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Abstract

Arsenic trioxide (As,O3) is commonly used to treat acute promyelocytic leukemia and solid
tumors. However, the clinical application of the agent is limited by its cyto- and genotoxic effects
on normal cells. Thus, relief of As,Og3 toxicity in normal cells is essentially necessary for
improvement of As,O3-mediated chemotherapy. In this study, we have identified a series of
protective effects of resveratrol against As,Oz-induced oxidative damage in normal human
bronchial epithelial (HBE) cells. We showed that treatment of HBE cells with resveratrol
significantly reduced cellular levels of DNA damage, chromosomal breakage and apoptosis
induced by As,03. The effect of resveratrol against DNA damage was associated with a decreased
level of reactive oxygen species and lipid peroxidation in cells treated by As,O3, suggesting that
resveratrol protects against As,Os toxicity via a cellular anti-oxidative stress pathway. Further
analysis of the roles of resveratrol demonstrated that it modulated biosynthesis, recycling and
consumption of glutathione (GSH), thereby promoting GSH homeostasis in HBE cells treated by
As,03. This was further supported by results showing that resveratrol prevented an increase in the
activities and levels of caspases, Fas, Fas-L and cytochrome c¢ proteins induced by As,O3. Our
study indicates that resveratrol relieves As,Oz-induced oxidative damage in normal human lung
cells via maintenance of GSH homeostasis and suppression of apoptosis.
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1. Introduction

Arsenic, a metalloid, exists ubiquitously in the environment. Chronic exposure to low
concentrations of arsenic through drinking water, food and air is associated with an
increased risk of skin, bladder, liver and lung cancer (Kitchin and Conolly 2010).
Interestingly, one form of inorganic arsenic, arsenic trioxide (As,O3) can also serve as a
potent anticancer agent for treatment of acute promyelocytic leukemia (APL) and solid
tumors and has been commonly used in clinics for years. As,O3 is currently used as a first-
line chemotherapeutic drug for APL because it can effectively induce apoptosis in leukemia
cells (Zhang et al. 2001). However, the clinical application of the agent is limited by its side
effects that include hepatotoxicity (Hao et al. 2013), cardiotoxicity (Barbey et al. 2003), and
nephrotoxicity (Vuky et al. 2002), as well as sudden death (Westervelt et al. 2001). The
adverse effects of As,Og are usually caused by its cyto- and genotoxic effects that are
mediated by oxidative stress in normal cells. Thus, relief of As,03 toxic effects on normal
cells is essential for improvement of the chemotherapeutic efficacy of As,Os. It has been
suggested that chemo-protective agents that alleviate the toxic effects of As,O3 may be used
to improve its efficacy on cancer therapy (Evens et al. 2004). Because As,Os toxicity
mainly results from reactive oxygen species (ROS) that subsequently induce oxidative DNA
damage and apoptosis, as well as alter glutathione (GSH) homeostasis (Miller et al. 2002), it
is conceivable that a ROS scavenger and/or an antioxidant can reduce the toxic effects of
Asy03 on normal cells, thereby improving the selectivity of As,O3 chemotherapy.

Resveratrol (3,4’,5-trihydroxystilbene) is a natural polyphenolic compound that exists in
plants such as grapes, mulberries and peanuts (Bishayee 2009). It has been used in
conjunction with chemotherapy for the treatment of lung, breast and colon cancer (Aggarwal
et al. 2004; Shankar et al. 2007; Bishayee 2009). Recent studies indicate that resveratrol can
relieve As,O3-induced cardiotoxicity, hepatotoxicity and nephrotoxicity in animal models
(Zhao et al. 2008; Yu et al. 2013; Zhang et al. 2013a; Zhang et al. 2013b). This may be
associated with its potent antioxidant function through scavenging of ROS in cells
(Aggarwal et al. 2004; Bishayee 2009). Our previous studies showed that resveratrol
relieved oxidative damage and cell death induced by sodium arsenite in both human
bronchial epithelial (HBE) cells (Chen et al. 2013a) and lung adenocarcinoma epithelial
(A549) cells (Chen et al. 2013c). This suggests that resveratrol protects normal cells against
the adverse effects of arsenite by decreasing production of ROS and apoptosis. Thus, it is
possible that resveratrol can relieve As,O3-induced toxic effects on normal cells, thereby
reducing its side effects.

It has been shown that apoptosis plays an important role in mediating the therapeutic effects
and toxicity of As,O3 (Miller et al. 2002; Evens et al. 2004; Cui et al. 2008). As,O3 can
induce cellular apoptosis in leukemia and solid tumor cells such as liver and lung cancer
cells leading to cell death (Zhang et al. 2001; Miller et al. 2002). It has been suggested that
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ROS and oxidative damage are responsible for As,O3-induced apoptosis (Flora 2011). Thus,
a decrease in ROS and oxidative damage by antioxidants may improve As,O3
chemotherapy. Apoptosis is usually mediated by the release of cytochrome ¢ from
mitochondria into the cytoplasm that activates caspase 3, 8 and 9, and in turn leads to single-
stranded and double-stranded DNA breaks (Brown and Borutaite 2008; Fiandalo and
Kyprianou 2012). Moreover, apoptotic progression can be modulated by the cellular redox
level (Lushchak 2012) that is regulated by GSH. This further indicates that GSH
homeostasis is also critical for mediating cellular apoptosis (Sakurai et al. 2004; Circu and
Aw 2008). Thus, it is possible that relief of oxidative damage and prevention of apoptosis
may be achieved by altering the cellular GSH level and decreasing the levels of critical
enzymatic activities and proteins that are involved in apoptosis. We further hypothesize that
resveratrol protects against As,Oz-induced oxidative damage by promoting GSH
homeostasis and/or suppressing an increase in the activities and levels of critical apoptotic
enzymes and proteins. To test this hypothesis, we explored the roles of resveratrol in
alleviating As,O3-induced oxidative damage and its underlying mechanisms in normal
human HBE cells. We found that resveratrol effectively protected against As,O3-induced
oxidative damage in HBE cells by facilitating cellular GSH homeostasis and preventing an
increase of the activities and levels of critical enzymes and proteins that mediate apoptosis.
Our study provides a new insight into the mechanisms by which resveratrol protects normal
cells against As,O3 toxicity and side effects.

