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ABSTRACT

Inhibition of DNA repair and oxidative stress are 2 common mechanisms associated with arsenic-induced genotoxicity. The
purpose of this study was to examine mechanisms of genotoxicity induced by environmentally relevant doses of arsenite
(Asþ3) in mouse thymus cells. An increase in DNA damage and a decrease in poly(ADP-ribose) polymerase (PARP) activity
were seen in vitro following exposure to 50 nM Asþ3 in primary mouse thymus cells and a murine thymus pre-T cell line, D1.
3,4-Dihydro-5[4-(1-piperindinyl) butoxyl]-1(2H)-isoquinoline, a well-characterized PARP inhibitor, also produced DNA
damage in D1 cells, confirming the correlation between PARP inhibition and DNA damage increase. Asþ3 at 500 nM induced
double strand breaks (DSBs) in DNA and oxidative stress at 4 h in D1 cells, which was reversed at 18 h. No apoptosis or
decrease of viability was observed in these exposures. 4-Hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl, a widely-used
antioxidant, was utilized to confirm that oxidative stress is partially responsible for the increase of strand breaks in 500 nM
Asþ3 exposure at 4 h. Expression of Asþ3 exporters, Mdr1 and Mrp1, were found to be induced by 500 nM Asþ3 in D1 cells,
suggesting a possible mechanism for reversal of oxidative stress and DSBs at the 18-h timepoint. Finally, we showed that
DNA damage and PARP inhibition by Asþ3 were reversed by zinc (Znþ2) at approximate equimolar doses. Collectively, these
results demonstrate that Asþ3 at doses within the nanomolar range induce genotoxicity by inhibiting PARP, and produces
oxidative stress at higher concentrations, which can be reversed by a Znþ2 treatment.
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Two primary forms of inorganic arsenic (As), trivalent arsenite
(Asþ3) and pentavalent arsenate (Asþ5), are found in air, food,
and drinking water in many countries around the world. Asþ3

exposure is associated with diseases such as skin lesions, diabe-
tes, cardiovascular diseases, and different types of cancers
(Argos et al., 2010; Schuhmacher-Wolz et al., 2009; Vahter, 2008).
Although growing evidence indicates that Asþ3 affects the

immune system in multiple aspects, the exact mechanisms are
still poorly understood (Dangleben et al., 2013). Oxidative stress
due to formation of reactive oxygen species (ROS) and inhibition
of DNA repair are the 2 most common mechanisms proposed
for As-induced genotoxicity (Faita et al., 2013). An increase in
ROS has been observed in multiple models after Asþ3 treatment
such as keratinocytes, lymphoid cells, and many types of cancer
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cells (Cooper et al., 2009; Li et al., 2001; Zhang et al., 2011). ROS
production leads to multiple effects in different types of cells,
including apoptosis or necrosis, cell cycle arrest, generation of
both single strand break (SSB) and double strand break (DSB),
and gene mutation (Bauer et al., 2011; Shi et al., 2004; Wiseman
and Halliwell, 1996).

Poly(ADP-ribose) polymerase (PARP), the ‘nick sensor’ in
base excision repair (BER) for SSBs and direct participant in the
repair of oxidative DNA damage, is directly inhibited by Asþ3

(Qin et al., 2012; Zhou et al., 2011). PARP is a protein with a DNA
binding domain containing 2 C3H1 zinc (Zn) finger motifs, and
replacement of Zn with Asþ3 is believed to be the mechanism
that disrupts the coordination sphere in the Zn finger environ-
ment, impairing function of the protein (Zhou et al., 2014). There
is also evidence that DNA damage caused by spontaneous base
loss or genotoxic agents are repaired by BER (Zharkov, 2008),
and inhibition of PARP may leave damaged DNA unrepaired,
leading to the formation of DSBs in a replication-dependent
manner (Carrozza et al., 2009). DSBs are repaired through non-
homologous end joining, microhomology-mediated end joining,
or homologous recombination, which are detrimental to cells
and may lead to mutation or apoptosis (Kaina, 2003; Lieber,
2010).

