and Reagents
Sulforaphane [1-isothiocyanato-(4R ,S)-(methylsulfinyl)-

butane], phenylbutyl isothiocyanate, and phenylpropyl
isothiocyanate were obtained from LKT Laboratories
(St. Paul, MN). UCN-01 (7-hydroxystaurosporine) was ob-
tained from the Cancer Treatment Evaluation Program of
the National Cancer Institute (Bethesda, MD). The antiox-
idant N-acetyl-L-cysteine was obtained from Sigma-Aldrich
Canada Ltd. (Oakville, Ontario, Canada) and the general
caspase inhibitor Z-Val-Ala-Asp(OMe)-CH2F (zVAD.fmk)
was obtained from Enzyme Systems Products (Livermore,
CA). Fluorescent probes, carboxydichlorofluorescein diac-
etate, monobromobimane, 4V,6-diamidino-2-phenylindole,
Hoechst 33342, propidium iodide, and 1,1V,3,3,3V,3V-hexame-
thylindodicarbocyanine were obtained from Molecular
Probes (Eugene, OR). Antibodies to cleaved caspase-3,
phospho-cdc2 (Tyr15), and cdc2 were obtained from Cell
Signaling Technologies, Inc. (Beverly, MA), and a FITC
conjugated to cyclin B1 antibody was obtained from BD
Biosciences PharMingen (San Diego, CA). A phycoerythrin-
conjugated anti–cyclin A antibody was the gift of Dr. T.
Vincent Shankey (Beckman-Coulter, Miami, FL). Rabbit
polyclonal anti–phospho-histone H3 (Ser10) (pH3) was
obtained from Upstate (Lake Placid, NY). Secondary
antibodies, goat anti-rabbit Alexa Fluor 647 and 488, were
obtained from Molecular Probes.
Cell Culture
Human pancreatic ductal adenocarcinoma cell lines MIA

PaCa-2 and PANC-1 were obtained from American Type
Culture Collection (Rockville, MD) and grown as instructed
in the product information sheets. The growth media
were supplemented with 10% fetal bovine serum (CanSera,
Rexdale, Ontario, Canada), and in addition, the growth
medium for MIA PaCa-2 was supplemented with 2.5%
horse serum (Invitrogen, Carlsbad, CA). Cell cultures were
grown at 37jC in a humidified atmosphere containing
5% CO2 and 95% filtered air.

During exponential growth phase, cells were incubated
continuously with the test agents in 5 cm2 dishes (Nunclon,
Nalge Nunc International, Rochester, NY). A Coulter Z1 par-
ticle counter (Beckman-Coulter, Fullerton, CA) was used to
count cell suspensions from the harvested adherent cells.
Flow Cytometry for Intracellular Staining
Mitochondrial Membrane Potential and Propidium

Iodide. As described previously by Ng et al. (28), the mito-
chondrial membrane potential (MMP) in cells was detected
by staining with 40 nmol/L 1,1V,3,3,3V,3V-hexamethylindodi-
carbocyanine and plasma membrane integrity was detected

by staining with 1 Amol/L propidium iodide. Cells were
harvested (1 � 106 cells/mL) and stained with 1,1V,3,3,3V,3V-
hexamethylindodicarbocyanine at 37jC for 30 minutes and
propidium iodide was added in the last 5 minutes of the
incubation.

Cell Cycle Analysis. Cells were harvested and resus-
pended in PBS, permeabilized in 0.1% Triton X-100, and
stained with 1 Ag/mL 4V,6-diamidino-2-phenylindole for
30 minutes. The Multicycle software version 2.5 (Phoenix
Flow Systems, San Diego, CA) was used for cell cycle
analysis.

Measures of Cellular Reactive Oxygen Intermediate and
GSH. Flow cytometry–based measurements of cellular
content of reactive oxygen intermediates with carboxydi-
chlorofluorescein diacetate and reduced GSH with mono-
bromobimane were done as described previously (29). Cells
were stained with 5 Amol/L carboxydichlorofluorescein
diacetate in growth medium at 37jC for 30 minutes and
40 Amol/L monobromobimane was added in the last
5 minutes of the incubation. Simultaneously, cells were
stained with the protocol MMP and propidium iodide to
identify viable cells and assess their reactive oxygen inter-
mediate and GSH levels.

