
Toxicological properties of the thiolated inorganic arsenic and
arsenosugar metabolite thio-dimethylarsinic acid in human bladder
cells

Franziska Eberta, Larissa Leffersa,b, Till Webera, Svenia Berndta, Aswin Mangerichc,
Sascha Beneked, Alexander Bürklec, Tanja Schwerdtlea,b,∗

a Institute of Food Chemistry, University of Muenster, Corrensstraße 45, 48149 Muenster, Germany
b Graduate School of Chemistry, University of Muenster, Wilhelm-Klemm-Straße 10, 48149 Muenster, Germany
c Molecular Toxicology Group, Department of Biology, University of Konstanz, Universitaetsstraße 10, 78464 Konstanz, Germany
d Institute of Veterinary Pharmacology and Toxicology, University of Zurich, Winterthurerstrasse 260, 8057 Zurich, Switzerland

Keywords:

Arsenite

Thio-dimethylarsinic acid

Cellular bioavailability

Poly(ADP-ribosyl)ation

Genotoxicity

a b s t r a c t

Thio-dimethylarsinic acid (thio-DMAV) has recently been identified as human metabolite after exposure

toward both the human carcinogen inorganic arsenic and arsenosugars, which are the major arseni-

cal constituents of marine algae. This study aims to get further insight in the toxic modes of action of

thio-DMAV in cultured human urothelial cells. Among others effects of thio-DMAV on eight cell death

related endpoints, cell cycle distribution, genotoxicity, cellular bioavailability as well as for the first time

its impact on DNA damage induced poly(ADP-ribosyl)ation were investigated and compared to effects

induced by arsenite. The data indicate that thio-DMAV exerts its cellular toxicity in a similar or even lower

concentration range, however most likely via different mechanisms, than arsenite. Most interestingly,

thio-DMAV decreased damage-induced cellular poly(ADP-ribosyl)ation by 35,000-fold lower concentra-

tions than arsenite. The inhibition of this essential DNA-damage induced and DNA-repair related signaling

reaction might contribute to inorganic arsenic induced toxicity, at least in the bladder. Therefore, and

also because thio-DMAV is to date by far the most toxic human metabolite identified after arsenosugar

intake, thio-DMAV should contemporary be fully (also in vivo) toxicologically characterized, to assess

risks to human health related to inorganic arsenic but especially arsenosugar dietary intake.

Introduction

Over the last years the assumption has arisen that human inor-
ganic arsenic metabolism plays a key role in inorganic arsenic
induced carcinogenicity [1,2]. Likewise human metabolism of
arsenosugars is discussed to strongly enhance toxicity of this class
of arsenicals, which are the major arsenical constituents of marine
algae [3–6].

The pentavalent dimethylarsinic acid (DMAV) and its sulfur ana-
log thio-dimethylarsinic acid (thio-DMAV) have been identified as
human metabolites after exposure toward inorganic arsenic as well
as arsenosugars [6–8]. DMAV is the major human metabolite after
oral intake of both arsenosugars and inorganic arsenic, and has
been extensively toxicologically characterized [2]. Thio-DMAV has
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been identified more recently, with small amounts being present
in urine, and to date toxicity studies are still quite rare.

Where in the human body and how thio-DMAV is formed is still
unknown [9–11]. It might be generated from oxyarsenicals by the
exchange of an O atom by an S atom, e.g. by microorganisms of the
gastrointestinal tract that produce H2S [10,12]. Generation is also
likely to occur by biochemical processes inside living mammalian
cells that produce H2S. Thus, in 2008 the formation of thio-DMAV

has been shown in human red blood cells incubated with dimethy-
larsinous acid (DMAIII) [13]. A recent study indicates a close link
between the processes that form methylated oxy- and thioarseni-
cals [14]. Additionally, thio-DMAV might directly be present in food,
which has been shown before for rice [15].

Depending on the endpoint studied, in cultured human bladder,
lung and liver cells thio-DMAV exerted up to 100-fold higher cyto-
toxicity than DMAV [16–19]. Thereby cytotoxic effects were in the
same concentration range as for arsenite and were strongly related
to the high cellular bioavailability of thio-DMAV [18,20]. For arseno-
sugars, up to high micromolar concentrations, to date no cytotoxic
effects have been measured in cultured human cells [21–24].
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The molecular mechanisms behind the high cellular toxicity
of thio-DMAV still need to be fully elucidated. In literature thio-
DMAV has been discussed to be a potent generator of reactive
oxygen species [16,18,25]. However, in the subcytotoxic concentra-
tion range thio-DMAV failed to induce reactive oxygen and nitrogen
species (RONS) in cultured human lung cells [20]. Accordingly, thio-
DMAV did not induce DNA strand breaks after short and long term
exposure, even after incubation with high cytotoxic concentrations
[19]. However, a strong disturbance of the oxidative defense sys-
tem has very recently been observed in human lung cells after
incubation with absolutely sub-cytotoxic, pico- to nanomolar con-
centrations of thio-DMAV. Thus, thio-DMAV decreased the cellular
GSH and GSSG levels and strongly increased the cellular RONS level
of H2O2 stressed cells [20].

