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Abstract
Diallyl trisulfide (DATS) is a garlic organosulfide that is toxic to cancer cells, however, little is
known about its effect in the initiation phase of carcinogenesis. We sought to determine whether
DATS could inhibit the carcinogen, benzo(a)pyrene (BaP), from inducing precancerous activity,
in vitro. MCF-10A cells were either pre-treated (PreTx) or concurrently treated (CoTx) with 1 μM
BaP, and 6 or 60 μM DATS for up to 24 hours. The DATS 6 and 60 μM CoTx inhibited BaP-
induced cell proliferation by an average of 71.1 and 120.8%, respectively, at 6 hours. The 60 μM
DATS pretreatment decreased BaP-induced G2/M cell cycle transition by 127 %, and reduced the
increase in cells in the S-phase by 42%; whereas 60 μM DATS CoTx induced a 177% increase in
cells in G1. DATS effectively inhibited (P<0.001) BaP-induced peroxide formation by at least
54%, which may have prevented the formation of BaP-induced DNA strand breaks. In this study,
we reveal mechanisms involved in DATS inhibition of BaP-induced carcinogenesis, including
inhibition of cell proliferation, regulation of cell cycle, attenuation of ROS formation, and
inhibition of DNA damage. At the doses evaluated, DATS appears to be an effective attenuator of
BaP-induced breast carcinogenesis, in vitro.
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1. Introduction
Garlic's health benefits were recorded by the early Kemetic and Nubian people and have
also been incorporated into the medicinal practices of the early Egyptian, Greek, Indian, and
Chinese cultures as a panacea plant (Block, 1985; Ali et al., 2000; Rivlin, 2001). Several
epidemiological studies have indicated that diets with high garlic consumption decrease the
risk of developing some cancers, particularly gastrointestinal, colon, prostate, and breast
cancer (Mei et al., 1982; Steinmetz et al., 1994; Hsing et al., 2002; Challier et al., 1998).
Modern research has indicated that many of garlic's medicinal properties, including its
hypocholesterolemic, hypolipidemic, antioxidant, and antineoplastic activity can be
primarily attributed to its organosulfur compounds, including diallyl sulfide, diallyl
disulfide, diallyl trisulfide (DATS) (Augusti and Mathew, 1974; Sparnins et al., 1988;
Corzo-Martinez et al., 2007).

DATS, also known as allitridium, is a garlic organosulfide compound (OSC) produced
during the disruption of the garlic bulb, which releases alliinase converting alliin to allicin.
Allicin is then converted to several polysulfides, 14.6% of which is DATS (Iciek et al.,
2009; Brodnitz et al., 1971). DATS can represents up to 35-60% of garlic oil, depending on
extraction method, and is thus a prominent organosulfide found in garlic (Tsao and Yin,
2001; Wu et al., 2002; Li et al., 2011).

A combination of approaches has demonstrated the efficacy of DATS in a variety of cancer
types. An epidemiological study showed that when combined with selenium, DATS
inhibited gastric cancer in males (Li et al., 2004). In vivo models have shown that DATS
inhibits benzo(a)pyrene (BaP)-induced forestomach cancer in A/J mice when administered
48 to 96 hours prior to BaP exposure, and inhibited growth of PC-3, HepG2, and CT26
cancer tumor xenografts in nude mice (Sparnins et al., 1988; Xiao et al., 2006; Zhang et al.,
2007; Wu et al., 2011). In vitro studies have shown that DATS inhibits carcinogenesis by
inducing cell cycle arrest, reducing cell viability by inducing apoptosis through the
generation of reactive oxygen species (ROS) in cancer cells (Antosiewicz et al., 2006;
Herman-Antosiewicz et al., 2007, Herman-Antosiewicz and Singh 2005; Xiao et al., 2004 &
2005; Hosono et al., 2005). In normal cells, DATS has not been shown to elicit the same
toxicity as seen in cancer cells (Kim et al., 2007; Powolny and Singh, 2008). In addition, the
role of DATS in inhibiting carcinogenesis initiation in normal cells has not been explored. In
this study, we evaluated two potentially physiological doses of DATS to determine their
efficacy in the inhibition of early carcinogenic activity in a normal cell line. This study
provides the first evidence that DATS can inhibit early carcinogenic activity in a normal
human breast epithelial cell line treated with a known environmental and dietary carcinogen.

