
Abstract. 2-Amino-1-methyl-6-phenylimidazo[4,5-b]pyridine
(PhIP) is associated with mammary carcinomas in animals
and humans. PhIP is metabolized by CYP 1A1/1A2 and
cytochrome b5 reductase, producing free radicals causing DNA
strand breaks. Diallyl sulfide (DAS) prevents cancer in
animals. We hypothesized that DAS will attenuate PhIP-
induced DNA strand breaks and cell death. To test this
hypothesis, we treated MCF-10A cells with PhIP, DAS and
PhIP/DAS for 24, 48 and 72 h. DAS inhibited the PhIP-
induced DNA strand breaks by 22% after 48 h and the strand
breaks were completely inhibited at 72 h. PhIP reduced cell
viability at each time point. However, DAS only attenuated
this reduction in cell viability by 56% at 72 h. N-OH PhIP
inhibited cell viability by 26% at 72 h. DAS completely
attenuated this reduction in cell viability and may prevent
PhIP-induced breast cancer via alterations in DNA damage
and cell viability.

Introduction

Diet is the second most preventable cause of cancer (1).
Increase in well-done meat consumption is associated with an
elevated risk of breast cancer (2). This correlation between
increased cancer risk and meat preparation is most likely due
to the production of high levels of heterocyclic amines (3). The
heterocyclic amine most abundantly found in the human diet is
2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP).
PhIP has induced tumors in the prostate, colon and breast
(3-5).

PhIP is oxidized by cytochrome P-450 1A2 (CYP1A2) to
form an N-hydroxy derivative. The N-hydroxy derivative
undergoes subsequent acetylation or sulphation, resulting in the
formation of a nitrenium ion free radical that covalently binds
to the C8 position of guanine residues. The resultant adduct is

primarily responsible for GC→TA transversions and
deleterious frameshift mutations of a guanine within a G-rich
repetitive sequence (6). The development of these mutations
are the basis for PhIP's genotoxic effects, which include
chromosome aberrations, DNA damage, micronuclei and sister
chromatid exchange (7,8). A failure to repair these genomic
anomalies can result in cancer, especially when they occur in
tumor suppressors and proto-oncogenes.

The alkaline single cell electrophoresis (comet) assay can
be used to detect DNA damage, particularly single and double
strand breaks that may occur as a result of exposure to
genotoxic agents, such as PhIP (9,10). Under electrophoretic
conditions, fragmented DNA migrates toward the anode
producing a tail and giving the appearance of a comet. The
amount of fragmented DNA directly correlates with the length
of the tail and thus provides a quantitative assessment of DNA
damage induced by a particular agent (11).

Diallyl sulfide (DAS) is a lipophilic organosulfur
component of garlic that has been demonstrated to protect
against chemically-induced carcinogenesis in vivo and in vitro
(12). One mechanism by which DAS may exert its anti-
carcinogenic properties is through its ability to inhibit DNA
damage. DAS has been demonstrated to inhibit N-nitroso-
dimethylamine (NDMA) and aflatoxin B1 (AFB1)-induced
DNA strand breaks in the liver cells of Wistar rats (13,14).
Therefore, we propose that DAS attenuates PhIP-induced cell
death via the inhibition of DNA strand breaks.

Materials and methods

Chemicals and reagents. Phenol-red free DMEM/F-12 1:1
mix basal media, horse serum, trypsin, penicillin/streptomycin,
Ultrapure low melting point agarose and Ultrapure normal
melting point agarose were obtained from Invitrogen
(Carlsbad, CA). The epidermal growth factor was obtained
from BD Biosciences (San Jose, CA). Dimethly-sulfoxide
(DMSO), hydrocortisone, Triton X-100, PBS, NaOH, Trizma
base, NaCl, Na2EDTA, diethylpyrocarbonate (DEPC),
ethanol and DAS were all purchased from Sigma (St. Louis,
MO). Fully-frosted microscope slides and cover slips were
purchased from Fisher Scientific (Pittsburgh, PA). PhIP was
purchased from Toronto Research Chemicals. N-hydroxy
PhIP was purchased from the National Cancer Institute
Chemical Carcinogen Repository, Midwest Research Institute
(Kansas City, MO).
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Cell culture. MCF-10A human breast epithelial cells were a
gift from the laboratory of Dr Thomas Kocarek at Wayne State
University (Detroit, MI). The cells were cultured in a
humidified incubator at 37˚C under 5% CO2 atmospheric
conditions in DMEM/F-12 1:1 mix basal media supplemented
with 10 μg/ml insulin, 20 ng/ml epidermal growth factor,
0.5 μg/ml hydrocortisone, 5% horse serum and 1% penicillin-
streptomycin (10,000 U/ml).

