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Abstract: Garlic has long been used medicinally for many diseases, including cancer. One of the
active garlic components is diallyl sulfide (DAS), which prevents carcinogenesis and reduces the
incidence rate of several cancers. In this study, non-cancerous MCF-10A cells were used as a model
to investigate the effect of DAS on Benzo (a)pyrene (BaP)-induced cellular carcinogenesis. The
cells were evaluated based on changes in proliferation, cell cycle arrest, the formation of peroxides,
8-hydroxy-2-deoxyguanosine (8-OHdG) levels, the generation of DNA strand breaks, and DNA
Polymerase β (Pol β) expression. The results obtained indicate that when co-treated with BaP, DAS
inhibited BaP-induced cell proliferation (p < 0.05) to levels similar to the negative control. BaP
treatment results in a two-fold increase in the accumulation of cells in the G2/M-phase of the cell
cycle, which is restored to baseline levels, similar to untreated cells and vehicle-treated cells, when
pretreated with 6 µM and 60 µM DAS, respectively. Co-treatment with DAS (60 µM and 600 µM)
inhibited BaP-induced reactive oxygen species (ROS) formation by 132% and 133%, respectively, as
determined by the accumulation of H2O2 in the extracellular medium and an increase in 8-OHdG
levels of treated cells. All DAS concentrations inhibited BaP-induced DNA strand breaks through
co-treatment and pre-treatment methods at all time points evaluated. Co-Treatment with 60 µM
DAS increased DNA Pol β expression in response to BaP-induced lipid peroxidation and oxidative
DNA damage. These results indicate that DAS effectively inhibited BaP-induced cell proliferation,
cell cycle transitions, ROS, and DNA damage in an MCF-10A cell line. These results provide more
experimental evidence for garlic’s antitumor abilities and corroborate many epidemiological studies
regarding the association between the increased intake of garlic and the reduced risk of several types
of cancer.

Keywords: diallyl sulfide; benzo(a)pyrene; carcinogenesis; peroxide formation; DNA strand breaks;
MCF-10A cells

1. Introduction

In the United States, in 2021, approximately 281,550 new diagnoses of breast cancer
(BC) and 43,600 deaths are expected due to this disease [1]. Breast cancer is the foremost
repeatedly diagnosed cancer in women, accounting for 30% of new female cancer cases [2].
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Approximately 1 million breast cancer cases are diagnosed annually worldwide [3]. In
breast cancer, many dysregulated signaling pathways are involved in the initiation and
progression of the disease. Our recent results show that the pathway for the cytokine
GRO-α/CXCL1 is dysregulated in triple-negative breast cancer (TNBC) [4]. Another re-
lated dysregulated pathway is the IÎBKE and MAPK1, indicating that GRO-α regulation is
possibly through NFÎB and MAPK signaling pathways. Additionally, alterations found
in the TNF superfamily receptor genes and the mRNA of receptors DR4 and DR5 expres-
sion binds to TNF-related apoptosis-induced ligand, a potent and specific stimulator of
apoptosis in tumors [4]. Moreover, it is also known that cancer cells have increased reactive
oxygen species (ROS) levels, leading to more carcinogenesis [4].

The cancer-preventive potential of natural products, especially phytochemicals, has
become very appealing to study since epidemiological data indicated that consumption of
plant-based foods is associated with a reduced risk of cancer [5]. Many phytochemicals
contain various pharmacological properties, including anti-inflammatory, antioxidant,
and anticancer properties. Several population studies show an association between the
increased intake of garlic and reduced risk of certain cancers, including cancers of the stom-
ach, colon, esophagus, pancreas, and breast [6]. Garlic with its organosulfur constituents
has been studied extensively for its chemopreventive potential against cancer [6]. One of
these compounds in garlic is diallyl sulfide (DAS). DAS is a garlic compound demonstrated
to prevent carcinogenesis in vitro and reduce the incidence of stomach, colon, esophagus
mammary, and lung cancers in vivo [7–10]. The concentration of DAS found in garlic
ranges from 2 to 100 µg/g [7,11,12]. Shukla et al. [13] have shown that DAS reduced
tumorigenesis and prolonged the life of Ehrlich ascites tumor-bearing mice. This effect
is attributed to DAS-induced inhibition of cytochrome P450-2E1-mediated p-nitrophenol
hydroxylation and N-demethylation of NDMA [14]. DAS inhibited aflatoxin-induced
S9-dependent mutagenesis and the formation of its DNA-adducts [15], as well as the devel-
opment of BaP-induced DNA adducts in human peripheral blood lymphocytes in vitro [16].
The chemopreventive potential of DAS in breast cancer was hypothesized due to its ability
to attenuate the formation of diethylstilbestrol-induced mammary DNA adducts in female
rats [17] and 2-amino-1-methyl-6-phenylimidazo[4,5-b] pyridine (PhIP) DNA strand breaks
in breast epithelial cells [18,19].