2. Materials and Methods
2.1. Cell Line, Chemicals and Reagents

MCF-10A normal breast epithelial cells were purchased 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 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). Diallyl trisulfide (DATS) was purchased from LKT Laboratories (St. Paul,
Minnesota). Benzo(a)pyrene (BaP), PeroxiDetect™ Kit, and all other chemicals were
purchased from Sigma-Aldrich (St. Louis, Missouri).
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2.2. Cell Culture
MCF-10A cells were 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. The cells were grown to 90-100%
confluence by changing the media every 2-3 days, and sub culturing every 5-7 days, with
maintenance in a 37°C, 5% CO2 humidified incubator. After DATS treatments, cells were
examined during the first 24 hours for changes in cell viability, cell cycle, production of
ROS, and DNA damage as biomarkers of early carcinogenic activity.

2.3. Cell Treatments and Harvesting
MCF-10A cells were categorized into two groups, DATS pretreatment (PreTx) and DATS
concurrent treatment (CoTx). The PreTx group was treated with 6 or 60 μM of DATS for
four hours, followed by 1μM of BaP. The CoTx group was treated with 1 μM BaP in
combination with 6 or 60 μM of DATS. Cells were harvested at 3, 6, 12, or 24 hours. Both
the DATS and BaP were dissolved in DMSO and for all experiments cells only (media),
0.1% DMSO vehicle, and 1 μM BaP only controls were also utilized. 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.

2.4. MTS Assay for Cell Viability
Resuspended MCF-10A cells (2× 105/well) in supplemented serum-free media were plated
into 88 wells (100 μl/well) of a flat bottom 96-well plate and allowed to attach to the bottom
of the wells overnight. The media was then aspirated from each well by pipetting, followed
by the application of 100 μl of supplemented serum-free media prepared with the treatments
described above for n=8. Following incubation for 3, 6, 12 or 24 hours, cell viability was
assessed according to the manufacturer's protocol of the CellTiter 96® Aqueous One
Solution MTS Assay. Absorbance was measured using a PowerWave X-340 96-well Plate
Reader (Bio-Tek Instruments, Inc., Winooski, Vermont). The results were normalized to the
cell only media control which represented 100% cell viability.

2.5. Flow Cytometry
The cell cycle phase distribution of DNA from MCF-10A cells treated for 24 hours, as
described above, was assayed by flow cytometry. Cells were treated when cultures were
sub-confluent (40-50%), and upon trypsin harvesting (as described above), the cells were
approximately 90% confluent in T-75 cell culture flasks. For cell cycle analysis, cells were
fixed with 5 ml of 100% ethanol (pre-cooled to -20°C) added drop-wise while vortexing and
incubated at 4°C for at least 24 hours. The cells were then centrifuged at 2500 rpm for 5
minutes, and resuspended in residual ethanol, followed by 1 hour room temperature
incubation with 1 ml of propidium iodide staining solution (0.5 mg/ml ribonuclease A, 1
mg/ml D-glucose and 100 μg/ml propidium iodide in PBS) in the dark. The proportion of
cells in each cell cycle phase was determined by propidium iodide florescence using the
FACSCalibur Flow Cytometer (Becton Dickson (BD) Biosciences, Franklin Lakes, NJ),
evaluating 20,000 events per sample. Cell cycle distributions were calculated using ModFit
LT 3.0 software (Verity Software House, Topsham, ME).

2.6. Aqueous Peroxide Detection
Resuspended MCF-10A cells (1× 105/well) in supplemented serum-free media were plated
in each well of a 96-well flat bottom plate. Cell treatments were prepared in serum-free-
media, with the addition of a 0.03% H2O2 positive control, and applied to the cells in
triplicate wells for the times indicated. The media was then aspirated from each well by
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pipetting, followed by the application of 100 μl of supplemented serum-free media prepared
with the treatments described above (Section 2.3). The extracellular media was analyzed
according to the manufacturer's protocol for the PeroxiDetect Kit for the determination of
aqueous peroxides (Sigma, 2005) and absorbance was determined spectrophotometrically at
560nm for nanomoles of hydrogen peroxide based on a standard curve (R2= 0.96) using a
PowerWave X-340 96-well plate reader (Bio-Tek Instruments, Inc., Winooski, Vermont).

2.7. Single Cell Gel Electrophoresis (Comet Assay)
Cells were treated and harvested as described. The Comet assay was performed following
the protocol of Aboyade-Cole et al. 2008, using Komet 5.5 software (Andor Technology,
PLC Belfast, Northern Ireland), and Kinetic Imaging (Kinetic Imaging Ltd, Merseyside,
United Kingdom).