Previous studies in our laboratory reported that in vivo drink-
ing water exposure to Asþ3 suppresses mouse bone marrow and
spleen cell function (Ezeh et al., 2014). Exposure of spleen cells
in vitro suppressed T cell-dependent humoral immunity at con-
centrations as low as 500 nM (Li et al., 2010). Studies in human
peripheral blood mononuclear cells showed a dose-dependent
suppression of T cell proliferation at extremely low concentra-
tions of Asþ3 (0.1–10 nM) in some individuals (Burchiel et al.,
2014). These studies demonstrate that human and mouse lym-
phocytes are extremely sensitive to low concentrations of Asþ3

that likely reflect environmental exposures. Because our previ-
ous studies showed the bone marrow cells are sensitive to low
doses of Asþ3 exposure (Ezeh et al., 2014), the purpose of the pre-
sent studies was to examine whether thymus cells are also sen-
sitive to Asþ3 and to determine potential mechanisms of
genotoxicity.

MATERIALS AND METHODS

Isolation of primary mouse thymus cells. C57BL/6 J male mice were
purchased at 8–10 weeks of age from Jackson Laboratory (Bar
Harbor, Maine). All animal experiments were performed follow-
ing the protocols approved by the Institutional Animal Use and
Care Committee at the University of New Mexico Health
Sciences Center. Mouse thymuses were harvested and trans-
ferred to the laboratory in Hanks Balance Salt Solution (HBSS,
Lonza, Walersville, Maryland). Cells from each thymus were
prepared as single cell suspensions by placing the organ
between the frosted ends of 2 microscope slides (Fisher
Scientific, Pittsburgh, Pennsylvania) and squeezed into a dish
containing 5 ml of the mouse medium (RPMI-1640 [Sigma-
Aldrich, St. Louis, Missouri] with 10% FBS [HyClone
Laboratories, Logan, Utah], 2 mM L-glutamine [Life
Technologies, Grand Island, New York], 100 mg/ml streptomy-
cin, 100 units/ml penicillin [Life Technologies]). Cells from 3
mice were pooled, centrifuged at 200� g for 10 min and resus-
pended in the mouse medium. Cell viability was determined by
acridine orange/propidium iodide (PI) staining and counting
using the Nexcelom Cellometer 2000.

Culture and treatment of D1 cells. The D1 cell line is a CD3þCD4-
CD8-, IL-7-dependent pre-T cell line established from p53�/�

mouse thymocytes (Kim et al., 2003). It was a generous gift from
Dr. Scott K. Durum (Center for Cancer Research, National
Institute of Health, Frederick, Maryland). It is one of the few
mouse pre-T cell lines that can be used to examine effects of
xenobiotics on early thymic T cells. Cells were maintained in
RPMI 1640 with 10% FBS (Atlanta Biologicals, Flowery Branch,
Georgia), 2 mM L-glutamine, 100 mg/ml streptomycin, 100 units/
ml penicillin, and 50 ng/ml recombinant mouse IL-7 (PeproTech,
Rocky Hill, New Jersey). Cells were seeded at 5� 104 cells/ml and
subcultured every 3–4 days. Cell numbers and viabilities were
determined by Trypan Blue and Nexcelom Cellometer 2000. For
different experiments, cells were treated with sodium arsenite
(Sigma-Aldrich), 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl
(TEMPOL) (Sigma-Aldrich), or 3,4-dihydro-5[4-(1-piperindinyl)
butoxyl]-1(2H)-isoquinoline (DPQ) (Santa Cruz Biotechnology,
Dallas, Texas).

The single cell gel electrophoresis assay (Comet assay). All reagents
for the Comet assay were purchased from Trevigen
(Gaithersburg, Maryland) unless otherwise noted. After treat-
ments, cells were washed with Dulbecco’s phosphate-buffered
saline without Caþ2 and Mgþ2 (DPBS�, Mediatech, Manassas,
Virginia) and immobilized in a bed of low melting point agarose
on a Trevigen CometSlide. Cells were lysed with Lysis
Solutionþ 10% DMSO (Sigma-Aldrich), and electrophoresed in
basic buffer (pH>13) with 21 volts in 30 min. Slides were dried,
stained with Sybr Green, and imaged by epifluorescence micro-
scopy. From the image, 50 cells from each well on each of the
slides were scored using CometScore (TriTek Corp., Sumerduck,
Virginia). DNA damage was reported by percentage of DNA in
tail (Collins, 2004).