Intracellular Antigen Staining. Aliquots of 1 � 106 cells
were collected and resuspended in 100 AL of ice-cold PBS.
The permeabilization and fixation of cells was achieved
by the addition of methanol (stored at �20jC) to a final
dilution of 90% and incubated 30 minutes on ice. Cells
were washed twice with 2.5% bovine albumin in PBS
(wash buffer) and incubated on ice for 30 minutes with
50 AL of the diluted primary antibody in wash buffer.
When a fluorophore-conjugated secondary antibody label-
ing was required, cells were then washed twice with wash
buffer and resuspended in 50 AL of 100� diluted secondary
antibody for 30 minutes on ice. Prior to flow cytometry
analysis, antibody-labeled cells were resuspended in fresh
wash buffer and stained with 1 Ag/mL 4V,6-diamidino-
2-phenylindole for 30 minutes. Cell cycle proteins were
assayed by incubating simultaneously with FITC-anti–
cyclin B1, phycoerythrin-anti–cyclin A, and pH3 at 1 Ag
per 106 cells followed by the secondary labeling for
detection of pH3 with anti-rabbit Alexa Fluor 647 (30).
Apoptosis detection was by probing with anti-cleaved
caspase-3 at 1 Ag per 106 cells followed by labeling with
anti-rabbit Alexa Fluor 488.
Flow Cytometry Setup
Cells were analyzed using an Epics Elite flow cytometer

(Beckman-Coulter, Miami, FL) equipped with an air-cooled
argon laser (20 mW) emitting at 488 nm, a HeNe laser
(23 mW) emitting at 633 nm, and a water-cooled UV laser
(15 mW). The HeNe and UV lasers were spatially separated
by a 40 ms delay from the argon laser for the assays: MMP
and propidium iodide, cleaved caspase-3, and reactive oxy-
gen intermediate and GSH. The HeNe was colinear with
the argon laser for analysis of cell cycle proteins. Fluores-
cent signals from the argon laser excitation were collected
by filters: 610 F 20 nm for propidium iodide; 525 F 10 nm
for Alexa Fluor 488, FITC, and carboxydichlorofluorescein
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diacetate; and 575 F 10 nm for phycoerythrin. Excitation
of 1,1V,3,3,3V,3V-hexamethylindodicarbocyanine and Alexa
Fluor 647 was by the HeNe laser and fluorescence emission
was collected through a 675 F 20 nm filter. Emission sig-
nals of 4V,6-diamidino-2-phenylindole-DNA complex and
monobromobimane by UV laser excitation were collected
through a 440 F 20 nm filter.
Western Blot Analysis
Total protein extract of cells at subconfluent growth was

prepared by incubation for 15 minutes on ice with an ice-
cold hypotonic HEPES buffer (50 mmol/L, pH 8) contain-
ing 10% glycerol, 1% Triton X-100, 150 mmol/L NaCl,
1 mmol/L EDTA, 1.5 mmol/L MgCl2, 100 mmol/L NaF,
Na4P2O7�H2O, 0.1 mmol/L sodium orthovanadate, and
protease inhibitors (Complete, Mini, Roche, Mannheim,
Germany). Protein samples of an equal amount were de-
natured with 1 volume of 6� SDS sample buffer and loaded
on a 12.5% SDS-PAGE. Electrophoresis was done under
200 mV for 50 minutes and nitrocellulose membrane
transfer was done under 100 mV for 60 minutes (Mini
Trans-Blot Cell, Bio-Rad Laboratories, Hercules, CA). Blots
were blocked for 60 minutes at room temperature with 5%
nonfat milk powder and 0.1% Tween 20 in PBS and
exposed overnight at 4jC to a primary antibody against
cdc2 (1:1,000 v/v), phospho-cdc2 (1:500 v/v), rabbit anti-
human caspase-8 (1:1,000 v/v), or rabbit anti-human
caspase-3 (1:1,000 v/v). Antibodies against caspase-8 and
caspase-3 were gifts from Dr. J.C. Reed (La Jolla, CA). Blots
were washed with PBS and 0.1% Tween 20 for 5 minutes
(three times) and exposed for 60 minutes at room tem-
perature to horseradish peroxidase–linked anti-rabbit Ig
(Amersham Biosciences Ltd., Buckinghamshire, United
Kingdom). Complexes of the primary and secondary anti-
bodies were visualized using enhanced chemiluminescence
(Amersham Biosciences) or SuperSignal West Pico Chemi-
luminescent (Pierce Biotechnology, Rockford, IL).
Morphologic AssessmentofNuclearMorphologyand