2.8. Statistical Analysis
Unless otherwise stated, each assay was conducted for N=3. 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 were 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.

3. Results
3.1. Cell Viability

The MTS assay was used to evaluate changes in cell viability and proliferation after
treatment with BaP and DATS. BaP was shown to significantly (P<0.05) increase MCF-10A
cell proliferation at 6 hours, and sustained a slight increase in cell viability at 12 and 24
hours, relative to the DMSO control. The 6 μM CoTx concentration of DATS inhibited
BaP-induced increases in cell proliferation at 6, 12, and 24 hours by an average of 71, 115,
and 228%, respectively, relative to DMSO, but was not toxic to the cells, and thus returned
the cell viability to that of the cells only control. The 60 μM DATS CoTx inhibited BaP
induced cell proliferation at 6, 12, and 24 hours by an average of 121, 175, and 180%,
respectively (Figure 1).

3.2. Cell Cycle Analysis
BaP has been shown to induce G2/M and S phase arrest in breast cancer cells (Sadikovic
and Rodenhiser, 2006). MCF-10A cells were evaluated by flow cytometry for changes in
cell cycle after treatment for 24 hours. BaP transitioned cells to the G2/M and S-phases, by
119 and 22%, respectively, relative to the DMSO control. DATS PreTx (6 and 60 μM)
inhibited the BaP-induced G2/M phase shift by 127 and 123%, respectively (Figure 2). To
numerically compare the concentration of cells arrested in the gap phases, the percentage of
cells in G2/M was divided by the percentage of cells in G1 to produce a G2-M/G1 ratio. BaP
produced a 1.8 and 2.0-fold increase in cells in the G2-M/G1 ratio, relative to the respective
Pre- and CoTx DMSO controls. The 6 μM DATS concentration reduced the BaP-induced
G2-M/G1 ratio by an average of 115 and 118%, respectively, as a Pre- and CoTx; whereas
the 60 μM DATS concentration reduced the ratio by 120 and 40%, respectively (Figure 3).

3.3. Hydrogen Peroxide Detection
We studied the effect of DATS on BaP-induced production of hydrogen peroxide (H2O2) in
the media of treated MCF-10A cells. BaP induced a significant (P<0.001) and sustained
increase in aqueous peroxide over 24 hours, though the levels of formation decreased over
time, indicating endogenous repair. DATS PreTx and CoTx at 6 and 60 μM significantly

Nkrumah-Elie et al. Page 4

Food Chem Toxicol. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(P<0.001) attenuated BaP-induced H2O2 at all time points (Figure 4). Pretreatment with
DATS appeared to be more effective than DATS cotreatment for inhibiting BaP-induced
ROS at 12 and 24 hours; however both treatments were significantly lower than the BaP
alone and H2O2 controls. In the 12 and 24 hour CoTx groups, all DATS treatments resulted
in a slight, but statistically insignificant increase in peroxide formation relative to the DMSO
control.

3.4. DNA Damage
The Alkaline Comet Assay quantifies single strand DNA breaks and alkali labile sites. DNA
strand breaks produce a comet-like tail when cells are electrophoresed, which can be
quantified to determine the extent of DNA damage. The olive tail moment is a (OTM)
parameter that compares the amount of DNA in the nucleus, or head of the comet, to the
amount in the tail; the larger the OTM, the greater the extent of damage. Under alkaline
conditions, the OTM specifically reveals single strand DNA damage and alkaline liable
sites. BaP induced significant DNA damage in the MCF-10A cells. At all concentrations,
DATS pre- and concurrent treatment significantly (P<0.05 at 3 hours, and P<0.001 at 6-24
hours) attenuated BaP-induced damage at the time pointes studied. DATS CoTx at 6 hours
demonstrated the least effective attenuation of BaP-induced DNA strand breaks, though it
reduced strand breaks by 72.8%. Concurrent treatment DATS also protected the DNA of the
cells, reducing DNA damage to levels below that of the DMSO and cells only controls at 12
and 24 hours (Figure 5).

