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Diallyl disulfide (DADS), a garlic organosulfur compound (OSC), has been researched as a cancer
prevention agent; however, the role of DADS in the suppression of cancer initiation in non-
neoplastic cells has not been elucidated. To evaluate DADS inhibition of early carcinogenic
events, MCF-10A cells were pretreated (PreTx) with DADS followed by the ubiquitous
carcinogen benzo(a)pyrene (BaP), or co-treated (CoTx) with DADS and BaP for up to 24 hours.
The cells were evaluated for changes in cell viability/proliferation, cell cycle, induction of
peroxide formation, and DNA damage. BaP induced a statistically significant increase in cell
proliferation at 6 hours, which was attenuated with DADS CoTx. PreTx with 6 and 60 μM of
DADS inhibited BaP-induced G2/M arrest by 68 and 78%, respectively. DADS, regardless of
concentration or method, inhibited BaP-induced extracellular aqueous peroxide formation within
24 hours. DADS attenuated BaP-induced DNA single strand breaks at all time points through both
DADS Pre- and CoTx, with significant inhibition for all treatments sustained after 6 hours. DADS
was effective in inhibiting BaP-induced cell proliferation, cell cycle transitions, ROS, and DNA
damage in a normal cell line, and thus may inhibit environmentally induced breast cancer
initiation.

INTRODUCTION
Diallyl disulfide (DADS), CH2=CH-CH2-S-S-CH2CH=CH2, is an Allium sativum (garlic)
organosulfide compound with potential as a natural chemopreventive agent. DADS is
derived from allicin, a compound that is formed when the integrity of the garlic membrane is
disrupted by cutting, chopping, or mashing [1]. The concentration of DADS in the average
garlic bulb ranges from 530 to 610 micrograms per gram of garlic [2], and DADS is found
primarily in steam distilled garlic oil preparations, but can also be detected in garlic powder
and aged garlic extract [3, 4]. DADS has been shown to have antifungal [5], antibacterial
[6], antiviral [7], antioxidant [8], antineoplastic [9, 10], and antimutagenic [11] properties.
DADS’ antibacterial properties are theorized to contribute to its effectiveness in protection
from Helicobacter pylori infections and gastric cancers [6]. It has been shown to inhibit
colon [12, 13, 14], lung [14], renal [12], breast [15], and skin carcinogenesis [14, 16]. DADS
inhibited 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP)-induced mammary
cancer in rats by significantly lowering both the ductal carcinoma incidence and multiplicity
of total tumors [17]. DADS has demonstrated anticarcinogenic properties in numerous
human cancer cell lines including HepG2 hepatoma [18], HL-60 leukemia [19], non-small
cell lung cancer [20], SH-SY5Y neuroblastoma [21], MCF-7 breast cancer [22], as well as
Caco-2 and HT-29 colon tumor cells [23, 24]. The role of DADS in preventing
carcinogenesis in normal cells has not been fully elucidated so further research is needed to
evaluate its capacity for inhibiting early stage cancer initiation in non-neoplastic cells.

Anti-neoplastic foods and compounds may prevent cancer initiation through the suppression
of procarcinogen metabolism; inhibition of cell viability through apoptosis in damaged cells;
induction of cell cycle arrest to enhance DNA repair mechanisms; pro-oxidant activity in
precancerous cells, while selectively displaying antioxidant properties in normal cells; and
the inhibition DNA adduct formation which can lead to DNA strand breaks, chromosomal
aberrations, and DNA mutations. To evaluate these potential mechanisms of
chemoprevention, analysis of normal cells during initial carcinogenic insults will help to
unravel the mechanisms of cancer induction and cancer prevention by potentially
chemopreventive compounds.

Benzo(a)pyrene (BaP) is a known ubiquitous environmental carcinogen that has been shown
to transform cells from a normal to cancerous phenotype, in vitro [25]. BaP is a polycyclic
aromatic hydrocarbon (PAH), a class of compounds produced during the incomplete
combustion of organic material [26]. BaP has been found in emissions from coal, oil,
incinerators and wood burning, asphalt applications, vehicle exhaust, tobacco smoke, and in
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foods cooked at high temperatures [27]. BaP is considered an occupational, food, and
general carcinogen, and is listed as a Group I or known human carcinogen by the
International Agency for Research on Cancer [28]. As a lipophilic compound, BaP can
accumulate in fatty tissue in the body, specifically in ductal cells of the breast making it a
potential candidate to induce breast carcinogenesis [29]. However, BaP requires metabolic
activation to display its full carcinogenic potential. Its metabolites and intermediates are
primarily responsible for the induction of DNA adducts and strand breaks, formation of
mutations, induction of chromosomal aberrations and promotion of tumorgenesis [25, 29,
30].