This study aims to get further insight in the toxic modes of
action of thio-DMAV in cultured human urothelial cells. Among
others, effects of thio-DMAV on eight cell death related endpoints,
cell cycle distribution, genotoxicity as well as for the first time
effects on DNA damage related signaling reactions were investi-
gated and compared to effects induced by arsenite. Thereby also
cellular bioavailability of the arsenicals was taken into account.

Materials and methods

Materials

Minimal essential medium (MEM) and the culture dishes were
supplied by Biochrom (Berlin, Germany). Fetal calf serum (FCS),
penicillin–streptomycin solutions and trypsin were products of
PAA Laboratories GmbH (Pasching, Austria). Triton X-100 was pur-
chased from Thermo Scientific, hydroxyapatite (high resolution)
from Calbiochem (Bad Soden, Germany), Giemsa stain from Merck
(Darmstadt, Germany). Sodium(meta)-arsenite (≥99% purity) and
Alcian Blue were from Fluka Biochemika (Buchs, Germany) and
oxo-DMAV (≥99% purity) was from Sigma–Aldrich (Steinheim,
Germany). Thio-DMAV was synthesized as published before [19].
Enhanced chemiluminescence (ECL prime) reagent and PVDF
membranes were from GE Healthcare (Munich, Germany), the pro-
tein assay reagent solution, were supplied by Bio-Rad (Munich,
Germany). 10H hybridoma cells for the production of the mono-
clonal anti-PAR antibody 10H were provided by Prof. M. Miwa
and Prof. T. Sugimura, Tokyo, Japan. The primary anti-PARP-1
antibody was bought from Trevigen, the secondary Alexa488-
conjugated antibody was from Invitrogen (Paisley, UK) and the
secondary HRP-conjugated goat anti mouse antibody was obtained
from Biotechnology (Santa Cruz, USA). The Vectashield mounting
medium containing DAPI (1 �g/mL) was from Vector Labora-
tories (Burlingame, USA) and the cell counting kit-8 (CCK-8®)
was obtained from Dojindo molecular technologies (Weblin-
gen, Germany). Hydrogen peroxide solution (30%, Suprapur) and
nitric acid (65%, Suprapur) were products of Merck (Darmstadt,
Germany). The ICPMS elemental standard (As, 1 mg/L) was pur-
chased from Spectec (Erding, Germany). All other chemicals were
of p.a. grade and were from Merck (Darmstadt, Germany) or Fluka
Chemie (Buchs, Germany). Prof. Dr. B. Epe (Mainz, Germany) kindly
provided the Fpg protein. The urothelial cell line UROtsa was
derived from a primary culture of a normal human urothelium
through immortalization with the SV-40 large T antigen. This cell
line was kindly provided by Prof. M. Stýblo (University of North
Carolina, USA).

Cell culture and incubation

Human urothelial cells (UROtsa) were used as the in vitro model
to study cellular toxicity, since thio-DMAV has been identified

in human urine as inorganic arsenic and arsenosugar metabolite.
Additionally, the bladder is an important target organ for inorganic
arsenic-induced carcinogenicity in humans. UROtsa cells were cul-
tured as a monolayer in MEM supplemented with FCS (10%, v/v),
penicillin (100 U/mL) and streptomycin (100 �g/mL). The cultures
were incubated at 37 ◦C with 5% CO2 in air and 100% humidity. For
each experiment, UROtsa cells were seeded in a defined density
(16,600 cells/cm2). Cells were treated with the respective arsenical
compound and/or H2O2 as described for the respective experi-
ments. Stock solutions of the respective arsenic species and H2O2

were prepared in sterile deionised water shortly before each exper-
iment.

Cytotoxicity testing

Cytotoxicity of the arsenic species was elucidated after 24 h
incubation by quantifying the effect of the respective arsenical
compounds on cell number and colony forming ability. Addition-
ally, cellular dehydrogenase activity, lysosomal integrity and cell
membrane integrity were assessed, applying the cell counting
kit-8® (CCK-8®), the neutral red uptake test and the lactate dehy-
drogenase (LDH) activity test, respectively.