4. Discussion
BaP is a polycyclic aromatic hydrocarbon produced during the incomplete combustion of
organic material (Edwards, 1983). BaP has been shown to induce the carcinogenic
transformation of normal cells, in vitro (Siriwardhana and Wang, 2008). As a procarcinogen,
BaP's metabolites and intermediates elicit the cellular damage primarily responsible for its
carcinogenic potential, including formation of DNA adducts and strand breaks, oxidative
damage from ROS, mutations, chromosomal aberrations, and tumorigenesis (Morris and
Seifter, 1992; Caruso et al., 2001; Hanelt et al., 1997). Siriwardhana and Wang (2008)
concluded that in MCF-10A cells, a single exposure to BaP resulted in cellular acquisition of
cancerous properties and spontaneous mutations.

Garlic OSCs have demonstrated chemopreventive potential that has not been fully
elucidated. The proposed mechanisms for their inhibition of mutagenesis include the
suppression of procarcinogen biotransformation, to prevent DNA adduct formation;
enhancement of phase II detoxifying enzymes; scavenging of free-radicals; induction of
apoptosis in cancerous cells; cell cycle arrest; inhibition of tumor proliferation; and post-
translational modification of proteins by formation of mixed disulfides, hydropersulfides,
and trisulfides (Shukla and Kalra 2007; Iciek et al., 2009).

DATS has been shown to inhibit DNA adduct formation (Yu et al., 2003), increase phase II
biotransformation enzymatic expression (Fukao et al., 2004; Iciek et al., 2009; Chen et al.,
2004), induce apoptosis in cancer cells (Xiao and Singh, 2006; Song and Lee, 2003; Wang
et al., 2010a; Hosono et al., 2005; Wu et al., 2004), and induce cell cycle arrest in damaged
cells (Wang et al., 2010a; Xiao et al., 2005; Hosono et al., 2005; Wang et al., 2010b; Xiao
and Singh, 2003; Seki et al., 2008). In this study, DATS CoTx inhibited the BaP-induced
increase in cellular proliferation. DATS at 6 μM inhibited BaP-induced G2/M and S-phase
transitions. DATS Preand CoTx attenuated BaP-induced peroxide formation and DNA
strand breaks at all time points evaluated. DATS was shown to be an effective attenuator of
early carcinogenic activity and genotoxicity.
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Studies vary as to BaP's impact on cell proliferation in normal and cancerous breast cell
lines. In normal primary breast tissue and several neoplastic breast cell lines (MCF-7, HCC
1806, T47-D, and MDA MB 231), BaP was not shown to significantly alter cell viability
following a single exposure after 24 hours (Keshava et al., 2005a&b; Sigounas et al., 2010;
Tampio et al., 2009; Sadikovic and Rodenhiser, 2006). Our results were similar, as BaP did
not significantly increase cell proliferation at 24 hours, but increases were significant at 6
hours, a time point that was not evaluated in other studies. Siriwardhana and Wang (2008),
demonstrated that MCF-10A cells treated for 10-20 rounds of 0.1 μM BaP for 48 hours
under growth-factor starvation resulted in cell proliferation (Siriwardhana and Wang, 2008).
Tannheimer et al. (1997 and 1998) concluded that in the absence of growth factors, BaP
treated MCF-10A cells induced growth factor signaling pathways, and prolonged exposure
resulted in BaP-induced cell proliferation. BaP and it metabolites activate epidermal growth
factor receptor (EGFR) genes that can promote cell proliferation and tumorgenesis in normal
and neoplastic breast tissue (Burdick et al., 2003; Burchiel et al., 2007; Pliskova et al.,
2005). In this study, the mechanisms underlining the temporary spike in BaP-induced cell
proliferation have not been elucidated and require further evaluation. However, we
hypothesize that BaP stimulates the EGFR pathway following the short term (~5 minute)
serum starvation resulting from growth media removal and replacement with treatment
media during the cell treatment process. As a result, normal cell growth patterns usually
interrupted by this short term environmental change may be by-passed in the BaP treatment
group through stimulation of the EGFR pathway. Benzo(a)pyrene quinones (BPQ) are BaP
intermediates and metabolites formed during the biotransformation of BaP. According to
Burdick et al. (2003), BPQ induce a biphasic response in normal breast cells, causing cell
proliferation at lower concentrations and growth inhibition at higher concentrations. We
predict that the low levels of BPQs formed after short term exposure to BaP increase cell
proliferation through activity of the EGFR pathway, however, as their concentration
increases, their stimulation of growth is attenuated, suppressing extensive cell proliferation
(Burdick et al., 2003).