The focus of this study is to evaluate DADS as an inhibitor of early environmentally-
induced neoplastic transformation in a normal cell line. Cultures of a spontaneously
immortalized normal human breast epithelial cell line, MCF10-A, were treated with BaP to
induce early carcinogenic events in the initiation phase. To inhibit BaP-induced
carcinogenic initiation, the cells were also treated with varying doses of DADS as a
pretreatment (PreTx) or as a co-treatment (CoTx) with BaP. The cells were assessed for
changes in cell viability, cell cycle, extracellular reactive oxygen species (ROS) formation,
and DNA damage. The results indicate that DADS can suppress initial BaP-induced
carcinogenic initiation events.

MATERIALS AND METHODS
Cell Line, Chemicals and Reagents

MCF-10A cells, a normal human breast epithelial cell line, were obtained from American
Type Culture Collection (ATCC, Rockville, Maryland). Phenol red-free DMEM/F-12
media, horse serum, penicillin/streptomycin, antibiotic/antimycotic, epidermal growth
factor, human insulin (Novolin R), trypsin-EDTA (10X), Hanks Balanced Salt Solution
(HBSS), and Phosphate Buffered Saline (PBS) were all purchased from Invitrogen
(Carlsbad, CA). Cholera toxin was obtained from Enzo Life Sciences (Plymouth Meeting,
Pennsylvania). The CellTiter 96® AQueous One Solution Cell Proliferation Assay was
obtained from Promega (Madison, Wisconsin). Benzo(a)pyrene (BaP), diallyl disulfide
(DADS), PeroxiDetect™ Kit, and all other chemicals were purchased from Sigma-Aldrich
(St. Louis, Missouri).

Cell Culture
MCF-10A cells cultured in DMEM/F12 media supplemented with cholera toxin (100 ng/
ml), epidermal growth factor (20 ng/ml), horse serum (5%), human insulin (10 μg/ml),
hydrocortisone (0.5 μg/ml), and penicillin-streptomycin to were grown to 90–100%
confluence in a 37°C, 5% CO2 humidified incubator. The supplemented media was changed
every 2–3 days, and the cells were sub-cultured every 5–7 days.

Cell Treatments and Harvesting
MCF-10A cells were categorized into two groups, DADS PreTx and DADS CoTx. Cultures
in the PreTx group were treated with 6, 60, or 600 μM of DADS for four hours, followed by
1μM of BaP for 3, 6, 12, or 24 hours. The CoTx group was treated with mixtures of 1 μM
BaP and 6, 60, or 600 μM of DADS for 3, 6, 12, or 24 hours. Both the DADS and BaP were
dissolved in DMSO, and for all experiments a cells only, 0.1% DMSO (vehicle), and 1 μM
BaP (positive) controls were also utilized, unless otherwise stated. All treatments were
prepared and conducted under low light conditions and incubated at 37°C, in a 5% CO2
humidified incubator. Cells were harvested by trypsinization and the cells suspended in PBS
without Mg2+ or Ca2+ and frozen until further use.
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MTS Assay for Cell Viability
A total of 20,000 untreated MCF-10A cells were placed into 88 wells of a flat bottom 96-
well plate, covered with 100 μl of supplemented serum-free media, and allowed to adhere to
the bottom of the wells overnight. The media was then aspirated from each well, followed
by the application of 100 μl of supplemented serum-free media prepared with the treatments
described above. Each treatment was conducted for eight replicates. Following incubation,
the protocol of the CellTiter 96® Aqueous One Solution Reagent (MTS Assay) was
followed to determine cell viability [31] using a PowerWave X-340 96-well plate reader
(Bio-Tek Instruments, Inc, Winooski, Vermont). The cells only control was used to indicate
100% cell viability, in which all other treatments were compared.