PARP activity assay. A PARP/Apoptosis Kit from Trevigen was
used to detect PARP activity in Asþ3-treated cells. Experiments
were performed following the protocol described by Sun et al.
(2012). After harvest, cells were lysed with Cell Extraction Buffer
and total protein concentrations in cell extracts were deter-
mined by BCA Protein Assay (Thermo Scientific, Rockford,
Illinois). 200 ng of total proteins was combined with activated
DNA and nicotinamide adenine dinucleotide and loaded into a
histone-coated strip well to form PAR and be fixed on the well
bottom. After 30 min incubation at room temperature (RT), anti-
PAR monoclonal antibody was added to the well to bind to
PAR followed by an HRP conjugated secondary antibody. TACS-
Sapphire was used to generate the chemiluminescence signal,
then stopped by adding 0.2 M HCl. The signal was detected
using SpectraMax 340PC microplate reader (Molecular Devices).

Phospho-H2AX (Gamma H2AX) flow cytometry assays. Alexa Fluor
647 mouse anti-H2AX (pS139) was purchased from BD
Biosciences (San Jose, California). Antibody was diluted with
DPBS� 1:9 before use. Harvested cells were washed with cold
DPBS�. 3.7% freshly prepared formaldehyde was added to fix
the cells for 10 min at RT. After another wash, cells were perme-
ablized with �20�C 90% methanol at RT for 5 min. Cells were
washed again and then stained with 50 ml per sample of diluted
antibody at RT for 1 h in dark. Stained cells were washed rinsed
and resuspended with DPBS� and analyzed on BD Accuri C6
flow cytometer.

Gamma H2AX Western blot. Total protein lysate (10 lg) was
resolved on a 10% Criterion Tris-HCl gels (Bio-Rad, Hercules,
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California) and transferred onto a nitrocellulose membrane
(Bio-Rad). After blocking for 1 h at RT in TBST [50 mM
Trisþ 150 mM NaClþ 0.05% Tween 20] containing 5% blotting-
grade blocker (Bio-Rad), the membrane was then incubated with
a phospho-H2AX (Ser139) antibody (Rabbit, 1:1000, Cell
Signaling Technology, Danvers, Massachusetts) overnight at
4�C. After washing with TBST, the membrane was incubated for
1 h at RT with anti-rabbit IgG, HRP-linked antibody (1:1000, Cell
Signaling Technology). Following incubation, the membrane
was washed and the resulting signal was detected with the
SuperSignal West Femto Chemiluminescent Substrate (Thermo
Scientific).

Dihydroethidium (DHE) staining. DHE was purchased from Life
Technologies, resuspended with 158 ml DMSO and diluted with
20 ml DPBS� to a final concentration of 5 mM. D1 cells were
treated with 0, 50, or 500 nM Asþ3 for 2, 4, or 18 h. After treat-
ment, cells were washed twice with cold wash buffer
(DPBS�þ 1% FBSþ 0.9% sodium azide [Sigma-Aldrich]). Each
sample was stained using 5 mM DHE in DPBS� with 37�C incuba-
tion for 30 min. Cells were then washed with cold wash buffer,
resuspended in 500 ml DPBS� and analyzed on BD Accuri C6 flow
cytometer.

Annexin V/PI staining. FITC Annexin V Apoptosis Detection Kit II
(Catalog No. 556570) was purchased from BD Biosciences. D1
cells exposed to 50 and 500 nM Asþ3 in vitro were washed twice
with DPBS�. 1� 105 cells were resuspended in 100 ll 1�Annexin
V Binding Buffer, 5 ll of FITC Annexin V, and 5 ml of PI Staining
Solution were added to each sample for 15 min at RT in dark.
400 ml of 1�Annexin V Binding Buffer was added and the sam-
ples were analyzed by BD Accuri C6 flow cytometer. D1 cells
treated with 10 lM Etoposide for 4 h were used as positive con-
trol. D1 cells blocked with 5 lg of purified recombinant Annexin
V and unstained D1 cells were used for gating.

RNA isolation and HO-1 qPCR. RNeasy Mini Kit and QIAshredder
(Qiagen, Valencia, California) were used according to the manu-
facturer’s instructions to isolate RNA from Asþ3-treated D1 cells.
RNA was then quantified on an Agilent Nanodrop spectropho-
tometer. All samples were stored at �20�C until assayed. For
each reverse transcriptase (RT) reaction, 60 ml containing a mini-
mum of 1080 ng RNA was run on PTC-200 Thermal Cycler (MJ
Research, Reno, Nevada) using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, California)
under the following conditions: 25�C for 10 min, 37�C for 2 h.
Samples were then diluted to �9 ng/ml with RNase, DNase-free
water and stored at �20�C. Real-time PCR (qPCR) reactions uti-
lizing Mm_Hmox1_1_SG QuantiTect Primer Assay and
QuantiTect SYBR Green PCR Kit (Qiagen) were carried out on
Applied Biosystem’s 7900HT system in a 384 well plate at 10 ml
per reaction and 1 mL cDNA (�9 ng total RNA) was added to each
well. qPCR thermal cycling parameters used were polymerase
activation 15 min 95�C, denature 15 s at 94�C, anneal 30 s at
55�C, and extend 30 s at 72�C (denature-anneal-extend for 40
cycles). Comparative CT (first amplification cycle exceeding
threshold) method was applied for relative quantification, using
GADPH gene as the endogenous reference. To calculate the
comparative CT, briefly, the difference in CT (DCT) values
between target and endogenous control were determined. Then
the fold differences in gene expression (DDCT) and the DCT of
the control was subtracted from the DCT of the target (DCT