We have previously reported [20,21] the effectiveness of two other garlic organosul-
fides, diallyl disulfide (DADS) and diallyl trisulfide (DATS), in the inhibition of BaP-
induced breast cancer. The current study focuses on evaluating the effectiveness of DAS
during the initiation phase, as indicated by biomarkers of early carcinogenic activity, in-
cluding alterations to cell cycle, cell proliferation, and the formation of reactive oxygen
species (ROS) and damaged DNA bases and DNA strand breaks. This study evaluates the
first 24 h of BaP and DAS exposure of the normal breast epithelial cell line, MCF-10A, to
further elucidate breast carcinogenesis initiation and determine its potential for inhibition.

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

MCF-10A cells were purchased from American Type Culture Collection (ATCC, Man-
assas, VA, USA). Phenol red-free DMEM/F-12 media, horse serum, penicillin/streptomycin,
antibiotic/antimycotic, human insulin (Novolin R), epidermal growth factor, trypsin-EDTA
(10X), Hanks Balanced Salt Solution (HBSS), and Phosphate Buffered Saline (PBS) were pur-
chased from Invitrogen (Carlsbad, CA, USA). Cholera toxin was purchased from Enzo Life
Sciences (Plymouth Meeting, PA, USA). The CellTiter 96® AQueous One Solution Cell Prolif-
eration Assay was purchased from Promega (Madison, WI, USA). The Bromodeoxyuridine
Cell Proliferation (Chemiluminescent) Assay kit was purchased from Cell Signaling Tech-
nology (Danvers, MA, USA). The EpiQuik 8-OHdG DNA Damage Quantification Direct
Kit (Colorimetric) was purchased from EpiGentek (Farmingdale, NY, USA). The Qiagen
Genomic-tip 20/G, Genomic DNA buffer set, and proteinase k were purchased from Qia-
gen (Germantown, MD, USA). benzo(a)pyrene (BaP), diallyl sulfide (DAS), PeroxiDetectTM
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Kit, and all other chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Antibodies were purchased from Cell Signaling (GAPDH (D16H11) Rabbit mAb; #5174S)
and Abcam (DNA Polymerase β; ab26343).

2.2. Cell Culture

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

2.3. Cell Treatments

This study was conducted using the established epithelial cell model, MCF-10A, a
non-tumorigenic cell line. The cells were plated and treated according to two treatment
groups: (1) DAS pre-treatment (PreTx), in which cells were treated with 6, 60, or 600 µM of
DAS for 4 h prior to the addition of 1 µM BaP, or (2) BaP and DAS co-treatments (CoTx), in
which the cells were treated concurrently with both 1.0 µM BaP and 6, 60, or 600 µM of
DAS. All treatments were prepared in 0.1% DMSO under low light conditions. Treatments
were added to cells in serum-free media. Following treatment, the cells were incubated for
3, 6, 12, or 24 h in a 37 ◦C, 5% CO2 humidified incubator. Untreated cells and 0.1% DMSO
vehicle controls were prepared for all of the experiments.

2.4. Cell Harvesting

After treatment, cells were washed twice with HBSS for 2 min at room temperature to
remove the serum. The adherent cells were trypsinized for detachment using trypsin-EDTA
in HBSS for 10–15 min in a 37 ◦C, 5% CO2 humidified incubator. Following neutralization
of trypsin with an equivalent amount of supplemented media, the cells were pipetted into
15 mL centrifuge tubes and centrifuged at 2500 rpm for 2 min. The media was removed,
and the cells were resuspended in Mg2+ or Ca2+ free PBS.

2.5. MTS Assay for Determination of Cell Viability

Untreated MCF-10A cells (2 × 104/well) were plated into 96 well flat bottom plate
(100 µL/well) in serum-free media and allowed to adhere overnight. The media was
aspirated from each well, and 100 µL of each treatment, described above, prepared in
supplemented serum-free media, was applied to the cells in replicates of n = 8. Following
incubation for 3, 6, 12, or 24 h, cell viability was carried out and assessed according to
the manufacturer’s protocol for the CellTiter 96® AQueous One Solution MTS Assay and
previous studies [20,21]. Absorbance was measured using a PowerWave X-340 96-well
Plate Reader (Bio-Tek Instruments, Inc., Winooski, VT, USA). The results were normalized
to the control (cells only), represented as 100% cell viability.