2. Materials and methods

2.1 Cell culture

HBE cells were generously provided by Stem Cells and Tissue Engineering Laboratory,
State Key Laboratory of Biotherapy, Sichuan University, China. Cells were grown in
Dulbecco's Modified Eagle Medium (DMEM) (Invitrogen, Grand Island, NY, USA)
supplemented with 10% (v/v) fetal bovine serum (FBS), penicillin (100 unit/ml) and
streptomycin (100 pg/ml). Cells were cultured in a 37°C incubator supplied with 5% CO,
and 95% air at constant humidity.

2.2 Cytotoxicity assay

Cytotoxicity of As,O3 (purchased from YiDa Pharmaceutical Co. Ltd, Harbin Medical
University, Heilongjiang, China) in the absence or presence of resveratrol (=98% purity)
(purchased from Keddia Reagent Co. Ltd. Chengdu, China) was determined by 3-(4,5-
dimethyithiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) assay as described
previously (Chen et al. 2013a). HBE cells were seeded in 96-well plates at a density of 5 x
10* cells (200 pl) per well. After overnight incubation, cells were treated with As,O3 in the
absence or presence of resveratrol that was dissolved in dimethylsulfoxide (DMSO) for 24
h. Subsequently, 100 pl of 0.5 mg/ml MTT solution (Amresco Co., Ohio, USA) was added
into each well, and cells were incubated at 37°C for additional 4 h. 100 ul DMSO was then
employed to dissolve formazan crystals. Absorbance at 570 nm was measured by a Bio-Rad
micro-plate reader (Bio-Rad, Hercules, CA, USA). Cell viability was calculated according to
the equation: Cell viability (%)=[treatment group ODs7¢/control group ODs570]%100.
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2.3 Measurement of cellular ROS production

Cellular ROS production was detected with a fluorescent probe, 2°,7’-dichlorofluorescin
diacetate (DCFH-DA, Applygen Technologies Inc., Beijing, China). In brief, 1 x 108 cells
per well were seeded in 6-well plates with sterilized coverslips (24 mm x 24 mm). Cells
were then treated with As,O3 in the absence or presence of 5 UM resveratrol for 24 h.
Subsequently, cells were incubated with 10 uM DCFH-DA diluted with DMEM medium at
37°C for 1 h in the dark. Cells were visualized and imaged under a fluorescence microscope
(DMLB2, Leica, Wetzlar, Germany) at an excitation/emission wavelength of 485 nm/530
nm. Production of ROS was quantified with Image-Pro@ Plus 6.0 software (Media
Cybemetics Inc. USA). Sum integrated optical density (I0D) and sum areas were obtained.
Average optical density (AOD) was calculated according to the equation: AOD= Sum
IOD/the sum area.

2.4 Detection of superoxide dismutase (SOD) activity

Total SOD activity in HBE cells was determined using a commercially available kit from
Nanjing Jiancheng Bioengineering Institute (Nanjing, China) according to the
manufacturer's instructions. Briefly, 1 x 106 cells were treated with As,O5 in the absence or
presence of resveratrol for 24 h, respectively. Cells were then harvested by 0.2% (w/v)
ethylene diamine tetraacetic acid (EDTA) and lysed. Cell lysates were centrifuged at 1,000
X g at 4°C for 5 min. The supernatant was collected for determining cellular SOD activity.
Absorbance at 550 nm was measured with a spectrometer (VV-1100D, Mapada instruments
Co., Ltd. Shanghai, China). Total cellular SOD activity was normalized by protein
concentrations measured by bicinchoninic acid method.

2.5 Detection of lipid peroxidation

Lipid peroxidation was determined by measuring the formation of malondialdehyde (MDA)
in HBE cells. After exposure to 20 uM As,03 in the absence or presence of resveratrol for
24 h, cells were harvested and resuspended in lysis buffer. Cell lysates were then subjected
to centrifugation at 12,000 X g at 4°C for 10 min. The supernatant was used to measure
cellular MDA level according to the manufacturer's instructions (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China). Cellular MDA level was illustrated as nmol/mg
protein.

2.6 DNA damage determined by comet assay

DNA damage was determined by alkaline comet assay as described previously (Chen et al.
2013c). In brief, 1 x 10° cells were seeded in 24-well plates. Cells were treated with As,O3
alone or As,0O3 along with resveratrol for 24 h. Cell suspension (20 pl) was mixed with 80 pl
0.65% low-melting agarose (Amresco, Solon OH, USA) at 37°C and spread on a slide that
was pre-coated with 0.8% normal-melting agarose (Amresco, Solon OH, USA) and
subsequently covered by a coverslip. The coverslip was then removed gently, and the slide
was immersed in lysis solution (2.5 M NaCl, 100 mM EDTA, 10 mM Tris, pH = 10.0, 1%
sodium sarcosinate, 1% Triton X-100, 10% DMSOQO) at 4°C in the dark for 1 h. After being
soaked in electrophoresis buffer (pH>13.0) for 30 min to allow DNA unwinding, the slide
was subjected to electrophoresis at 0.75 V/cm. The slide was then washed with distilled
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water, stained with 20 ug/ml ethidium bromide, and visualized under a fluorescence
microscope (DMLB2, Leica, Wetzlar, Germany) at 200 x magnification. For each slide,
two-hundred cells were randomly scored for calculation of the percentage of comet cell
[Percentage of comet cells (%) = number of comet cells/number of cell counted (200)]. The
Olive tail moment (OTM) was obtained using Comet Assay Software Project (CASP, Free
Software Foundation. Inc.). Fifty comet cells of each slide were randomly selected for
measuring their OTM.

2.7 Chromosomal breakage measured by micronucleus assay

Chromosomal breakage was measured with the micronucleus assay according to the
procedure described previously (Chen et al. 2013c). Briefly, cells were seeded in a 6-well
plate at a density of 5 x 10° cells/well. Cells were treated with As,O3 in the absence or
presence of resveratrol for 24 h. Cells were subsequently collected by centrifugation at 140
X g for 5 min and resuspended in 0.075 M potassium chloride solution. Cells were then
fixed in freshly prepared methanol-glacial acetic acid (3:1, v/v) solution three times and
subsequently fixed with methanol-glacial acetic acid (99:1, v/v). The cell suspension was
then dropped onto —20°C pre-chilled glass slides and stained with 40 pg/ml acridine orange
solution (Amresco, Solon OH, USA). Slides were visualized under a fluorescence
microscope (DMLB2, Leica, Wetzlar, Germany) at 400 x magnification. For each slide, one
thousand cells were randomly selected to identify micronucleated cells. The frequency of
micronucleated cells was calculated according to the equation: The frequency of
micronucleated cells (%o) = number of micronucleated cells/counted cells (1000).