Cell treatment. MCF-10A human breast epithelial cells were
plated and treated for 24, 48 and 72 h with PhIP (100 μM),
DAS (100 μM) and N-OH PhIP (5 μM). These concentrations
were chosen because PhIP (100 μM) and N-OH PhIP (1 μM)
produced DNA adducts in MCF-10A cells after 24 h (15).
Cells treated with combinations of PhIP/DAS and N-OH
PhIP/DAS groups were pretreated with 100 μM of DAS 6 h
prior to dosing with PhIP (100 μM) or N-OH PhIP (5 μM).
Untreated and DMSO treated cells served as negative and
vehicle controls, respectively.

Comet assay. One million MCF-10A cells were treated as
indicated above in T-25 cm2 culture flasks. At 24, 48 and 72 h,
the cells were trypsinized and centrifuged for 5 min at
1,000 rpm. The supernatant was discarded and the cell pellet
was re-suspended in 500 μl of 1X Ca2+/Mg2+ free PBS. A
100 μl aliquot of the treated cell suspensions was added to
900 μl of low melting point agarose (0.75%). Three slides
were made of each sample by adding a 100 μl aliquot of the
cell/agarose mixture to the top of microscope slides precoated
with a normal melting point agarose. The slides were
solidified on ice and then placed in the refrigerator in ice-
cold lysis buffer (pH 10) containing 1% Triton X-100 for 1 h.

After lysing, the slides were placed in alkaline electro-
phoresis buffer (pH >13.5) for 30 min to allow the DNA to
unwind and electrophoresed at 280 Amps/25V for 30 min.
Following electrophoresis, the slides were washed three times
with neutralization buffer (Tris buffer, pH 7.5) and dehydrated
for 5 min with 100% ethanol. The slides were stained with
100 μl of propidium iodide (20 μg/ml) and examined under a
fluorescent microscope. A total of 150 cell images were
examined per slide under 20 X magnification using the
Kinetic Imaging comet assay software. The mean olive tail
moment was used as a parameter for DNA fragmentation.
Statistical analysis was performed using one-way analysis of
variance and the Tukey multiple comparison test to determine
significant differences amongst the treatment groups.

Cell viability. Cell viability was assessed using the CellTiter
96® AQueousOne solution cell proliferation assay. Ten
thousand cells were plated per well in 96-well plates and
treated as described above. At 24, 48 and 72 h, a 20 μl aliquot
of AqueousOne Solution (Promega Corporation, Madison, WI)
was added to each well and incubated at 37˚C for 2 h to allow
color development. The plates were analyzed on a Bio-Tek
Ex800 microplate reader using KC Junior software, where the
absorbance at 480 nm was determined for each well. In this
colorimetric assay, viable cells convert the MTS tetrazolium
compound to a formazan product soluble in culture media. The
amount of formazan product formed is directly proportional to
the number of living cells in the culture.

Statistical analysis. Results are expressed as means ± S.E.M.
from a minimum of three independent experiments. Data were
analyzed by one-way analysis of variance (ANOVA) and the
Tukey multiple comparison test to determine significant
differences (P<0.05) among the treatment groups.

