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A B S T R A C T

Seven selected microbial metabolites of proanthocyanidins (MMP), 3-phenylpropionic, 4-hydroxyphenyl acetic,
3-(4-hydroxyphenyl) propionic, p-coumaric, benzoic acid, pyrogallol (PG), and pyrocatechol (PC) were eval-
uated for their ability to reduce chemical carcinogen-induced toxicity in human lung epithelial cells (BEAS-2B)
and human fetal hepatic cells (WRL-68). Cells pre-treated with MMP were exposed to a known chemical car-
cinogen, 4-[(acetoxymethyl) nitrosamino]-1-(3-pyridyl)-1-butanone (NNKOAc) to assess MMP-mediated cyto-
protection and reduction of DNA damage. PG in BEAS-2B and PC in WRL-68 cells mitigated the NNKOAc-in-
duced cytotoxicity. Pre-incubation of PG depicted significant protection against NNKOAc-induced DNA damage
in BEAS-2B cells. PC in WRL-68 cells showed similar activity. To understand the mechanisms of PG- and PC-
mediated DNA damage reduction, the effect on DNA damage response (DDR) proteins, cellular reactive oxygen
species (ROS), total antioxidant capacity (TAC), glutathione peroxidase (GPx), and caspase activity were studied.
PG and PC alter the DDR and may promote ATR-Chk1 and ATM-Chk2 pathways, respectively. Cellular oxidative
stress induced by NNKOAc was mitigated by PG and PC through enhanced GPx expression and TAC. PG and PC
suppressed the activation of the extrinsic apoptotic pathway (caspase 3 and 8) provoked by NNKOAc. MMP are
beneficial in chemoprevention by reducing cellular DNA damage.

1. Introduction

Cancer is a systemic disease characterized by genomic instability
(Shen, 2011), contributed by inevitable daily exposure to carcinogens
and metabolic processes primarily associated with oxidation (Jia et al.,
2015). Lung and liver cancers are among the fatal types of cancers
worldwide (Siegel et al., 2017). Tobacco smoking is a global issue
identified as a significant risk factor for lung carcinogenesis (Molina
et al., 2008). Cohort studies on the link between tobacco smoking and
liver carcinoma reveal a positive and dose-responsive relationship
(Pang et al., 2015). Polycyclic aromatic hydrocarbons and nicotine-
derived nitrosamines are the two major groups of carcinogens in to-
bacco smoke (Pfeifer et al., 2002). Nicotine-derived nitrosamine, 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) is a well-studied
chemical carcinogen in cigarette smoke (Garcia-Canton et al., 2013).

Anticancer properties of plant-derived polyphenols and their syn-
thetic derivatives are well documented (George et al., 2017; Sun et al.,
2015; Vuong et al., 2014). Polyphenols are the largest group of phy-
tochemicals and major contributor to antioxidant activity in the plant-
based diet (Rupasinghe et al., 2013; Akinmoladun et al., 2007). Fla-
vonoids, a sub-group of plant-derived polyphenols, are ubiquitously
available in plants as pigments and further sub-classified as isoflavones,
flavones, flavonols, flavanones, flavaols, and anthocyanidins (Tsao,
2010). PAC or the condensed tannins are the results of polymerization
of flavanol monomers; predominantly catechins and epicatechins
(Parmar and Rupasinghe, 2014; Si et al., 2006).

Despite the successful in vitro demonstrations of anticarcinogenic
effects by complex polyphenols, their low bioavailability limits the
clinical applications. Molecular weight and complexity determine the
bioavailability of polyphenols (Thilakarathna and Rupasinghe, 2013).
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Dietary PAC with more than four monomers are not absorbed by small
intestine but catabolized by colonic microbiota into phenylvalero lac-
tones and phenolic acids (Ou and Gu, 2014; Thilakarathna et al., 2018).

Anticancer properties of these metabolites are still not well under-
stood. Therefore, in this study potential of selected MMP in the re-
duction of cancer risk is investigated using chemically-induced DNA
damage mitigation. Seven previously identified MMP; 3-phenylpro-
pionic acid, 3-(4-hydroxyphenyl)propionic acid, 4-hydroxyphenyl
acetic acid, benzoic acid (Deprez et al., 2000), p-coumaric acid (Li et al.,
2013), PG and PC (Tabasco et al., 2011) were assessed for their capacity
in reduction of carcinogen-induced DNA damage. The experimental
model is developed by considering the positive association of tobacco
smoking with lung and liver cancers. Investigation of anticancer prop-
erties of MMP is useful in the discovery of cancer preventive drugs and
development of synbiotic food and nutraceutical products potent in
cancer chemoprevention.

2. Materials and methods

2.1. Chemicals and reagents

3-Phenylpropionic acid (W288918), 4-hydroxyphenyl acetic acid
(H50004), 3-(4-hydroxyphenyl)propionic acid (H52406), p-coumaric
acid (C9008), benzoic acid (242381), PG (254002), and PC (C9510)
were purchased from Sigma-Aldrich (Oakville, ON, Canada). Bronchial
Epithelial Basal Medium (BEBM) and Bronchial Epithelial Growth
Medium (BEGM) kit were purchased from Lonza (Walkersville, MD,
USA). Minimum Essential Medium Eagle (MEME), fetal bovine serum
(FBS), penicillin-streptomycin, bovine collagen type-1, fibronectin
(from human plasma), L-glutamine, bovine serum albumin (BSA), di-
methyl sulfoxide (DMSO), phosphate buffered saline (PBS), trypan blue
stain, phenazine methosulphate (PMS) were purchased from Sigma-
Aldrich (Oakville, ON, Canada). All chemicals and reagents were of
research grade and suitable in cell culture experiments where applic-
able.

2.2. Cell lines and culture conditions

Two normal human cell lines were used in this study. Lung bron-
chial epithelial cells/BEAS-2B (ATCC® CRL-9609™) and fetal hepatic
cells/WRL-68 (ATCC® CL-48™) were purchased from American Type
Culture Collection (Manassas, VA, USA). BEAS-2B cells were cultured in
BEGM prepared by the addition of BEGM kit into BEBM. Gentamycin-
amphotericin B mix provided with the BEGM kit was replaced with 100
U/ml penicillin, and 100 μg/mL streptomycin (as per the instructions
by ATCC®). Culture flasks and well plates were pre-coated overnight
with 0.01mg/mL fibronectin, 0.03mgmL bovine collagen type-1 and
0.01mg/mL BSA prior to the seeding of cells. WRL-68 cells were cul-
tured in MEME supplemented with 10% FBS, 4mM L-glutamine, 100
U/ml penicillin and 100 μg/mL streptomycin. Cell cultures were
maintained at 37 °C and 5% CO2 in a humidified incubator (3074, VWR
International, Edmonton, AB, Canada) and sub-cultured before
reaching confluence.