The antiproliferative effect on cancer cells by OSCs such as DATS is likely associated with
the stimulation of apoptosis (Shukla and Kalra, 2007; Nishino et al., 1989). DATS has been
shown to induce apoptosis in human lung fibroblast, lung cancer, and gastric cancer cells
(Sakamoto et al., 1997; Li and Lu 2002). DATS also suppressed insulin-like growth factor
receptor 1 protein level and phosphorylation, while impacting the BAD proapoptotic protein
in prostate cancer cells to suppress tumorgenesis (Xiao and Singh, 2006). Normal cells have
been shown to be more resistant to OSC-induced apoptosis than neoplastic cells (Karmakar
et al., 2007; Kim et al., 2007; Sakamoto et al., 1997; Xiao and Singh, 2003), though high
doses of DATS have been shown to be toxic in mouse models (Li et al., 2011). Malki and
colleagues found that MCF-12A normal breast epithelial cells exposed to 100 μM of DATS
for 24 hours induced apoptosis and resulted in a 40% decrease in cell viability; which was
observed to a greater extent (60%) in MCF-7 breast cancer cells (Malki et al. 2009). In our
study, apoptosis was not observed in the flow cytometry histograms (not shown), nor was
cell viability significantly decreased by the two concentrations of DATS evaluated, and thus
apoptosis was not evaluated. We also did not analyze DATS alone on MCF-10A cells, but
only in combination with BaP, which may account for the differences in our results with
those of Malki and colleagues (Malki et al., 2009). The 60 μM dose of DATS slightly
reduced MCF-10A cell viability, though it was not deemed to be statistically significant
relative to the cells only control.

DATS is a potent inducer of cell cycle arrest in cancer cells (Seki et al., 2008; Wu et al.
2004). Cell cycle arrest is an endogenous response to stress through activation of signal
transduction checkpoints (Hartwell and Weinert, 1989). G1/S phase checkpoints prevent the
replication of damaged DNA, while G2/M checkpoints inhibit the segregation of damaged
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chromosomes during mitosis (Iciek et al., 2009). Most studies have shown that DATS
induces G2/M arrest (Wang et al., 2010a&b; Xiao et al., 2005; Xiao and Singh, 2003);
however, in colon and gastric cancer cells, DATS induced G1/S arrest, revealing a cell
cycle-dependent induction of apoptosis when cells were transitioned from G2/M to G1,
possibly the result of tubulin polymerization (Hosono et al., 2005; Li and Lu, 2002).

In this study, DATS PreTx at 6 μM was the most effective attenuator of BaP induced G2/M
and S-phase shifts, maintaining the percentage of cells in each phase to the concentrations
observed in the controls; whereas 60 μM DATS Pre and CoTx shifted cells to G1 and G2/M
Phases, respectively. The differences in cell cycle in the Pre- and CoTx groups may be
attributed to the protective mechanisms employed by DATS as a PreTx against BaP induced
shift to G2/M and S phases. As a pretreatment, DATS is preventing the replication of DNA
damage and allowing for DNA repair. As a co-treatment, DATS is inducing G2/M arrest to
allow for the repair of damaged chromosomes. Further evaluation of cell cycle and apoptosis
beyond 24 hours may demonstrate more significant changes in BaP-induced cell cycle
changes, as BaP induced S-and G2/M phase arrest in MCF-7 and T47-D breast cancer cells,
respectively, after 96 hours of exposure (Sadikovic and Rodenhiser, 2006). Our results differ
from what was previously reported about BaP's effects on transition to G0/G1 phase in
MCF-10A cells (Siriwardhana and Wang, 2008). In their study, the cells underwent growth
factor starvation for the duration of treatment, and in our study, the cells were not subjected
to growth starvation, which may account for the differences in our results.

ROS are free radicals that can initiate the cellular injury responsible for aging and disease
(Weisburger, 2001; Valko et al., 2006). During the biotransformation of BaP, reactive
intermediates and metabolites can induce DNA damage through the generation of ROS
initiating oxidative damage to nucleic acids and proteins (Leadon et al., 1988). BaP can
induce ROS, which overwhelm the total antioxidant capacity of primary breast tissue, and
are correlated to clustered DNA damage, chromosomal aberrations, and inducing the
carcinogenic transformation of normal breast cells (Sigounas et al., 2010; Caruso et al.,
2001; Siriwardhana and Wang, 2008).