2.8 Assessment of apoptosis by annexin V-FITC/ Pl staining

Cellular apoptosis was examined using an apoptosis detection kit purchased from KeyGen
Biotechnology (Nanjing, China). Briefly, cells were cultured in 6-well plates at a density of
1 x 108 cells/well and treated with As,03 alone or As,O3 in combination with resveratrol
for 24 h. Cells were collected by trypsinization and centrifugation at 110 X g for 5 min at
4°C. Cells were then resuspended in binding buffer which contained 5 pl of annexin V-
fluorescein isothiocyanate (FITC) and 5 ul of propidium iodide (PI). After incubation at
37°C in the dark for 30 min, cells were subjected to flow cytometry (Beckman Coulter,
Indianapolis, IN, USA). 20,000 cells from each sample were analyzed by the software of
Windows Multiple Document Interface for Flow Cytometry, version 2.8 (The Scrrips
Research Institute, San Diego, CA, USA).

2.9 Detection of cellular level of oxidized (GSSG) and reduced (GSH) glutathione

Cellular levels of total glutathione (T-GSH), reduced GSH and GSSG were determined by
commercial assay Kits purchased from Beyotime Institute of Biotechnology (Jiangsu,
China). In brief, cells were seeded in 6-well plates at a density of 1 x 10° cells/well and
treated with 20 UM As,03 in the absence and presence of resveratrol for 24 h. Subsequently,
cells were harvested and lysed. Cell lysates were centrifuged at 16,000 X g at 4°C for 5 min.
The supernatant was collected to examine the cellular level of T-GSH and GSSG with a Bio-
Rad micro-plate reader (Bio-Rad, Hercules, CA, USA) at a wavelength of 412 nm. Cellular
levels of T-GSH and GSSG were obtained from standard curves, and the GSH level was
calculated according to the equation: GSH=T-GSH-2xGSSG. The ratio of GSH/GSSG was
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obtained by dividing the concentration of GSH with that of GSSG. GSH and GSSG levels
were normalized by protein concentrations.

2.10 Measurement of activities of GSH reductase (GR), GSH peroxidase (GSH-Px) and -y-
glutamylcysteine synthetase (y-GCS)

The activities of GR and GSH-Px were measured by kits purchased from Beyotime Institute
of Biotechnology (Jiangsu, China). Briefly, after exposure to the 20 uM As,O3 in the
absence or presence of resveratrol for 24 h, cells were harvested and lysed. Cell lysates were
centrifuged at 16,000 X g for 10 min, and the supernatant was collected. The activities of
GR and GSH-Px were measured according to the manufacturer's instructions at a
wavelength of 340 nm (BioSpec-mini, Shimadzu Corp., Kyoto, Japan) and were normalized
by protein concentrations. The activity of y-GCS was detected with a y-GCS detection kit
purchased from Research Institute of Nanjing Jiancheng Bio-engineering (Nanjing, China).
v-GCS activity was measured by spectrophotometer (V-1100D, Mapada instruments Co.,
Ltd. Shanghai, China) according to the manufacturer's instructions. The activity of y-GCS
was also normalized by protein concentrations.

2.11 Analysis of protein expression level by Western blot

Western blot was performed as described by Nguygen et al. (Nguyen et al. 2011). Cell
lysates (60 g of protein) were subjected to 12% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). Proteins were transferred to a 0.22 um polyvinylidene
fluoride (PVDF) membrane (Millipore, MA, USA). After blocking of non-specific epitopes
for 2 h at room temperature with 5% nonfat dry milk, P\VDF membranes were incubated
with a rabbit polyclonal catalytic subunit of y-glutamylcysteine synthetase (GCLC) antibody
(1:500) (Abgent Inc. San Diego, CA, USA), modifier subunit of y-glutamylcysteine
synthetase (GCLM) antibody (1:500) (Abgent Inc. San Diego, CA, USA), Fas antibody
(1:500) (ABclonal Biotech Co., Ltd, USA), Fas-L antibody (1:500) (ABclonal Biotech Co.,
Ltd, USA), cytochrome c antibody (1:200) (Biosynthesis Biotechnology Co., Ltd. Beijing,
China) and a mouse monoclonal B-actin antibody (1:1000) (ZSGB Bio, Beijing, China)
overnight at 4°C. A horseradish peroxidase conjugated secondary antibody (1:5000) (ZSGB
Bio, Beijing, China) was incubated with PVDF membranes at room temperature for 1 h.
Subsequently, PVDF membranes were incubated with an enhanced chemiluminescent
substrate (Millipore, Bedford, MA, USA), and chemiluminescent signals were visualized
and imaged with a Molecular Imager Gel Doc XR System (Bio-Rad, Hercules, CA, USA).
The intensities of chemiluminescence were quantified by the Quantity One software (Bio-
Rad, USA).

2.12 Measurement of activities of caspase 3, 8 and 9

The activities of caspase 3, 8 and 9 were detected with kits purchased from Beyotime
Institute of Biotechnology (Jiangsu, China). Briefly, after 24 h exposure to As,O3 in the
absence or presence of resveratrol, cells were harvested and lysed with lysis buffer for 15
min on ice. Cell lysates were centrifuged at 18,000 X g for 10 min at 4°C, and the
supernatant was collected for detecting the activities of caspase 3, 8 and 9 according to the
manufacturer's instructions. Enzymatic activities were normalized by protein concentrations.
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2.13 Statistical analysis

3. Results

All experiments were performed at least three times. Data were illustrated as mean *
standard deviation (S.D.). Significant differences among multiple groups were determined
by one-way Analysis of Variance (ANOVA) analysis, and a least significant difference
(LSD)-t test was used to detect a significant difference. A non-parametric Kruskal-Wallis
test was used if original data were not normally distributed. Statistical analysis was
performed with the Statistical Package for the Social Sciences (SPSS) software, version 17.0
(SPSS Inc.; Chicago, IL, USA). P < 0.05 indicates a significant difference.