MMP
Cells were grown on Lab-Tek chamber slides (Nalge Nunc

International) overnight and then incubated with the test
agents. For microscopy examination, cells were stained
in situ with a DNA probe, 1 Amol/L Hoechst, at room
temperature for 5 minutes and nuclei were observed with a
RTM-3 imaging system (Richardson Technologies, Inc.,
Bolton, Ontario, Canada). A 50 mW mercury lamp source
was used when operating in the epifluorescence microscopy
mode using appropriate excitation-emission filter cubes.
Tumor Xenograft Animal Model
Experiments were done on male severe combined

immunodeficient mice (Ontario Cancer Institute, Toronto,
Ontario, Canada) according to the regulation of the
Canadian Council on Animal Care. PANC-1 tumors for im-
plantation were initially grown from injections of PANC-1
cells (400 AL of 3 � 106 cells) at the s.c. abdomen site. A
tumor piece of 3 to 4 mm in diameter was implanted at
the same site into an experimental animal at the age of
6 weeks. After 17 days of tumor establishment in severe
combined immunodeficient mice, at the start of exponen-

tial tumor growth phase, animals were randomly divided
into the treatment groups (n = 8). Each animal received
by i.p. injection (<300 AL) either PBS (vehicle control) or
sulforaphane daily, excluding weekends, for 3 weeks.
Sulforaphane dosing was initially at 250 Amol/kg body
weight and increased to 375 Amol/kg body weight by the
end of the second week. Animal body weight and tumor
size were measured with a microcaliper and recorded
every other day. Tumor volume was calculated using the
formula: length � width2 � 0.5236 (31).
Statistical Analysis
Results are expressed as mean F SE. Treatment effects

were compared using Student’s t test and differences
between means were considered to be significant when
P V 0.05. Experiments were repeated at least three times.

Results
Sulforaphane SuppressedGrowthandTriggeredActi-

vation of Caspase-3- and Caspase-8-Dependent Cell
Death

Decreased growth rate of MIA PaCa-2 and PANC-1
cells with continuous sulforaphane incubation was initially
observed in MIA PaCa-2 cells at 5 Amol/L sulforaphane
(Fig. 1A). Both cell lines were inhibited from proliferation
to the same extent when incubated with 10 Amol/L

Figure 1. Dose-dependent inhibition of MIA PaCa-2 (A) and PANC-1 (B)
cell growth during 3 days of continuous sulforaphane (SFN ) exposure.
Resistance to sulforaphane-induced toxicity was greater for MIA PaCa-2
than PANC-1, with adherent MIA PaCa-2 cells remaining after 40 Amol/L
sulforaphane incubation.
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sulforaphane. Almost total loss of adherent cells occurred
when PANC-1 cells were treated at a dose higher than 10
Amol/L sulforaphane; thus, cell counts were not recorded
(Fig. 1B).

To determine whether cell death was involved in growth
suppression, cytotoxic effects of sulforaphane and two syn-
thetic derivatives phenylpropyl isothiocyanate and phenyl-
butyl isothiocyanate were examined by flow cytometry.
Viable cells were identified by the simultaneous mea-
surement of MMP and the presence of an intact plasma
membrane (Fig. 2A, boxed region). Initial cell damage was
indicated by the loss of MMP while maintaining a rela-
tively intact plasma membrane relative to the subpopula-
tion of viable cells and progressing to the loss of plasma
membrane integrity, indicating irreversible cell damage.
Percentage of cell survival was equal when MIA PaCa-2
and PANC-1 cells were treated at 40 and 5 Amol/L
sulforaphane, respectively, with continuous exposure for
24 hours (Fig. 2B and D). Cell viability analysis by flow
cytometry from three independent experiments (Fig. 2E)
shows that PANC-1 cells (white bar) were more sensitive to
sulforaphane than MIA PaCa-2 cells (black bar). In contrast,
no toxic effects were observed when cells were incubated
with the synthetic analogues phenylpropyl isothiocyanate
and phenylbutyl isothiocyanate at 10 and 100 Amol/L for
up to 48 hours (Fig. 2F).