2.6. Bromodeoxyuridine (BrdU) Cell Proliferation (Chemiluminescent) Assay

To measure cell proliferation in MCF-10A cells, the BrdU cell proliferation assay was
conducted according to the bromodeoxyuridine cell proliferation kit instructions. Briefly,
after the assay kit reagents were prepared for BrdU incorporation, cells were plated in a
96-well plate at a 50,000 cell/well density in replicates of N = 8 and incubated with cell
treatments described above for 12 and 24 h. All cell treatments will be normalized to
the control (0.1% DMSO). Cells were incubated for 24 h with BrdU followed by fixation,
secondary antibody labeling, and luminol enhancer solution. Luminescence was measured
at 450 nm using a Biotek Synergy H1 microplate reader.
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2.7. Flow Cytometry for Analysis of Cell Cycle

MCF-10A cells were treated as described above. The cells were cultured in a 75 cm2

culture flask until they reached 40–50% confluency and were fixed. Staining and flow
cytometry analysis was conducted as previously described [20,21] using the Becton-
Dickinson FACSCalibur Flow Cytometer (Becton Dickinson Biosciences, Franklin Lakes,
NJ, USA). Phase distributions were determined by ModFit software (Verity Software House,
Topsham, ME, USA).

2.8. Aqueous Peroxide Detection

Protocol for aqueous peroxide determination is according to the method described in
prior studies [20] and the manufacturer instructions for the PeroxiDetect Kit to determine
Aqueous Hydroperoxides. As a positive control, 0.1% H2O2 was used.

2.9. Single Cell Gel Electrophoresis (Comet Assay)

MCF-10A cells were treated at 100% confluence as described above in 75 cm2 cul-
ture plates. The Comet Assay was performed according to methods described in prior
studies [19–21] (each sample in triplicate). Cells were analyzed by Kinetic Imaging (Ki-
netic Imaging Ltd., Merseyside, UK) and Komet 5.5 software (And/or Technology, Belfast,
Northern Ireland) to determine the mean olive tail moment (MOTM) for each cell, as a
measure of DNA damage.

2.9.1. 8-Hydroxy-2-deoxyguanosine (8-OHdG) Detection

8-OHdG, a well-known marker of oxidative stress, was measured in treated MCF-10A
cells using the EpiQuik 8-OHdG DNA Damage Quantification Direct Kit (Colorimetric).
Briefly, genomic DNA was extracted (using Qiagen Genomic-tips 20/G, Genomic DNA
buffer set, and proteinase k) from previously treated cells and stored at −20 ◦C for later use
in measuring 8-OHdG expression. To measure 8-OHdG, DNA was bound to a 96-well flat-
bottom plate followed by a wash and the addition of the capture antibody. After the second
wash, the detection antibody and enhancer solution were added. The color-developing
solution was added to measure at an absorbance of 450 nm using the Biotek Synergy HTX
Multi-mode microplate reader.

2.10. Capillary Electrophoresis Western Analysis

Cell pellets corresponded to control (cells + DMSO), BaP-treated (1 µM), and co-
treated (DAS 60 µM and 600 µM combined with BaP 1 µM) cells after 24-h treatment.
A protease inhibitor cocktail was mixed with the lysis buffer, and the combination was
added to each pellet. The total protein expression was determined using Western analysis.
Samples containing 0.6 mg/mL of protein and 1:125 dilution of primary antibody were
used. The microplate was loaded according to ProteinSimple’s protocol and placed in
the instrument, along with the capillary responsible for the reaction. DNA Polymerase
β (Abcam #ab26343) and loading control GAPDH (D16H11; Cell Signaling #5174S) were
the specific primary antibodies tested. The protein was identified, the chemiluminescence
reaction was determined, and the digital blot image was taken.

2.11. Statistical Analysis

GraphPad Prism 9.0 software (San Diego, CA, USA) was used to analyze all of the data
using one-way analysis of variance (ANOVA) with Bonferroni’s Multiple Comparison Test.
The results are displayed as the average values ± SEM to determine significant differences
(p < 0.05) between the treatment groups and the vehicle (DMSO) and BaP only controls.