3.1 Resveratrol attenuated As,O3z-induced cytotoxicity and genotoxicty

As,03 causes cytotoxicity and genotoxicity by inducing oxidative damage in cells (Hei and
Filipic 2004). This can further lead to death of human normal cells resulting in tissue and
organ dysfunction. As an antioxidant, resveratrol may relieve As,O3z-induced cytotoxicity
and genotoxicity by combating oxidative damage in cells. To test this possibility, we
initially examined the effects of resveratrol on As,Os3 toxicity in HBE cells. We found that
exposure to As,O3 (ranging from 10 uM to 50 uM) significantly decreased HBE cell
viability (Fig. 1a). Resveratrol at concentrations lower than 25 puM failed to alter cell
viability (Fig. 1b). To determine the effects of resveratrol on As,O3 cytotoxicity, we
examined the viability of HBE cells that were treated with 20 uM As,O3 and 5 uM
resveratrol simultaneously. The results showed that exposure to 20 pM As,O3 for 24 h
significantly reduced the viability of treated cells compared with untreated cells (P<0.05)
(Fig. 1c). Simultaneous exposure to both As,O3 (20 pM) and resveratrol (5 uM)
significantly increased cell viability (Fig. 1c¢) (P<0.05), indicating that resveratrol effectively
reduced As,O3 cytotoxicity in HBE cells.

Because As,Osz-induced oxidative DNA damage can result in chromosomal breakage
(Hughes et al. 2011), we further examined whether resveratrol may relieve As,O3
genotoxicity using the micronucleus test and comet assay. The results showed that HBE
cells treated by As,O3 exhibited a significantly higher percentage of comet cells and a larger
OTM value than untreated cells (P<0.05) (Fig. 2c and Fig. 2e-2f). 5 uM resveratrol alone
failed to increase the percentage of comet cells and the OTM value (P>0.05) (compared Fig.
2b with Fig. 2a and Fig. 2e-2f), indicating that resveratrol at 5 uM did not induce DNA
damage. However, exposure to 5 M resveratrol and 20 pM As,0O3 simultaneously
significantly decreased the percentage of comet cells and the OTM value (P<0.05)(Fig. 2d
and Fig. 2e-2f). The results also showed that exposure to As,O3 for 24 h increased the
frequency of micronucleated HBE cells significantly (P<0.05) (compared Fig. 3c with Fig.
3a). Similar to the results from the comet assay, exposure to resveratrol alone (5 uM) did not
significantly alter the frequency of micronucleated cells (P>0.05) (compared Fig. 3b with
Fig. 3a) (Fig. 3e). Simultaneous exposure to 20 pM As,O3 and 5 UM resveratrol
significantly reduced the frequency of micronucleated cells (P<0.05) (compared Fig. 3d with
Fig. 3a) (Fig. 3e). Taken together, our results indicate that resveratrol can attenuate AsyOs-
induced DNA damage and chromosomal breakage and can protect HBE cells against As,O3
genotoxicity.
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3.2 Resveratrol attenuated As,Os-induced oxidative stress and lipid peroxidation

As,03 can induce oxidative stress and lipid peroxidation in various types of cells by
promoting production of ROS (Flora 2011). It is possible that resveratrol may relieve
As,03-induced oxidative stress by inhibiting production of ROS. To test this, we examined
the production of ROS and MDA in HBE cells treated by As,O3 in the absence or presence
of resveratrol. We found that DCF fluorescence intensity, an indicator of production of
ROS, in As,O3-treated HBE cells was significantly increased compared with the untreated
control (P<0.05) (compared Fig. 4c with Fig. 4a) (Fig. 4e). Production of ROS in HBE cells
that were treated simultaneously by 20 pM As,O3 and 5 pM resveratrol, was significantly
decreased (P<0.05) (compared with Fig. 4d with Fig. 4a) (Fig. 4e), indicating that
resveratrol reduced the production of ROS in these cells. Consistent with its effect on
production of ROS, we found that 20 UM As,03 significantly increased the production of
MDA, indicative of lipid peroxidation in HBE cells (P<0.05) (Fig. 4f). However, the effect
of As,O3 was reduced significantly by resveratrol (P<0.05) (Fig. 4f), indicating that the
antioxidant can also protect HBE cells from As,O3—induced lipid peroxidation. For both
experiments, no significant differences in DCF fluorescence intensity and MDA level
between HBE cells treated by 5 uM resveratrol alone and untreated cells were detected
(P>0.05) (compared with Fig. 4b with Fig. 4a) (Fig. 4e-4f). This indicated that resveratrol
alone did not induce production of ROS and lipid peroxidation. Our results demonstrate that
resveratrol can effectively protect HBE cells from As,O3-induced oxidative stress and lipid
peroxidation.

Because oxidative damage is caused by excessive oxidative stress that exceeds the capacity
of cellular antioxidative defense systems (Flora 2011), we have examined whether
resveratrol can also relieve As,Oz-induced oxidative damage via modulation of HBE
antioxidative capability. We determined cellular antioxidative capacity by measuring SOD
activity in HBE cells treated with 20 pM As,O3 alone or with 20 uM As,03 and 5 uM
resveratrol simultaneously. The results showed that 20 pM As,O3 decreased SOD activity in
HBE cells (P<0.05) (Fig. 4g), whereas resveratrol (5 pM) increased SOD activity in HBE
cells treated by As,O3 (P<0.05) (Fig. 4g). No significant difference was detected in SOD
activity between HBE cells treated by resveratrol alone and untreated cells (P>0.05) (Fig.
49), indicating that resveratrol alone failed to affect SOD activity. Collectively, our results
indicated that resveratrol alleviated As,Os-induced oxidative stress and lipid peroxidation in
HBE cells by reducing the production of ROS and MDA, thereby indirectly increasing HBE
cellular SOD availability and activity.