To substantiate these results, MIA PaCa-2 cells were
assayed for caspase-3 cleavage. Dual staining in MIA PaCa-
2 cells for cleaved caspase-3 and DNA content showed a
low percentage of cleaved caspase-3-positive cells at 4C
DNA content after 24-hour incubation with 10 Amol/L
sulforaphane (Fig. 3B, circled region). However, when cells
were incubated with 40 Amol/L sulforaphane, caspase-3
cleavage occurred primarily in G1 (Fig. 3C, circled region).
Consistent with the flow cytometry data, the microscopic
examination of MIA PaCa-2 cells incubated with 10 Amol/L
sulforaphane did not reveal extensive apoptosis. However,
we did observe an accumulation of cells with mitotic nuclei
(Fig. 3E) compared with control cells (Fig. 3D). More
apoptotic nuclei were observed by microscopy when MIA
PaCa-2 cells were incubated at the higher sulforaphane
dose (Fig. 3F).

The two major pathways for caspase activation are the
death receptor and mitochondrial pathways (32). We ob-
served that treatment of PANC-1 cells with sulforaphane
induced loss of procaspase-8 and increase of the cleaved
form, consistent with activated caspase-8 and the death
receptor pathway (Fig. 4). Activated caspase-8 occurred
prior to the activation of caspase-3 as observed by the loss
of procaspase-3 (Fig. 4B). Activation of caspase-8 also
coincided with loss of MMP (Fig. 2), consistent with known
amplification loop of the caspase pathways, confirming
that sulforaphane acts within the death receptor pathway
of caspase activation.
Perturbed Cell Cycle Regulation Unaffected by

UCN-01
In addition to apoptotic effects, we evaluated effects on

the cell cycle. Flow cytometric cell cycle analysis showed an

accumulation of cells at 4C DNA content for MIA PaCa-2
(Fig. 5B) and PANC-1 (Fig. 5E), being more prominent in
MIA PaCa-2 than in PANC-1 cells. This block was not
apparent at 40 Amol/L sulforaphane in either cell line
(Fig. 5C and F). Thus, cell growth suppression at higher
doses of sulforaphane (Fig. 1) seems to be independent
of a G2-M delay.

Figure 2. Doses of sulforaphane inducing equal cytotoxicity between
MIA PaCa-2 and PANC-1. Correlated dot plots of increasing loss of
functional plasma membrane integrity versus MMP labeling for MIA PaCa-
2 (A and B) and PANC-1 (C and D) cells after 24 hours of sulforaphane
incubation. Representative viable cells are identified in boxed region (A).
Columns, mean percentage of viable cells from at least three experiments
for MIA PaCa-2 (black bar ) and PANC-1 (white bar ) cells after
isothiocyanate exposures of 24 (E) and 48 (F) hours; bars, SE. PPI,
phenylpropyl isothiocyanate; PBI, phenylbutyl isothiocyanate.
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MIA PaCa-2 cells treated with 10 Amol/L sulforaphane
were not sensitive to UCN-01 (Fig. 6D). UCN-01 abrogates
G2 arrest by the inhibition of Chk1 phosphorylation, per-
mitting the normal progression of cdc25 phosphatase to
remove inhibitory phosphate groups from the mitosis-
promoting kinase cdc2 (33, 34). The UCN-01-sensitive DNA
damage checkpoint seems to be functional in MIA PaCa-2
cells, because g-irradiated cells arrested at 4C DNA content

and irradiated cells followed by 24-hour incubation with
UCN-01 failed to arrest (Fig. 6F). The results from more
than three independent experiments (Fig. 6G) show that,
with 40 Amol/L sulforaphane treatment, cell distribution
among the cell cycle phases is not significantly different
(P > 0.2) from control, untreated cells as compared with
values obtained with 10 Amol/L sulforaphane treatment;
there is a significant accumulation of cells in G2-M
(P < 0.001) and a reduction of cells in G1 (P = 0.002). After
UCN-01 treatment, the fraction of 4C in MIA PaCa-2 cells
treated simultaneously with irradiation decreased signifi-
cantly (P = 0.03) compared with irradiation alone (Fig. 6H).
Although the simultaneous treatment of UCN-01 and
sulforaphane showed to a lesser extent a decrease in the
fraction of 4C compared with sulforaphane treatment

Figure 4. Caspase activation by sulforaphane. By immunoblotting,
cleaved caspase-8 was detected after 20 hours of sulforaphane treatment
(A) and procaspase-8 decreased after 24 hours of treatment (B).
Activation of caspase-3 as detected by the decrease in procaspase-3
occurred after 48 hours of treatment. The amido black staining is
representative of the total protein in each lane.