Cell number and colony forming ability testing were performed
as described before [26]. Briefly, after 24 h of incubation with the
respective arsenicals, cells were washed with phosphate buffered
saline (PBS) and trypsinised. Cell number and cell volume were
measured by an automatic cell counter CASY-TTC® (Roche Inno-
vatis AG, Germany). These measurements are based on noninvasive
(dye-free) electrical current exclusion with signal evaluation via
pulse area analysis. To assess the impact of the arsenic species
on colony forming ability, after cell counting of each sample,
500 cells/dish were seeded and cultivated. After 7 days, colonies
were washed with PBS, fixed with ethanol, stained with Giemsa
(25% in water), counted and calculated as percent of control.
The CCK-8® test and the neutral red uptake test represent well
accepted test systems to assess cell viability, and were performed as
described before [19,21]. LDH activity was observed in both the cell
lysates and the dosing media as described before [27] with minor
modifications. Briefly, 40 �L of culture medium or 10 �L of cell
lysates were mixed in a 96 well plate with reaction buffer (100 mM
HEPES, 0.14 g/L NADH, 1.1 g/L sodium pyruvate, pH 7) to reach
each a total volume of 200 �L. Absorbance was detected kineti-
cally at 355 nm every 1.5 min at 37 ◦C. LDH activity was calculated
as mU/mL as percent of untreated control cells.

Cellular bioavailability of the respective arsenicals

Briefly, logarithmically growing cells were exposed to the
respective arsenic species for 0.5–48 h, trypsinised, collected by
centrifugation, washed with ice-cold PBS and cell number and cell
volume were measured by an automatic cell counter (CASY-TTC®)
in each sample. Mean (±SD) volumes of non-incubated control cells
were 3.64 (±0.12) × 10−12 L. After incubation with the ashing mix-
ture (65% HNO3/30% H2O2 (1/1, v/v)) at 95 ◦C for at least 12 h and
subsequent dilution with deionised water, arsenic was measured
by electrothermal atomic absorption spectrometry (AAS; AAnalyst
600, PerkinElmer) as described before [20].

Cell cycle analysis

Cell cycle analysis (including SubG1 peak formation) was carried
out exactly as described before [20]. Briefly, logarithmically grow-
ing UROtsa cells were exposed to the respective arsenic species
for 24 or 48 h. After trypsinising and fixing of cells (ice-cold 96%
ethanol (v/v) at −20 ◦C), RNase was added (final concentration
10 �g/mL, 30 min at 37 ◦C) and subsequently propidium iodide
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Table 1

Primer sequences of the selected genes.

Genes of interest Forward primer Reverse primer

PARP-1 CTTGGCCTGCACACTGTCTG GCAGCGACTCTCAGATCCTG

PARG CATTTGAGAAGGAAAGTGAACC CCTGGACTTGTCTCCTCATC

Caspase-2 TTCACTGGAGAGAAAGAACTGG TAGAACATGGACGTCATAGCC

GADD45A CCACATTCATCTCAATGGAAG GGGAGATTAATCACTGGAACC

GAPDH CTGCACCACCAACTGCTTAG GGCATGGACTGTGGTCATGAG

(final concentration 25 �g/mL). Finally, at least 25,000 cells were
counted (FC 500, Beckman Coulter, Krefeld, Germany) in relevant
gates for each sample. Cell cycle analysis was carried out by using
the Software MultiCycle AV Software 6.0 (Phoenix Flow Systems,
USA).

Caspase-3 activation

Besides SubG1 Peak formation, apoptosis was monitored via
Caspase-3 activation as described before [27]. Briefly, after 24
or 48 h incubation with the respective arsenicals and lysis of
cells, lysates were mixed in an equal amount of reaction buffer
(50 mM PIPES, 10 mM EDTA, 0.5% CHAPS, 10 mM DTT, 80 �M
DEVD-AFC) in a black 96 well plate and incubated for 4 h at
37 ◦C. Subsequently, fluorescence activity of cleaved 7-amino-4-
trifluoromethylcumarin (AFC) was determined by a plate reader
(ex. 400 nm, em. 505 nm). Quantification was achieved via a
standard calibration curve of AFC (0.3–6.4 �M). Data were cor-
rected by the respective protein contents, which were quantified
by the bicinchoninic acid (BCA) assay.

Relative PARP-1, PARG, BAX, Caspase-2 and GADD45A gene
expression

Real time RT-PCR was performed for quantification of PARP-1,
PARG, BAX, Caspase-2 and GADD45A mRNA levels. Briefly, 24 h
after seeding, cells were incubated with the respective arsenic
species for 24 h. All further steps were performed exactly as
described before [26]. Primer sequences are shown in Table 1.
The thermal cycling program, calculation of the efficiency of the
primers and calculation of respective expression ratio was done as
described before [26].

