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Abstract: Lung cancer has the highest mortality rate worldwide and is often diagnosed at late stages,
requiring genotoxic chemotherapy with significant side effects. Cancer prevention has become a
major focus, including the use of dietary and supplemental antioxidants. Thus, we investigated the
ability of an antioxidant formulation (AOX1) to reduce DNA damage in human bronchial epithelial
cells (BEAS-2B) with and without the combination of apple peel flavonoid fraction (AF4), or its major
constituent quercetin (Q), or Q-3-O-D-glucoside (Q3G) in vitro. To model smoke-related genotoxic-
ity, we used cigarette-smoke hydrocarbon 4-[(acetoxymethyl)nitrosamino]-1-(3-pyridyl)-1-butanone
(NNKOAc) as well as methotrexate (MTX) to induce DNA damage in BEAS-2B cells. DNA fragmen-
tation, γ-H2AX immunofluorescence, and comet assays were used as indicators of DNA damage.
Pre-exposure to AOX1 alone or in combination with AF4, Q, or Q3G before challenging with NNKOAc
and MTX significantly reduced intracellular reactive oxygen species (ROS) levels and DNA damage
in BEAS-2B cells. Although NNKOAc-induced DNA damage activated ATM-Rad3-related (ATR) and
Chk1 kinase in BEAS-2B cells, pre-exposure of the cells with tested antioxidants prior to carcinogen
challenge significantly reduced their activation and levels of γ-H2AX (p ≤ 0.05). Therefore, AOX1
alone or combined with flavonoids holds promise as a chemoprotectant by reducing ROS and DNA
damage to attenuate activation of ATR kinase following carcinogen exposure.

Keywords: cancer; chemoprevention; gamma-H2AX; flavonoids; apple; quercetin

1. Introduction

Lung cancer is the most diagnosed cancer worldwide and the leading cause of cancer-
related deaths, largely due to late diagnosis and only partially effective chemotherapies [1,2].
Advanced treatments, such as surgery, chemotherapy, and radiotherapy interventions,
have been shown to improve the survival rate of patients with primary lung cancer [3].
Chemotherapy is still the conventional treatment for lung cancer of the first and second
stages. Advancements in immunotherapy have resulted in major improvements in clinical
outcomes of lung cancer treatment [4]. For decades, there has been a link between cigarette
smoking and the development of lung cancer. The risk of lung cancer is 6- to 10-times
higher in smokers than in nonsmokers, and 90% of lung cancer patients are smokers [5,6].
According to the World Health Organization (WHO), chemoprevention is the most effective
strategy for preventing lung cancer, particularly in smokers who already have pulmonary
premalignancies [7].

4-[(Methyl)nitrosamino]-1-(3-pyridyl)-1-butanone (NNK) is a procarcinogen hydro-
carbon found in cigarette smoke [8]. NNK is hydrolyzed by cytochrome P-450 enzymes
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into reactive metabolites, which covalently bind to DNA, forming DNA adducts and
DNA double-strand breaks (DSBs) [9]. The phosphorylation of histone H2AX at serine
139 (γ-H2AX) and ataxia telangiectasia mutated kinase (ATM) at serine 1981 are induced
by cigarette smoke, presumably as a result of NNK-induced DNA lesions [10]. Since NNK
requires α-hydroxylation for metabolic activation, in cultured cell models, a precursor
of NNK, 4-[(acetoxymethyl) nitrosamino]-1-(3-pyridyl)-1-butanone (NNKOAc), has been
used to overcome the requirement of complex hepatic enzymatic activation of NNK [11].
Single-strand breaks (SSBs) are induced in a concentration-dependent manner by NNKOAc,
which pyridyloxobutylates DNA and causes damage to all four bases [12]. Methotrexate
(MTX) was discovered to induce genetic injuries such as chromosomal aberration, gene
mutation, and DNA damage in various medicine toxicity tests [13,14]. MTX has also been
linked to DNA damage in cancer cells, including oxidative damage in colon cancer and
DSBs in non-small-cell lung cancer [15,16]. In our previous investigations, NNKOAc and
MTX have been used to model smoke-related genotoxicity in normal human bronchial
epithelial cells (BEAS-2B) [17].

Various intrinsic and extrinsic stresses, such as mutagenic chemicals, reactive oxy-
gen species (ROS), ionizing radiation (IR), and unresolved intermediates of physiologic
topoisomerase and nuclease reactions, cause DNA damage such as SSBs, DSBs, and base
lesions, among others. The most dangerous DNA lesions that can cause oncogenic chro-
mosomal aberrations are DSBs [18]. The PI3K-like kinases ataxia-telangiectasia mutated
(ATM)-Chk2 and ATM-rad3-related (ATR)-Chk1 are the two major DNA damage response
(DDR) transduction pathways for DNA damage repair [19]. ATR-Chk1 is activated by
replication protein A (RPA)-coated SSBs, whereas ATM-Chk2 is activated by DSBs [20,21].
Following Chk1 and Chk2 activation, a variety of downstream effectors, including p53,
γ-H2AX, BRCA1/2, and RAD51, are activated through post-translational modifications
such as phosphorylation and ubiquitination. These processes have the potential to stop
the cell cycle and trigger DDR mechanisms in the cell [22]. The apoptotic pathways are
triggered when the insult exceeds the repair capacity to prevent the accumulation of DNA
damage in cells that would otherwise lead to genomic instability and carcinogenesis. As
such, activation of these DDR pathways represents a faithful read-out of genotoxic events
experienced by the cell as well as its repair capacity.

Due to their safety, low toxicity, and widespread availability, natural dietary antioxi-
dants have the potential to suppress cancers and reduce the risk of cancer development
by reducing cellular oxidative damage [23,24]. Antioxidants such as β-carotene, vitamin
C, and flavonoids found in fruits and vegetables have anti-inflammatory, anti-diabetic,
anti-fungal, anti-allergic, anti-viral, and anti-cancer properties [25]. Plant flavonoids and
extracts protect cells from various forms of genotoxicity [26,27]. Quercetin has been shown
to protect normal human bronchial epithelial cells (BEAS-2B) from Cr(VI)-induced carcino-
genesis [28]. An apple peel flavonoid fraction (AF4) [17] and haskap berry flavonoids [8]
were found to have antioxidant activity in an in vitro model to repair DNA damage in
BEAS-2B cells. In the present study, we tested the hypothesis that a vitamin-containing
antioxidant formulation (AOX1) that consists of vitamin C (ascorbic acid), vitamin B9
(folate), vitamin A precursor β-carotene, α-lipoic acid, and N-acetyl cysteine (NAC) alone
or with the combination of AF4, quercetin (Q), or quercetin 3-O-D-glucoside (Q3G) could
protect against DNA damage caused by selected chemical carcinogens, i.e., NNKOAc that
mimic cigarette smoke-induced genotoxic damage in BEAS-2B cells.

2. Material and Methods
2.1. Chemicals, Kits, and Antibodies

LHC-9 growth medium for BEAS-2B cells was purchased from Thermo Fischer
(Chelmsford, MA, USA). The COMET SCGE assay kit for the comet assay was purchased
from ENZO (New York, NY, USA). Cellular DNA fragmentation, the enzyme-linked
immunosorbent assay (ELISA) kit for DNA fragmentation analysis, was received from
Roche Diagnostics (Berlin, Germany). For γ-H2AX immunofluorescence studies, primary
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antibody anti-H2AX (S139) was obtained from Millipore (Etobicoke, ON, Canada), and
secondary antibody Alexa Flour 594 donkey anti-mouse was purchased from Life Tech
(Carlsbad, CA, USA). DNA Damage Antibody Sampler Kit (#9947) and β-actin (#12620)
were purchased from Cell Signaling Technology (Boston, MA, USA). 4-[(Acetoxymethyl)
nitrosamino]-1-(3-pyridyl)-1-butanone (NNKOAc) was purchased from Toronto Research
Chemicals (Toronto, ON, Canada). Ascorbic acid, folic acid, β-carotene, α-lipoic acid, NAC,
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy methyl phenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS), phenazine methosulfate (PMS), dichlorofluorescin diacetate dye (DCFH-DA), and
methotrexate (MTX) were purchased from Sigma-Aldrich (Oakville, ON, Canada). AF4
was isolated from peels of “Northern Spy” apples as described previously [29]. Stock
solutions were prepared in dimethyl sulfoxide (DMSO), and the final concentrations did
not exceed 0.5% (v/v) in the culture treatment medium.