Figure 3. Correlated dot plots of
DNA content versus cleaved caspase-
3 for untreated MIA PaCa-2 cells (A)
and cells treated with 10 (B) and 40
(C) Amol/L sulforaphane for 24 hours.
Regions of interest (circles ) indicate
cells with positive anti-cleaved caspase-
3. Corresponding images of Hoechst-
labeled nuclei show untreated cells (D)
and sulforaphane-treated cells at 10 (E)
and 40 (F) Amol/L displaying mitotic
nuclei (arrowhead ) and fragmented
apoptotic DNA (arrow ).

Figure 5. Flow cytometry measurement of single-variable histograms of
DNA content. MIA PaCa-2 (top row ) and PANC-1 (bottom row ) cells were
incubated with sulforaphane for 24 hours at different dose levels: 0 (A and
D), 10 (B and E), and 40 (C and F) Amol/L sulforaphane. Accumulation of
cells at 4C DNA content was observed when cells were incubated with 10
Amol/L sulforaphane.
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alone, the effect was not significant (P > 0.05). Thus,
molecular mechanisms mediating sulforaphane-induced
cell cycle arrest at G2-M seem to be different from those
activated in response to g radiation.
Mitosis Block by Sulforaphane
To determine the nature of the 4C DNA content accu-

mulation, we evaluated the cell cycle by multiparametric
analysis of DNA content, cyclin A, cyclin B1, and pH3.
Figure 7 shows that sulforaphane-treated MIA PaCa-2 cells
accumulated as a cluster with mitotic levels of pH3 (Fig. 7C,
circle region), with a mean fold increase of 2.0 F 0.2 times
above untreated cells from three independent experiments
(P = 0.05). The associated plot of cyclin A versus cyclin

B1 (Fig. 7D) of the mitotic cell cluster shows an accumu-
lation of cells that are cyclin A negative and cyclin B1
positive, which is consistent with cells in metaphase (30).
This mitotic subpopulation showed a mean fold increase
of 2.7 F 0.3 times above untreated cells (P < 0.001) and is
consistent with microscopic results (Fig. 3E). A mitotic
arrest induced by sulforaphane explains the lack of de-
creased G2-M subpopulation when cells treated with
sulforaphane were simultaneously incubated with UCN-
01 (Fig. 6H). Compared with irradiated cells, which showed
an increase in the phosphorylation of cdc2 at Tyr15, a
consequence of Chk1 activation leading to a G2 arrest, this
phosphorylation was not observed in sulforaphane-treated
cells (Fig. 7G). In addition, sulforaphane was also observed
to decrease total cdc2 expression. Cumulatively, these re-
sults suggest that sulforaphane deregulates mitosis transit
time, thereby inducing a 4C accumulation.

Figure 6. DNA histograms of MIA PaCa-2 cells showing UCN-01 (UCN ;
100 nmol/L) effect on arrest at 4C DNA content produced by sulforaphane
(C) compared with g radiation (Gy; E) at the end of 24 hours. Combined
treatment of cells with UCN-01 and sulforaphane (D) showed a less
effective and nonsignificant (P > 0.05) inhibition at 4C in comparison
with a significant inhibition (P < 0.05) with UCN-01 and radiation
treatment (F). Columns, mean cell cycle distribution; bars, SE (G and H).

Figure 7. Correlated dot plots of DNA content versus anti-pH3 (A, C,
and E) and the corresponding plots of anti –cyclin A versus anti –cyclin B1
(B, D, and F). After 24-hour incubation with 10 Amol/L sulforaphane, MIA
PaCa-2 cells accumulated in mitosis (circle region , C), with a mean fold
increase of 2.0 F 0.2 times above untreated cells (A). The corresponding
dot plot (D) of the mitotic cell cluster shows metaphase accumulation of
cells by the expression of maximum levels of cyclin B1 and absence of
cyclin A, with a mean fold increase of 2.7 F 0.3 times above untreated
cells (B). Cells treated at the higher sulforaphane dose (40 Amol/L) showed
a decrease in mitosis (E and F). By immunoblotting, 24 hours post-
treatment shows phospho-cdc2 (Tyr15) and total cdc2 (G).
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Oxidative Stress and Degree of Cytotoxic Sensitivity
to Sulforaphane