3. Results
3.1. DAS Inhibits BaP-Induced Cell Proliferation Using MTS and BrdU Proliferation Assays

Changes in cell proliferation of MCF-10A cells treated with DAS and BaP were evalu-
ated using the MTS assay. BaP caused a significant (p < 0.05) increase in cell proliferation
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after 6 h of exposure, followed by a slight decrease in cell proliferation at 12 and 24 h of
BaP exposure relative to the vehicle control (Figure 1A,B). DAS CoTx reduced cell prolifer-
ation by 18.6%, 12.7%, and 14.4%, (for 6, 60, and 600 µM, respectively at 6 h) respectively,
relative to the vehicle control (Figure 1B), while the DAS PreTx caused a slight increase
(not significant) in cell proliferation relative BaP alone or vehicle control (Figure 1A). After
12 and 24 h of exposure, DAS CoTx also inhibited the nominal increase in BaP-induced cell
proliferation. The most effective inhibition of proliferation, relative to the vehicle control,
was achieved with 6 µM of DAS (Figure 1B). In the DAS PreTx group, however, DAS was
not effective. Changes in cell proliferation of MCF-10A cells treated with BaP and DAS
for 12 and 24 h observed in the MTS assay were validated using the BrdU proliferation
assay. This assay was chosen since it targets DNA through BrdU measurement, which
incorporates into proliferating DNA rather than the assessment of mitochondrial function
(through the formation of formazan crystals) in the MTS assay. Exposure to 1 µM BaP
caused a significant increase in cell proliferation at 12 (p < 0.001) and 24 (p < 0.0001) hours
when compared to the DMSO control (Figure 1C,D). Similarly, there was a significant
increase in cell proliferation following DAS PreTx (60 (p < 0.05) and 600 (p < 0.01) µM)
when compared to control (Figure 1C). While 60 and 600 µM DAS PreTx caused no changes
at 12 h, 60 µM DAS caused a significant increase in cell proliferation at 24 h compared to 1
µM BaP (Figure 1D). At 12 h of exposure, 60 (p < 0.001) and 600 (p < 0.05) µM CoTx caused
a significant decrease in cell proliferation with a more significant decrease of 17.3% and
8.6% in 60 and 600 µM DAS CoTx (p < 0.0001), respectively, following 24 h of exposure
when compared to 1 µM BaP (Figure 2B).
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Figure 1. Relative cell proliferation (fold changes) of cells treated with DAS and BaP. MCF-10A cells were treated with
1 µM BaP only, PreTx (A,C) or CoTx (B,D) with DAS (6, 60, and 600 µM) during BaP (1 µM) exposure for 3, 6, 12, and 24 h.
Cell proliferation was assessed using MTS (A,B) and BrdU incorporation assay (C,D). The absorbance of each treatment
group was normalized to the cells only control. The control is expressed as one-fold growth for each time point. The graph
represents the average relative cell proliferation of triplicate values ± SEM. (* indicates p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001 significant difference compared to DMSO control, and # p < 0.05, ### indicates p < 0.001, #### indi-
cates p < 0.0001 significant difference when compared to 1 µM BaP treatment using Bonferroni’s multiple comparison
correction Test).
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Figure 2. DAS inhibits BaP-induced G2/M cell cycle transition. The results of cell cycle analysis of
MCF-10A were either pretreated with DAS (6, 60, and 600 µM) followed by treatment with 1 µM BaP
for 24 h (A) or co-treated with DAS and BaP for 24 h (B). The cells were fixed in ethanol and analyzed
by propidium iodide staining for flow cytometry. The values represent the average percent of cells in
each phase, G1, G2/M, and S, for N = 3, ±SEM.

3.2. DAS Prevents BaP-Exposed MCF-10A Cells from Arresting at S and G2/M

Cell cycle analysis was performed on MCF-10A cells to evaluate them for S and
G2/M arrest following BaP and DAS treatment. MCF-10A cells accumulated in the S and
G2/M phases after 24 h of exposure to increasing concentrations (0–2 µM) of BaP. BaP
(1 µM) induced a 119% increase in cells in the G2/M phase compared to the vehicle control
(Figure 2A,B). BaP-induced alterations in the cell cycle occurred in these cells following
24-h DAS PreTx and CoTx exposure. At the lowest concentration DAS (6 µM) inhibited the
BaP-induced increase in MCF-10A cells accumulation in G2/M-phase by 128%, and the 60
and 600 µM concentrations inhibited the cell cycle transition by 94% and 83%, respectively.
Comparing the ratio of cells in G2/M versus the G1 phase (Figure 3) indicated an apparent
increase in cells treated with BaP compared to the control. Simultaneously, the DAS PreTx
was more effective than DAS CoTx at reducing the ratio of cells in G2/M versus the G1
phase compared to the BaP treatment.
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Figure 3. The ratio of cells in G2/M and G1 phases resulting from DAS Pre- and CoTx. The average
values for the N = 3 treatments for the cell cycle were compared for the PreTx and CoTx. The values
represent the G2/M phase divided by the corresponding G1 phase for N = 3, ±SEM (* indicates a
p < 0.05 significant difference from DMSO control, and # indicates a p < 0.05 significant difference
from the 1 µM BaP treatment) at inhibiting the modest BaP-induced increases in cell proliferation
after 12 and 24 h of exposure (Figure 1A).

3.3. Reduction in the Accumulation of ROS in BaP-Treated Cells by DAS

The levels of aqueous peroxides (AQP) resulting from PreTx and CoTx with DAS
and BaP are compared in Figure 3. BaP induced a significant increase in AQP production,
which peaked at 6 h; however, DAS PreTx inhibited such production at all points. For 3, 6,
12, and 24 h, the 6 µM DAS PreTx suppressed BaP-induced AQP by 87.5%, 95.0%, 84.9%,
and 107.5%, respectively; the 60 µM DAS PreTx resulted in 64.0%, 95.1%, 88.7%, and 106.6%
reduction, respectively (Figure 4A). The 600 µM DAS PreTx caused a 70.1%, 97.6%, 92.2%,
and 110.8% respective suppression. Using the above listed time points, 6 µM DAS CoTx
indicated an additive effect, increasing AQP by 65.5%, 123.9%, 27.3%, and 69.2% compared
to control, respectively. Whereas inhibition of AQP occurred by 76.3%, 97.0%, 85.1%, and
107.2% following 60 µM DAS CoTx and by 57.8%, 98.6%, 89.0% and 103.3% following
600 µM DAS CoTx, respectively (Figure 4B). These results indicate PreTx was more effective
in inhibiting BaP-induced ROS formation as detected by aqueous peroxides production.