target�DCT calibrator). This calculation is described in detail in
the manual from Applied Biosystems.

As13 exporter assays. RNA samples of 500 nM Asþ3-treated D1
cells harvested at 2, 4, and 18 h were prepared as above. The
concentration of total RNA was quantified by UV spectropho-
tometry at 260/280 nm using a Nanodrop spectrophotometer
2000 (Thermo Scientific). Complementary DNA was generated
from 1 mg RNA using the High Capacity cDNA Reverse
Transcription Kit (Life Technologies). The mRNA expression of
mouse transporters was quantified by qPCR using SYBR Green
to detect amplified products in the Applied Biosystem’s 7900HT
PCR system. Primers used in the analysis are listed below. Ct

values were converted to DDCt values by comparing to a refer-
ence gene, ribosomal protein 13 a (Rpl13a). For Mrp1 and Mdr1
protein expressions, Cell lysates (10–13mg protein/well) were
separated by SDS-PAGE electrophoresis and transferred to a
nitrocellulose membrane at 4�C overnight. After blocking with
5% nonfat dry milk in 0.5% phosphate buffered saline with 0.5%
of Tween 20 (PBS/T), membranes were incubated with primary
antibodies against Mdr1 (C219) (Novus Biologicals, Littleton,
Colorado) and Mrp1 (Alexis, Farmingdale, New York) followed
by incubations with species-appropriate secondary antibodies
for 1–2 h. The SuperSignal West Dura Chemiluminescent
Substrate (Thermo Scientific) was applied to the membranes
prior to detection of luminescence using a FluorChem Imager

FIG. 1. Genotoxicity in primary mouse thymus cells exposed to Asþ3 in vitro.

Naı̈ve primary thymus cells from C57BL/6 J male mice were exposed to 5 and

50 nM for Asþ3 for 4 and 18 h in vitro. A, DNA damage was measured by percent-

age of DNA in tail using the alkaline Comet assay. B, PARP activity was meas-

ured with Trevigen ELISA kits represented by absorbance at 450 nm.

*Significantly different compared with control (P< .05, n¼5). Results are

means 6 SD.
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(Alpha Innotech, San Leandro, California). Target protein band
intensities were semi-quantified and normalized to b-actin lev-
els (ab8227 antibody, Abcam).

Primers used for Asþ3 exporter qPCR analysis

Statistics. Data were analyzed using Excel 2010 and Sigma Plot
12.5 software. One-way analysis of variance (ANOVA) and
Dunnett’s t test were used to determine differences between
control and treatment groups.

RESULTS

As13 Exposure Increased DNA Damage and Inhibited PARP in
Primary Mouse Thymus Cells In Vitro
Primary thymus cells from C57BL/6 J male mice were isolated
and treated with 5 and 50 nM Asþ3 and harvested at 4 and 18 h.

An increase in DNA damage and a decrease in PARP activity
were seen in cells treated with 50 nM Asþ3 at both time points
(Figs. 1A and 1B), indicating the genotoxic effects of Asþ3 on
mouse thymus cells in vitro. These results not only demonstrate
that environmentally relevant doses of Asþ3 induce genotoxic
events in mouse thymus cells, but also suggest that inhibition
of PARP activity by Asþ3 is involved in, and may be the mecha-
nism responsible for the increase in DNA damage.

Increased DNA Damage After As13 Exposure Is Directly Related to
PARP Inhibition in Pre-T Cells
We utilized an IL-7 dependent, CD3þCD4-CD8- pre-T cell line,
D1, to further examine the genotoxicity induced by Asþ3 in
mouse thymus cells. D1 cells were treated with Asþ3 at 5, 50,
and 500 nM in vitro for 4 and 18 h. A significant increase of DNA
damage was observed in 50 and 500 nM Asþ3-treated cells for 4
and 18 h (Figure 2A). A significant decrease in PARP activity was
also seen at 4 and 18 h in 50 and 500 nM Asþ3-treated cells
(Figure 2B). Therefore, Asþ3 induced similar genotoxic events in
D1 cells as compared with primary thymus cells.