As shown in Fig. 8, sulforaphane treatment in MIA
PaCa-2 cells caused an increase in cellular reactive oxygen
intermediate and GSH in viable MIA PaCa-2 cells (Fig. 8B,
box region), whereas PANC-1 cells showed increased re-
active oxygen intermediate without an increase in GSH.
These results indicate that oxidative stress occurs following
sulforaphane treatment. The more sulforaphane-resistant
MIA PaCa-2 cells seem to counter this oxidative stress with
increased GSH. Sensitivity of PANC-1 cells to sulforaphane
was decreased when the apoptosis effectors, caspases, were
suppressed and when oxidative stress was reduced (Fig. 9).
As shown in Figs. 3 and 4, sulforaphane cytotoxicity is
mediated in part by caspase-3 and caspase-8 and conse-
quently may be reduced by incubating simultaneously with
a general caspase inhibitor zVAD.fmk. Figure 9B shows the
optimal combined doses and duration of continuous incu-
bation for sulforaphane and zVAD.fmk to reduce toxicity of

sulforaphane in PANC-1 cells as measured by a functional
plasma membrane integrity and MMP. Similarly, the simul-
taneous incubation of sulforaphane with an antioxidant,
N-acetyl-L-cysteine, also reduced cell damage (Fig. 9C).
The reduction in sulforaphane-induced toxicity by either
zVAD.fmk or N-acetyl-L-cysteine is consistent with an
apoptotic pathway that associates with the generation of
reactive oxygen intermediate (35–37) and activation of
caspases (38).

Figure 8. Correlated dot plots of cellular content of reactive oxygen
intermediate versus GSH in untreated, control cells compared with 10
Amol/L sulforaphane-treated cells for 24 hours in MIA PaCa-2 (A and B)
and PANC-1 (C and D), respectively. Summarized flow cytometry analysis
of GSH (black bar ) and reactive oxygen intermediate (gray bar) for MIA
PaCa-2 (E) and PANC-1 (F) in viable cells (box region , B). Columns, mean
normalized with respect to control; bars, SE.

Figure 9. Correlated dot plots of increasing loss of functional plasma
membrane integrity versus MMP show that the surviving PANC-1
subpopulation (boxed region , A) was increased after 24-hour incubation
with 10 Amol/L sulforaphane treatment when incubated simultaneously
with 100 Amol/L zVAD.fmk (ZVAD ; B) or 2.26 mmol/L N-acetyl-L-cysteine (NAC ;
(NAC ;C). Cells at intermediate stages of cytotoxicity (circled regions ) are
fewer and more obviously separated from severely damaged cells with the
use of zVAD.fmk and N -acetyl-L-cysteine.

Figure 10. A severe combined immunodeficient mouse tumor xenograft
model was used to examine the effects of sulforaphane on s.c. tumor
growth. Weights of sulforaphane-treated mice tended to be lower than the
PBS-treated, control mice (A). The mean tumor volume in sulforaphane-
treated mice was significantly less than the control group at the end of
3 weeks (P = 0.02).
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Effects of Sulforaphane on Growth of PANC-1Tumor
Xenografts

Mice were observed to decrease in activity level when a
sulforaphane dose of 500 Amol/kg body weight was given
i.p., with death occurring in some animals when the dose
was further increased. The given dose, 250 to 400 Amol/kg
body weight, was tolerated and similar to doses used by
previous studies (7, 39). Animal body weight in sulfo-
raphane-treated group was f2 g less than controls at the
end of 3 weeks (P = 0.02). Animals were randomly assigned
to treatment groups when tumors had a mean volume of
177 F 16 mm3. Growth of the established s.c. tumors in
severe combined immunodeficient mice was decreased
significantly (P = 0.02) when a daily i.p. injection of
sulforaphane was given over a period of 3 weeks compared
with control PBS-treated animals (Fig. 10). The final mean
tumor volume for sulforaphane-treated animals was 696
F 212 mm3, 40% less than the control group with a mean
of 1,152 F 496 mm3.