Results

Alkaline single cell gel electrophoresis (comet assay). The
ability of DAS to inhibit PhIP and N-OH PhIP induced DNA
strand breaks in MCF-10A human breast epithelial cells was
determined using the comet assay. The comet assay is
frequently used to detect DNA strand breaks in individual
cells. The mean olive tail moment or simply tail moment is
used because it incorporates the amount of DNA that has been
damaged with the size of the strands. Tail moment is defined
as the product of the tail length and the fraction of total DNA
in the tail. Tail moment incorporates a measure of the
smallest detectable size of migrating DNA (reflected in the
comet tail length) and the number of relaxed/broken pieces;
represented by the intensity of DNA in the tail (16). Cells were
treated with PhIP (100 μM), N-OH PhIP (5 μM) and/or DAS
(100 μM) for 24, 48 and 72 h. Fig. 1 illustrates DNA strand
breaks induced by PhIP and the inhibition of these strand
breaks by DAS. Individual cells with no DNA strand breaks
appear as spheres with no tail. However, the cells that contain
DNA damage appear as spheres with tails that resemble
comets. PhIP-treated cells displayed a significant increase in
DNA strand breaks over that of the control at 24 h 1.4 and 0.9,
respectively. The DNA strand breaks that were produced after
24 h were apparently repaired after 48 and 72 h (Fig. 2).
Treatment with DAS (100 μM) showed no significant changes
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Figure 1. Inhibition of the formation of DNA strand breaks in PhIP-treated MCF-10A cells. (A) A cell is shown that was treated with 0.1% DMSO as a
control. In this cell, there are no detectable DNA strand breaks as indicated by the absence of a comet tail. (B) A cell that was treated with PhIP (100 μM) is
shown. In this cell, the amount of DNA strand breaks was extensive as indicated by the large comet tail. (C) A cell is shown that was treated with PhIP and
DAS, 100 μM each. In this cell, DAS inhibited the PhIP-induced DNA strand breaks as indicated by the reduction in the size of the comet tail.
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in the production of DNA strand breaks from that of the
negative and vehicle controls at any time point. However,
pretreatment with DAS significantly reduced PhIP-induced
DNA strand breaks to baseline levels after 24 h. N-OH PhIP
produced significant levels of DNA strand breaks at 24, 48 and
72 h having mean olive tail moments of 1.47, 1.40 and 1.11,
respectively (Fig. 3). Pretreatment with DAS inhibited this
DNA damage at 24, 48 and 72 h by decreasing mean olive tail
moments to 1.41, 1.27 and 0.86, respectively. DAS completely
inhibited the N-OH PhIP-induced DNA strand breaks by 72 h.
This suggests that DAS does have an inhibitory effect on PhIP
and N-OH PhIP-induced DNA strand breaks in human breast
epithelial cells.

Cell viability. The effect of PhIP and N-OH PhIP on the
viability of MCF-10A cells was evaluated using the MTS
assay. After PhIP treatment for 24, 48 and 72 h, cell viability
was reduced to 70, 70 and 64, respectively. Pre-treatment with
DAS (100 μM) attenuated a reduction in cell viability at 48 and
72 h resulting in cell viabilities of 72 and 84%, respectively
(Fig. 4). Cells treated with DAS alone showed no significant

changes from the control at any time point. This suggests that
DAS significantly inhibited PhIP-induced reductions in
viability at 72 h. Unlike PhIP, N-OH PhIP only showed a
significant reduction in cell viability at 72 h. After 72 h, N-OH
PhIP reduced cell viability to 74%. DAS attenuated this
reduction in cell viability resulting in cell viability of 94%
(Fig. 5). These results suggest that the inhibitory effects of
DAS on PhIP and N-OH PhIP-induced cytotoxicity in human
breast epithelial cells may require 72 h to manifest.

Discussion

The breast has been identified as a target for PhIP-induced
carcinogenesis, DNA adduct formation and mutagenesis in
animals as well as humans (3,4,17-19). Furthermore, the
positive correlation between red meat consumption and breast
cancer demonstrated in epidemiological studies support the
hypothesis that PhIP plays a role in the etiology of breast
cancer (2). Studies have shown that the breast possesses
sufficient enzymatic machinery to support PhIP bioactivation
and generate DNA damage (15,20), thereby identifying a need
for further investigation into the genotoxic effects of PhIP
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Figure 2. The inhibition of PhIP-induced DNA strand breaks by DAS at 24,
48 and 72 h. MCF-10A cells were treated, harvested and analyzed as
described in Materials and methods. Each bar on the graph represents the
mean olive tail moment ± S.E.M. of three independent experiments. *Data
significantly different from the DMSO treatment group (P<0.05). **Data
significantly different from the PhIP treatment group (P<0.05).

Figure 3. The inhibition of N-OH PhIP-induced DNA strand breaks by DAS
at 24, 48 and 72 h. MCF-10A cells were treated, harvested and analyzed as
described in Materials and methods. Each bar on the graph represents the
mean olive tail moment ± S.E.M. of three independent experiments. *Data
significantly different from the DMSO treatment group (P<0.05). **Data
significantly different from the N-OH PhIP treatment group (P<0.01).