3.4. Inhibition of BaP-Induced DNA Damage by DAS in MCF-10A Cells

BaP induces significant DNA strand breaks, as demonstrated by the mean olive tail
moment (MOTM; Figure 5). To test whether DAS could attenuate BaP-induced DNA strand
breaks, we performed COMET assays on MCF-10A cells using either the PreTx or CoTx
procedures with 6, 60, or 600 µM of DAS. DAS PreTx significantly attenuated BaP-induced
DNA damage at 3, 6, 12, and 24 h (range of 47.2–114.5%) with the most profound effect
observed at 6 h (112.4%, 114.5%, and 87.8%, for 6, 60, or 600 µM of DAS, respectively)
(Figure 5A). While a significant attenuation of BaP-induced DNA damage was observed in
the DAS CoTx group at 3, 6, 12, and 24 h (range of 54.6–133.0%), this attenuation was most
prominent at 12 h (130.2%, 131.5%, and 133.0%, for 6, 60, or 600 µM of DAS, respectively)
(Figure 5B). Damaged DNA decreases in all treatment groups by 24 h, including untreated
control, possibly indicating a reduction in damage or both an increase in DNA repair and
reduction of damage.
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Figure 4. DAS inhibition of BaP-induced Aqueous Peroxides. The cells analyzed for Aqueous
Peroxides were either pre-treated (A) with DAS followed by BaP or co-treated (B) with DAS and BaP
for 3, 6, 12, and 24 h. The average values for replicates of N = 3 were compared to the cells pretreated
(A) or co-treated (B) with DAS (6, 60, and 600 µM) and BaP (1 µM) (* indicates a p < 0.05 significant
difference from DMSO control) in triplicate, ±SEM. As a positive control, 0.1% Hydrogen peroxide
was used.

3.5. Inhibition of BaP-Induced Oxidative (8-OHdG) DNA Damage by DAS in MCF-10A Cells

Oxidative DNA damage was measure using the Epiquik 8-OHdG DNA Damage
Quantification Direct Kit. This assay employs the modified nucleoside base, 8-hydroxy-
2-deoxyguanosine (8-OHdG), an oxidized derivative of deoxyguanosine generated by
singlet oxygen, hydroxyl radicals, and one-electron oxidants in cellular DNA, as a sensitive
oxidative DNA damage and oxidative stress marker. BaP caused a significant increase
in 8-OHdG when compared by control, while both 60 and 600 µM DAS CoTx caused a
significant decrease in 8-OHdG when compared to 1 µM BaP (Figure 6).

3.6. Increase in DNA Polymerase β (POLβ) Protein Expression by DAS in BaP Treated
MCF-10A Cells

BaP produces oxidative DNA damage due to ROS generation. The DNA repair
enzyme POLβ can be induced to repair the oxidative damage. POL β expression was
evaluated for changes in protein expression due to treatment with BaP (1 µM) and/or
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DAS (60 or 600 µM). Following 24 h treatment, MCF-10A cells were harvested and lysed
using a protease cocktail with lysis buffer. Protein expression was measured using Western
analysis by automated capillary electrophoresis. The protein expression of all treatments
was normalized using GAPDH loading control. All treatments were compared to the
1 µM BaP treatment (Figure 7A,B). Exposure to 1 µM BaP reduced POLβ expression when
compared to the control. Co-treatment with 60 µM DAS and 1 µM BaP significantly
(p < 0.001) increased the DNA polymerase expression when compared to 1 µM BaP alone,
while CoTx with 600 µM DAS and BaP decreased expression (Figure 7A,B).
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Figure 5. DAS inhibition of BaP-induced DNA strand breaks. The Comet assay demonstrates DAS
attenuation of BaP-induced DNA strand breaks through PreTx(A) and CoTx(B). BaP (1 µM) treated
cells were either pretreated or co-treated with DAS (6, 60, and 600 µM) for 3, 6, 12, and 24 h. The
results represent the mean Olive tail moment as an indicator and quantifier of DNA damage, ±SEM
for 150 cells for N = 3 (* indicates a p < 0.05 significant difference from 1 µM BaP only).



Biomolecules 2021, 11, 1313 10 of 17Biomolecules 2021, 11, x FOR PEER REVIEW 10 of 17 
 

 
Figure 6. DAS and/or BaP effect on oxidative DNA damage in Normal Breast Epithelial Cells (MCF-
10A) determined by 8-OHdG DNA damage quantification. 8-OHdG is an indicator of oxidative 
DNA damage. MCF-10A cells were exposed to 1 μM BaP and/or (60 and 600 μM) DAS CoTx for 24 
h. The results represent pg of 8-OHdG as an indicator of oxidative DNA damage. The data points 
are presented as the mean +/− SEM of three replicates. The significance of the difference was ana-
lyzed using an unpaired t-test to compare 8-OHdG expression vs. control (* p < 0.05) or vs. treated 
cells (# p < 0.05). 