3.3 Resveratrol facilitated GSH homeostasis

GSH homeostasis also constitutes a significant portion of the cellular capacity of
antioxidative damage (Lushchak 2012). Thus, resveratrol may restore GSH homeostasis that
is disrupted by As,O3 to suppress oxidative damage in HBE cells. To test this, we examined
the levels of GSH and GSSG, the ratio of GSH to GSSG, as well as the activities of the
enzymes that are involved in GSH metabolism such as GR, GSH-Px and y-GCS in HBE
cells. The results showed that As,O3 decreased the levels of GSH and the ratio of GSH to
GSSG (P<0.05) (Fig. 5a and Fig. 5¢) and increased the level of GSSG in HBE cells
(P<0.05) (Fig. 5b). However, resveratrol increased GSH level and decreased GSSG level in
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As,03-treated HBE cells (p<0.05), thereby increasing the ratio of GSH to GSSG (P<0.05)
(Fig. 5a-5¢). Resveratrol alone did not alter the levels of GSH and GSSG or the ratio of GSH
to GSSG in HBE cells (P>0.05) (Fig. 5a-5c), suggesting that resveratrol alone did not affect
GSH homeostasis (P>0.05). To further explore the molecular basis underlying the effects of
resveratrol on GSH homeostasis in HBE cells, we have determined whether resveratrol can
increase the activities of GSH-Px, GR and y-GCS that are involved in GSH metabolism in
cells. We found that 20 pM As,03 decreased GSH-Px activity in HBE cells (P<0.05) (Fig.
5d), and resveratrol enhanced GSH-Px activity in the cells treated by As,O3 (P<0.05) (Fig.
5d). Further characterization of the activity of GR that can regenerate GSH (Lushchak 2012)
in HBE cells showed a significant decrease in GR activity in the cells treated with As,O3
(P<0.05) (Fig. 5e). However, the effect was relieved by 5 uM resveratrol (P<0.05) (Fig. 5e).
Similar to its effects on GSH-Px and GR, resveratrol also increased the activity of y-GCS, a
rate-limiting enzyme for GSH biosynthesis (Lushchak 2012), in the As,O3-treated HBE
cells (P<0.05) (Fig. 5f). For all the experiments, resveratrol alone failed to affect the
activities of GSH-Px (Fig. 5d), GR (Fig. 5e), and y-GCS (Fig. 5f) (P>0.05). Thus, our
results indicate that resveratrol can promote GSH homeostasis by increasing the activities of
these enzymes that produce and restore cellular GSH levels to near normal.

v-GCS is a heterodimer that consists of two subunits, a heavy catalytic (GCLC) subunit and
a light modifier (GCLM) subunit (Lushchak 2012). We reason that resveratrol may increase
the level of y-GCS by modulating the y-GCS protein subunit levels in HBE cells treated by
As,03. The results showed that 20 uM As,O3 depleted both GCLC and GCLM in HBE cells
(P<0.05) (Fig. 5g-5i). However, resveratrol restored the level of GCLC and GCLM in the
As,0s-treated cells to approximately that of untreated cells (Fig. 5g-5i). Resveratrol alone
did not alter GCLC and GCLM protein levels (Fig. 5g-5i) (P>0.05) in HBE cells, suggesting
that the antioxidant promotes homeostasis of GSH by increasing the activities of enzymes
that maintain GSH homeostasis.

3.4 Resveratrol suppressed As,;Os-induced apoptosis

One of the side effects from As,O3-mediated cancer therapy is that the anticancer agent can
cause cell death by inducing apoptosis in normal cells. It is possible that resveratrol may
protect normal cells from cell death by suppressing As,O3z-induced apoptosis. To determine
whether resveratrol can inhibit As,O3-triggered apoptosis, we examined apoptosis in HBE
cells treated with As,O3 (20 uM) alone or with both As,O3 (20 uM) and resveratrol (5 pM)
using the annexin V-FITC/PI assay (Fig. 6). The results showed that As,O3 increased the
percentage of apoptotic cells in HBE cells (P<0.05) (Fig. 6). Resveratrol (5 uM) decreased
the percentage of apoptotic cells by approximately 2-fold in As,Oz—treated HBE cells
(P<0.05) (Fig. 6). However, resveratrol alone failed to cause apoptosis (Fig. 6), indicating
that resveratrol specifically inhibited As,O3-induced apoptosis in HBE cells.

3.5 Resveratrol suppressed an increase in the activities of apoptotic enzymes and proteins
induced by As;03

To further explore the mechanisms underlying the effects of resveratrol against As,Os-
induced apoptosis in HBE cells, we then asked if resveratrol can prevent an increase in the
activities and levels of enzymes and proteins that initiate and mediate apoptosis induced by
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As,03. These include cytochrome c, caspases, Fas receptor (Fas) and cell death factors that
can bind to Fas such as Fas ligand (Fas-L) (Fiandalo and Kyprianou 2012). Cytochrome ¢
serves as a component of the electron transfer chain located in mitochondria for energy
production. However, cytochrome ¢ can also bind to caspases when it is released into the
cytoplasm to trigger the initiation of apoptosis (Goodsell 2004). Caspase 8 and 9 serve as
proteases and apoptosis initiators, whereas caspase 3 acts as an executor of apoptosis
(Mcllwain et al. 2013). We found that As,O3 (20 uM) increased the activities of all three
caspases (Fig. 7a-7c) and the protein levels of cytochrome c, Fas, and Fas-L in HBE cells
(P<0.05) (Fig. 7d and Fig. 7g). However, the adverse effects of As,O3 were effectively
suppressed by resveratrol (Fig. 7a-7g). This indicates that resveratrol can protect HBE cells
from As,O3-induced apoptosis. The effects of resveratrol appeared to result from its
function in scavenging ROS induced by As,O3, because resveratrol alone did not exhibit
any effects on caspase activities and protein levels of cytochrome ¢, Fas and Fas-L (Fig.
7a-7g).