2.3. MTS cell viability assay for evaluation of concentration-dependent
MMP cytotoxicity

Concentration-dependant cytotoxicity of the MMP was evaluated
using CellTiter 96® AQueous MTS reagent powder (Promega, Madison,
WI, USA) to identify sensible MMP concentrations for future experi-
ments. Cells were seeded in 96-well plates at a density of 6000 cells/
well and incubated overnight at 37 °C. Following incubation, cells were
treated with 10 concentrations (0.1, 1, 10, 25, 50, 75, 100, 250, 500,
and 1000 μM) of each MMP separately, and incubated for 24 h at 37 °C.
Treated cells were exposed to the MTS/PMS solution (MTS, 333 μg/mL;
PMS, 25 μM of final concentration) and incubated for 3 h at 37 °C. After

incubation absorbance was measured at 490 nm using the Infinite®

M200 PRO multimode microplate reader (Tecan Trading AG,
Mannedorf, Switzerland).

2.4. 7-AAD stained flow cytometry for evaluation of concentration-
dependant MMP cytotoxicity

Cells were seeded in 6-well culture plates at a density of
2× 105 cells/well and incubated overnight at 37 °C. Cells were treated
with 10 concentrations (0.1, 1, 10, 25, 50, 75, 100, 250, 500, and
1000 μM) of each MMP separately, and incubated at 37 °C for 24 h.
After the 24 h incubation period, culture media in wells were collected
into separate tubes to include potential dead cells in the assay. Adhered
cells were harvested by using TrypLE express (1 mL/well, incubated for
5min at 37 °C) and pooled with the collected culture media. Samples
were centrifuged at 500×g for 5min, and the supernatant was dis-
carded. The cell pellet was suspended in 1mL of PBS and stained with
7-AAD stain (eBioscience™ 7-AAD viability staining solution,
ThermoFisher Scientific, Waltham, MA, USA) in the dark. Samples were
analyzed by fluorescence-activated cell sorting (FACS) under the FL-3
filter and data were processed using FCS Express 6 plus Research
Edition software.

2.5. Amplex® Red assay to investigate H2O2 production by MMP in cell
culture medium

Cytotoxicity depicted by PG and PC can be caused by the production
of H2O2 in the culture medium (Kelts et al. 2015). Potential of PG and
PC for H2O2 production in culture medium (cell-free system) was in-
vestigated using Amplex® Red assay kit (ThermoFisher Scientific, Wal-
tham, MA, USA). Standards of H2O2 (up to 1000 μM) and the MMP
treatments used in MTS assay were prepared (in 2× concentrations) in
phenol red-free complete growth medium and pipetted (100 μL) into
96-well plates. The Amplex® Red master mix was made by adding
Amplex® Red solution (final concentration; 25 μM) and horseradish
peroxidase (final concentration; 0.005 U/mL) into phenol red-free
growth medium. Standards and the MMP treatment aliquots in 96-well
plates were mixed with 100 μL of master mix and incubated in the dark
at 37 °C for 2 h. After incubation absorbance of the wells was measured
at 570 nm using the Infinite® M200 PRO multimode microplate reader
(Tecan Trading AG, Mannedorf, Switzerland). H2O2 production by each
MMP treatment was calculated by creating the H2O2 standard curve.

2.6. Oregon Green® assay to measure MMP promoted cell proliferation

Lower concentrations of PG and PC exhibited considerably high %
cell viability for BEAS-2B cells in MTS cell viability assay. High % cell
viability may be due to the promotion of cell proliferation. First, the
cells were synced-up by incubating in serum-free medium for 24 h to
bring all cells to the same phase of the cell cycle. Following synchro-
nization, cells were seeded in 6-well plates (at 1×105 cells/well) with
complete growth medium and incubated overnight at 37 °C. Oregon
Green® 488 (Carboxy DFFDA-SE) was purchased from ThermoFisher
Scientific (Waltham, MA, USA). Oregon Green® stock solution was
prepared by addition of 16.80 μL of DMSO to a vial (contained 50 μg).
The stock solution was diluted in serum-free culture medium (0.25 μL/
mL) to produce a working solution. Wells were washed with warm
1×PBS and added with 1mL of Oregon Green® working solution prior
to incubation at 37 °C in the dark for 45min. After incubation, wells
were washed with warm complete growth media and cells were allowed
to recover in the dark for 2 h at 37 °C in complete growth media (2 mL/
well). After the cell recovery period cells in control wells (non-pro-
liferative controls) were harvested and fixed in 0.5mL of 1% paraf-
ormaldehyde in 1× PBS. Non-controls of BEAS-2B cells were treated
with 1, 10, and 25 μM concentrations of PG and PC while WRL-68 cells
were treated with 10, 25, and 50 μM concentrations of the same MMP.
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After 72 h of MMP treatment cells were harvested and fixed in 1%
paraformaldehyde in 1× PBS. Non-proliferative controls and treated
cells were stored in the dark soon after fixation. Finally, the prepared
samples were analyzed by FACS and data were processed using FCS
Express 6 plus Research Edition software.

2.7. MTS assay to study MMP-mediated cytoprotection against NNKOAc

MTS protocol identical to section 2.3 was followed with an addi-
tional treatment step. Based on MTS results for evaluation of con-
centration-dependant cytotoxicity of MMP, cells were treated with 4
concentrations (10, 25, 50, and 250 μM) of each MMP separately for
24 h and challenged for cytotoxicity by NNKOAc (300 μM, 4 h). After
incubation with NNKOAc % cell viability was measured using the MTS
assay.

2.8. PG and PC-mediated protection against NNKOAc induced cellular
DNA damage

The degree of protection by MMP in NNKOAc-induced DNA damage
was measured by the H2AX immunofluorescence assay. As per MTS
assay test results from the study of MMP-mediated cytoprotection
against NNKOAc, 10 and 25 μM concentrations of PG were selected as
the treatments for BEAS-2B cells. For WRL-68 cells, 25 and 50 μM
concentrations of PC were the selected treatments. Cells were seeded in
6-well plates (2×105 cells/well) included with 95% ethanol sterilized
glass coverslips. Cells were allowed to adhere overnight on the cover-
slip surfaces and treated with PG and PC for 24 h. Following PG and PC
treatments cellular DNA damage was induced by using NNKOAc
(300 μM for 4 h). Cells were allowed to recover for 4 h to facilitate
maximum phosphorylation at DNA damage sites and washed with 2mL
of PBS to reduce background staining. Cells were fixed onto coverslips
by adding 2mL of 3.7% formaldehyde and incubating in the dark for
20min at room temperature (RT). Fixed cells were permeabilized by
exposing to 0.5% Triton X-100 in PBS for 15min at RT. Triton X-100
was thoroughly removed from wells by washing with PBS. Cells were
blocked by transferring coverslips onto drops (55 μL) of 4% BSA in PBS
on parafilm in humidifying chambers and incubating at RT for 20min.
Incubation with primary antibody (anti-phospho-histone H2A.X
(Ser139), Life Technologies, Eugene, OR, USA) was done similarly by
transferring coverslips onto drops (55 μL) of primary antibody diluted
1:250 in 4% blocking solution for 1 h in the dark at RT. Coverslips were
transferred back into respective wells and excess of primary antibody
was washed-off using PBS. Cells were incubated with secondary anti-
body (Alexa fluorophore® 594 donkey anti-mouse IgG, Life
Technologies, Eugene, OR, USA) diluted 1:500 in 4% BSA blocking
solution by transferring onto drops of secondary antibody in humidi-
fying chambers (at RT for 45min in the dark). Excess of secondary
antibody was washed off similar to washing after incubation with the
primary antibody. Coverslips were wet-mounted on glass slides using
mounting media containing DAPI (Vector Laboratories Inc.,
Burlingame, CA, USA). All slides were imaged by fluorescence micro-
scopy, and number of phosphorylated H2AX foci were counted using
ImageJ (Version 1.51j8) software (Schneider et al., 2012).