2.2. Cell Culture

BEAS-2B cells were purchased from the American Tissue Type Culture Collection
(ATCC; CRL-9609) and were cultured with LHC-9 media at 37 ◦C in a humidified incu-
bator with 5% CO2. Culture flasks (polystyrene T75) were pre-coated with a mixture of
0.01 mg/mL fibronectin, 0.03 mg/mL bovine collagen type I, and 0.01 mg/mL bovine
serum albumin dissolved in LHC-9 medium overnight. Cells were cultured on the cul-
ture flask and grown to about 70% confluence, and the passages (<10) were used for all
experimental conditions.

2.3. Cell Viability by MTS Assay

The cell viability assay (MTS) was used to determine the viability of BEAS-2B cells
under different treatment conditions [8]. In order to determine the non-cytotoxic dose for
the tested antioxidants, dose-dependent preliminary assays for various concentrations of
the antioxidants were performed for 24 h [17]. Briefly, MTS reagent was added to each well
and incubated for 3 h in the dark. Absorbance was recorded using a microplate reader
(Infinite® 200 PRO, TECAN, Mannedorf, Switzerland) at 490 nm. Cells with DMSO media
were served as the vehicle control, and cells with medium containing MTS reagent were
used as the blank for each experiment.

2.4. Measurement of Intracellular ROS

Intracellular ROS level in BEAS-2B cells was measured after adding DCFH-DA dye
that was taken up by cells and hydrolyzed to DCFH, which can be oxidized by ROS to
generate the fluorescent product dichlorofluorescein (DCF) [30]. The tested materials
include the vitamin-containing antioxidant formula (AOX1) consisted of ascorbic acid,
folate, NAC, lipoic acid, and β-carotene (10 µM each). For the comparison, AF4, Q, Q3G,
and AOX1 with or without the combination of AF4, Q, or Q3G were used. Once the cells
were pre-exposed to antioxidants for 3 h, they were then exposed to carcinogens for 3 h.
Cells with only DMSO media served as the vehicle control (same treatment conditions were
preserved for all experiments). After treatments, a final concentration of 5 µM DCFH-DA
was added to the cells and incubated for 40 min in the dark. The fluorescence degradation
was then measured at an excitation wavelength of 485 nm and an emission wavelength of
535 nm using a plate reader (Infinite 200 PRO, TECAN, Mannedorf, Switzerland).

2.5. DNA Fragmentation Analysis

DNA fragmentation was measured by the cellular DNA fragmentation ELISA kit in
BEAS-2B cells. Cells (1 × 105 cells/mL) were labeled with 10 µM bromodeoxyuridine
(BrdU), and 100 µL of BrdU-labeled cells were treated as mentioned above (Section 2.4).
The cells were lysed with lysis buffer, and apoptotic DNA fragments in supernatants were
collected for each sample after centrifugation at 250× g for 10 min. The samples (100 µL)
were then transferred to 96-well flat-bottom microplates, which were precoated with anti-
DNA and incubated for 90 min at 25 ◦C. The DNA was denatured by microwave irradiation
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(500 W for 5 min), then 100 µL of anti-BrdU-POD conjugate solution was added with an
additional 90 min of incubation, and the plates were washed with wash buffer (1×) three
times, and 100 µL of substrate 3,3′,5,5′-tetramethylbenzidine (TMB) solution was added
for color development. The stop solution (25 µL) was added after 5 min, and the plates
were read at 450 nm using a microplate reader (Infinite 200 PRO, TECAN, Mannedorf,
Switzerland).

2.6. γ-H2AX Immunofluorescence Assay

The immunofluorescence method was used to measure the DNA damage at the histone
level by quantifying γ-H2AX foci in BEAS-2B cells [31]. Briefly, 1× 105 cells were seeded on
a coated coverslip placed in a 6-well plate with 24 h incubation. After treatments, cells were
washed thoroughly with PBS and fixed with 3.7% formaldehyde and incubated for 20 min
in the dark. The cells were then subjected to permeabilize with 0.5% Triton X-100 in PBS for
15 min at room temperature, which was followed by blocking with 4% BSA for 20 min. The
cells were incubated with primary antibody (1:250) for 1 h at room temperature, washed
three times with PBS, and then incubated with secondary antibody (1:500) for 45 min. The
cells were washed with PBS three times, and the coverslips were carefully transferred onto
the slides, and mounted by wet-mounting medium, Vectashield®-containing DAPI, and
sealed with nail polish. The fluorescent images were captured by using a fluorescence
microscope (EVOSTM FLoid Imaging System; Bothell, WA, USA).

2.7. Comet Assay

The comet assay, also called single-cell gel electrophoresis, was performed to measure
the DNA damage [32]. Briefly, treated cells were combined with molten low melting
agarose at a ratio of 1:10 (v/v), and 75 µL of each sample was pipetted to the slide and
incubated for 20 min at 4 ◦C in the dark. The slides were then immersed in cold lysis buffer
at 4 ◦C for 45 min and followed by alkaline solution for another 30 min in the dark. After
washing the slides for 5 min with 1 × TBE buffer, they were subjected to electrophoresis
(1 V/cm for 10 min). The slides were dipped in 70% ethanol for 5 min, allowed to air-
dry, stained with CYGREEN® dye (1:1000), and examined under fluorescence microscopy
(EVOSTM FLoid Imaging System; Bothell, WA, USA). The comets were scored by using
comet assay software (http://casplab.com/download, accessed on 14 July 2021), and a
minimum of 30 cells were quantified by measuring the percentage DNA tail moment.

2.8. Western Blotting

BEAS-2B cells were harvested after the treatments and were lysed using 1 × SDS lysis
buffer (1 mM Tris–HCl (pH 6.8), 2% w/v SDS, 10% glycerol) under reduced conditions on ice.
The total protein concentration in each sample was measured by using the Bradford assay.
A total of 20 µg of protein samples were loaded on 6% and 12% SDS-PAGE gel and electro-
transferred to a PVDF membrane (Thermo Fischer). The membrane was then blocked with
5% non-fat milk solution for 1 h at room temperature and probed with specific primary
antibodies (1:1000) for overnight incubation, washed and again probed with respective
secondary antibodies (1:2000) for 1 h, and then developed by enhanced chemiluminescence
(ECL) based on Clarity™ and Clarity Max™ (Bio-Rad, ChemiDocTM MP, Hercules, CA,
USA). Protein expression of each band was normalized with the respective actin level, and
relative protein expression was quantified with respect to untreated control bands for each
experiment.

2.9. Statistical Analysis

All the experiments were performed in triplicates (n = 3) for three independent
experiments and analyzed by one-way analysis of variance (ANOVA) using Tukey’s post
hoc test and the two-tailed Student’s t test using GraphPad Prism 5 software (GraphPad
software Inc., San Diego, CA, USA). Data were presented as mean ± standard deviation
(SD) and p ≤ 0.05 was considered significant between experimental groups.

http://casplab.com/download
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3. Results
3.1. Cell Viability Owing to Vitamins, AF4, Q, and Q3G Treatement

The effects of several vitamin/antioxidant preparations (AF4, Q, and Q3G) on cell
viability were assessed in BEAS-2B cells by the MTS assay. The tested vitamins, flavonoids,
and other antioxidants showed no cytotoxic effect at the concentration range of 0.1 to
1000 µM (Supplementary Figure S1A–E). At higher concentrations, Q (1000 µM), Q3G
(250–1000 µM), and AF4 (above 12.5 µg/mL) were cytotoxic to BEAS-2B cells (Supplemen-
tary Figure S1F–H). Based on the % cell viability, 50 µg/mL of AF4 (cell viability above
80%), 50 µM of AOX1 (10 µM of each component), Q, and Q3G were selected for future
experiments. All treatments were compared to a DMSO control with ≤5% cytotoxicity.