4. Discussion

In this study, we provided evidence that resveratrol can relieve As,Oz-induced oxidative
damage that leads to cytotoxicity, genotoxicity and apoptotic cell death in HBE cells (Figs.
1-3). The protective effects of resveratrol were achieved by its function in combating the
cellular production of ROS and lipid peroxidation, promoting GSH homeostasis and
suppressing apoptotic cell death (Figs. 4-7). We found that resveratrol effectively suppressed
an increase of ROS and MDA and a decrease of SOD activities induced by As,O3 in HBE
cells (Fig. 4a-4f). We further demonstrated that resveratrol promoted GSH homeostasis in
HBE cells treated with As,Os3 by increasing the cellular level of GSH, the activities and
levels of GSH metabolic enzymes (GSH-Px, GR and y-GCS), and cellular levels of GCLC
and GCLM proteins (Fig. 5). We showed that resveratrol protected HBE cells against
As,03-induced apoptosis by inhibiting the activities of caspase 3, 8 and 9 (Fig. 6 and Fig.
7a-7c) and decreasing the levels of cytochrome c, Fas, and Fas-L (Fig. 7d-7g). The results
allow us to propose several pathways that illustrate how resveratrol may protect HBE cells
from As,O3 toxicity. First, resveratrol can prevent the generation of excessive amount of
ROS induced by As,O3 in HBE cells. This subsequently leads to prevention of As,Os3-
induced cellular redox imbalance via lipid peroxidation, depletion of GSH, and decreased
activities of SOD and GSH metabolic enzymes, thereby alleviating As,O3 genotoxicity.
Second, resveratrol can disrupt the critical steps of intrinsic and extrinsic apoptotic pathways
(Figs. 6-7) that can be initiated by As,O3 (Emadi and Gore 2010). The effects of resveratrol
may be achieved by decreasing the activities of caspases and the levels of cytochrome c,

Fas, and Fas-L. The anti-apoptotic effects of resveratrol may also be partially mediated by
its function in facilitating GSH homeostasis that inhibits apoptosis (Lushchak 2012). Our
results suggest that resveratrol protects normal HBE cells against As,O3z-induced lung injury
by combating the production of ROS and lipid peroxidation, promoting GSH homeostasis
and suppressing apoptosis.

ROS play a crucial role in mediating both the toxic and therapeutic effects of As,O3 (Flora
2011). A moderate level of ROS facilitates cell proliferation, whereas a high level of ROS
leads to cell death (Simon et al. 2000; Flora 2011). We found that 20 pM As,O3 resulted in
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an increased level of ROS that led to apoptosis of HBE cells (Fig. 4c and Fig. 6), suggesting
a high level of ROS induced by As,Os in these cells. Because As,Os3 at this dosage also
increased the activities and levels of caspases and cytochrome c, Fas and Fas-L proteins
(Fig. 7), this further indicates that a high level of ROS induced by As,03 in HBE cells can
trigger apoptotic processes by modulating cellular levels and activities of apoptotic proteins
and enzymes (Alarifi et al. 2013; Jiang et al. 2013). Our results have demonstrated that 5 pM
resveratrol can combat As,Oz-induced apoptosis in HBE cells efficiently (Fig. 6). This
suggests that a low dose of resveratrol is sufficient for preventing ROS from reaching to a
high level, thereby preventing cellular apoptotic processes.

Apoptosis can be triggered by various factors, such as cell injury and death receptor-
mediated signals. Each stimulus activates the apoptotic process with a unique pathway
(Hampton et al. 1998). These pathways can be classified into an intrinsic mitochondrial
pathway or extrinsic death receptor pathway (Takeda et al. 2011). For both pathways,
activation of caspases is an essential step for initiating apoptosis (Fan et al. 2005). The
intrinsic apoptotic pathway is activated by cellular stressors, including DNA damage and
oxidative stress such as a high level of ROS, that can trigger the release of cytochrome ¢
from mitochondria into the cytoplasm. Cytochrome c then binds to apoptotic protease-
activating factor-1 (APAF1), an adapter protein, and caspase 9 to form a large protein
complex known as the apoptosome that subsequently activates an apoptotic executor,
caspase 3, thereby initiating apoptosis (Fiandalo and Kyprianou 2012). The extrinsic
apoptotic pathway is triggered by extracellular stimuli that serve as ligands to bind to death
receptors, such as Fas and Fas-L. This further leads to dimerization of caspase 8 that
activates the enzyme. Activated caspase 8 then cleaves caspase 3, an apoptotic executor,
initiating apoptotic cell death (Mcllwain et al. 2013). Because environmental toxicants and
anticancer agents usually initiate the extrinsic apoptotic pathway, it is conceivable that
As,03 induces apoptosis via activation of caspases 8 and 3 to mediate arsenic
carcinogenesis and its anticancer therapeutic effects (Miller et al. 2002; Cui et al. 2008). Our
results suggest that As,O3 can activate both the intrinsic caspase 9-dependent and the
extrinsic caspase 8-dependent apoptotic pathways in HBE cells by increasing the cellular
production of ROS (Fig. 4c and Fig. 4e) and lipid peroxidation (Fig. 4f), as well as by
increasing cellular levels of cytochrome c, Fas, and Fas-L proteins (Fig. 7). This is
consistent with the results reported by a previous study (Hayashi et al. 2002). However, we
found that resveratrol suppressed As,Oz-induced apoptosis by blocking several critical steps
that mediate intrinsic and extrinsic apoptotic cell death pathways. This indicates that
resveratrol is an effective agent that protects normal HBE cells from As,O3-induced
apoptosis (Zhang et al. 2001).

Our results indicate that resveratrol can also effectively protect against AsyO3 genotoxicity
in HBE cells by relieving oxidative damage. We showed that 20 pM As,03 significantly
increased single-stranded DNA breaks and chromosome breakage in HBE cells via
promoting the production of ROS (Figs. 2-3). This is supported by previous findings
showing that As,O3z-induced ROS can result in DNA strand breaks and chromosome
breakage (Miller et al. 2002; Hei and Filipic 2004; Selvaraj et al. 2012; Chen et al. 2013b).
We demonstrated that As,O3 genotoxicity was effectively suppressed by 5 UM resveratrol
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(Figs. 2-3). This appears to be accomplished by resveratrol's function in increasing the
activity of SOD and combating the production of ROS and MDA in HBE cells (Fig. 4e-4g).

In this study, we also demonstrated that resveratrol effectively restored cellular antioxidant
defense mechanisms in HBE cells by promoting GSH homeostasis. Given that it plays a key
regulatory role in redox signaling in normal cells (Sakurai et al. 2004), disruption of GSH
homeostasis might be an early event in the apoptotic cascades that activate death receptor-
mediated caspase 8 and mitochondrial caspase 9 (Circu and Aw 2008). It was shown that
depletion of cellular GSH significantly increased susceptibility of lung tissue to As,O3-
mediated oxidative stress (Yang et al. 1999; Davison et al. 2003). Thus, it is conceivable that
sustainment of GSH homeostasis by resveratrol protects HBE cells against As,O3-induced
toxic effects. This is supported by our results shown in Figs. 1-3 and Fig. 5. Thus, our results
further suggest that resveratrol can enhance the efficacy of As,O3 anticancer activity or
reduce As,O3 toxicity by maintaining cellular balance of GSH (Hughes 2002; Miller et al.
2002; Cui et al. 2008).