2.9. Effect of PG and PC in NNKOAc-induced DDR mechanisms

The influence of PG and PC on cellular DDR mechanisms was stu-
died by using the western blot. Cellular abundance of DDR proteins: p-
ATM (Ser1981), p-ATR (Ser428), p-p53 (Ser15), and γ-H2AX (Ser139)
was measured. Activation of cell cycle checkpoint kinases Chk1
(Ser345) and Chk2 (Thr68) was monitored by measuring the levels of p-
Chk1 and p-Chk2. Levels of β-actin were measured for each treatment as
the housekeeping protein to eventually normalize the expressions of the
measured proteins (George and Rupasinghe, 2017). All antibodies
(DNA damage antibody sampler kit) were purchased from Cell

Signaling Technology® (Danvers, MA, USA). BEAS-2B cells were treated
with 10 and 25 μM concentrations of PG for 24 h. WRL-68 cells were
treated with 25 and 50 μM concentrations of PC for 24 h. PG and PC
treated cells were exposed to 300 μM NNKOAc for 4 h to induce DNA
damage. Each experimental model consisted of a DMSO control,
NNKOAc control, and controls from respective concentrations of PG
and PC. Radio-immunoprecipitation assay (RIPA) buffer was prepared
by mixing 50mM Tris HCl, 150mM NaCl, 1% Triton X-100, 0.5% so-
dium deoxycholate, 1 mM EDTA, and 10mM NaF. Protease inhibitor
cocktail (Sigma-Aldrich, Oakville, ON, Canada) was added to the RIPA
buffer (10 μL/1mL of RIPA buffer) prior to use. After the treatments,
cells were harvested, and the proteins were extracted by using RIPA
buffer. The protein contents of extracted protein samples were esti-
mated by Pierce™ Coomassie (Bradford) protein assay kit (Thermo-
Scientific, Rockford, IL, USA).

Extracted proteins were denatured by using Blue Loading Buffer
Pack by New England BioLabs™ Inc (Ipswich, MA, USA). Protein sam-
ples were loaded (20 μg/well) into the wells of precast SDS-gel cassettes
(Mini-PROTEAN® TGX Stain-Free™ Gels, Bio-Rad Laboratories Inc.,
Hercules, CA, USA) and subjected to electrophoresis using BIO-RAD
Mini PROTEAN® Tetra Cell gel electrophoresis unit (90min at 80 V and
400mA). Protein separated on SDS-gels by electrophoresis were
transferred onto polyvinylidene difluoride (PVDF) membranes
(ThermoScientific, Rockford, IL, USA) by using BIO-RAD Trans-Blot®

Turbo™ system (Hercules, CA, USA). PVDF membranes were blocked
with blocking solution; non-fat milk powder (5% w/v) in 1×Tris-buf-
fered saline (TBST) (Cell Signaling Technology, Danvers, MA, USA), for
1 h at RT. Blocked PVDF membranes were incubated with 10mL of
primary antibody solutions (1:1000 v/v in 5% BSA) at 4 °C overnight
and washed with 1×TBST before reprobing with secondary antibodies
(1:5000 in 5% non-fat milk powder in 1×TBST) for 1 h at RT. The
membranes were washed with 1×TBST and developed by using en-
hanced chemiluminescence (ECL) based Clarity™ and Clarity Max™
Western ECL Substrates Kit (Bio-Rad Laboratories Inc., Hercules, CA,
USA) to be imaged by BIO-RAD Chemidoc MP™ imaging system
(Universal hood III, Hercules, CA, USA). Membranes were imaged in
signal accumulation mode and analyzed for band intensities using
ImageJ (version 1.51j8) software (Schneider et al., 2012). Protein levels
were normalized compared to the level of β-actin, and the results were
expressed in relative protein levels compared to the DMSO control.
Protein levels were compared with the NNKOAc control where DMSO
control failed to generate a measurable band.

2.10. Effect of PG and PC on NNKOAc-induced cellular ROS production

The ability of NNK to promote cellular ROS production in BEAS-2B
cells is previously reported (Demizu et al., 2008). The effect of PG and
PC on NNKOAc-mediated ROS production in BEAS-2B and WRL-68 cells
were studied by the DCFDA/H2DCFDA – Cellular Reactive Oxygen
Species Detection Assay Kit (Abcam, Toronto, ON, Canada). Cells were
seeded in dark clear bottom 96-well culture plates at a density of
2.5×104 cells/well and incubated overnight at 37 °C. BEAS-2B and
WRL-68 cells were treated with 10 and 25 μMPG and 25 and 50 μMPC
respectively for 24 h at 37 °C. Cells were gently washed with the
1×buffer (100 μL) provided with the assay kit and stained with 25 μM
DCFDA (in 1×buffer) for 45min at 37 °C. DCFDA staining solution was
removed, and the cells were washed again with 100 μL of the 1× buffer.
ROS production was promoted by treating the cells with NNKOAc
(300 μM) for 4 h at 37 °C. Excitation/emission for the wells was mea-
sured at 485/535 nm by Infinite® M200 PRO multimode microplate
reader (Tecan Trading AG, Mannedorf, Switzerland). Results were ex-
pressed in fold increment or decrement compared to the control.
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2.11. Effect of PG and PC on TAC of NNKOAc-treated BEAS-2B and WRL-
68 cells

Alteration of the TAC by PG and PC in NNKOAc-treated cells was
investigated by a commercially available antioxidant assay kit (Cayman
Chemical Company, Ann Arbor, MI, USA) measuring the ability of cell
lysates to prevent the oxidation of ABTS® by metmyoglobin. Cells were
seeded in 6-well culture plates at a density of 2×105 cells/well and
incubated overnight at 37 °C. BEAS-2B and WRL-68 were treated with
10 and 25 μM of PG and 25 and 50 μM of PC respectively, for 24 h at
37 °C. Cells were treated with NNKOAc (300 μM) for 4 h at 37 °C to
challenge cellular antioxidant levels. Cells were harvested by using a
rubber policeman and centrifuged at 1000× g for 10min (4 °C). The
resulting cell pellet was homogenized in cold buffer (5 mM potassium
phosphate, 0.9% sodium chloride and 0.1% glucose, final pH 7.4) and
centrifuged at 10,000× g for 15min (4 °C). The supernatant was col-
lected and pipetted (10 μL) into 96-well plate along with Trolox stan-
dards (0–0.33mM), and mixed with metmyoglobin (10 μL) and chro-
mogen (150 μL) provided with the assay kit. The reaction was initiated
by addition of hydrogen peroxide (40 μL) and shaking the 96-well
plates for 5min at RT. Absorbance for each well was measured at
750 nm by Infinite® M200 PRO multimode microplate reader (Tecan
Trading AG, Switzerland). Results were normalized to the protein
concentrations of cell lysates (Pierce™ Coomassie protein assay kit,
ThermoScientific, Rockford, IL, USA) and expressed in fold increment
or decrement compared to the control.