3.6. Increase in DNA Polymerase β (POLβ) Protein Expression by DAS in BaP Treated MCF-
10A Cells 

BaP produces oxidative DNA damage due to ROS generation. The DNA repair en-
zyme POLβ can be induced to repair the oxidative damage. POL β expression was evalu-
ated for changes in protein expression due to treatment with BaP (1 μM) and/or DAS (60 
or 600 μM). Following 24 h treatment, MCF-10A cells were harvested and lysed using a 
protease cocktail with lysis buffer. Protein expression was measured using Western anal-
ysis by automated capillary electrophoresis. The protein expression of all treatments was 
normalized using GAPDH loading control. All treatments were compared to the 1 μM 
BaP treatment (Figure 7A,B). Exposure to 1 μM BaP reduced POLβ expression when com-
pared to the control. Co-treatment with 60 μM DAS and 1 μM BaP significantly (p < 0.001) 
increased the DNA polymerase expression when compared to 1 μM BaP alone, while 
CoTx with 600 μM DAS and BaP decreased expression (Figure 7A,B). 

Contro
l 

1 µ
M BaP

1 µ
M BaP

 + 
60

 µM DAS

1 µ
M BaP

 + 
60

0 µ
M DAS 

0

2

4

6

8-
O

Hd
G

 (p
g)

#
#

*

Oxidative DNA Damage

Figure 6. DAS and/or BaP effect on oxidative DNA damage in Normal Breast Epithelial Cells (MCF-
10A) determined by 8-OHdG DNA damage quantification. 8-OHdG is an indicator of oxidative DNA
damage. MCF-10A cells were exposed to 1 µM BaP and/or (60 and 600 µM) DAS CoTx for 24 h.
The results represent pg of 8-OHdG as an indicator of oxidative DNA damage. The data points are
presented as the mean ±SEM of three replicates. The significance of the difference was analyzed
using an unpaired t-test to compare 8-OHdG expression vs. control (* p < 0.05) or vs. treated cells
(# p < 0.05).

4. Discussion

Garlic has been evaluated for its chemopreventive properties in vitro, in vivo animal,
and epidemiological research [20,21]. DAS is one of several garlic organosulfur compounds
produced when the garlic clove’s integrity is altered by chopping, crushing, or mashing [22].
DAS has been shown to inhibit PhIP-induced carcinogenesis by inhibiting DNA strand
breaks and lipid peroxidation in vitro [18,19] and inhibiting the formation of diethylstilbe-
strol (DES)-induced DNA adducts, oxidation, and lipid peroxidation in vivo [17,23,24].
DAS is one of several garlic organosulfur compounds with potential chemopreventive
properties, though its mechanisms in inhibiting carcinogenesis have not been fully eluci-
dated. In evaluating the role of pre-treatment versus co-treatment, DAS was shown to be
more effective in inhibiting N-nitroso methyl benzylamine-induced esophageal tumors if
administered during carcinogenesis initiation. Still, it was not as effective once the tumor
had formed [25]. Studies conducted by Singh and Shukla [26] indicated that DAS was more
effective in inhibiting BaP-induced skin carcinogenesis when applied 1 h after BaP exposure
than a pre-treatment 1 h before. Additionally, the opposite was true for DMBA-induced
skin carcinogenesis [27]. Therefore, DAS may be more effective in cancer prevention in
different tissues and cell lines as pre-treatment, concurrent treatment, or post-induction
therapy. DAS treatment must be evaluated through different treatment times relative to
the carcinogenic initiator to fully understand DAS as a potential chemopreventive agent.
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Figure 7. DAS and/or BaP effect on DNA Polymerase β (POLβ) expression in normal breast epithelial
cells (MCF-10A) determined by Western analysis with automatic capillary electrophoresis. POLβ
expression is an indicator of base excision repair. (A) A graph of normalized protein expression of
POLβ measured by densitometry. (B) Electrophoretic bands represent the protein expression 24 hr-
post treatment for POLβ expression. A statistically significant difference of DAS CoTx compared to
BaP treatment alone was evaluated by one-way ANOVA followed by Dunnett’s multiple comparison
tests. In triplicate, ±SEM. # indicates p < 0.05, ## indicates p < 0.01 compared to BaP, and ns indicates
p > 0.05 when compared to control.