Here, we demonstrated that DATS inhibited BaP-induced ROS in normal cells, thus
potentially inhibiting cellular and DNA injury that can lead to cancer. DATS PreTx was
more effective in ROS inhibition, further demonstrating a protective effect on the cells. BaP
has previously been shown to induce DNA single and double strand breaks in primary breast
epithelial cells (Sigounas et al., 2010); thus DATS inhibition of ROS may have also
inhibited the observed BaP-induced DNA strand breaks. The mechanisms for the inhibition
of BaP-induced ROS and DNA strand breaks will need to be evaluated in further genetic and
proteomic studies in order to exploit DATS’ antioxidant potential in breast cells.

As fresh garlic contains about 900-1100 μg of DATS per gram, it may be possible to
consume concentrations of DATS necessary to bring about anticarcinogenic cellular
responses (Yu et al., 1989). Assuming 100% bioavailability in an ideal one-compartment
pharmacokinetic mathematical model under steady state conditions, the ideal average person
would need to consume 7-8 garlic cloves or 3-4 tablespoons of minced garlic to attain a 60
μM circulating dose of DATS. However, realistic human pharmacokinetic studies are
needed to determine if biologically effective doses can be achieved in the blood plasma and
reach target organs through dietary or pharmacological administration (Powolny and Singh,
2008).
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5. Conclusion
In conclusion, we presented novel evidence of the inhibition of acute cellular carcinogenesis
initiation by singular exposure of BaP in MCF-10A human breast epithelial cells by the
garlic organosulfur compound, DATS. The mechanisms of DATS inhibition of early
precancerous activities of BaP, include inhibition of cell proliferation, attenuation of S-phase
cell cycle transition, suppression of ROS production, and inhibition of DNA strand break
formation, all within 24 hours of exposure. In these studies, DATS did not produce a linear
dose response with increasing concentration, and thus the biological consequences of high
and low doses of DATS may elicit varying results. As a prominent OSC in garlic, DATS
contributes to the effectiveness of garlic as a chemopreventive agent, and may be effective
as an isolated agent for inhibiting environmentally induced carcinogenesis. Further studies
are needed to elucidate the potential dietary prevention of human breast cancer with DATS.
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BaP benzo(a)pyrene

CoTx concomitant treatment

DATS diallyl trisulfide

DMSO dimethylsulfoxide

GSH glutathione

OSC organosulfide compound

PAH polycyclic aromatic hydrocarbon

PBS phosphate buffered saline

PreTx pre-treatment

ROS reactive oxygen species

SEM standard error of the mean
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Highlights

BaP induces changes in cell viability and cell growth in MCF-10A cells

BaP induces peroxide formation and DNA strand breaks in MCF-10A cells

DATS inhibits BaP-induced cell proliferation and cell cycle changes

DATS inhibits BaP-induced peroxide formation in MCF-10A cells

DATS inhibits BaP-induced DNA strand breaks in MCF-10A cells
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Figure 1.
Cell viability and proliferation resulting from Pre- and CoTx with DATS and BaP.
MCF-10A cells were pretreated with DATS for four hours followed by the addition of 1 μM
BaP (A) or treated concomitantly with 1 μM BaP and DATS (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
viability for eight replicates 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).

Nkrumah-Elie et al. Page 14

Food Chem Toxicol. Author manuscript; available in PMC 2013 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Cell cycle analysis of MCF-10A cells treated with BaP and DATS. MCF-10A cells were
either pretreated with DATS for four hours, followed by treatment with 1 μM BaP for 24
hours (A) or co-treated with DATS 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. The bars indicate the average percentage of cells
in G2/M divided by the average percentage of cells in G1, +/- SEM for the DATS PreTx and
DATS and BaP CoTx after 24 hours. The * 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.
The suppression of BaP induced extracellular ROS formation by DATS. MCF-10A cells
were exposed to a pretreatment of DATS followed by 1 μM BaP (A), or with a concomitant
combination of 1 μM BaP and DATS (B), both for 3, 6, 12, or 24 hours. The results deem
the average aqueous peroxides (as a model ROS), +/- SEM, as detected by the PeroxiDetect
Kit in triplicate for N=3. The * indicates a P<0.05 significant difference from the DMSO
control.
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Figure 5.
DATS inhibition of BaP induced DNA strand breaks. Utilizing the Comet assay, MCF-10A
cells treated with a PreTx of DATS followed by BaP (A), or DATS and BaP concurrently
(B) were analyzed for DNA single strand breaks and alkali liable sites. The results present
the mean olive tail moment (OTM), as an indicator of DNA damage, +/- SEM for 150 cells
for N=2. The * indicates a P<0.05 significant difference from the DMSO control.
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