2.12. Effect of PG and PC on GPx activity of NNKOAc-treated BEAS-2B
and WRL-68 cells

The effect of PG and PC on cellular GPx activity was studied by
using Glutathione Peroxidase Assay Kit purchased from Cayman
Chemical Company (Ann Arbor, MI, USA). Cells were seeded in 6-well
culture plates at a density of 2×105 cells/well and incubated overnight
at 37 °C. BEAS-2B and WRL-68 were treated with 10 and 25 μM of PG,
and 25 and 50 μM of PC, respectively, for 24 h at 37 °C. Cells were
treated with NNKOAc (300 μM) for 4 h at 37 °C and harvested by using a
rubber policeman. Cells were centrifuged at 1000× g for 10min (4 °C),
and the resulting cell pellet was homogenized in cold buffer (50mM
Tris-HCl, 5 mM EDTA, 1mM DTT, final pH 7.5). The homogenized cell
sample were centrifuged at 10,000× g for 15min (4 °C), and the su-
pernatant was collected to measure GPx activity. Collected supernatant
was pipetted (20 μL) into 96-well plate and mixed with assay buffer
(100 μL) and co-substrate mixture (50 μL) provided with the assay kit.
The reaction was initiated by adding cumene hydroperoxide (20 μL) to
each well. Absorbance for each well was measured at 340 nm over a
period of 10min, (enzyme kinetic mode) using Infinite® M200 PRO
multimode microplate reader (Tecan Trading AG, Mannedorf,
Switzerland). Results were normalized to the protein concentrations of
cell lysates (Pierce™ Coomassie protein assay kit, ThermoScientific,
Rockford, IL, USA) and expressed in fold increment or decrement
compared to the control.

2.13. Effect of PG and PC on caspase activity of NNKOAc treated BEAS-2B
and WRL-68 cells

The effect of PG and PC on cellular caspase-3, 8, and 9 activities was
studied by caspase 3, caspase 8 and caspase 9 multiplex activity assay
kit (Abcam, Toronto, ON, Canada). Cells were seeded in black clear
bottom 96-well plates at a density of 1×104 cells/well and incubated
overnight at 37 °C. BEAS-2B and WRL-68 cells were treated with PG (10
and 25 μM) and PC (25 and 50 μM) respectively and incubated for
24 h at 37 °C. Cells were treated with NNKOAc (300 μM) for 4 h at 37 °C
to induce apoptosis. Each well was added with 100 μL of caspase assay
loading solution with substrates for caspase 3, 8, and 9 (50 μL of each
substrate in 10mL of assay buffer) and incubated in the dark for 1 h at

RT. Fluorescence of each well was measured (excitation/emission) at
535/620 nm (red), 490/525 nm (green), and 370/450 nm (blue) to
evaluate the activities of caspase 3, 8, and 9, respectively (Infinite®

M200 PRO multimode microplate reader, Tecan Trading AG,
Mannedorf, Switzerland). Results were expressed in fold increment or
decrement compared to the control.

2.14. Statistical analysis

Data were analyzed using Minitab statistical software (version 18).
Results were expressed as the mean ± standard deviation of three in-
dividual experiments performed in triplicates. Means were compared by
analysis of variance/ANOVA (99% confidence level) with Tukey's
multiple mean comparison (95% confidence level).

3. Results

3.1. Concentration-dependent cytotoxicity of MMP

To understand the concentration-depended cytotoxicity of the se-
lected MMP on BEAS-2B and WRL-68 cells, the MTS assay and 7-AAD
stained-flow cytometry were performed (Fig. 1). Four of the MMP, 3-
phenylpropionic, 4-hydroxyphenyl acetic, 3-(4-hydroxyphenyl) pro-
pionic and p-coumaric acid were not cytotoxic (over 80% cell viability)
to the cell lines within the tested concentration range of 0.1–1000 μM
(Supplementary Fig. 1). Benzoic acid showed cytotoxicity in BEAS-2B
cells at the highest 1000 μM concentration (< 60% cell viability) with
no signs of cytotoxicity in WRL-68 cells (over 80% cell viability).
However, cytotoxicity by PG and PC was concentration-dependent in
both cell lines (Fig. 1). Interestingly, as per the MTS test results, PG and
PC promoted the cell viability in BEAS-2B cells at 1, 10, and 25 μM
concentrations. However, 7-AAD flow cytometry results showed no
evidence of promoted cell viability by PG in the BEAS-2B cells. Based on
these results 10, 25, 50, and 250 μM concentrations were selected for
the evaluation of the potential of the seven MMP in cytoprotection
against NNKOAc.

3.2. PG and PC-mediated H2O2 production in cell culture media

Experimental results on cytotoxicity of phenolics in vitro are often
misguided by the production of H2O2 and other reactive oxygen species
(ROS) in the culture media (Lapidot et al., 2002). Potential of PG and
PC for production of H2O2 in cell-free BEGM and complete MEME
media was evaluated by Amplex® Red assay, to ensure the selected
concentrations cause no misguided results in this study. PG and PC
produced H2O2 in a concentration-dependent manner in both BEGM
and complete MEME media (Fig. 2), especially at higher concentrations
(≥250 μM). However, 250 μM concentration was included for the ex-
perimentation of MMP-mediated cytoprotection, as the other MMP
except PG and PC exhibited no cytotoxicity at 250 μM.

3.3. Effect of PG and PC on cell proliferation

To understand whether the observed promoted cell viability by
certain concentrations of PG and PC is related to increased cell pro-
liferation, Oregon Green® assay was conducted. In contrast to the MTS
assay results, PG limited the proliferation of BEAS-2B and WRL-68 cells
in a concentration-dependent manner (Fig. 3 A and C). PC showed si-
milar activity to PG in BEAS-2B cells (Fig. 3 B). However, PC did not
impact the proliferation of WRL-68 cells (Fig. 3 D).