Flow Cytometry
MCF-10A cells were treated as described above for 24 hours only and harvested at ~90%
confluence from T-75 cell culture flasks. For cell cycle analysis, cells were fixed with 100%
ethanol, and stained with propidium iodide in the presence of RNaseA. The cells were
subjected to flow cytometry using the Becton-Dickson FACSCalibur Flow Cytometer
(Becton Dickson (BD) Biosciences, Franklin Lakes, NJ), which evaluated 20,000 cells per
sample. The samples were analyzed using ModFit software (Verity Software House,
Topsham, ME) to separate and quantify the cells according to their current life cycle stage
(G1, G2/M or S phase).

Aqueous Peroxide Detection
One hundred microliters of the cell treatments described above were prepared in serum-free
media and applied to 10,000 MCF-10A cells in each well of a 96-well flat bottom plate, in
triplicate. The extracellular media was analyzed by the protocol of the PeroxiDetect Kit for
the determination of aqueous hydroperoxides [32] and analyzed spectrophotometrically at
560nm for nanomoles of hydrogen peroxide based on a standard curve (R2= 0.96).

Single Cell Gel Electrophoresis (Comet Assay)
Cells were treated and harvested as described above, with the addition of a 0.03% H2O2
positive control. The Comet assay was performed following the protocol of Aboyade-Cole
[33], in triplicate using Komet 5.5 software (Andor Technology, PLC Belfast Northern
Ireland), and Kinetic Imaging (Kinetic Imaging Ltd, Merseyside, United Kingdom).

Statistical Analysis
The data from all experiments were analyzed by one-way analysis of variance (ANOVA)
followed by the Bonferroni’s Multiple Comparison Test using GraphPad Prism 5.0 software.
The results are displayed as the average values +/− SEM to determine significant differences
(P<0.05) between the treatment groups and the DMSO vehicle (*) and BaP only (#)
controls, unless otherwise stated.

RESULTS
MTS Assay

To determine cell viability, the Cell Titer 96 AQueous One Solution Cell Proliferation Assay
(MTS Assay) was utilized. In the PreTx study, neither BaP nor DADS PreTx induced a
statistically significant increase in cell viability, suggesting that the treatments were not
toxic to the cells (Figure 1). Although not significantly different, DADS pretreatment and
the BaP alone control caused a slight induction of cell proliferation through 24 hours. In the
CoTx samples, BaP alone induced a statistically significant increase in cell proliferation,
when compared to the vehicle control, which was attenuated when given in combination
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with all three concentrations of DADS. This increase in cell proliferation was not
significantly sustained though there was an increase in the cell viability observed at 12 and
24 hours, which was most effectively attenuated by the higher (60 and 600 μM)
concentrations of DADS.

Cell Cycle Analysis
A cell cycle analysis was performed to determine the percentage of individual cells
progressing through a complete cycle as the result of a particular exposure. Treatment with
BaP induced cellular transition from G1 to the G2/M and S phases, and resulted in an
average of 19 and 22% respective increase in cell phase count relative to the PreTx DMSO
control. Similar results were seen in the CoTx group (Figure 2). Pretreatment with 6 μM and
60 μM of DADS inhibited BaP-induced G2/M arrest by 68 and 78%, respectively. The BaP-
induced S-phase shift was inhibited by 60 μM DADS pretreatment, reducing the cell
number in this phase by 105%. At 600 μM, DADS PreTx did not alter G2/M induction, but
rather significantly shifted cells from the S phase, inducing G1 arrest. In the CoTx study,
BaP alone, and 6, 60 and 600 μM DADS and BaP CoTx induced 87, 135, 184, and 175%
respective increases in cells in the G2/M phase, as compared to the DMSO vehicle control.
At 600 μM DADS was also effective in significantly reducing cells in S-phase by 64 and
66%, relative to the DMSO and BaP only controls, respectively, and shifted cells into G1
and G2/M phases.

In comparing the ratio of cells in G2/M phase versus G1 phase, the results from the different
types of treatments are vastly different. In both groups, BaP caused a noticeable increase in
the ratio of cells in G2/M versus G1. DADS (60 μM) pretreatment effectively attenuated
this increase; however, CoTx at 6 and 60 μM caused a statistically significant increase in the
average ratio, all relative to the DMSO only control (Figure 3). DADS CoTx was ineffective
in preventing BaP-induced G2/M phase transitions, and may have enhanced the BaP effect.