As an antioxidant, resveratrol exerts its effects against oxidative damage in a dose-
dependent manner (Aggarwal et al. 2004). At a concentration lower than 15 puM, resveratrol
can protect cells through several functions. These include its anti-apoptosis, anti-
inflammation, and anti-senescence functions (Alarcon de la Lastra and Villegas 2005;
Shankar et al. 2007). However, at a concentration higher than 15 uM, resveratrol can act as a
pro-apoptotic agent through inhibition of DNA and protein synthesis, induction of
chromosomal breakage and disruption of cellular redox balance (Nakagawa et al. 2001;
Kuwajerwala et al. 2002). This suggests that the intake of a moderate level of resveratrol
may promote human health. We found that resveratrol concentrations lower than 10 uM
(Fig. 1b) did not affect cell viability, and that 5 UM resveratrol is sufficient to protect against
As,03-induced toxic effects. This suggests that a low dose of 5 uM resveratrol may be used
for relieving the side effects resulting from As,O3-mediated cancer treatment on normal
HBE cells.

In this study, we examined the effects of resveratrol on a variety of toxic effects induced by
20 UM As,O3. This dosage of As,O3 has been commonly used in many studies to determine
the toxic effects and mechanisms of As,O3 anticancer functions. Pharmacological studies
indicate that 20 UM As,03 can cause cytotoxicity and apoptosis of many cancer cells (Shim
et al. 2002; Walker et al. 2010; Sun et al. 2011; Wang et al. 2012), indicating that As,O3 at
this dosage can efficiently induce apoptosis. In addition, previous studies have shown that at
a relatively high dose of 25 pM, As,O3 toxicity can be alleviated by lipoic acid, nitric oxide
and zinc (Milton et al. 2004; Cheng et al. 2007; Jin et al. 2010). This indicates that it is
likely resveratrol can also protect against the toxic effects of As,O3 at a dose of 20 pM.
Thus, in our study, 20 pM As,O3 was employed to specifically examine the inhibitory
effects of resveratrol on As,O3-induced apoptosis in HBE cells. Although this dosage is
higher than the clinically used dosage that ranges from 1 to 10 uM (Emadi and Gore 2010;
Lam et al. 2014), we demonstrate that this dosage of As,Oj3 significantly increased the
percentage of apoptotic cells (Fig. 6), which was effectively reduced by 5 uM resveratrol.
Thus, it appears that 20 pM As,O3 is an appropriate concentration for determining the
inhibitory effects of resveratrol on As,O3-induced apoptosis in HBE cells. Our study
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indicates that resveratrol can effectively relieve cyto- and genotoxic effects induced by
As,03 at 20 uM in normal human cells. However, it is conceivable that resveratrol may
exhibit little effect on the cyto- and genotoxicity resulting from a chemotherapeutic dosage
of As,O3, which is lower than 20 pM. This would potentially help to sustain the
chemotherapeutic efficacy of As,Os. Thus, it is of interest to study the effects of resveratrol
on the toxic effects induced by a low dose of As,Os.

In our experiments, HBE cells were used to study the roles of resveratrol in protecting
against As,Os-induced side effects in normal cells of bronchi and lung tissue. These cells
were used because human bronchi and lung tissue are sensitive to AsyOs3 toxicity. In
addition, HBE cells are derived from the epithelium of normal human bronchi that have
been widely used to study the mechanisms of carcinogenesis and the toxic effects of arsenic
(Xu et al. 2012; Sherwood et al. 2013; Li et al. 2014; Qi et al. 2014). Recent studies have
shown that As,0O3 exhibits a high efficacy for lung cancer therapy by triggering apoptotic
death of lung cancer cells (Mandegary et al. 2013; Gatti et al. 2014; Lam et al. 2014). This
indicates that As,O3 chemotherapy may cause a series of side effects on bronchi epithelium
cells. Thus, employment of HBE cells to study the roles of resveratrol in relieving As,Os-
induced side effects would help to improve As,O3 chemotherapeutic efficacy in lung cancer
treatment. In fact, our results demonstrated that HBE cells indeed served as an appropriate
system for us to elucidate the mechanisms underlying As,Oj3 toxicity in the lung and to
explore a potential role for resveratrol in combating As,Os-induced lung toxicity.

In summary, in this study, we have shown that resveratrol can protect against As;O3-
induced toxic effects in HBE cells by processes involving suppression of apoptosis and GSH
homeostasis maintenance. We suggest that resveratrol can be developed as a potential
chemotherapeutic supplementary agent to relieve oxidative damage resulting from As,O3
anti-cancer treatment.
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Fig. 1. Effects of resveratrol on AspO3 cytotoxicity
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HBE cells were treated with As,O3 alone, or resveratrol alone or As,Os in the presence of
resveratrol for 24h. Cell viability was determined by MTT assay. Panel (a) illustrates the
effects of various concentrations of As,O3 (0.5-50 uM) on cell viability. Panel (b) illustrates
the effects of various concentrations of resveratrol (0.5-75 pM) on cell viability. Panel (c)
illustrates the protective effects of resveratrol against As,O3 cytotoxcity. Data were obtained
from three independent experiments and illustrated as mean + standard deviation. “*”
indicates a significant difference between treated groups and the untreated group. “#”
denotes a significant difference between HBE cells treated by As,Os3 alone and cells treated
by As,03 in the presence of 5 uM resveratrol. P<0.05 is denoted as significant difference.
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Fig. 2. Effects of resveratrol on AspOz-induced DNA damagein HBE cells
Cells were treated with 20 pM As,O3 in the absence or presence of 5 UM resveratrol for 24