3.4. Identification of MMP effective against NNKOAc-induced cytotoxicity

The MTS assay was used to investigate the potential of MMP in the
mitigation of NNKOAc-induced cytotoxicity. Among the tested MMP,
only PG and PC exhibited the ability to protect BEAS-2B and WRL-
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Fig. 1. Cytotoxicity of pyrogallol and pyrocatechol in BEAS-2B and WRL-68 cells. Cells were treated with pyrogallol or pyrocatechol for 24 h and measured for
% cell viability using the MTS assay and 7-AAD stained flow cytometry. Concentration-dependent cytotoxicity of pyrogallol and pyrocatechol in BEAS-2B (A, B, E, F)
and WRL-68 cells (C, D, G, H). Results were presented as mean ± SD of three independent experiments. Means that do not share a similar letter are significantly
different (p≤ 0.01).
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68 cells against NNKOAc-induced cytotoxicity in a cell-type dependent
manner (Fig. 4). PG depicted significant cytoprotection at 10, 25 and
50 μM concentrations in BEAS-2B cells, while these concentrations were
not effective in the WRL-68 cells. PC showed the cytoprotection in both
cell lines; however, its cytoprotection in WRL-68 cells was very dis-
tinctive at 25–50 μM concentrations. The PC-mediated cytoprotection
in BEAS-2B cells was less than 50% at the tested concentrations and
therefore was not included in further experimentation. Based on these
observations, 10 and 25 μM concentrations of PG were selected to in-
vestigate their ability in the reduction of NNKOAc-induced DNA da-
mage in BEAS-2B cells. Similarly, 25 and 50 μM concentrations of PC
were selected for the WRL-68 cells.

3.5. PG and PC reduce NNKOAc-induced cellular DNA damage

Potential of PG and PC in the reduction of NNKOAc-induced DNA
damage was assessed by using the γ-H2AX immunofluorescence assay.
The γ-H2AX assay specifically detects double-strand breaks in cellular
DNA through detecting DNA damage induced repair protein phos-
phorylated histone H2AX at the damage site (Ivashkevich et al., 2012).
These damage sites appear in fluorescence microscopic images as red
dots within the DAPI-stained blue color nuclei (Fig. 5). The DNA da-
mage caused by NNKOAc was extremely intense in both cell lines, but
the tested compounds also showed some induction of γ-H2AX. DNA
damage initiated by NNKOAc in BEAS-2B cells pre-exposed to PG was
significantly reduced (p≤ 0.01) at 10 and 25 μM concentrations (Fig. 5
A). Similarly, PC reduced the NNKOAc-induced DNA damage in WRL-
68 cells in a concentration-dependent manner (Fig. 5 B).

3.6. PG and PC alters the abundance of DDR proteins

PG in BEAS-2B cells and PC in WRL-68 cells significantly altered the
abundance of DDR proteins (Fig. 6). Treatment with NNKOAc upregu-
lated the expression of all tested DDR proteins in BEAS-2B and WRL-
68 cells. In BEAS-2B cells exposed to NNKOAc, 10 μMPG

downregulated the expression of p-ATM compared to the NNKOAc
control (Fig. 6 A-a). PG upregulated the expression of p-ATR in
NNKOAc treated BEAS-2B cells at both 10 and 25 μM concentrations
compared to the NNKOAc control (Fig. 6 A-b). Expression of p-Chk1, p-
Chk2, p-p53, and γ-H2AX was downregulated in NNKOAc treated BEAS-
2B cells by both 10 and 25 μM concentration of PG (Fig. 6 A-c,d.e,f).
Downregulation of p-Chk1 and γ-H2AX was dependant on the PG
concentration.

In contrast to PG in BEAS-2B cells, PC upregulated the expression of
p-ATM, p-p53, and γ-H2AX in WRL-68 cells exposed to NNKOAc (Fig. 6
B-g,k,l). PC enhanced the expression of p-ATM in NNKOAc treated
WRL-68 cells at both 25 and 50 μM concentration. The levels of p-p53
and γ-H2AX in NNKOAc treated WRL-68 cells were only improved at 50
and 25 μM concentrations of PC, respectively. Furthermore, in contrast
to the influence of PG in BEAS-2B cells PC (25 μM) restricted the ex-
pression of p-ATR in WRL-68 cells exposed to NNKOAc (Fig. 6 B-h). PC
downregulated p-Chk1, and p-Chk2 expression in NNKOAc treated
WRL-68 cells at both 25 and 50 μM concentrations. Downregulation of
p-Chk2 by PC was concentration-dependant.

3.7. PG and PC reduce the cellular oxidative stress

Chemical carcinogens such as NNK are known for elevating the
cellular ROS level (Demizu et al., 2008), and the presence of ROS in
excessive level significantly promote the cellular DNA damage (Cadet
and Wagner, 2013). Thus, we studied the potential of PG and PC to
affect cellular ROS levels, TAC, and antioxidant enzyme GPx, in cells
exposed to NNKOAc. Significantly high levels of ROS were detected in
BEAS-2B and WRL-68 cells exposed to NNKOAc (Fig. 7 A and B). PG in
BEAS-2B cells and PC in WRL-68 cells reduced the cellular ROS levels
induced by NNKOAc. PG and PC alone did not promote ROS when
compared to the DMSO control. The TAC of BEAS-2B cells exposed to
NNKOAc was significantly suppressed (Fig. 7 C). Such suppression of
TAC was not observed for WRL-68 cells (Fig. 7 D). PG in BEAS-2B cells
and PC in WRL-68 cells significantly elevated the cellular TAC with

Fig. 2. Pyrogallol and pyrocatechol-mediated
H2O2 production in BEGM (A, B) and CMEME
(C, D) media. Treatment concentrations
(0.1–1000 μM) of pyrogallol and pyrocatechol
were prepared in cell-free culture media, and
H2O2 production was measured by Amplex® Red
assay (2 h of incubation at 37 °C). Results were
presented as mean ± SD of three independent
experiments. Means that do not share a similar
letter are significantly different (p≤ 0.01).
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increasing concentration. When exposed to NNKOAc, cellular TAC
promoted by PG and PC was significantly reduced, yet sustaining TAC
level over PG and PC untreated cells. Exposure of BEAS-2B cells to
NNKOAc substantially increased the GPx expression (Fig. 7 E). Such
increment was not observed (instead of a reduction) for the WRL-
68 cells (Fig. 7 F). PG increased the GPx activity in BEAS-2B cells with
increasing concentration. In contrast, PC limited the GPx activity in
WRL-68 cells. PG and PC significantly increased the GPx activity in
BEAS-2B and WRL-68 cells respectively, when exposed to NNKOAc.

3.8. PG and PC reduce cellular caspase-3 and 8 expression

The crosstalk between DNA damage and cell apoptosis (hence ac-
tivation of caspases) is of great importance in determining the cancer
initiation and therapeutic responses (Nowsheen and Yang, 2012). Thus,
the expression of key caspases (3, 8, and 9) important for intrinsic and
extrinsic apoptotic pathways was studied for the cells treated with PG
and PC, and exposed to NNKOAc. Caspase-3 and 8 activities of both cell
lines were significantly increased when exposed to NNKOAc (Fig. 8).
Caspase-3 and 8 expressions promoted by NNKOAc exposure were
suppressed by the pre-exposure of PG and PC in BEAS-2B and WRL-

68 cells, respectively. Interestingly, both PG and PC were able to sup-
press the caspase-3 and 8 expressions even lower than of DMSO control.
PG in BEAS-2B and PC in WRL-68 cells not exposed to NNKOAc reduced
the caspase-3 and 8 expressions compared to the DMSO control. Cas-
pase-9 expression was affected in either cell line by neither NNKOAc
exposure nor PG and PC treatments.