To determine if DNA damage increased by Asþ3 is related to
PARP inhibition, we treated the D1 cells with a potent PARP
inhibitor, DPQ. A significant increase in DNA damage was
observed with 1 mM DPQ at 4 h (Figure 2C) and 0.1 mM DPQ at 18 h

FIG. 2. Genotoxicity in D1 cells exposed to Asþ3 or PARP inhibitor (DPQ). D1 cells were treated with 5, 50, or 500 nM Asþ3 for 4 and 18 h. A, DNA damage was measured by

percentage of DNA in tail using alkaline Comet assay. B, PARP activities were measured with Trevigen ELISA kit represented by absorbance at 450 nm. C and D, DNA

damage were measured by alkaline Comet assay in D1 cells treated with 5, 50, and 500 nM Asþ3 and 0.1, 1, and 10mM PARP inhibitor, DPQ for 4 h (C) and 18 h (D).

*Significantly different compared to control (P< .05). Results are means 6 SD.

Transporters Forward (50–30) Reverse (50–30)

Mrp1 GCTGTGGTGGGCGCTGTCTA CCCAGGCTCAGCCACAGGAA

Mrp2 AGCAGGTGTTCGTTGTGTGT AGCCAAGTGCATAGGTAGAGAAT

Mdr1a TGCCCCACCAATTTGACACCCT ATCCAGTGCGGCCTGAACCA

Mdr1b GTGTTAAAGGGGCGATGGGCG AGGCTTGGCCAGACAACAGCTT

34 | TOXICOLOGICAL SCIENCES, 2016, Vol. 149, No. 1

-
. 
-
.  
to 


(Figure 2D), indicating that the DNA damage observed with Asþ3

treatments was likely to be the result of PARP inhibition, which
leaves damaged DNA unrepaired. However, because the DNA
damage in the DPQ treatments seemed to have a limitation at
around 15% of DNA in tail, while Asþ3-induced DNA damage
easily exceeded this amount, it was thought that Asþ3 may act
through additional mechanisms than inhibiting PARP alone,
such as oxidative stress at higher concentrations (Figs. 2C
and 2D).

As13 Exposure at 50 and 500 nM Induces DSBs in D1 Cells at Early
Time Points
The DNA damage observed in alkaline Comet assay represents
the total strand breaks including both SSB and DSB (Collins,
2004). We have already shown that 500 nM Asþ3 caused signifi-
cant genotoxicity which exceeded the effects of PARP inhibitor,
so it was hypothesized that besides the inhibition of DNA repair,
oxidative stress may also be involved higher levels of Asþ3 expo-
sure (eg, 500 nM). When DSBs occur, H2AX is phosphorylated on
serine 139, also known as gamma H2AX and is often used as a
marker for DSBs (Mah et al., 2010). Therefore, we treated D1 cells
with 0, 50, and 500 nM of Asþ3 and harvested cells at 2, 4, and
18 h. Phospho-H2AX antibody was used to stain the cells in
order to measure the phospho-H2AX level using flow cytometry.
An increase in phospho-H2AX mean channel fluorescence was
observed in cells exposed to 500 nM Asþ3 at both 2 and 4 h time

points, but not at 18 h (Figure 3A), indicating that DSBs were
generated by Asþ3 treatment in D1 cells in early stages at high
concentration (500 nM). We also confirmed the observation by
Western blot (Figure 3B).

Time-Dependent Oxidative Stress in D1 Cells Exposed to As13

Oxidative stress is commonly associated with the induction of
DSBs. We used DHE staining to examine the superoxide level
and Heme Oxygenase-1 (HO-1) expression by qPCR to see if oxi-
dative stress is involved in the genotoxicity induced by Asþ3. As
determined by DHE fluorescence, a significant increase in
superoxide level was observed at 500 nM following 2–4 h of
treatment (Figure 3C), but not at the 18 h time point, indicating
that it is an early stage event occurring at high exposure levels.
HO-1 is known to be induced by oxidative stress and considered
to be protective to cells (Vile et al., 1994). An �8-fold increase in
HO-1 expression was observed at 2 h and a more significant 20-
fold increase was seen at 4 h in 500 nM Asþ3 treatment, but
dropped to control levels at 18 h (Figure 3D). These results sug-
gested a time-dependent oxidative stress and DSBs occurrence
in D1 cells treated with a high dose of Asþ3 (500 nM).