Reactive Oxygen Species Detection
The levels of aqueous peroxides resulting from PreTx and CoTx with DADS and BaP are
compared in Figure 4. BaP was shown to significantly increase AQP at all time points
evaluated. PreTx with 6 and 60 μM of DADS attenuated BaP-induced AQP at all time
points, but were most effective at 24 hours, with 105 and 99% inhibition, respectively. The
600 μM PreTx was effective in reducing BaP-induced AQP at 12 and 24 hours, with 40 and
89% respective attenuation of ROS formation. CoTx studies illustrated the effectiveness of
DADS at all time points and concentrations in the sustainable inhibition of BaP-induced
AQP to levels not significantly different than the DMSO and cells only controls by 6 hours.
The cells only control was not shown for graphical purposes; however, the values for the
DMSO vehicle control and cells only control did not vary significantly (P>0.05) at any of
the time points evaluated..

DNA Damage
In this study, BaP was shown to induce significant DNA strand breaks at 3, 6, 12, and 24
hours by 5.4, 2.5, 4.0, and 4.0 times that of the DMSO only control, respectively (Figure 5).
DADS attenuated BaP-induced DNA damage at all time points through both Pre- and CoTx,
with significant inhibition for all treatments sustained after 6 hours. DADS CoTx at 60 and
600 μM further produced a sustained protective effect on the cells by reducing DNA
damage to levels below that of the DMSO vehicle control. The cells only control was not
shown for graphical purposes, however, the values for the DMSO vehicle control and cells
only control did not vary significantly.
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DISCUSSION
Garlic organosulfide compounds (OSCs), including DADS, have been previously shown to
inhibit benzo(a)pyrene induced carcinogenesis [34–36]. As a potential chemopreventive
compound, DADS needs to be evaluated for its potential to prevent environmentally-
induced carcinogenesis. In this study, DADS cotreatment attenuated BaP-induced cell
proliferation at all concentrations evaluated, and 60 and 600 μM of DADS returned cell
counts to that of the controls at six hours. BaP-induced cell cycle transitions at 24 hours
were most effectively attenuated by 60 μM DADS pretreatment, whereas DADS concurrent
treatment induced G1 and G2/M cell cycle transitions. DADS CoTx was more effective than
DADS PreTx in attenuating BaP-induced peroxide formation, however, by 24 hours, all
concentrations of DADS, regardless of application method, significantly inhibited BaP-
induced peroxidation. Additionally, all concentrations of DADS evaluated suppressed BaP-
induced genotoxicity, observed as DNA strand breaks at 12 and 24 hours, and at 24 hours
DADS may have played a protective role on the MCF-10A cells, as detected DNA damage
was less than that of the controls.

One suggested mechanism of suppression of BaP-induced carcinogenesis is the inhibition of
metabolic enzymes responsible for the biotransformation of the parent compound to its
ultimate carcinogenic metabolite benzo(a)pyrene-7,8-diol-9,10-epoxide (BPDE) [34]. BaP
metabolism requires the enzymatic activation of several phase I and phase II enzymes
including cyp1A1, cyp1A2, cyp1B1, and epoxide hydrolase [37]. DADS was shown to
inhibit this metabolism in HepG2 hepatoma cells, in which 100–1000 μM DADS attenuated
BaP-induced CYP1A2 protein expression, reducing 7,8-diol, 9,10-diol, and 4,5-diol
metabolites [18]. BaP, its metabolites and intermediates have been shown to induce
oxidative stress and DNA adducts [38–41], thus inhibition of BaP metabolism is important
in suppressing its carcinogenic potential.

Human mammary epithelial cells (HMECs) metabolize BaP in vitro, preferentially
biotransforming the parent compound to BPDE [42]. Indirect BaP-induced DNA insults and
carcinogenesis in HMECs may be mediated by the ROS and free radicals produced as BaP
intermediates [43]. To inhibit BaP-induced early carcinogenesis, MCF-10A cells were
treated with BaP and DADS, a potential garlic chemopreventive compound for 24 hours and
evaluated for changes in cell viability, cell cycle arrest, the production of ROS, and DNA
damage expressed as DNA strand breaks. According to Belloir and colleagues, pretreatment
with chemopreventive agents promotes modulation of drug metabolism enzymes, whereas
co-treatment reveals the ability of the compounds to scavenge direct-acting compounds [36],
thus we evaluated DADS as a chemopreventive compound through both pretreatment and
concomitant treatment with the environmental carcinogen.