4. Discussion

The experimental model of this study was developed by considering
the well-studied positive relationship between tobacco smoking and
lung carcinogenesis, to test the potential of MMP in the prevention of
DNA damage in vitro. BEAS-2B cells pre-exposed to MMP were chal-
lenged for cytotoxicity and genotoxicity induced by NNKOAc (Fig. 9).
Chemical carcinogen NNKOAc mimics the carcinogenicity of NNK, a
major nicotine-derived carcinogen in cigarette smoke. Cellular cyto-
chrome P450 activity is essential in the metabolism of NNK to generate
secondary metabolites capable in carcinogenesis (Garcia-Canton et al.,
2013). Cyto and genotoxicity of NNK can be limited in BEAS-2B cells
due to low cytochrome activity (Garcia-Canton et al., 2013). Carci-
nogen NNKOAc requires no cytochrome P450 activity for cellular

Fig. 3. Effect of pyrogallol and pyrocatechol on the proliferation of BEAS-2B and WRL-68 cells. The cells were treated with low concentrations (10, 25, and
50 μM) of pyrogallol and pyrocatechol for 72 h and assessed for effect on cell proliferation by Oregon® green-flow cytometry assay. Each experiment was repeated for
three times to ensure the reproducibility of data. Data were processed and plotted using FCS Express 6 plus Research Edition software. Means that do not share a
similar letter are significantly different (p≤ 0.01). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)
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metabolism (Peterson, 2010) and successfully used in a number of
studies to induce DNA damage in BEAS-2B cells. Human fetal hepatic
cells (WRL-68) was used as the second cell line for this study after
considering the positive relationship between tobacco smoking and
liver carcinoma. NNK is a potent systemic carcinogen in tobacco smoke
(Pfeifer et al., 2002), the potential in reaching the hepatocytes to induce
carcinogenesis.

Tested MMP except for PG and PC showed no cytotoxicity in BEAS-
2B and WRL-68 cell lines. Low cytotoxicity of simple phenolics in
normal human cells is demonstrated in a number of experiments by the
extremely high concentrations used to induce cytotoxicity (Galati et al.,
2006). A study by Yang et al. (2009) demonstrates the PG-mediated
cytotoxicity in human lung cancer cells using the MTT assay. Cyto-
toxicity of PG is caused by cell cycle arrest at G2 phase and induction of
apoptosis (Yang et al., 2009). Furthermore, PG-treated cells are char-
acterized by an elevated level of intracellular superoxide (Park et al.,
2017). Cytotoxicity by PC is expressed as induction of apoptosis, evi-
dent by morphological disruption and DNA damage (De Oliveira et al.,

2010).
It is important to consider the ability of PG and PC in the production

of ROS in cell-independent culture media. Polyphenols, especially ca-
techol, tend to experience rapid oxidation in commonly used culture
media and produce H2O2 (Long et al., 2010). Generation of H2O2 in
culture media leads to concentration-dependent cytotoxicity by rapid
depletion of cellular ATP (Varani et al., 1990). A study by Kelts et al.
(2015) demonstrated the potential of PG in the production of H2O2 in
cell-free minimal essential media (MEM). Production of H2O2 in the cell
culture media can affect the proliferation of cells (Lapidot et al., 2002).
Therefore, the potential of PG and PC for production of H2O2 in cell-free
BEGM and complete MEME media was evaluated by the Amplex® Red
assay. Both PG and PC showed concentration-dependent production of
H2O2 in BEGM and complete MEME media. Excessive H2O2 production
was observed at higher concentrations (≥250 μM). However, the con-
centrations (1–50 μM) of PG and PC used for the evaluation of cyto-and
genoprotective effects in this study did not produce significantly high
(p≥ 0.01) concentrations of H2O2 compared to the DMSO control.

Fig. 4. Potential of microbial metabolites of
proanthocyanidins (MMP) in the reduction of
NNKOAc-induced cytotoxicity in BEAS-2B and
WRL-68 cells. Cells were pre-exposed to MMP (10,
25, 50, and 250 μM) for 24 h and treated with
NNKOAc (300 μM) for 4 h. The capacity of MMP in
cytoprotection was measured as % cell viability by
MTS assay. Results were presented as mean ± SD of
three independent experiments. Means that do not
share a similar letter are significantly different
(p≤ 0.01). M1, 3-phenylpropionic acid; M2, 4-hy-
droxyphenyl acetic acid; M3, 3-(4-hydroxyphenyl)
propionic acid; M4, p-coumaric acid; M5, benzoic
acid; M6, pyrogallol; M7, pyrocatechol.
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Moreover, preliminary cell viability test results on cytotoxicity of PG in
BEAS-2B and PC in WRL-68 cells, showed no signs of toxicity at these
concentrations, signifying the ignorable effect by H2O2.

Preliminary MTS test results for the investigation of MMP-mediated
cytotoxicity showed promoted cell viability for PG and PC in BEAS-2B
cells at lower concentrations. Augmentation of cell viability may be
related with promoted cell proliferation, an undesirable effect for the
mitigation of cancer occurrence. Therefore, the effect of PG and PC in
cell proliferation was further studied by Oregon Green® flow cytometry
assay. The proliferation of BEAS-2B cells was limited by both PG and PC
in a concentration-dependent manner. Similar results were obtained for
PG in WRL-68 cells. Antiproliferative activity of PG in WRL-68 cells was
more prominent compared to PC. Antiproliferative properties of PG and
PC are investigated in a number of cancer cell lines. A study by Yang
et al. (2009) experimented with the potential of PG in limiting the
proliferation of human lung cancer cells (H441 and H520). PG limits
the proliferation of lung cancer cells by arresting cell cycle at G2/M
phase (Yang et al., 2009). Both PG and PC type phenolics limit the cell
proliferation in estrogen responsive (ER+) MCF-7 human breast cancer
cells (Fernandes et al., 2010). Apart from arresting of the cell cycle at
different phases, phenolics express antiproliferative properties by
blocking and regulation of kinases (e.g., c-Jun N-terminal kinase), in-
hibition of transcription factors and suppression of pathways important
for cell growth (Dai and Mumper, 2010). Intense antiproliferative effect
of PG over PC may be possible to describe by the number of hydroxyl
groups bound with the phenyl ring. Structure of PG consists of two
hydroxyl groups and the PC with one hydroxyl groups bound to a single
phenyl ring. Trihydroxylated phenolic acids demonstrate higher anti-
proliferative effect over dihydroxylated variants (Gomes et al., 2003).
Thus, the high antiproliferative properties of PG over PC can be due to
the higher number of hydroxyl groups.