Exposure to As13 Did Not Induce Apoptosis in D1 Cells
Since DNA strand breaks and oxidative stress apoptosis may
lead to cell death and the loss of PARP activity through caspase
catalyzed PARP cleavage (Los et al., 2002), Annexin V and PI were

FIG. 3. Phospho-H2AX (c-H2AX) expression and oxidative stress in D1 cells exposed to Asþ3. D1 cells were treated with 50 or 500 nM Asþ3. Phospho-H2AX expression

levels were measured by flow cytometry (A), represented by Mean Channel Fluorescence or Western blot (B). C, Mean Channel Fluorescence of DHE. D, HO-1 RNA levels

were measured by qPCR on cDNA samples from Asþ3-treated D1 cells. *Significantly different compared with control (P< .05). Results are means 6 SD.
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used to check if D1 cells were apoptotic after Asþ3 exposure. No
significant changes were found in both viability (% of Annexin
V-, PI- cells, Figs. 4A and 4B) and % of apoptotic cells (% of
Annexin Vþ cells, Figs. 4A and 4C) in D1 cells exposed to 50 and
500 nM Asþ3 at 2, 4, and 18 h. The results excluded the possibility
that decrease of PARP activity observed in low concentrations of
Asþ3 exposure was induced by increase of apoptosis.

Oxidative Stress Was Partially Responsible for the Increase of DNA
Damage in 500 nM As13 Exposure at 4 h
In order to confirm that oxidative stress and superoxide produc-
tion is directly related to the increase of DNA damage at 500 nM
Asþ3, we utilized a superoxide scavenger, TEMPOL, to perform
co-exposure studies with Asþ3 for 4 h, at which time point oxi-
dative stress was observed (Figs. 3C and 3D). A significant
decrease of superoxide levels was observed in 500 nM Asþ3 and
100 mM TEMPOL co-exposure comparing to 500 nM Asþ3 only
(Figure 5A), indicating that TEMPOL inhibited the production of
superoxide induced by 500 nM Asþ3. At the same time, DNA
damage was also decreased by a small amount (�2%) in Asþ3

and TEMPOL co-exposure (Figure 5B), suggesting that oxidative
stress and superoxide production was directly related to the
DNA damage in 500 nM Asþ3 exposure at 4 h, but that oxidative

stress and DSBs represent only a small percentage of total DNA
strand breaks. PARP activity was not affected by adding TEMPOL
in Asþ3 exposure (Figure 5C). Collectively, these results indicate
that oxidative stress contributes to DNA damage in D1 cells
exposed to 500 nM Asþ3 at 4 h.

Induction of As13 Exporters by 500 nM As13

Because 500 nM Asþ3 induced DSBs and oxidative stress in D1
cells at early time points (2 and 4 h) but not at 18 h, we examined
potential mechanisms responsible for this reversal. One possi-
ble mechanism is that 500 nM Asþ3 induces the expression of
Asþ3 exporters such as the multidrug resistance-associated pro-
teins 1 and 2 (Mrp1, Mrp2) or the multidrug resistance protein 1
(Mdr1) (Liu et al., 2001, 2002). Enhancement of efflux transporter
expression could reduce intracellular levels of Asþ3 thereby
reducing the toxic effects. Therefore, we examined the mRNA
expression of Mrp1, Mrp2, Mdr1a, and Mdr1b in D1 cells treated
with 500 nM Asþ3 at 2, 4, and 18 h. An increase of Mrp2 (and to
some extent Mrp1) expression was observed in D1 cells treated
with 500 nM Asþ3 at 18 h (Figure 6B). Interestingly, Mdr1a and
Mdr1b were up-regulated at 2 h and down-regulated by 18 h
(Figs. 6C and 6D), which was different from the expression of
Mrp1 and 2 (Figs. 6A and 6B). Western blots confirmed that the
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FIG. 4. Annexin V and PI staining in D1 cells exposed to Asþ3. D1 cells were treated with 50 or 500 nM Asþ3 for 2, 4, and 18 h, or 10mM Etoposide as positive control.