3.2. Reduction of Intracellular ROS Levels by AOX1 Alone or with the Combination of AF4, Q, or Q3G

In our previous study, we determined 200 µM of MTX and 100 µM of NNKOAc
as the optimum concentrations for use in this cell model of carcinogen-induced DNA
damage [17]. Using these compound concentrations, AOX1 and its five components, AF4,
Q, Q3G, and their combinations were assessed using carcinogen-treated BEAS-2B cells to
study the impact of dietary antioxidants on reducing intracellular ROS levels (Figure 1).
The NNKOAc- and MTX-treated BEAS-2B cells showed a significantly greater (p ≤ 0.05)
and a two-fold increase in total ROS level relative to the control. Pre-exposure to AOX1
components, AF4, Q, or Q3G significantly reduced (p ≤ 0.05) ROS levels in BEAS-2B cells
compared to NNKOAc-exposed cells. Interestingly, all of the vitamins, AF4, Q, Q3G, and
AOX1, as well as AOX1 with and without the combination of AF4, Q, or Q3G pre-treated
cells, resulted in reduced levels of ROS compared to the carcinogen model in this study.

3.3. Protection from Carcinogen-Induced DNA Fragmentation in BEAS-2B Cells by AOX1 Alone
and with the Combination of AF4, Q, or Q3G

The levels of DNA fragmentation in BEAS-2B cells were measured by the ELISA assay
(Figure 2). When compared to the DMSO control, NNKOAc and MTX groups increased
DNA fragmentation levels by five-fold (p≤ 0.05). There was no DNA fragmentation caused
by any of the AOX1 components (except lipoic acid), AF4, Q, Q3G, or AOX1. In carcinogen-
treated groups, pre-treatment with AOX1 components, AF4, Q, Q3G, and AOX1, and AOX1
with and without the combination of AF4, Q, or Q3G, significantly (p ≤ 0.05) reduced DNA
fragmentation.

3.4. Pre-Exposure to Antioxidants Reduces Carcinogen-Induced DNA Damage Indicator,
Phospho-Histone Variant γ-H2AX

The results of the γ-H2AX immunofluorescence assay were used to examine DNA
damage at the phosphorylation of histone protein on serine 139 (γ-H2AX; Supplemen-
tary Figure S2A–C). The nucleus (blue color) was stained with DAPI, which co-localized
with γ-H2AX foci, which appeared red when observed under a fluorescence microscope.
When compared to DMSO control cells, NNKOAc- and MTX-treated groups showed se-
vere DNA damage (3-times higher). Treatment with AOX1 components, AF4, Q, Q3G, or
AOX1 with and without the combination of AF4, Q, or Q3G did not cause any increase in
DNA damage when compared to DMSO control cells. Pre-exposure to AOX1 individual
components, AF4, Q, Q3G, or AOX1 alone or in combination with AF4, Q, or Q3G signifi-
cantly (p ≤ 0.05) inhibited γ-H2AX foci/nucleus caused by NNKOAc and MTX exposure
(Figure 3), consistent with reduced DNA damage (Figure 2).
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ROS levels in BEAS-2B cells compared to NNKOAc-exposed cells. Abbreviations: AA: Ascorbic acid, AF4: apple peel 

flavonoid fraction 4, AOX1: antioxidant formulation, BC: β-carotene, FA: folic acid, LA: α-lipoic acid, MTX: methotrexate, 

NAC: N-acetyl cysteine, NNKOAC: 4-[(Acetoxymethyl)nitrosamino]-1-(3-pyridyl)-1-butanone, Q: quercetin, Q3G: Q-3-O-

d-glucoside (Q3G). 

Figure 1. (A–F) Carcinogen-induced ROS production was reduced by pre-exposure of BEAS-2B cells with tested antioxidants.
Experimental values presented as mean ± SD of n = 3 independent experiments by one-way analysis of variance performed
with Tukey’s pairwise comparison. The sign “a,b,c,d,e,f, and g” refers to statistical difference (p ≤ 0.05). All the treatment
groups were compared with the DMSO control. Means that share the same letter are not significantly different at p ≤ 0.05.
Pre-exposure to vitamins, AF4, Q, Q3G, AOX1 with or without AF4, Q, or Q3G significantly (p ≤ 0.05) reduced ROS levels in
BEAS-2B cells compared to NNKOAc-exposed cells. Abbreviations: AA: Ascorbic acid, AF4: apple peel flavonoid fraction 4,
AOX1: antioxidant formulation, BC: β-carotene, FA: folic acid, LA: α-lipoic acid, MTX: methotrexate, NAC: N-acetyl cysteine,
NNKOAC: 4-[(Acetoxymethyl)nitrosamino]-1-(3-pyridyl)-1-butanone, Q: quercetin, Q3G: Q-3-O-D-glucoside (Q3G).
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Figure 2. (A–F) DNA fragmentation caused by carcinogens in BEAS-2B can be reduced by pre-exposure of cells to tested
antioxidants. Experimental values presented as mean ± SD of n = 3 independent experiments by one-way analysis of
variance performed with Tukey’s pairwise comparison. The sign “a,b,c,d,e, and f” refers to statistical difference (p ≤ 0.05).
All the treatment groups were compared with the DMSO control. Means that share the same letter are not significantly
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reduced DNA fragmentation levels in BEAS-2B cells compared to NNKOAc-exposed cells. Abbreviations: AA: Ascorbic
acid, AF4: apple peel flavonoid fraction 4, AOX1: antioxidant formulation, BC: β-carotene, FA: folic acid, LA: α-lipoic
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Q: quercetin, Q3G: Q-3-O-D-glucoside (Q3G).
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Figure 3. (A–F) Pretreatment of AOX1 alone or with the combination of AF4, Q, or Q3G reduced carcinogen-induced
γ-H2AX in BEAS-2B cells. Quantification of focus/nucleus ratio was calculated for each sample from at least 30 cells.
Experimental values presented as mean ± SD of n = 3 independent experiments by one-way analysis of variance performed
with Tukey’s pairwise comparison. The sign “a,b, and c” refers to statistical difference (p ≤ 0.05). All the treatment
groups were compared with the DMSO control. Means that share the same letter are not significantly different at p ≤ 0.05.
Pre-exposure to vitamins, AF4, Q, Q3G, AOX1 with or without AF4, Q, or Q3G significantly (p ≤ 0.05) reduced DNA
damage, as indicated by γ-H2AX levels in BEAS-2B cells compared to NNKOAc-exposed cells. Abbreviations: AA: Ascorbic
acid, AF4: apple peel flavonoid fraction 4, AOX1: antioxidant formulation, BC: β-carotene, FA: folic acid, LA: α-lipoic
acid, MTX: methotrexate, NAC: N-acetyl cysteine, NNKOAC: 4-[(Acetoxymethyl)nitrosamino]-1-(3-pyridyl)-1-butanone,
Q: quercetin, Q3G: Q-3-O-D-glucoside (Q3G).
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3.5. Antioxidants Reduce Carcinogen-Induced DNA Damage Measured by Comet Assay in
BEAS-2B Cells

The comet assay is a well-established method of monitoring DNA damage and repair
kinetics in cells by measuring the “tail moment” or the tail length × percentage of frag-
mented DNA migrating from the nucleus in the tail during in cellulo electrophoresis [33].
Following carcinogen treatments with and without vitamins/antioxidant preparations,
DNA tail moment was measured (Supplementary Figure S3A–C and Figure 4). When com-
pared to MTX treatment at the same concentration and exposure time, NNKOAc-treated
cells showed a greater tail moment. Cells treated with AOX1 components, AF4, Q, Q3G, or
AOX1 alone or with the combination of Q, Q3G, or AF4 maintained their cellular integrity
and had a lower percentage of fragmented DNA in the tail. All the tested antioxidants and
their tested combinations significantly (p ≤ 0.05) reduced the tail moment in BEAS-2B cells
treated with either NNKOAc or MTX, as measured from at least 30 cells.