Cytoprotection by MMP for NNKOAc-induced toxicity was in-
vestigated by MTS assay to select MMP-concentration combinations to
evaluate potential in DNA damage prevention. Tested MMP except for
PG and PC showed no cytoprotection in both cell lines. A study by Kling
et al. (2013) investigated the cytoprotection by 19 different flavonoids,
flavonoid metabolites, phenolic acid and methyl esters of phenolic acids
on the neuronal cells exposed to tert-butyl hydroperoxide. Only the
phenolics with catechol units and 4-keto group provided significant
cytoprotection in the study (Kling et al., 2013). Thus, the cytoprotection
by phenolics against chemical carcinogens is dependant on the func-
tional groups available in chemical structure. The molecular structure
and complexity determine the bioavailability of dietary polyphenols.
PG and PC are simple phenolics detected as metabolites of colonic
microbes in studies investigating the metabolism and bioavailability of
dietary polyphenols. PG and PC with their methylated, sulfated, and
glucuronidated metabolites are found in blood plasma and urine.
Higher plasma concentrations and urinary recoveries of PG and PC
together with their metabolites suggest the high bioavailability of PG
and PC (Pereira-Caro et al., 2017; Feliciano et al., 2016). Moreover, PG
and PC showed cell line specific activity in the reduction of NNKOAc-
induced cytotoxicity. PG in BEAS-2B cells and PC in WRL-68 cells sig-
nificantly reduced the cytotoxicity induced by NNKOAc. The cell line
specific activity may be a result of the difference between the chemical
structure of PG and PC, enzymatic systems in the two cell lines or
simply the two different cell culture media. Thus, cell line specificity of
PG and PC in NNKOAc-induced cytotoxicity reduction must be further
investigated before declaring the specificity of PG in lung and PC in
liver cancer risk reduction.

The degree of cellular DNA damage induced by NNKOAc and
regulated by exposure to PG and PC was measured by γ-H2AX im-
munofluorescence assay. Cellular metabolism of NNK produces elec-
trophilic metabolites capable of DNA damage (Proulx et al., 2005),
characterized by the formation of bulky DNA-adducts leading to DNA
double-strand breaks (DSB) generation (Hecht, 2007). The phosphory-
lated histone protein H2AX (γ-H2AX) is useful in the detection of DNA

Fig. 5. Pyrogallol (PG) and pyrocatechol (PC) reduce the NNKOAC-in-
duced DNA damage as measured by the γ-H2AX assay. BEAS-2B (A) and
WRL-68 (B) cells were pre-exposed to PG and PC for 24 h, and DNA damage was
induced by NNKOAc (300 μM for 4 h). Phosphorylated histone γ-H2AX foci
were labeled with specific antibodies and nuclei stained with DAPI. At least 100
nuclei of each treatment were imaged by fluorescence microscopy (× 40).
Number of γ-H2AX foci was counted by ImageJ software and the results aver-
aged as foci/nucleus. Results were presented as mean ± SD of three in-
dependent experiments. Means that do not share a similar letter are sig-
nificantly different (p≤ 0.01).
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Fig. 6. Abundance of phosphorylated (p/γ) ATM (a, g), ATR (b, h), Chk1 (c, i), Chk2 (d, j), p53 (e, k), and H2AX (f, l) proteins in BEAS-2B (A) and WRL-68
(B) cells. BEAS-2B cells were treated with 10 and 25 μM of pyrogallol (A) and WRL-68 cells were treated with 25 and 50 μM of pyrocatechol (B) before exposed to
300 μM NNKOAc for 4 h. The level of expression of DNA damage repair proteins were quantified by western blotting. Results were expressed as relative protein levels
compared to the DMSO control. At least three western blotting experiments were performed, and the results were expressed with means ± standard deviations.
Results were statistically analyzed by one-way ANOVA and Tukey's mean separation (α=0.01) using Minitab statistical software.
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damage at the histone protein level, particularly the DSB (Zhou et al.,
2006). Cellular DNA damage protection by PG in BEAS-2B cells and PC
in WRL-68 cells was evaluated considering their performance in cyto-
protection against NNKOAc. The γ-H2AX test results showed that both
PG and PC could protect the cells from NNKOAc-induced DNA damage
(Fig. 5). The PG and PC treatment alone showed an increment in cel-
lular DNA damage compared to the DMSO control. PG and PC may have
induced DNA strand break through induction of topoisomerase (1 and
2)-DNA complexes. Induction of topoisomerase-DNA complexes by PG
and PC may have resulted by their potential to generate H2O2 by

autoxidation (Lopez-Lazaro et al., 2011). However, the concentrations
of PG (10 and 25 μM) and PC (25 and 50 μM) used in cytotoxicity and
DNA damage reduction analysis showed no significant production of
H2O2 in the cell culture media (as shown by Amplex® Red assay). We
further investigated the potential of PG and PC in NNKOAc-induced
DNA damage reduction by using the comet assay, also called single-cell
gel electrophoresis (Supplementary Fig. 2). As a result of DNA damage
to strands, DNA supercoiled structure relaxes and enables anode di-
rected DNA migration in gel electrophoresis. The intensity of damage
resembles a comet under fluorescence microscopy and can be evaluated

Fig. 7. The potential of pyrogallol (PG) and pyrocatechol (PC) in alleviating NNKOAc-induced oxidative stress in BEAS-2B and WRL-68 cells. BEAS-2B and
WRL-68 cells were pre-treated with PG (10 and 25 μM) and PC (25 and 50 μM), respectively for 24 h. The cells were exposed to NNKOAc (300 μM for 4 h) to induce
oxidative stress and the cellular reactive oxygen species (ROS) level, total antioxidant capacity (TAC), and glutathione peroxidase (GPx) activity were measured.
Results were presented as mean ± SD of three independent experiments. Means that do not share a similar letter are significantly different (p≤ 0.01).
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by using OpenComet™ computer software (http://www.cometbio.org).
The results were expressed as Olive tail moment which is the product of
comet tail DNA% and the distance between the comet head and tail
centroids (Gyori et al., 2014). Cells pre-treated with PG and PC depicted
low mean DNA damages (Olive tail moments) compared to the
NNKOAc control supporting the γ-H2AX test results. However, statis-
tical significance could not be observed due to the high variation of
Olive tail moments.

Anticancer properties of phenolics are also demonstrated by

complex interventions with metabolic pathways and gene modulation
(George et al., 2017). Therefore, we studied the influence of PG and PC
treatment on the key proteins of DDR mechanisms by western blot
analysis. Activation/phosphorylation of ATM, ATR, Chk1, Chk2, p53,
and histone protein H2AX is common in cells experiencing DNA da-
mage and replication stress (Yan et al., 2014). These proteins are cap-
able in the modulation of cellular DDR mechanisms for cell prolifera-
tion, cell cycle arrest and apoptosis (George et al., 2017). ATM and ATR
are the key regulatory proteins of DDR mechanisms. Activation of ATM