The focus of this study was to evaluate how DAS inhibits early induced carcinogenesis
activities such as alterations in cell viability and cell cycle, the formation of damaging ROS
that can lead to DNA damage, and DNA strand breaks as a biomarker of DNA damage
that can lead to mutations and carcinogenesis, through pre-and co-treatment of MCF-10A
normal breast epithelial cells treated with BaP. At a concentration of one-micromole, BaP
demonstrated potential carcinogenic activity in MCF-10A cells within 24 h of exposure as
indicated by an increase in cell proliferation, transitioning cells into the G2/M phase of the
cell cycle, and a significant increase in the formation of DNA-damaging ROS and induction
of DNA strand breaks.

DAS treatment alone has not been shown to alter cell viability in non-neoplastic cells.
However, it has been effective in reducing carcinogen-induced cell toxicity [19,26,28]. DAS
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reduces cell viability in cancer cells through induction of apoptosis [10,29–34]. Only a
few studies compare cell viability and apoptosis in normal and neoplastic cells treated
with organosulfide compound (OSC). These studies have concluded that normal cells
are more resistant to OSC-induced apoptosis than cancer cells [35–37] through an elusive
selective mechanism [38]. Here we found that DAS co-treatment was effective in inhibiting
BaP-induced cell proliferation at six hours, whereas the four-hour pre-treatment did not
demonstrate the same effectiveness. These results may indicate findings in previous
studies [38] that found the time of administration of the DAS concerning BaP exposure.
Further research is needed to validate these findings.

DAS is minimally active or not significant in altering cell cycle responses in cells.
Compared to other garlic OSCs, DAS has not demonstrated effectiveness in inducing cell
cycle arrest in prostate, colon, or liver cancer cells [39–42]. DAS, however, was shown to
increase the accumulation of anaplastic thyroid carcinoma cells in the G2/M phase [33]. Our
study presents novel research evaluating DAS’s role in inhibiting carcinogenic-induced
G2/M phase increase in a normal breast cell line. Jeffy et al. [43] and Wang et al. [44]
have demonstrated that BaP is more effective in inducing BaP-induced G2/M cell cycle
accumulations after more than 24 h of prolonged exposure, indicating that DAS inhibits
these changes.

As a procarcinogen, BaP requires metabolic activation to produce its carcinogenic
effects. Human mammary epithelial cells (HMEC) have been shown to metabolize BaP
in vitro by preferentially biotransforming BaP to BPDE as the ultimate carcinogen [45].
During the metabolic process, reactive intermediates are produced that can cause DNA
damage through ROS generation, resulting in oxidative damage to nucleic acids and
proteins [46,47]. ROS-induced oxidative stress and an accumulation of DNA damage
have been shown in breast malignancies [48–53]. Oxidative damage to DNA and the
inactivation of DNA repair enzymes are likely involved in the etiology of oxidant-mediated
cancer [54]. BaP-induced ROS has been shown to suppress the total antioxidant capacity
of primary breast tissue and has demonstrated a significant correlation between clustered
DNA damage and chromosomal aberrations, inducing the transformation of normal breast
cells to a cancerous phenotype [25,54–56].

In our study, BaP significantly induced ROS and hydrogen peroxides (H2O2) in the
extracellular medium, which are possible precursors for lipid peroxidation and oxidative
damage. Most ROS have a short half-life and cause damage primarily locally. However,
H2O2 is more persistent and can cause damage away from the source of origin [57,58].
In this study, all DAS pre- and concurrent treatments were effective in attenuating BaP-
induced aqueous peroxides. The 6 µM DAS concurrent treatment with BaP-induced an
increase in peroxide formation, which may be a precursor to garlic organosulfur compound-
induced apoptosis [59]. However, we did not evaluate apoptosis in this study. Future
research, including extended exposures (48, 72, 96 h), would be needed to elucidate this
possibility. DAS has been shown to induce lipid peroxides in MCF-10A cells [18]. However,
DAS has not significantly increased ROS production in cancer cells, leading to apoptosis
of the neoplastic cells. It has been theorized that DAS may not be a primary inducer of
ROS due to its carbon-sulfur-bound monosulfides, which are not cleaved by reducing
agents. Thus, thiol formation does not occur, preventing significant ROS generation seen in
other OSCs in cancer cells [60]. Through research presented in this study and conducted
by our lab group, DAS has been shown to induce ROS in the form of both aqueous and
lipid peroxides in normal cells and effectively reduce carcinogen-induced free radical
induction [18,23].

Kryston et al. [58] suggest that persistent or chronic oxidative stress and damage
significantly affect carcinogenesis. The use of oxidatively generated DNA damage is a
likely biomarker for cancer. BaP has been previously shown to increase DNA strand
breaks in human breast milk cells [61] and induce DNA single and double-strand breaks
in primary breast epithelial cells [56]. Here, we have demonstrated that BaP significantly
induces DNA strand breaks at a likely physiological concentration of 1 µM in a normal
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breast epithelial cell line. DAS at all concentrations through both pre-and concurrent
treatment methods attenuated the BaP-induced DNA damage. The 6 µM DAS co-treatment
was the least effective inhibitor of BaP-induced DNA damage than 60 and 600 µM DAS, and
this is likely due to its initiation of ROS at the lower concentration. Previous studies have
shown that increasing concentrations of DAS attenuate the mean Olive tail moment of MCF-
10A cells, thus indicating DAS-induced DNA repair [18,19]. Additionally, Yu et al. [62]
have determined that DAS does not form DNA adducts, leading to mutations. This data
provides evidence that the garlic organosulfur compound DAS is an effective inhibitor of
BaP-induced DNA strand breaks.