3.6. Dietary Antioxidants Contribute to DDR Cell Signaling

Western blot analysis was used to examine and quantify the phosphorylation of key
upstream DDR kinases, ATM and ATR, and their effector cell cycle checkpoint kinases,
Chk2 and Chk1, as well as tumor suppressor proteins p53 and BRCA1, and DNA dam-
age molecular marker γ-H2AX (Figure 5). The DDR signaling cascade was enhanced
in NNKOAc-treated cells, particularly ATR and its effector proteins, such as Chk1, p53,
BRCA1, and γ-H2AX, which were all phosphorylated in response to these compounds.
In NNKOAc-treated cells, however, phosphorylation of ATM or Chk2 protein was not
observed. In NNKOAc-treated cells, pre-treatment with AOX1 with or without the com-
binations resulted in a significant (p ≤ 0.05) reduction in phosphorylation of ATR, Chk1,
p53, BRCA1, and γ-H2AX. Overall, our findings revealed that the pre-treatment with
AOX1 alone or in combination with Q, Q3G, or AF4 significantly reduced DDR protein
phosphorylation and activation of the ATR/Chk1 axis, particularly in those challenged by
NNKOAc-induced genotoxicity.
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difference (p ≤ 0.05). All the treatment groups were compared with the DMSO control. Means that share the same letter
are not significantly different at p ≤ 0.05. Pre-exposure to vitamins, AF4, Q, Q3G, AOX1 with or without AF4, Q, or Q3G
significantly (p ≤ 0.05) reduced DNA damage in BEAS-2B cells compared to NNKOAc-exposed cells. Abbreviations:
AA: Ascorbic acid, AF4: apple peel flavonoid fraction 4, AOX1: antioxidant formulation, BC: β-carotene, FA: folic acid, LA:
α-lipoic acid, MTX: methotrexate, NAC: N-acetyl cysteine, NNKOAC: 4-[(Acetoxymethyl)nitrosamino]-1-(3-pyridyl)-1-
butanone, Q: quercetin, Q3G: Q-3-O-D-glucoside (Q3G).
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Figure 5. (A) Effect of AOX1 alone and with the combination of AF4, Q, or Q3G on various DDR signaling proteins exposed
to NNKOAc was assessed by Western blotting. (B–H) The relative amount of each protein expression level (p-ATM, p-ATR,
p-Chk2, p-Chk1, p-P53, p-BRCA1, and p-γ-H2AX) with respect to the beta-actin loading control. Experimental values
presented as mean± SD of n = 3 independent experiments by one-way analysis of variance performed with Tukey’s pairwise
comparison. The sign “a,b,c,d, and e” refers to statistical difference (p ≤ 0.05). All the treatment groups were compared with
the DMSO control. Means that share the same letter are not significantly different at p ≤ 0.05. Pre-exposure to AOX1 with or
without AF4, Q, or Q3G significantly (p ≤ 0.05) reduced the protein expression levels of DDR in BEAS-2B cells compared to
NNKOAc-exposed cells. Abbreviations: AF4: apple peel flavonoid fraction 4, AOX1: antioxidant formulation, NNKOAC:
4-[(Acetoxymethyl)nitrosamino]-1-(3-pyridyl)-1-butanone, Q: quercetin, Q3G: Q-3-O-D-glucoside (Q3G).
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4. Discussion

Many exogenous carcinogenic factors, including cigarette smoke hydrocarbons, cause
DNA damage [34,35]. Normal cells are transformed into premalignant cells as a result of
DNA damage and failure to repair, which result in mutations and abnormal cell prolifera-
tion [32]. In this study, we have used NNKOAc, a precursor of NNK that metabolizes into
cytosolic reactive electrophilic metabolites, to induce DNA damage in BEAS-2B cells [36].
As an experimental model, we also employed MTX, a chemotherapy agent, to cause nuclear
DNA damage in normal cells [17]. Cancer chemoprevention through dietary antioxidants
has emerged as a promising medical intervention for lowering the risk of cancer devel-
opment. Antioxidant-rich foods and dietary supplements can reduce oxidative nucleic
acid damage [37]. In previous studies, we have demonstrated the selective cytotoxicity of
AF4 to cause cell death in cancer cells with no or lower cytotoxicity to normal cells [38].
In BEAS-2B cells, we tested the cell viability of vitamins and antioxidant flavonoids at
various concentrations and observed that there was no cytotoxicity at the doses employed
that would be expected to be achieved in vivo after supplements. In humans, the plasma
concentration of ascorbic acid ranges 40–80 µM [39], β-carotene is comparable to 2450
nM [40], folate is 0.9–55 nM [41], lipoic acid is 0.5–30 µM [42], and 141.5 µM for NAC [43].
However, we observed that Q and Q3G are toxic at higher concentrations. In contrast, we
observed 80% cell viability for cells treated with 50 µg/mL AF4 treatment for 24 h, which
is consistent with previous studies [17].

The exposure of BEAS-2B to NNKOAc and MTX resulted in the production of ROS
and a reduction in cell viability. In normal healthy cells, ROS generation is one of the
major contributing factors eliciting DNA damage [44]. Pre-treatment of BEAS-2B cells
with tested antioxidants, AF4, Q, Q3G, and AOX1, and AOX1 combination with AF4,
Q, or Q3G, significantly decreased the toxic effects of these carcinogens. Flavonoids are
well-known for their ability to scavenge ROS [45]. In our previous study, the reduction
of carcinogen-induced DNA damage by apple flavonoids (AF4) was shown [17]. AF4, Q,
Q3G, and AOX1 components, as well as AOX1 with and without AF4, Q, or Q3G, have
been found to protect BEAS-2B cells from carcinogens.

In normal cells, DSBs represent some of the most difficult DNA lesions to repair. If
DNA damage from DSBs is not repaired, it can lead to genomic instability and eventually
carcinogenesis as DNA mutations accumulate [46]. Histone post-translational modification
or γ-H2AX at the site of a DNA break is an early event in the DDR [47]. Phosphorylation
of H2AX is essential in sensing and recruitment of DNA repair machinery to a wide
range of DNA lesions [48]. After 3 h of exposure, the carcinogens used in this study were
found to modulate H2AX phosphorylation status. Interstream crosslink-induced DNA
damage, which is formed at replication forks and is largely responsible for observed γ-
H2AX foci in NNKOAc-treated cells, could explain the observed toxicity [49]. Each DSB is
assumed to be represented by a single focus [50]. Many studies have employed NNKOAc
to overcome the limitations and complexity of NNK metabolism and to cause nuclear DNA
damage in cells [8,12,17]. Carbonyl reduction, pyridine nitrogen molecule oxidation, and
α-hydroxylation of the methyl or methylene carbons are the three main routes in NNK
metabolism [51]. A considerable amount of NNK is converted to 4-(methylnitrosamino)-
1-(3-pyridyl)-1-butanol (NNAL), a carcinogenic metabolite that is then oxidized to NNK
via the carbonyl reduction pathway. CYP450 enzymes α-hydroxylate both NNK and
NNAL, yielding electrophilic intermediates that can react with DNA to create bulky
pyridyloxobutylation DNA (POB-DNA) adducts [52]. NNKOAc produces hydroxymethyl
metabolites in cell culture systems, which spontaneously yield 4-3-pyridyl-4-oxobutane-
1-diazohydroxide. POB-DNA adducts are formed when the diazohydroxides react with
DNA. As a result, NNKOAc imitates NNK’s DNA damage pattern [12]. In addition to
monitoring the formation of γ-H2AX foci, we also used the comet assay to examine DNA
damage and fragmentation, which can detect both single-strand breaks and DSBs [53]. In
this study, a quantitative analysis using the comet tail moment characteristics allowed
us to monitor the severity of DNA damage caused by NNKOAc and MTX. Compared
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to carcinogen treatments, pre-exposure to tested vitamins, antioxidants, flavonoids, and
AOX1 showed substantial inhibition of DNA tail damage.