Fig. 8. Effect of pyrogallol (PG) and pyrocatechol (PC) on NNKOAc-induced apoptosis in BEAS-2B and WRL-68 cells. BEAS-2B and WRL-68 cells were pre-
treated with PG (10 and 25 μM) and PC (25 and 50 μM), respectively for 24 h. The cells were exposed to NNKOAc (300 μM for 4 h) to induce apoptosis cascade. The
enzyme activity of caspase-3, 8, and 9 were measured. Results were presented as mean ± SD of three independent experiments. Means that do not share a similar
letter are significantly different (p≤ 0.01).
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and ATR is dependent on the nature of DNA damage, and the func-
tionality of the two kinases is distinct from each other. ATM activation
predominantly results in DNA DSB while ATR activation occurs through
a number of DNA damages including bulky lesions by methylation
(Marechal and Zou, 2013). Repair of DNA DSB through ATR activation
is achieved through the conversion of DSB into single-strand DNA
(ssDNA) by resection with the help of ATM (Marechal and Zou, 2013).
ATM-Chk2 checkpoint activation and ATR-Chk1 checkpoint activation
are two important pathways in DDR (Yan et al., 2014). BEAS-2B and
WRL-68 cells exposed to NNKOAc showed substantial upregulation of
targeted DDR proteins, ensuring the activation of DDR pathways.
Treatment with PG affected the ATR-Chk1 pathway by significantly
upregulating p-ATR and downregulating (concentration-dependant) p-
Chk1 in BEAS-2B cells exposed to NNKOAc. DNA damage by NNKOAc
causes the formation of bulky DNA lesions and adducts. Bulky DNA
lesions is a major drive for ATR activation. Further experimentation for
the detection of other proteins activated or inactivated by ATR (e.g.,
Cdk1) is recommended to establish a clear connection between PG
treatment and the effect on the ATR-Chk1 pathway. PG also influenced
the ATM-Chk2 checkpoint pathway in NNKOAc exposed BEAS-2B cells
by downregulation of p-ATM, p-Chk2, p-p53, and γ-H2AX expression.
George and Rupasinghe (2017) reported similar results (except upre-
gulation of p-ATR) for BEAS-2B cells treated with flavonoids and
challenged for genotoxicity by NNKOAc. Furthermore, the study sug-
gests the potential of flavonoids in promoting ATR-dependant DNA
damage reduction. In contrast to PG in NNKOAc-treated BEAS-2B cells,
PC upregulated the expression of p-ATM and restricted p-ATR expres-
sion in WRL-68 cells exposed to NNKOAc. PC-mediated downregulation
of p-Chk2 in NNKOAc exposed WRL-68 cells was concentration-de-
pendant. Upregulated expression of p-p53 and γ-H2AX suggests the
activation of the ATM-Chk2 pathway in NNKOAc exposed WRL-68 cells.
Furthermore, the influence of the PC on the ATR-Chk1 pathway is de-
monstrated by the downregulation of p-ATR and p-Chk1. However, the
results remain inconclusive and recommend further experimentation to
identify prominent DDR mechanisms.

The ability of polyphenols in DNA damage reduction by acting as
antioxidant agents is appreciated by many researchers using a number
of polyphenols with chemical and metallic carcinogens (George and
Rupasinghe, 2017; Gill et al., 2010; Thilakarathna et al., 2018). Cyto-
protective and genoprotective properties of PG and PC may be con-
tributed by their antioxidant activity. Antioxidant activities of PG and
PC are well documented (Sarikaya, 2015; Kosobutskii, 2014). PG in

BEAS-2B cells and PC in WRL-68 cells improved the TAC of cells and
suppressed the ROS levels elevated by NNKOAc. Cells are equipped
with various antioxidants and enzymatic antioxidant systems to reduce
cellular oxidative stress. GPx, superoxide dismutase (SOD), catalase are
the major enzymatic antioxidants active (radical scavengers) in lungs.
GPx mitigates the cellular oxidative stress by reducing H2O2 into H2O
(Birben et al., 2012). PG and PC significantly increased the expression
of enzymatic antioxidant GPx in cells exposed to NNKOAc. Thus, the
ROS reduction in NNKOAc exposed cells can be contributed by the PG
and PC-mediated GPx (enzymatic antioxidant) promotion. However,
the GPx expression of WRL-68 cells was limited upon the treatment
with PC independent of NNKOAc. Similar results are reported for male
Swiss albino mice (liver) administered with 40mg/kg body weight of
PG (Upadhyay et al., 2007).

Cellular DNA damage can lead to the cascade of apoptotic events
when DDR mechanisms fail to maintain genome integrity. DNA me-
thylation and formation of bulky DNA adducts are two major DNA le-
sions initiating cell apoptosis (Roos and Kaina, 2013). Cell death can
occur through either of three apoptotic pathways: caspase-dependent
extrinsic and intrinsic or caspase-independent pathways. We studied
the expression of key effectors for the extrinsic pathway (caspase-8),
and intrinsic pathway (caspase-9) and central effector (caspase-3) for
both pathways. Exposure of cells to NNKOAc elevated the expression of
caspase-3 and 8, suggesting the activation of the extrinsic apoptotic
pathway by this carcinogen. Suppression of NNKOAc-induced caspase-3
and 8 expressions by treatment with PG and PC explains their potential
to protect the cells from cyto- and genotoxicity of NNKOAc. However,
further experimentation is required to understand whether the sup-
pression of caspase-activity is truly beneficial, as apoptosis plays an
important role by the elimination of cancerous cells.

5. Conclusion

Tested MMP except for PG and PC at high concentrations are not
cytotoxic in BEAS-2B and WRL-68 cells. Cytotoxicity triggered by PG
and PC is due to the concentration-dependent H2O2 production in cell
culture media. The promoted % cell viability in BEAS-2B cells by lower
concentrations of PG and PC is not characterized by induced cell pro-
liferation. Cytoprotection by MMP against NNKOAc is cell line specific,
and only PG and PC protected the BEAS-2B and WRL-68 cells, respec-
tively. PG in BEAS-2B cells and PC in WRL-68 cells reduce the DNA
damage induced by NNKOAc. PG and PC may contribute to the

Fig. 9. Pyrogallol (PG) in BEAS-2B cells and
pyrocatechol (PC) in WRL-68 cells reduce
NNKOAc-induced DNA damage. NNKOAc in-
duces cellular DNA damage by bulky adduct
formation and reactive oxygen species (ROS)
production. PG and PC act as antioxidants and
promote cellular enzymatic antioxidant GPx to
reduce DNA damage by ROS neutralization.
Damaged DNA triggers cellular DNA damage
response (DDR) mechanism to maintain
genomic integrity. PG and PC influence DDR by
altering the expression of DDR proteins (ATM,
ATR, Chk1, Chk2, p53, and H2AX). Failure to
overcome DNA damage initiates programmed
cell death (apoptosis) by triggering caspase
cascade. PG and PC suppress the extrinsic
apoptotic pathway by limiting caspase-3 and 8
expressions.
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reduction of cellular DNA damage by altering the expression of DDR
protein and suppressing NNKOAc-induced oxidative stress by pro-
moting TAC and GPx activity. PG in BEAS-2B cells and PC in WRL-
68 cells can suppress the expression of the extrinsic apoptotic pathway
(caspase 8–3) provoked by NNKOAc. This study shows the potential of
MMP to mitigate cancer risk by altering the DDR protein expression and
promoting cellular antioxidant defense. Further experimentation using
animal models can be recommended to illustrate the importance of
intestinal microbiome in the biotransformation of PAC into simple
metabolites for cancer risk reduction.
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