Discussion
Sulforaphane, a naturally occurring alkyl isothiocyanate,
was shown to be a more potent cytotoxic agent than the
synthetic analogues phenylpropyl isothiocyanate and phe-
nylbutyl isothiocyanate in MIA PaCa-2 and PANC-1 cells.
Cell viability detected by measurement of MMP and
plasma membrane integrity indicated that the more
lipophilic phenyl substitution did not enhance sulfora-
phane-induced cytotoxicity, consistent with findings that
the cellular uptake of isothiocyanates is predominantly
dependent on GSH conjugation reactions promoted by
glutathione S-transferases (40, 41).

Similar to previous reports, sulforaphane-treated cells
showed growth arrest at 4C DNA content with accumula-
tion of cyclin B1 (21, 22). This is consistent with a G2 and/
or M arrest. However, this effect seemed to be independent
of a DNA damage Chk1-cdc2 mediated pathway, unlike
the G2 arrest mediated by g radiation (33), and seemed to
be predominantly a metaphase arrest as shown by micros-
copy and multiparametric cell cycle analysis by flow
cytometry. This is similar to the effects of nocodazole and
may occur by the disruption of microtubules by sulfo-
raphane (22, 42), whereupon it is expected that the activity
of the mitotic spindle checkpoint is maintained and arrest
cells in metaphase. Of interest, our findings suggest that
cell cycle perturbation and oxidative stress dominate at
the low sulforaphane doses, whereas apoptosis and caspase
activation dominate at the higher dose. Sulforaphane acti-
vated the caspase-8-dependent death receptor pathway,
coinciding with the activation of the mitochondrial path-
way. Amplification of the death receptor signaling through
the mitochondrial pathway has been well described (32).
Activation of caspase-8 can cleave the BH3 family member
Bid. Truncated Bid then migrates to the mitochondria,
leading to the loss of MMP, cytochrome c release, and
activation of the initiator caspase-9 (43, 44). This is similar

to effects of another natural product, combretastatin-A4
(45). The mechanisms of the sulforaphane dose-specific
mitosis arrest and their consequences remain unclear in
determining the effectiveness of sulforaphane as an
anticancer agent.

Our results suggested that the sensitivity of MIA PaCa-2
and PANC-1 cells to sulforaphane was linked to differ-
ences in redox regulation response. GSH levels in MIA
PaCa-2 cells increased concomitantly with reactive oxygen
intermediate at relatively nontoxic doses of sulforaphane,
whereas at similar doses a larger subpopulation of PANC-1
cells progressed to irreversible cell damage, with the
remaining viable cell subpopulation expressing high
reactive oxygen intermediate levels without an increase in
cellular GSH. In support of an oxidative stress role in
sulforaphane cytotoxicity, simultaneous incubation with
the antioxidant N-acetyl-L-cysteine reduced toxicity effects
of sulforaphane on the highly sulforaphane-sensitive
PANC-1 cells. Two apparently distinct effects of isothio-
cyanates on cellular redox state have been reported. First,
isothiocyanates can induce hepatic detoxifying enzymes
such as glutathione S-transferases as well as GSH levels
(46, 47). However, with a few naturally occurring com-
pounds, including sulforaphane, prooxidant effects include
the increase in 8-oxo-deoxyguanosine (48). Thus, it seems
that the net balance of sulforaphane effects on cells between
detoxification and prooxidant pathways could influence
the degree of sulforaphane-mediated cytotoxicity as ob-
served for MIA PaCa-2 and PANC-1 cells. The greater
sensitivity of PANC-1 cells to the lower doses of sulfo-
raphane was associated with inability to increase GSH
levels and might be due to deficient detoxification
enzyme induction pathways as reported previously for
MCF-7 and HT-29 cells (49). In addition, other oxidative
stress–related pathways could be differentially affected
including sulforaphane-mediated inhibition of nuclear
factor-nB (17).

Recent studies showed that sulforaphane inhibited
growth of tumor precursors (50) and growth of tumors in
mice models when treatment was started at the time of
carcinogen administration (7) and tumor cell implantation
(39). We now show that growth of established s.c. PANC-1
tumor xenografts was suppressed at a similar sulforaphane
dose. Sulforaphane-induced toxicity in PANC-1 cells was
achieved at a treatment dose comparable with the
micromolar plasma levels achieved in humans (51, 52).
Sulforaphane and related isothiocyanate compounds
should therefore be investigated further as anticancer
agents in addition to their established effects in cancer
prevention.
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