The recruitment of DDR factors to DNA damage was examined by immunoprobing
against several proteins (ATM, ATR, Chk1, Chk2, p53, BRCA1, and γ-H2AX) in this study,
which provides insights into the molecular mechanism of DNA damage generated by
NNKOAc. DDR is made up of signaling pathways that coordinate replication, DNA repair,
and cell cycle progression [54]. ATM-Chk2 and ATR-Chk1 are two essential signaling
pathways in the DDR machinery. Mutations in the ATM-Chk2 pathway are common in
malignancies, although mutations in the ATR and Chk1 genes are extremely rare [55].
This suggests that maintaining the activated ATR-Chk1 pathway is essential for cell sur-
vival [56]. Interestingly, our findings reveal that NNKOAc causes DNA damage, and
this results in phosphorylation of ATR, but not phosphorylation of ATM in BEAS-2B cells
(Figure 6). NNKOAc treatment also activated effector proteins such as Chk1, p53, BRCA1,
and γ-H2AX. However, in BEAS-2B cells, MTX did not activate these proteins (data not
presented). According to our hypothesis, MTX might be generating early events in DNA
damage but may not be enough to initiate a cascade of effector proteins.
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Figure 6. Modulation of ATR/Chk1 cell signaling pathway by AOX1 antioxidant formulation in
BEAS-2B cells. ATR is activated by carcinogen-induced DNA damage and phosphorylates Chk1.
The activation of ATR/Chk1 also initiates the DNA repair mechanism through p53/BRCA1/γ-H2AX
signaling, which improves the HR repair mechanism. Abbreviations: AOX1: antioxidant formulation-1,
ATM: Ataxia telangiectasia mutated, ATR: ATM-Rad3-related, Chk: checkpoint kinases, BRCA1: breast
cancer gene 1, HR: homologous recombination, p53: tumor suppressor, ?: further studies are needed.

In our study, we observed that NKKOAc carcinogen-induced DNA damage activates
ATR, which phosphorylates γ-H2AX and activates Chk1, initiating the DDR through var-
ious effector proteins such as p53 and BRCA1 to promote DNA repair by single-strand
break repair and homologous recombination (HR) (Figure 6). In addition to replication
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stress, ATR is activated in response to UV-induced breaks, antimetabolites, inter-strand
DNA cross-linking, and DSBs’ end resection [57]. Unlike ATM, ATR activation is usually
triggered by single-stranded DNA (ssDNA). Furthermore, during the S or G2 phases of the
cell cycle, DSBs are converted to ssDNA, which activates ATR [58]. Dietary antioxidants
have been demonstrated to have chemopreventive effects via modulating a variety of sig-
naling pathways, including the p53 pathway. In response to oxidative stress, p53 signaling
activates transcription factors [59]. Dietary antioxidants can help to maintain oxidative
homeostasis by phosphorylating and acetylating p53 protein. p53 regulates transcriptional
genes involved in DNA repair, metabolism, senescence, apoptosis, autophagy, and an-
giogenesis via binding to DNA [60]. Our data indicate that ATR/Chk1 activation and
signaling in response to carcinogen exposure is attenuated in response to the tested antioxi-
dant formulations and likely reflects reduced ROS and consequently ROS-induced DNA
damage.

Together, our findings support the ability of tested vitamins, antioxidants, flavonoids,
and AOX1 to protect DNA damage in BEAS-2B cells. Polyphenols including luteolin,
quercetin, and rosmarinic acid have similar effects in neuronal cells in protecting DNA
from oxidative stress [19,60]. Sesaminol, a furofuran lignan derived from sesame seeds,
enhances catalase and SOD activity and protects BEAS-2B cells from DNA damage caused
by cigarette smoke extract [61]. β-Carotene is more sensitive to cigarette smoke-induced
oxidation than lipids; however, the preferential oxidation of β-carotene in BEAS-2B cells did
not result in a pro-oxidant effect [62]. The beneficial effect of lipoic acid on the activation of
cytoprotective antioxidant genes makes it a potential option for reducing paraquat-induced
oxidative stress-related bronchial cell death [63]. When BEAS-2B cells were transfected
with γ-glutamyl transferase (GGT) cDNA, considerably larger amounts of ascorbic acid
were deposited in the presence of glutathione (GSH), suggesting that active GGT may help
in maintaining the ascorbic acid status of bronchial epithelia [64].

5. Conclusions

In this study, natural product formulations containing selected vitamins and antiox-
idant formulation used alone, or combination with flavonoids (AF4, Q, or Q3G), were
able to protect BEAS-2B lung epithelial cells from chemical carcinogens’ insult in vitro.
These results are a step towards developing therapeutic natural health products or dietary
supplements to reduce not only the cancer risk of exposure to environmental carcinogens
but also the adverse side effects of various cytotoxic or genotoxic chemotherapeutics. Such
“natural-source” therapeutics may also prove useful in minimizing cancer risks associ-
ated with exposure to occupational hazards (e.g., diesel exhaust, smoke particles, and
fumes) and diagnostic ionizing radiation exposure from radiography (X-rays), computed
tomography (CT) scans, and nuclear medicine scans.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/biomedicines9111665/s1, Figure S1: The cell viability of antioxidant components on BEAS-2B
cells, Figure S2: Immunofluorescence staining with and γ-H2AX antibody in BEAS-2B cells were
exposed to carcinogens alone or in combination with pretreatment od antioxidant components,
Figure S3: DNA tail damage in BEAS-2B cells were exposed to carcinogens alone or in combination
with pretreatment of antioxidant components assessed by comet assay.
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Abbreviations

AA Ascorbic acid
AF4 Apple peel flavonoid fraction 4
AOX1 Antioxidant formulation
ATM Ataxia telangiectasia mutated
ATR ATM-Rad3-related
BC beta-Carotene
BEAS-2B Normal human bronchial epithelial cells
Chk Checkpoint kinases
DDR DNA damage response
DMSO Dimethyl sulfoxide
DSBs DNA double-strand breaks
FA Folic acid
LA alpha-Lipoic acid
MTX Methotrexate
NAC N-acetyl cysteine
NNK 4-[(methyl)nitrosamino]-1-(3-pyridyl)-1-butanone
NNKOAc 4-[(acetoxymethyl)nitrosamino]-1-(3-pyridyl)-1-butanone
Q Quercetin
Q3G Quercetin 3-O-D-glucoside
ROS Reactive oxygen species

References
1. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2020. CA Cancer J. Clin. 2020, 70, 7–30. [CrossRef]
2. Cecilia, Z.; Shaker, A.M. Non-small cell lung cancer: Current treatment and future advances. Transl. Lung Cancer Res. 2016, 5,

288–300.
3. Lou, Y.; Guo, Z.; Zhu, Y.; Kong, M.; Zhang, R.; Lu, L.; Wu, F.; Liu, Z.; Wu, J. Houttuynia cordata Thunb. and its bioactive compound

2-undecanone significantly suppress benzo(a)pyrene-induced lung tumorigenesis by activating the Nrf2-HO-1/NQO-1 signaling
pathway. J. Exp. Clin. Cancer Res. 2019, 38, 242. [CrossRef] [PubMed]

4. Yang, S.; Zhang, Z.; Wang, Q. Emerging therapies for small cell lung cancer. J. Hematol. Oncol. 2019, 12, 47. [CrossRef]
5. Mok, T.S.; Zhou, Q.; Wu, Y.L. Research and standard care: Lung cancer in China. In American Society of Clinical Oncology Educational