A, Flow cytometry results showing D1 cells which are Annexin V-PI- (LL), Annexin VþPI- (LR), Annexin V-PIþ (UL), or Annexin VþPIþ (UR). B, Viability (% of Annexin V-

PI- cells). C, % of apoptotic cells (% of Annexin Vþ cells).
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protein level of Mrp1 was up-regulated at 18 h (Figs. 7A and 7B).
However, Mdr1 protein levels were not decreased at 18 h, which
was different from the mRNA expression (Figs. 7C and 7D). Mrp2
protein was not detectable in D1 cell lysates. Collectively, these
results suggest that the induction of Asþ3 exporters may play a

role in regulating Asþ3-induced genotoxicity at high concentra-
tions (500 nM).

One Micomolar Zn12 Reversed the DNA Damage and PARP
Inhibition Induced by As13

Since PARP is a zinc finger protein and Znþ2 was found to
reverse the PARP inhibition induced by Asþ3 in HaCat cells (Sun
et al., 2012), we wanted to know if Znþ2 would reverse the DNA
damage induced by Asþ3 in mouse pre-T cells. D1 cells were
treated with 50 or 500 nM Asþ3, 1 mM Znþ2 and the combinations
as Znþ2 þ Asþ3. 1 mM Znþ2 reversed the DNA damage induced by
50 and 500 nM Asþ3 at both 4 and 18 h (Figure 8A). In addition,
PARP inhibition induced by 50 and 500 nM Asþ3 at both 4 and
18 h was also reversed by 1 mM Znþ2 (Figure 8B). Therefore, the
genotoxic effects induced by Asþ3 in thymus cells can be
reversed by Znþ2, suggesting that Zn may be involved in the
mechanism of action of Asþ3.

DISCUSSION

Suppression of immune function by As has been observed
in vivo and in vitro by several groups (Ahmed et al., 2014; Biswas
et al., 2008; Burchiel et al., 2014; Ezeh et al., 2014; Gonsebatt et al.,
1994; Nadeau et al., 2014; Soto-Peña et al., 2006; Vahter, 2008),
and may potentially contribute to unregulated cancer cell
growth. Asþ3 is considered to be a co-carcinogen in keratino-
cytes, as it does not induce detectable DNA damage at low con-
centrations without the co-existence of other carcinogens such
as UV light (Qin et al., 2012). Asþ3 inhibits DNA repair enzymes
such as PARP and XPA (Zhou et al., 2011), which may decrease
the ability of cells to repair spontaneous endogenous strand
breaks (Swenberg et al., 2011), leading to an increase in DNA
damage. Our results showed that Asþ3 alone induced a signifi-
cant increase in DNA damage in mouse thymus cells (Figs. 1A,
1B, and 2A) by inhibiting PARP. Also, thymus cells required less
Asþ3 to induce DNA damage than keratinocytes, indicating
there is a difference between their sensitivities to Asþ3. The dif-
ference may be due to the exposure relating to passive and
active transporters of Asþ3 (Jiang et al., 2006), the ability to
metabolize Asþ3, or differences in other intra/extracellular path-
ways affected by Asþ3. It is important to further identify the
mechanisms underlying these differences in sensitivity.

PARP is the initiator of BER, which has a critical role in DNA
repair. Recent studies have also revealed the relationship
between PARP inhibition and immunosuppression. PARP-1 was
found to regulate TGF-b receptor expression in immune cells,
and inhibition of PARP-1 up-regulated Foxp3, a primary marker
for Tregs, and an increase in Th17 cell number (Zhang et al.,
2013). In our experiment, there was a significant decrease in
PARP activity and increased DNA damage in both primary thy-
mus cells and the D1 cell line treated with very low concentra-
tions of Asþ3 (50 nM). PARP inhibition induced by Asþ3 may not
only affect T cell development in the thymus, but may also
cause immunosuppression in peripheral T cells.

PARP is also known to affect other DNA repair pathways,
including non-homologous end-joining and homologous
recombination (Yelamos et al., 2011). We found that Asþ3 at
500 nM induced DSBs at 4 h, which may be the result of ROS pro-
duction (Qin et al., 2008). However, these DSBs decreased at 18 h,
which correlated with the decrease in oxidative stress markers.
Therefore, it is likely that the DBSs were induced by oxidative
stress. In addition, since neither oxidative stress nor DSBs were
induced by 50 nM Asþ3, we conclude that Asþ3 induces DNA
damage mainly through the inhibition of PARP at these lower