h. DNA damage in HBE cells was measured by comet assay. Representative images from
the comet assay were shown. Panel (a) represents untreated cells. Panel (b) illustrates cells
treated by 5 UM resveratrol alone. Panel (c) represents cells treated by 20 UM As,O3 alone.
Panel (d) represents cells treated by 20 uM As,Os in the presence of 5 UM resveratrol. Panel
(e) represents the percentage of comet cells obtained from cells treated with DMSO,
resveratrol alone, As,O3 alone and As,O3 along with resveratrol, respectively. The
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percentage of comet cells was calculated according to the equation: Percentage of comet
cells (%) = number of comet cells/200 counted cells. Panel (f) illustrates OTM of cells
treated with DMSO, resveratrol alone, As,O3 alone, and As,O3 along with resveratrol. Fifty
comet cells from each slide were randomly chosen for analyzing OTM as described in
“Materials and Methods”. Data were illustrated as mean + standard deviation. The data were
the average of three independent experiments. “*” indicates a statistically significant
difference between treated groups and the untreated control, “#” denotes a significant
difference between the group treated by As,O3 alone and the group treated by resveratrol in
the presence of As,03 (P<0.05).
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Fig. 3. Effects of resveratrol on AspO3z-induced chromosomal breakage in HBE cells
HBE cells were treated with 20 UM As,O3 alone, or 5 UM resveratrol alone or 20 uM As,03

in the presence of 5 uM resveratrol. Chromosomal breakages were determined by the
micronucleus assay. Representative images from the micronucleus assay were shown. Panel
(@) represents untreated cells. Panel (b) represents cells treated by 5 pM resveratrol alone.
Panel (c) illustrates cells treated by 20 uM As,03 alone. Panel (d) illustrates cells treated by
20 pM As,03 in the presence of 5 pM resveratrol. Panel (e) represents the frequency of
micronucleated cells. Data are illustrated as mean + standard deviation and represent the
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average of the data from three independent experiments. “*” indicates a statistically
significant difference between treated groups and the untreated group, whereas “#” indicates
a significant difference (P<0.05) between cells treated by As,O3 and cells treated by As,O3
and resveratrol simultaneously.
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Fig. 4. Effects of resveratrol on the level of oxidative stressinduced by AsyO3 in HBE cells
Cells were treated by 20 UM As,QO3 in the absence or presence of 5 UM resveratrol for 24 h.

Cellular level of ROS, MDA, and SOD activity were measured according to the procedures
described in the “Materials and Methods”. Panel (a) represents untreated cells. Panel (b)
represents cells treated by 5 UM resveratrol alone. Panel (c) represents cells treated by 20
UM As,03 alone. Panel (d) illustrates cells treated by 20 uM As,Os3 in the presence of 5 uM
resveratrol. Panel (e) represents cellular production of ROS determined by a fluorescent
probe. Panel (f) illustrates the cellular level of MDA. Panel (g) represents SOD activity in
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HBE cells. “*” indicates a statistically significant difference (P<0.05) between the untreated
control and the treated groups. “#” indicates a significant difference between cells treated by
As,03 alone and cells treated with As,O3 in the presence of 5 UM resveratrol.
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Fig. 5. Effects of resveratrol on cellular GSH homeostasis
HBE cells were treated by 20 pM As,O3 or 5 uM resveratrol alone or treated by 20 uM

As,03 with 5 uM resveratrol for 24 h. Data were obtained from three independent
experiments and illustrated as mean + standard deviation. Panels (a-c) illustrate the effects
of resveratrol on the level of GSH, GSSG and GSH/GSSG ratio. Panels (d-f) show the
effects of resveratrol on GSH-Px, GR, and y-GCS activity. Panels (g-i) illustrate the effects
of resveratrol on the level of GCLC and GCLM. “*” denotes a significant difference
(P<0.05) between treated groups and the untreated control. “#” indicates a significant
difference (P<0.05) between HBE cells treated by As,O3 alone and cells treated by As,O3
in the presence of resveratrol.
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Fig. 6. Effects of resveratrol on AsyOz-induced apoptosis
Cell apoptosis was determined by the annexin V-FITC/PI staining assay as described in

“Materials and Methods”. The effects of resveratrol on the percentage of apoptotic cells
were shown. Data were obtained from three independent experiments and illustrated as
mean + standard deviation (SD). “*” indicates a significant difference (P<0.05) between
treated cells and untreated cells. “#” indicates a significant difference (P<0.05) between
cells treated by As,O3 alone and cells treated by As,O3 in the presence of resveratrol.

Environ Mol Mutagen. Author manuscript; available in PMC 2016 April 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

a

w

=3

=3
J

[ Ipomso
[ IRes

Il As:0;

240 V) Res+As.0s

180 4

120 4

Caspase 3 activity (% of Control)

I T
1 i
60 -
o T T
g
] [ Ipomso
8 [ IRes
« 160 - [l As .0
2 V///) Res+As, 0,
o~
o
g 120 T
7] T
? T T
<
5 80
X
)
(3]
O 404
£
o
—_
S
o0 T T
-]
>
o

@

=23

o
)

[ ]omso
[ IRes

Il As:0:
Res+As,0;

w

=3

t=]
1

»n

Y

=)
1

-

»n

=]
1

Caspase 8 activity (% of Control)
g
)

T Il
I I
60
0 T T
2409 —pmso
[IRes
Il As .0,

180 - Res+As. 03

60 -

Fas-L expression (% of Control)
8
1

Res+As;03 As;0: Res

1

1

Caspase 9 activity (% of Control)

Fas expression (% of Control)

Page 26

[Ipomso

240 _Res

Il As .0

200 4 7] Res+As, 05

60 |

20

——
——

80

40

_[]omso
[_IRes

160 - - As,0,

| ZZ)Res+As,04

120

[ —
—

80

Fig. 7. Effects of resveratrol on the activities and levels of apoptotic enzymes and proteinsin

HBE cellstreated by AspO3

HBE cells were treated by As,O3 alone or resveratrol alone or by As,O3 in the presence of
resveratrol for 24 h. Panels (a-c) illustrate the effects of resveratrol on the activities of
caspase 3, 8, and 9 in HBE cells. Panels (d)-(g) represent the effects of resveratrol and
As,03 on the levels of cytochrome c, Fas-L, and Fas proteins. The levels of cytochrome c,
Fas-L and Fas proteins were detected by Western blot. Data were obtained from three
independent experiments and illustrated as mean + standard deviation. “*” indicates a
significant difference (P<0.05) between treated and untreated cells. “#” indicates a
significant difference (P<0.05) between cells treated by As,O3 alone and those treated by
As,03 in the presence of resveratrol.
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