Book; ASCO: Alexandria, VA, USA, 2012; Volume 32, pp. 432–436.
6. He, S.; Ou, R.; Wang, W.; Ji, L.; Gao, H.; Zhu, Y. Camptosorus sibiricus rupr aqueous extract prevents lung tumorigenesis via dual

effects against ROS and DNA damage. J. Ethnopharmacol. 2018, 220, 44–56. [CrossRef] [PubMed]
7. Cheng, T.Y.; Cramb, S.M.; Baade, P.D.; Moulden, D.R.; Nwogu, C.; Reid, M.E. The international epidemiology of lung cancer:

Latest trends, disparities, and tumor characteristics. J. Thorac. Oncol. 2016, 11, 1653–1671. [CrossRef]
8. Amararathna, M.; Hoskin, D.W.; Rupasinghe, H.P.V. Anthocyanin-rich haskap (Lonicera caerulea L.) berry extracts reduce

nitrosamine-induced DNA damage in human normal lung epithelial cells in vitro. Food Chem. Toxicol. 2020, 141, 111404.
[CrossRef] [PubMed]

9. Ibuki, Y.; Shikata, M.; Toyooka, T. γ-H2AX is a sensitive marker of DNA damage induced by metabolically activated 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanone. Toxicol. In Vitro 2015, 29, 1831–1838. [CrossRef]

10. Ishida, M.; Ishida, T.; Tashiro, S.; Uchida, H.; Sakai, C.; Hironobe, N.; Miura, K.; Hashimoto, Y.; Arihiro, K.; Chayama, K. Smoking
cessation reverses DNA double-strand breaks in human mononuclear cells. PLoS ONE 2014, 9, e103993. [CrossRef]

11. Clague, J.; Shao, L.; Lin, J.; Chang, S.; Zhu, Y.; Wang, W.; Wood, C.G.; Wu, X. Sensitivity to NNKOAc is associated with renal
cancer risk. Carcinogenesis 2009, 30, 706–710. [CrossRef]

12. Cloutier, J.F.; Drouin, R.; Weinfeld, M.; O’Connor, T.R.; Castonguay, A. Characterization and mapping of DNA damage induced
by reactive metabolites of 4-(methylnitrosamino)-1-(3-pyridyl)-1- butanone (NNK) at nucleotide resolution in human genomic
DNA. J. Mol. Biol. 2001, 313, 539–557. [CrossRef]

http://doi.org/10.3322/caac.21590
http://doi.org/10.1186/s13046-019-1255-3
http://www.ncbi.nlm.nih.gov/pubmed/31174565
http://doi.org/10.1186/s13045-019-0736-3
http://doi.org/10.1016/j.jep.2017.12.021
http://www.ncbi.nlm.nih.gov/pubmed/29258855
http://doi.org/10.1016/j.jtho.2016.05.021
http://doi.org/10.1016/j.fct.2020.111404
http://www.ncbi.nlm.nih.gov/pubmed/32413456
http://doi.org/10.1016/j.tiv.2015.07.023
http://doi.org/10.1371/journal.pone.0103993
http://doi.org/10.1093/carcin/bgp045
http://doi.org/10.1006/jmbi.2001.4997


Biomedicines 2021, 9, 1665 16 of 17

13. Deng, H.; Zhang, M.; He, J.; Wu, W.; Jin, L.; Zheng, W.; Lou, J.; Wang, B. Investigating genetic damage in workers occupationally
exposed to methotrexate using three genetic end-points. Mutagenesis 2005, 20, 351–357. [CrossRef] [PubMed]

14. Xie, L.; Zhao, T.; Cai, J.; Su, Y.; Wang, Z.; Dong, W. Methotrexate induces DNA damage and inhibits homologous recombination
repair in choriocarcinoma cells. Onco Targets Ther. 2016, 9, 7115–7122. [CrossRef] [PubMed]

15. Martin, S.A.; McCarthy, A.; Barber, L.J.; Burgess, D.J.; Parry, S.; Lord, C.J.; Ashworth, A. Methotrexate induces oxidative DNA
damage and is selectively lethal to tumour cells with defects in the DNA mismatch repair gene MSH2. EMBO Mol. Med. 2009, 1,
323–337. [CrossRef] [PubMed]

16. Huang, W.Y.; Yang, P.M.; Chang, Y.F.; Marquez, V.E.; Chen, C.C. Methotrexate induces apoptosis through p53/p21-dependent
pathway and increases E-cadherin expression through downregulation of HDAC/EZH2. Biochem. Pharmacol. 2011, 81, 510–517.
[CrossRef]

17. George, V.C.; Rupasinghe, H.P.V. Apple flavonoids suppress carcinogen-induced DNA damage in normal human bronchial
epithelial cells. Oxid. Med. Cell. Longev. 2017, 2017, 1767198. [CrossRef]

18. Wohlbold, L.; Fisher, R.P. Behind the wheel and under the hood: Functions of cyclin-dependent kinases in response to DNA
damage. DNA Repair 2009, 8, 1018–1024. [CrossRef] [PubMed]

19. Blackford, A.N.; Jackson, S.P. ATM, ATR, and DNA-PK: The trinity at the heart of the DNA damage response. Mol. Cell 2017, 66,
801–817. [CrossRef]

20. Clouaire, T.; Marnef, A.; Legube, G. Taming tricky DSBs: ATM on duty. DNA Repair 2017, 56, 84–91. [CrossRef]
21. Lyu, K.; Kumagai, A.; Dunphy, W.G. RPA-coated single-stranded DNA promotes the ETAA1-dependent activation of ATR. Cell

Cycle. 2019, 18, 898–913. [CrossRef]
22. Le, J.; Perez, E.; Nemzow, L.; Gong, F. Role of deubiquitinases in DNA damage response. DNA Repair 2019, 76, 89–98. [CrossRef]
23. Rupasinghe, H.P.V. Flavonoids and their disease prevention and treatment potential: Recent advances and future perspectives.

Molecules 2020, 25, 4746. [CrossRef] [PubMed]
24. Siddiqui, S.S.; Rahman, S.; Rupasinghe, H.P.V.; Vazhappilly, C.G. Dietary flavonoids in p53—Mediated immune dysfunctions

linking to cancer prevention. Biomedicines 2020, 8, 286. [CrossRef] [PubMed]
25. Prochazkova, D.; Bousova, I.; Wilhelmova, N. Antioxidant and prooxidant properties of flavonoids. Fitoterapia 2011, 82, 513–523.

[CrossRef] [PubMed]
26. Suraweera, T.L.; Rupasinghe, H.P.V.; Dellaire, G.; Xu, Z. Regulation of Nrf2/ARE pathway by dietary flavonoids: A friend or foe

for cancer management? Antioxidants 2020, 9, 973. [CrossRef] [PubMed]
27. George, V.C.; Dellaire, G.; Rupasinghe, H.P.V. Plant flavonoids in cancer chemoprevention: Role in genome stability. J. Nutr.

Biochem. 2017, 45, 1–14. [CrossRef]
28. Pratheeshkumar, P.; Son, Y.-O.; Divya, S.P.; Wang, L.; Turcios, L.; Roy, R.V.; Hitron, J.A.; Kim, D.; Dai, J.; Asha, P.; et al. Quercetin

inhibits Cr(VI)-induced malignant cell transformation by targeting miR-21-PDCD4 signaling pathway. Oncotarget 2017, 8,
52118–52131. [CrossRef] [PubMed]

29. Keddy, P.G.; Dunlop, K.; Warford, J.; Samson, M.L.; Jones, Q.R.; Rupasinghe, H.P.V.; Robertson, G.S. Neuroprotective and
anti-inflammatory effects of the flavonoid-enriched fraction AF4 in a mouse model of hypoxic-ischemic brain injury. PLoS ONE
2012, 7, e51324. [CrossRef]

30. Wang, H.; Joseph, J.A. Quantifying cellular oxidative stress by dichlorofluorescein assay using microplate reader. Free Radic. Biol.
Med. 1999, 27, 612–616. [CrossRef]

31. Ivashkevich, A.; Redon, C.E.; Nakamura, A.J.; Martin, R.F.; Martin, O.A. Use of the gamma-H2AX assay to monitor DNA damage
and repair in cancer research. Cancer Lett. 2012, 327, 123–133. [CrossRef]

32. Vadnais, C.; Chen, R.; Fraszczak, J.; Yu, Z.; Boulais, J.; Pinder, J.; Frank, D.; Khandanpour, C.; Hebert, J.; Dellaire, G.; et al. GFI1
facilitates efficient DNA repair by regulating PRMT1 dependent methylation of MRE11 and 53BP1. Nat. Commun. 2018, 9, 1418.
[CrossRef]

33. Mozaffarieh, M.; Schoetzau, A.; Sauter, M.; Grieshaber, M.; Orgul, S.; Golubnitschaja, O.; Flammer, J. Comet assay analysis of
single–stranded DNA breaks in circulating leukocytes of glaucoma patients. Mol. Vis. 2008, 14, 1584–1588.