FIG. 5. Superoxide level and genotoxicity in D1 cells exposed to Asþ3 and

TEMPOL for 4 h. D1 cells were exposed with 50 or 500 nM Asþ3, with or without

co-exposure to 100mM TEMPOL. A, Mean Channel Fluorescence of DHE repre-

sents superoxide level. B, DNA damage was measured by percentage of DNA in

tail using alkaline Comet assay. C, PARP activity was measured with Trevigen

ELISA kits represented by absorbance at 450 nm. *Significantly different com-

pared with control (P< .05). #Significantly different compared with 500 nM Asþ3

(P< .05). Results are means 6 SD.
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FIG. 6. mRNA expression of Asþ3 exporters in D1 cells treated with 500 nM Asþ3. D1 cells were treated 500 nM Asþ3, expression of Mrp1, Mrp2, Mdr1a, and Mdr1b at 2, 4,

and 18 h was examined by RT-PCR. A, Mrp1. B, Mrp2. C, Mdr1a. D, Mdr1b. *Significantly different compared with control (P< .05). Results are means 6 SD.

FIG. 7. Protein levels of Mrp1 and Mdr1 in D1 cells treated with 500 nM Asþ3. D1 cells were treated 500 nM Asþ3, expression of Mrp1 and Mdr1 at 2, 4, and 18 h was exam-

ined by Western blot. A, Mrp1 Western blot. B, Mrp1 band intensity normalized to Actin. C, Mdr1 Western blot. D, Mdr1 band intensity normalized to Actin.

*Significantly different compared with control (P< .05). Results are means 6 SD.
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concentrations leading to the increase of spontaneous strand
breaks in thymus cells, while oxidative stress only occurs in
cells treated with a higher dose (500 nM) of Asþ3.

Because of the transient nature of oxidative stress and DSB
induced by 500 nM treatment with Asþ3 in D1 cells, we exam-
ined the expression of different Asþ3 efflux proteins, hypothe-
sizing that the induction of As exporters would limit exposure
and protect cells. Mrp1 and Mrp2 are well-characterized export-
ers of Asþ3 and key players in Asþ3 detoxification (Maciaszczyk-
Dziubinska et al., 2012). Induction of Mrp1 and Mrp2 mRNA
expression only occurred at the 500 nM exposure concentration
of Asþ3 and correlated with the rapid protection of D1 cells from
oxidative stress and DSBs (Figs. 4A and 4B). While the mRNA
expression of Mdr1a and Mdr1b were differentially induced,
with Mrp1 increased at 18 h and Mdr1a increased at 2 h, but
returning to control levels at 18 h (Figs. 4C and 4D). Western
blots also revealed that Mrp1 was up-regulated at 18 h by
500 nM Asþ3 (Figs. 5A and 5B). One major difference between
these exporters is that Mdr1 exporters do not transport gluta-
thione (GSH) conjugates (Maciaszczyk-Dziubinska et al., 2012),
while Mrp1 and Mrp2 are GSH-dependent (Kala et al., 2000;
Leslie et al., 2004). Therefore, it is possible that the efflux of Asþ3

at 18 h requires the conjugation with GSH. Besides the adaptive
regulation of exporters, further studies are needed to reveal if
there are changes in the expression of Asþ3 importers. Studies
on the relationship between Asþ3 transporter expressions and

intracellular Asþ3 level may further clarify the role of these pro-
teins in regulating Asþ3 toxicity by cells.

Znþ2 has been demonstrated to counteract PARP inhibition
following Asþ3 exposure (Cooper et al., 2013; Kumar et al., 2010).
In our experiment, we found that Znþ2 reversed the DNA dam-
age and PARP inhibition at 1 mM in D1 cells. However, when we
increased Znþ2 concentration to 10 mM, Znþ2 itself induced DNA
damage (data not shown). Therefore, Znþ2 exposure can reverse
the Asþ3 genotoxic effects at appropriate concentrations, while
excess amounts of Znþ2 are harmful to cells.

In summary, Asþ3 induces significant genotoxic effects in
mouse thymus cells at environmentally relevant concentrations
and within the nanomolar range in vitro. At low concentrations
(50 nM), inhibition of DNA repair caused by PARP inhibition is
mainly responsible for SSB genotoxicity in the absence of oxida-
tive stress. At higher concentrations (500 nM), Asþ3 induces
transient oxidative stress and DSBs that are limited by the
induction of exporters that reduce concentrations of intracellu-
lar As. The dose-dependent differential genotoxicity of Asþ3 at
environmentally relevant levels can be reversed by Znþ2

supplement.
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