Changes in cell viability can demonstrate a compound’s toxicity or proliferative capacity.
Studies vary as to the extent of proliferation observed with BaP in various normal and
neoplastic breast cell lines. In normal HMECs, and several neoplastic breast cell lines
(MCF-7, HCC 1806, T47-D, and MDA MB 231), BaP did not significantly alter cell
viability [44–47]. However Siriwardhana and Wang demonstrated that MCF-10A cells
treated for 10–20 rounds of BaP for resulted in an increase in cell proliferation [48].
Tannheimer and colleagues concluded that BaP induced growth factor signaling pathways
and cell proliferation in MCF-10A cells, in the absence of additional growth factors [49].

In this study, 1 μM, BaP induced an increase in cell proliferation, which was found to be
statistically significant at six hours, relative to the DMSO control in the CoTx study. The
potential for BaP to induce growth factor signaling may explain the increase in cell
population in BaP treated cells [49]. To inhibit cell proliferation, cells were pre- or
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concurrently treated with DADS. At six hours, 60 and 600 μM DADS CoTx were the most
effective attenuators of BaP-induced cell proliferation. The 6 μM DADS concentration in
both the PreTx and CoTx groups maintained a slight increase in cell viability compared to
the DMSO control, and the average cell count surpassed that of BaP only in the 24 hour
PreTx group. DADS has been shown to induce a protective mechanism inhibiting aflatoxin
B1 and hydrogen peroxide induced cellular toxicity [50, 51], and may exhibit a similar
mechanism in BaP-induced carcinogenesis.

Cell cycle arrest is a protective response to cellular stress, which occurs through signal
transduction pathway or checkpoints [52]. The checkpoints activated in the G1/S phase
inhibit the replication of damaged DNA and in the G2/M phase to inhibit the segregation of
damaged chromosomes during mitosis [4]. Compounds that induce cell cycle arrest of
damaged or cancer cells may inhibit cell proliferation, induce apoptosis, and prevent disease
progression.

BaP has been previously shown to alter cell cycle progression in human breast cells [47, 53],
though gaps still exist in our understanding of the role of BaP-induced cell cycle changes in
normal breast cells. Here, we found that BaP induced a cell cycle transition of MCF-10A
cells from the G1 to the S and G2/M phases. Induction of S phase accumulation was shown
to result from DNA adducts stalling the replication forks at the sites of DNA damage [54],
and resulting in an increase in S-phase accumulation [47]. The inhibition of the S-phase
accumulation in MCF-10A cells was most prevalent in DADS pretreatment at 6 and 60 μM.
At 600 μM, DADS-induced G2/M and G1 phase transitions, which was most apparent in the
PreTx study. The cells were therefore, highly arrested, primarily in G1-phase, potentially
allowing for DNA repair. DADS CoTx was not effective in the inhibition of BaP-induced
phase shifts, and caused an increase in G2/M cells, relative to both the vehicle control and
BaP only. Comparison of the G1 and G2/M arrest ratios, it is apparent that 60 μM DADS
PreTx is the most effective inhibitor of BaP-induced cell cycle changes, where as BaP and
DADS CoTx are more likely to increase cells in G2/M. It is likely that at 6 and 60 μM
DADS, PreTx induced a protective effect on the cells that inhibited changes in the cell cycle,
though stalling cells in G2/M as seen in the CoTx may have induced DNA repair mechanism
to prevent the transfer of damaged chromosomes during mitosis [4]. Further research on
DNA repair enzymes is needed to elucidate this potential mechanism.

DADS has been shown to be an effective inducer of G2/M cell cycle arrest at G2/M and
growth inhibition in several cancer cell lines including SW480 colon cancer cells [55],
human gastric cancer MGC803 cells [56], and PC3 prostate cancer cells [57, 58]. DADS
induced G2/M phase accumulation in HCT-15 human colon tumor cells by inhibiting Cdk1
kinase activity and increased cyclin B1 protein expression [9, 59]; and in COLO 205 colon
cancer cells by also increasing cyclin B1, without altering CDK1 protein expression [60]. In
the human liver J5 tumor cell line, DADS arrested cells in G2/M, as a likely result of
increased cyclin B1 and suppressed Cdk7 kinase expression [61]. In MGC803 cells, DADS
induced G2/M arrest was attributed to activation of the p38 MAP kinase pathway and
decreased Cdc25C protein expression [56]. Our research demonstrates that DADS has the
potential of inhibiting BaP-induced S phase accumulation. Future studies will evaluate cell
cycle genes and protein expression.