34. Boo, H.J.; Min, H.Y.; Jang, H.J.; Yun, H.J.; Smith, J.K.; Jin, Q.; Lee, H.J.; Liu, D.; Kweon, H.S.; Behrens, C. The tobacco-specific
carcinogen-operated calcium channel promotes lung tumorigenesis via IGF2 exocytosis in lung epithelial cells. Nat. Commun.
2016, 7, 12961. [CrossRef]

35. Langie, S.A.; Koppen, G.; Desaulniers, D. Causes of genome instability: The effect of low dose chemical exposures in modern
society. Carcinogenesis 2015, 36, S61–S88. [CrossRef] [PubMed]

36. Ma, B.; Villalta, P.W.; Zarth, A.T.; Kotandeniya, D.; Upadhyaya, P.; Stepanov, I.; Hecht, S.S. Comprehensive high-resolution
mass spectrometric analysis of DNA phosphate adducts formed by the tobacco-specific lung carcinogen 4-(methylnitrosamino)-
1-(3-pyridyl)-1-butanone. Chem. Res. Toxicol. 2015, 28, 2151–2159. [CrossRef] [PubMed]

37. Das, S.K. Free radicals, antioxidants and nutraceuticals in health, disease & radiation biology. Preface. Indian J. Biochem. Bio. 2012,
49, 291–292.

38. Sudan, S.; Rupasinghe, H.P.V. Flavonoid-enriched apple fraction AF4 induces cell cycle arrest, DNA topoisomerase II inhibition,
and apoptosis in human liver cancer HepG2 cells. Nutri. Cancer 2014, 66, 1237–1246. [CrossRef] [PubMed]

39. Reang, J.; Sharma, P.C.; Thakur, V.K.; Majeed, J. Understanding the therapeutic potential of ascorbic acid in the battle to overcome
cancer. Biomolecules 2021, 11, 1130. [CrossRef] [PubMed]

http://doi.org/10.1093/mutage/gei048
http://www.ncbi.nlm.nih.gov/pubmed/16037120
http://doi.org/10.2147/OTT.S116387
http://www.ncbi.nlm.nih.gov/pubmed/27895503
http://doi.org/10.1002/emmm.200900040
http://www.ncbi.nlm.nih.gov/pubmed/20049736
http://doi.org/10.1016/j.bcp.2010.11.014
http://doi.org/10.1155/2017/1767198
http://doi.org/10.1016/j.dnarep.2009.04.009
http://www.ncbi.nlm.nih.gov/pubmed/19464967
http://doi.org/10.1016/j.molcel.2017.05.015
http://doi.org/10.1016/j.dnarep.2017.06.010
http://doi.org/10.1080/15384101.2019.1598728
http://doi.org/10.1016/j.dnarep.2019.02.011
http://doi.org/10.3390/molecules25204746
http://www.ncbi.nlm.nih.gov/pubmed/33081132
http://doi.org/10.3390/biomedicines8080286
http://www.ncbi.nlm.nih.gov/pubmed/32823757
http://doi.org/10.1016/j.fitote.2011.01.018
http://www.ncbi.nlm.nih.gov/pubmed/21277359
http://doi.org/10.3390/antiox9100973
http://www.ncbi.nlm.nih.gov/pubmed/33050575
http://doi.org/10.1016/j.jnutbio.2016.11.007
http://doi.org/10.18632/oncotarget.10130
http://www.ncbi.nlm.nih.gov/pubmed/28881718
http://doi.org/10.1371/journal.pone.0051324
http://doi.org/10.1016/S0891-5849(99)00107-0
http://doi.org/10.1016/j.canlet.2011.12.025
http://doi.org/10.1038/s41467-018-03817-5
http://doi.org/10.1038/ncomms12961
http://doi.org/10.1093/carcin/bgv031
http://www.ncbi.nlm.nih.gov/pubmed/26106144
http://doi.org/10.1021/acs.chemrestox.5b00318
http://www.ncbi.nlm.nih.gov/pubmed/26398225
http://doi.org/10.1080/01635581.2014.951733
http://www.ncbi.nlm.nih.gov/pubmed/25256427
http://doi.org/10.3390/biom11081130
http://www.ncbi.nlm.nih.gov/pubmed/34439796


Biomedicines 2021, 9, 1665 17 of 17

40. Mayne, S.T.; Cartmel, B.; Silva, F.; Kim, C.S.; Fallon, B.G.; Briskin, K.; Zheng, T.; Baum, M.; Shor-Posner, G.; Goodwin, W.J., Jr.
Effect of supplemental b-carotene on plasma concentrations of carotenoids, retinol, and a-tocopherol in humans1–3. Am. J. Clin.
Nutr. 1998, 68, 642–647. [CrossRef]

41. de Lau, L.M.L.; Refsum, H.; Smith, A.D.; Johnston, C.; Breteler, M.M.B. Plasma folate concentration and cognitive performance:
Rotterdam scan study1-3. Am. J. Clin. Nutr. 2007, 86, 728–734. [CrossRef]

42. Chwatko, G.; Krawczyk, M.; Iciek, M.; Kaminska, A.; Bilska-Wilkosz, A.; Marcykiewicz, B.; Glowacki, R. Determination of lipoic
acid in human plasma by high-performance liquid chromatography with ultraviolet detection. Arab. J. Chem. 2019, 12, 4878–4886.
[CrossRef]

43. Hong, S.-Y.; Gil, H.W.; Yang, J.-O.; Lee, E.-Y.; Kim, H.-K.; Kim, S.-H.; Chung, Y.-H.; Lee, E.-M.; Hwang, S.-K. Effect of high-dose
intravenous N-acetylcysteine on the concentration of plasma sulfur-containing amino acids. Korean J. Intern. Med. 2005, 20,
217–223. [CrossRef]

44. Xue, J.; Yang, S.; Seng, S. Mechanisms of cancer induction by tobacco-specific NNK and NNN. Cancers 2014, 6, 1138–1156.
[CrossRef] [PubMed]

45. George, V.C.; Kumar, D.R.; Suresh, P.K.; Kumar, R.A. Antioxidant, DNA protective efficacy and HPLC analysis of Annona muricata
(soursop) extracts. J Food Sci. Technol. 2015, 52, 2328–2335. [CrossRef] [PubMed]

46. Ramdzan, Z.M.; Ginjala, V.; Pinder, J.B.; Chung, D.; Donovan, C.M.; Kaur, S.; Leduy, L.; Dellaire, G.; Ganesan, S.; Nepveu, A. The
DNA repair function of CUX1 contributes to radioresistance. Oncotarget 2017, 8, 19021–19038. [CrossRef] [PubMed]

47. Kopp, B.; Khoury, L.; Audebert, M. Validation of the γ-H2AX biomarker for genotoxicity assessment: A review. Arch. Toxicol.
2019, 93, 2103–2114. [CrossRef] [PubMed]

48. Clapier, C.R.; Cairns, B.R. The biology of chromatin remodeling complexes. Annu. Rev. Biochem. 2009, 78, 273–304. [CrossRef]
49. Olive, P.L.; Banath, J.P. Kinetics of H2AX phosphorylation after exposure to cisplatin. Cytometry B. Clin. Cytom. 2009, 76, 79–90.