The literature has not shown a significant evaluation of garlic OSCs in the inhibi-
tion of DNA strand breaks through activation of DNA repair. There are five major DNA
repair pathways, base excision repair (BER), nucleotide excision repair (NER), and mis-
match repair (MMR), homologous recombination (HR), and non-homologous end-joining
(NHEJ) [63]. DNA repair enzymes play an important role in maintaining genomic in-
tegrity [64]. In BER, proteins remove and replace damaged DNA bases, often formed
during endogenous oxidative damage and hydrolytic decay of DNA, including single-
strand breaks. The major oxidative base lesion formed due to the hydroxylation of the
guanine C-8 residue is the saturated imidazole ring 7,8 dihydro-8-oxoguanine (8-oxo-G).
This leads to the incorrect pairing of 8-oxo-guanine with adenine instead of cytosine, which
may lead to the development of mutations and secondary DNA lesions [64]. In this study,
exposure to 1 µM BaP in these MCF-10A cells caused a significant increase (p < 0.05) in
8-OHdG, an indicator of oxidative DNA damage and oxidative stress. Researchers have
demonstrated that polycyclic aromatic hydrocarbons (PAHs) such as BaP damage DNA
by developing DNA adducts and oxidative lesions following exposure [65]. Co-treatment
with DAS attenuated BaP-induced increases in 8-OHdG levels in normal epithelial cells,
indicating a decrease in oxidative DNA damage and oxidative stress. Research performed
by Martinez-Gil et al. [66] showed that the antioxidants N-acetylcysteine and diallyl sulfide
reduced ethanol-induced increases in CYP2E1 expression and superoxide anions, indica-
tive of a decrease in oxidative stress. These results supported the DAS-induced reduction
in oxidative stress in the data presented in this study and a previous study performed
by Liu et al. [67] that found DAS attenuated ethanol-induced increases in malonalde-
hyde (a by-product of lipid peroxidation), lactate dehydrogenase (LDH), and aspartate
aminotransferase (AST) in human hepatocytes.

DNA polymerase X (POLX) enzymes are involved in the synthesis of short DNA
segments rather than the replication of entire chromosomes [68]. DNA polymerases
synthesize DNA with high accuracy and fidelity [69]. BER utilizes pOLβ to repair nuclear
DNA damage caused by normal metabolism or environmental stressors, including ionizing
radiation, oxidizing chemicals, or smoking [70]. POLβ performs small gap filling in BER to
replace the previously removed damaged 8-oxo-G with the nucleoside base guanine [71].

The novel research conducted in this study demonstrated that BaP inhibited the
protein expression of DNA polymerase β, which was attenuated by the garlic OSCs. In this
study, DNA Pol β protein expression was reduced following 24-hour exposure to 1 µM BaP.
CoTx of 1 µM BaP/ 60 µM DAS caused an increase in DNA Pol β in response at the same
time point, while 24-h exposure to CoTx of BaP with 600 µM DAS caused a decrease in
DNA Pol β. The increase in DNA Pol β in response to the 60 µM DAS CoTx are supported
by the work of Yang et al. [72], showed that the SOD activity of wild type Polβ cells was
significantly lower than Polβ null cells or Polβ overexpressing cells. Wu et al. [73] found
that the DNA in Polβ null cells was more prone to damage and less likely to be repaired,
while Polβ overexpressing cells had less DNA damage and were more likely to undergo
DNA repair. The induction of POLβ with 60 µM DAS correlates well with the reduction of
8-OHdG levels at the same concentration of DAS. When examining the lipid peroxidation
and oxidative DNA damage results in conjunction with the 600 µM DAS CoTx, there may
be another mechanism involved in the repair of BaP-induced repair. These studies suggest
that DNA Polβ may play a role in protection from the genotoxicity and genetic instability
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induced by BaP at certain concentrations. Furthermore, the normal expression level of
DNA polβ may be indispensable to the maintenance of genome stability [64].

5. Conclusions

The results obtained indicate that DAS effectively inhibited BaP-induced cell prolifer-
ation, cell cycle transitions, ROS, and DNA damage in an MCF-10A cell line. Additionally,
the obtained results provide more experimental evidence for garlic’s antitumor abilities and
corroborate many epidemiological studies regarding the association between the increased
intake of garlic and the reduced risk of several types of cancer. Future studies must be
performed to gain further insight into the role of garlic in DNA damage and repair in breast
cancer prevention.
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