Active oxygens that lead to lipid peroxidation can impact carcinogenesis by causing
chromosomal damage and rearrangements and by modulating epigenetic mechanisms that
can alter cell growth and differentiation [43]. This is beneficial in damaged and cancer cells,
in which excessive ROS mediates apoptosis. DADS is reduced by GSH to thiols which can
generate ROS in the presence of transition metal ions under favorable biological conditions
[4, 62]. DADS was shown to increase intracellular hydrogen peroxide and other ROS in
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human leukemia HL-60 cells and SH-SY5Y neuroblastoma cells resulting in apoptosis [21,
63]. DADS has also been shown to induce apoptosis in colon cancer cells through promotion
of caspase-3, -8, and -9 [60]. Nagaraj and collegues determined that DADS is toxic to cancer
cells by mediating ROS-induced caspase-dependent apoptosis through Bax-triggered
mitochondria-mediated signaling pathways [64]. Tumor cells possess poor antioxidant
defense systems relative to normal cells that can lead to ROS induced apoptosis [21]; thus
non-neoplastic cells need to be evaluated for ROS induced DNA damage that can lead
cancer initiation and cellular transformation

BaP has been previously shown to induce the formation of ROS, potentially as a result of its
metabolism to quinone intermediates that act as free radicals [40]. The quantification of free
radicals can be estimated by the level of peroxides in a sample. Aqueous peroxides represent
the extracellular ROS with the potential to induce the cellular injury that can lead to lipid
peroxidation, DNA damage, and potentially cancer. In this study, BaP significantly induced
extracellular peroxides from 3 to 24 hours. All concentrations of DADS were effective in
attenuating BaP-induced aqueous peroxides by 24 hours, regardless of method, however,
only the CoTx was effective at all concentrations by 3 hours. In contrast, ROS was induced
by DADS at 3 hours with PreTx, but lead to the attenuation of BaP-induced ROS at 24
hours. The DADS used in this study did not induce apoptosis, as seen in cancer cells, nor
were the elevated peroxide levels maintained in the cells. Sallmyr et al. [65] suggests that
endogenous chemicals that increase ROS initiate a cycle of genomic instability leading to
DNA strand breaks and altered repair, resulting in genomic changes that can induce
carcinogenesis. Thus the increases in BaP-induced ROS in this study were further evaluated
for potential induced DNA damage.

An increase in oxidative-induced base lesions and DNA adducts have been found in breast
cancer tumors as compared to normal tissues [66, 67]. High levels of DNA adducts can lead
to double strand breaks in DNA and with an increase in S-phase accumulation that can
promote the initiation of carcinogenesis [47]. DNA strand breaks, as demonstrated by the
Comet assay, are markers for induced DNA damage and genotoxicity [36]. In the Comet
Assay, under alkaline conditions, alkali labile sites and single-strand DNA damage form a
comet-like structure when electrophoresed. The olive tail moment (OTM) integrates the
quantity of DNA damage with the size of the strands and is defined as the product of the tail
length and the fraction of total DNA in the tail relative to that in the head. The comet assay
is a useful assay to demonstrate DNA damage as a biomarker for carcinogenesis and its
inhibition through chemoprevention [68].

BaP was shown to induce a statistically significant level of DNA strand breaks in MCF-10A
cells at 3, 6, 12, and 24 hours. DADS was effective at all concentrations for both treatment
methods in the attenuation of BaP-induced DNA strand breaks by 6 hours. CoTx with 60
and 600 μM DADS at 3 and 6 hours, and all three concentrations at 12 and 24 hours further
prevented normally occurring strand breakage as seen in the cells only control. Therefore,
we have demonstrated that DADS inhibits BaP-induced DNA strand breaks, inhibiting the
promotion of carcinogenesis. These results are mirrored in the literature in which DADS
inhibited aflatoxin B1-induced DNA damage in primary rat hepatocytes [50]. DADS was
also shown to be more effective than other garlic OSC (diallyl sulfide, allicin, S-allyl
cysteine, and allyl mercaptan) at inhibiting BaP, hydrogen peroxide, N-nitrosopiperidine, N-
nitrosodibutlamine and N-nitrosamine-induced DNA strand breaks and hydrogen peroxide
induced genotoxicity, in human HepG2 hepatoma cells [36, 69, 70].
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CONCLUSION
BaP was shown to induce significant DNA damage in MCF-10A cells, without inducing
concurrent cellular toxicity, thereby demonstrating its carcinogenic potential in a normal cell
line. In comparing DADS PreTx and CoTx inhibition of BaP-induced early carcinogenesis
potential in MCF-10A cells, CoTx overall, was more effective in attenuating BaP-induced
changes in the cells. CoTx inhibited BaP-induced cell proliferation at six hours, inhibited
peroxide formation, and inhibited DNA strand breaks, at all evaluated concentrations and
time points. CoTx also induced G2/M and G1 cell cycle arrest, potentially protecting the
cells from potentiating BaP-induced damage. PreTx was also shown to be effective in
reducing BaP-induced cellular damage and alterations by inhibiting BaP-induced G2/M
transition, and maintaining the cell cycle pattern of the controls, inhibiting aqueous
peroxides at all time points at 6 and 60 μM DADS, and by 12 and 24 hours at 600 μM, and
by inhibiting DNA strand breaks by six hours for all concentrations.