Figure 4. The attenuation of PhIP-induced growth arrest by DAS at 24, 48
and 72 h. Cells were treated, harvested and analyzed as described in
Materials and methods. Each bar on the graph represents the mean
percentage of viable cells ± S.E.M. of three independent experiments. *Data
significantly different from the DMSO treatment group (P<0.05). **Data
significantly different from the PhIP treatment group (P<0.01).

Figure 5. The attenuation of N-OH PhIP-induced growth arrest by DAS at
24, 48 and 72 h. Cells were treated, harvested and analyzed as described in
Materials and methods. Each bar on the graph represents the mean
percentage of viable cells ± S.E.M. of three independent experiments. *Data
significantly different from the DMSO treatment group (P<0.05). **Data
significantly different from the N-OH PhIP treatment group (P<0.01).
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and its metabolites. While much research has been performed
on the production of DNA adducts, there is minimal
information available on the production of PhIP-induced
DNA strand breaks in breast epithelial cells.

One proposed mechanism by which PhIP produces strand
breaks is through the production of reactive oxygen species
during its metabolism. An imbalance in the production/
detoxification of reactive oxygen species results in oxidative
stress, which is a known mediator of cancer. While the
oxidative mechanisms of cancer have yet to be fully
elucidated, DNA mutation as a result of oxidative damage and
alterations in cell signaling pathways that control gene
expression are postulated to cause cancer (21,23). We have
demonstrated in previous studies a significant dose-dependent
increase in lipid peroxide formation following PhIP treatment
via the induction of Phase I metabolizing enzymes cytochrome
P4501A1 and 1A2 (CYP1A1 and CYP1A2) (15). Therefore,
this generation of lipid peroxides correlates to the production
of reactive PhIP metabolites. This increase in free radicals
explains the production of PhIP-induced DNA strand breaks
observed at the 24 h time point in this study. Over the course
of time, PhIP-induced strand breaks return to baseline levels
presumably as a result of DNA repair.

N-OH PhIP is a metabolite of PhIP that can be further
metabolized into DNA binding mutagens by a number of
phase II enzyme systems (24-26). During its metabolism,
N-OH PhIP has been shown to produce free radicals and DNA
adducts (27). Unlike PhIP, the DNA strand breaks caused by
N-OH PhIP persisted throughout the length of the study and
had no significant effect on cell viability until 72 h. This
indicates that the cells remained viable with obvious damage,
which is believed to be a mechanism for cancer induction.

Cell viability in PhIP-treated cells was significantly
reduced at 24, 48 and 72 h, even after DNA strand breaks
returned to baseline levels. We demonstrated that PhIP
(100 μM) generated DNA adducts at the same time points and
under similar conditions employed in this study (15).
Therefore, the production of DNA adducts may be responsible
for the reduced cell viability after the level of DNA strand
breaks returned to baseline levels. We propose that the cells
were arrested in an attempt to repair the DNA adducts, which
would result in a fewer number of viable cells if the other
treatment groups continued to proliferate normally. This
proposition is substantiated by the research conducted by
Creton et al (28) in which PhIP-treated MCF-10A cells
displayed a substantial reduction in cell numbers not
associated with cytotoxicity. Under normal circumstances,
cells respond to genotoxicity through the propagation of
cellular defense mechanisms that attempt to mitigate
genomic injury (29). Failure to repair DNA adducts should
result in cell death. However, those cells that evade repair
and death have the potential to cause breast cancer (19,30).

DAS is a garlic organosulfur compound that reduces
chemically-induced genotoxicity and DNA damage (31,32).
Pretreatment with DAS was able to inhibit PhIP-induced
damage at 24 h. However, cell viability remained significantly
reduced up until 72 h. We propose that DAS inhibited cell
growth until the damage could be repaired, presumably by
72 h when cell viability was restored to baseline levels. DAS
also attenuated N-OH PhIP DNA damage and reduction of

cell viability at 72 h. The data are in agreement with research
reviewed by Shukla and Kalra (12), where DAS was shown
to enhance SOD activity and reduce cell proliferation of Hep-
G2 cells. The induction of SOD could explain the mechanism
by which DAS inhibits DNA strand breaks.

We presented herein novel evidence that DAS inhibits
PhIP and N-OH PhIP-induced DNA strand breaks and
attenuates cell viability in MCF-10A human breast epithelial
cells. DAS may be used as a chemopreventive agent based on
its ability to inhibit DNA damage induced by heterocyclic
amines. Further research is needed to fully elucidate the
mechanisms by which DAS exerts these anticarcinogenic
properties.
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