[CrossRef]
50. Tanaka, T.; Kurose, A.; Huang, X.; Dai, W.; Darzynkiewicz, Z. ATM activation and histone H2AX phosphorylation as indicators of

DNA damage by DNA topoisomerase I inhibitor topotecan and during apoptosis. Cell Prolif. 2006, 39, 49–60. [CrossRef]
51. Hecht, S.S.; Stepanov, I.; Carmella, S.G. Expopsure and metabolic activation biomarkers of carcinogenic tobacco-specific ni-

trosamines. Acc. Chem. Res. 2016, 49, 106–114. [CrossRef]
52. Hecht, S.S.; Trushin, N.; Reid-Quinn, C.A.; Burak, E.S.; Jones, A.B.; Southers, J.L.; Gombar, C.T.; Carmella, S.G.; Anderson, L.M.;

Rice, J.M. Metabolism of the tobacco-specific nitrosamine 4-(methylnitrosamino)-l-(3-pyridyl)-l-butanone in the patas monkey:
Pharmacokinetics and characterization of glucuronide metabolites. Carcinogenesis 1993, 14, 229–236. [CrossRef] [PubMed]

53. Hang, B.; Sarker, A.H.; Havel, C.; Saha, S.; Hazra, T.K.; Schick, S.; Jacob, P.; Rehan, V.K.; Chenna, A.; Sharan, D. Thirdhand smoke
causes DNA damage in human cells. Mutagenesis 2013, 28, 381–391. [CrossRef] [PubMed]

54. Ciccia, A.; Elledge, S.J. The DNA damage response: Making it safe to play with knives. Mol. Cell 2010, 40, 179–204. [CrossRef]
[PubMed]

55. Liu, Q.; Guntuku, S.; Cui, X.-S.; Matsuoka, S.; Cortez, D.; Tamai, K.; Luo, G.; Carattini-Rivera, S.; DeMayo, F.; Bradley, A.; et al.
Chk1 is an essential kinase that is regulated by Atr and required for the G2/M DNA damage checkpoint. Genes Dev. 2000, 14,
1448–1459.

56. Boudny, M.; Trbusek, M. ATR-CHK1 pathway as a therapeutic target for acute and chronic leukemias. Cancer Treat. Rev. 2020, 88,
102026. [CrossRef]

57. Zhang, Y.; Hunter, T. Roles of Chk1 in cell biology and cancer therapy. Int. J. Cancer 2014, 134, 1013–1023. [CrossRef]
58. Kasahara, K.; Goto, H.; Enomoto, M.; Tomono, Y.; Kiyono, T.; Inagaki, M. 14–3-3gamma mediates Cdc25A proteolysis to block

premature mitotic entry after DNA damage. EMBO J. 2010, 29, 2802–2812. [CrossRef]
59. Merlin, J.P.J.; Rupasinghe, H.P.V.; Dellaire, G.; Murphy, K. Role of dietary antioxidants in p53-mediated cancer chemoprevention

and tumor suppression. Oxid. Med. Cell. Longev. 2021, 2021, 9924328. [CrossRef]
60. Silva, J.P.; Gomes, A.C.; Coutinho, O.P. Oxidative DNA damage protection and repair by polyphenolic compounds in PC12 cells.

Eur. J. Pharmacol. 2008, 601, 50–60. [CrossRef]
61. Dong, P.; Fu, X.; Wang, X.; Wang, W.M.; Cao, W.M.; Zhang, W.Y. Protective effects of sesaminol on BEAS-2B cells impaired by

cigarette smoke extract. Cell Biochem. Biophys. 2015, 71, 1207–1213. [CrossRef]
62. Arora, A.; Willhite, C.A.; Liebler, D.C. Interactions of β-carotene and cigarette smoke in human bronchial epithelial cells.

Carcinogenesis 2001, 22, 1173–1178. [CrossRef] [PubMed]
63. Kim, Y.-S.; Podder, B.; Song, H.-Y. Cytoprotective effect of alpha-lipoic acid on paraquat-exposed human bronchial epithelial cells

via activation of nuclear factor erythroid related factor-2 pathway. Biol. Pharm. Bull. 2013, 36, 802–811. [CrossRef] [PubMed]
64. Corti, A.; Franzini, M.; Casini, A.F.; Paolicchi, A.; Pompella, A. Vitamin C supply to bronchial epithelial cells linked to glutathione

availability in elf—A role for secreted γ-glutamyltransferase? J. Cyst. Fibros. 2008, 7, 174–178. [CrossRef] [PubMed]

http://doi.org/10.1093/ajcn/68.3.642
http://doi.org/10.1093/ajcn/86.3.728
http://doi.org/10.1016/j.arabjc.2016.10.006
http://doi.org/10.3904/kjim.2005.20.3.217
http://doi.org/10.3390/cancers6021138
http://www.ncbi.nlm.nih.gov/pubmed/24830349
http://doi.org/10.1007/s13197-014-1289-7
http://www.ncbi.nlm.nih.gov/pubmed/25829616
http://doi.org/10.18632/oncotarget.14875
http://www.ncbi.nlm.nih.gov/pubmed/28147323
http://doi.org/10.1007/s00204-019-02511-9
http://www.ncbi.nlm.nih.gov/pubmed/31289893
http://doi.org/10.1146/annurev.biochem.77.062706.153223
http://doi.org/10.1002/cyto.b.20450
http://doi.org/10.1111/j.1365-2184.2006.00364.x
http://doi.org/10.1021/acs.accounts.5b00472
http://doi.org/10.1093/carcin/14.2.229
http://www.ncbi.nlm.nih.gov/pubmed/8435864
http://doi.org/10.1093/mutage/get013
http://www.ncbi.nlm.nih.gov/pubmed/23462851
http://doi.org/10.1016/j.molcel.2010.09.019
http://www.ncbi.nlm.nih.gov/pubmed/20965415
http://doi.org/10.1016/j.ctrv.2020.102026
http://doi.org/10.1002/ijc.28226
http://doi.org/10.1038/emboj.2010.157
http://doi.org/10.1155/2021/9924328
http://doi.org/10.1016/j.ejphar.2008.10.046
http://doi.org/10.1007/s12013-014-0330-9
http://doi.org/10.1093/carcin/22.8.1173
http://www.ncbi.nlm.nih.gov/pubmed/11470745
http://doi.org/10.1248/bpb.b12-00977
http://www.ncbi.nlm.nih.gov/pubmed/23649336
http://doi.org/10.1016/j.jcf.2007.07.003
http://www.ncbi.nlm.nih.gov/pubmed/18234566

	Introduction 
	Material and Methods 
	Chemicals, Kits, and Antibodies 
	Cell Culture 
	Cell Viability by MTS Assay 
	Measurement of Intracellular ROS 
	DNA Fragmentation Analysis 
	-H2AX Immunofluorescence Assay 
	Comet Assay 
	Western Blotting 
	Statistical Analysis 

	Results 
	Cell Viability Owing to Vitamins, AF4, Q, and Q3G Treatement 
	Reduction of Intracellular ROS Levels by AOX1 Alone or with the Combination of AF4, Q, or Q3G 
	Protection from Carcinogen-Induced DNA Fragmentation in BEAS-2B Cells by AOX1 Alone and with the Combination of AF4, Q, or Q3G 
	Pre-Exposure to Antioxidants Reduces Carcinogen-Induced DNA Damage Indicator, Phospho-Histone Variant -H2AX 
	Antioxidants Reduce Carcinogen-Induced DNA Damage Measured by Comet Assay in BEAS-2B Cells 
	Dietary Antioxidants Contribute to DDR Cell Signaling 

	Discussion 
	Conclusions 
	References