For both the PreTx and CoTx methods, 60 μM DADS appears to have the most protective
effective against BaP-induced carcinogenesis for this study. This is significant in that 60 μM
is a potential physiological dose of DADS that assuming a one-compartment physiological
model can be obtained through dietary consumption, as estimated in 12–14 garlic cloves or
6–7 tablespoons of minced garlic. However, actual pharmacokinetic studies are needed
using human and animal models to determine the actual daily consumption to attenuate
breast cancer. This research is novel in its evaluation of DADS in the inhibition of BaP-
induced carcinogenesis in a normal cell model, and other cell types should be evaluated to
determine its DADS effectiveness in preventing the induction of other cancers.

We have demonstrated, for the first time that DADS can inhibit carcinogenesis initiation in a
normal breast epithelial cell line. This research shows that a physiological dietary
concentration of DADS, as found in garlic cloves and minced garlic, can potentially inhibit
benzo(a)pyrene induced early breast carcinogenesis. This research further demonstrates the
effectiveness of garlic as a potential breast cancer attenuator.
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Figure 1.
Relative cell proliferation of cells treated with BaP and DADS. MCF-10A cells were
pretreated with DADS for four hours followed by the addition of 1 μM BaP (A) or treated
concomitantly with 1 μM BaP and DADS (B). To determine cell viability, the MTS solution
was applied to the cells for 2–3 hours and analyzed at an absorbance of 490nm. The
absorbance of each treatment group was normalized relative to the cells only control for
100% cell viability. The graphs represent the average relative cell proliferation in
quadruplicate for N=3, +/− the SEM (* and # indicate a P<0.05 significant difference from
the DMSO control and the 1 μM BaP only control, respectively).
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Figure 2.
Results of cell cycle analysis of MCF-10A cells treated with BaP and DADS. MCF-10A
cells were either PreTx with DADS for four hours, followed by treatment with 1 μM BaP
for 24 hours (A) or CoTx with DADS and BaP for 24 hours (B). The cells were fixed in
ethanol, stained with propidium iodide, and analyzed by flow cytometry. The values
represent the average percent of cells in each phase, G1, G2/M, and S +/− SEM.
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Figure 3.
The ratio of cells in G2/M and G1 phases at 24 hours. The bars indicate the average
percentage of cells in G2/M divided by the average percentage of cells in G1 for DADS
PreTx (A) and DADS CoTx (B), +/− SEM (* indicates a P<0.05 significant difference from
the DMSO control, and # indicates a P<0.05 significant difference from the 1 μM BaP only
control).
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Figure 4.
Inhibition of BaP-induced aqueous peroxide formation by DADS. MCF-10A cells were
exposed to a pretreatment of DADS followed by 1 μM BaP (A), or with a concomitant
combination of 1 μM BaP and DADS (B). The results deem the average aqueous peroxides,
+/−SEM, as detected by the PeroxiDetect Kit in triplicate for N=3. (* indicates a P<0.01
significant difference from the DMSO control).
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Figure 5.
DNA strand breaks resulting from BaP and DADS treatment of MCF-10A cells. DADS
Inhibits BaP-induced DNA damage as demonstrated by Comet assay. MCF-10A cells were
treated MCF-10A cells were exposed to a PreTx of DADS followed by 1 μM BaP (A), or
with a CoTx of 1 μM BaP and DADS (B). The results demonstrate the mean olive tail
moment (OTM), as an indicator of DNA damage, +/− SEM for 150 cells for N=3. (*
indicates a P<0.05 significant difference from the DMSO control).
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