Induction of oxidative DNA damage in UROtsa cells

DNA strand breaks and Fpg-sensitive sites were determined by
the alkaline unwinding technique in combination with the bacterial
formamidopyrimidine-DNA-glycosylase (Fpg). Fpg recognizes 7,8-
dihydro-8-oxoguanine (8-oxoguanine), 2,6-diamino-4-hydroxy-
5-formamido-pyrimidine (Fapy-Gua), 4,6-diamino-5-formamido-
pyrimidine (Fapy-Ade) and to a smaller extent 7,8-dihydro-8-
oxoadenine (8-oxoadenine) as well as apurinic/apyrimidinic sites
(AP sites) and converts them into DNA strand breaks by its
DNA endonuclease activity. Briefly, 1 × 105 cells were seeded and
allowed to attach for at least 24 h before treatment with the respec-
tive arsenicals (1, 24 or 48 h incubation). In case of coexposure
experiments with H2O2, a 24 h preincubation with the respective
arsenicals was followed by a 5 min coincubation with 40 �M H2O2.
At the end of the treatment, medium was removed, cells were
washed with cold PBS and lesions were quantified and calculated
as described before [28].

Cellular levels of poly(ADP-ribosyl)ation

Cellular poly(ADP-ribosyl)ation was measured as described
before [29]. Briefly, UROtsa cells were seeded on Alcian blue coated

glass coverslips, cultured for 24 h and incubated with the respec-
tive arsenic species for 24 h. Poly(ADP-ribosyl)ation was stimulated
by 10 min incubation with 200 �M H2O2. Subsequently, cells were
rinsed with PBS and fixed with ice cold methanol. After fixa-
tion, cells were rinsed twice with Tris-buffered saline (TBS) and
blocked in TBS/0.3% Tween20/1% BSA (Roth) (TTB) at 30 ◦C for
30 min. Incubation with the primary anti poly(ADP-ribose) anti-
body 10H [30] was carried out in blocking solution (1:300) at 30 ◦C
for 45 min, followed by repeated washing steps with TBS containing
0.3% Tween20. The secondary, Alexa 488-conjugated anti-mouse
antibody (Invitrogen) (dilution 1:250 in TTB) was applied accord-
ingly. Coverslips were washed again and embedded in Vectashield
mounting medium containing 1 �g/mL DAPI (Vector Laboratories
Inc., Burlingame, CA, USA). Fluorescence analyses were performed
applying a Zeiss Axio ImagerM2 wide field fluorescence micro-
scope (Zeiss). At least 300 cell nuclei per slide were selected by DAPI
staining. In the selected areas the relative Alexa-488 fluorescence
intensities were quantified using Axio Vision (Version 4.5) imaging
software (Zeiss).

Activity of recombinant PARP-1

Activity of recombinant PARP-1 (expressed in a baculovirus
system [31]) was quantified by a further established immuno-slot-
blot technique [29] based on a test system published recently [32].
Briefly, after 2 min preincubation of PARP-1 (0.69 ng/�L (61 nM))
with the respective arsenic species in preincubation buffer at room
temperature, the PARP-1 reaction was carried out for 5 min at
37 ◦C in reaction buffer. Poly(ADP-ribosyl)ation was stopped by
trichloroacetic acid (TCA). After transferring respective aliquots
to a PVDF membrane by a slot blotter, washing and blocking
of the membrane, PAR polymers were detected by immunoblot
analysis using a monoclonal PAR-antibody (10H) (1 h 1:1000,
in blocking solution at RT) and a HRP-conjugated secondary
antibody (1 h 1:1000 in blocking solution at RT). Immunoreactive
bands were detected by chemiluminescence using ECL prime
detection reagents (GE Healthcare) and a chemiluminescence
imaging system (ChemiDocTM XRS, Bio-Rad, Munich,
Germany).

Quantification of cellular nicotinamide adenine dinucleotides

Briefly, after 24 h incubation with the arsenicals, UROtsa cells
were trypsinized, cell extracts were prepared and LC-DAD based
quantification of the nucleotides NAD+ and NADH was carried out
as described before [33]; additionally, NADP+ and NADPH were
measured by the same technique.

Statistical analysis

All experiments were at least carried out three times at three dif-
ferent days, with at least three independent measurements. Using
the raw data the mean standard deviation (SD) was calculated and
a statistical analysis was performed by using the ANOVAOneWay
test. As indicated in the respective figure legends significance levels
are *p < 0.05, **p < 0.01 and ***p < 0.001.
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Fig. 1. Cytotoxicity of thio-DMAV (A) and arsenite (B) in UROtsa cells after 24 h incubation. Cytotoxicity was determined by a decrease in cell number, colony forming ability,

cellular dehydrogenase activity and lysosomal integrity. Shown are mean values of at least 6 (cell number), 9 (colony forming ability) or 16 (dehydrogenase activity, lysosomal

integrity) determinations ± SD. Colony forming ability of untreated control cells was ∼80%.

Fig. 2. Cellular bioavailability of thio-DMAV and arsenite. Concentration dependent cellular bioavailability after 24 h incubation (A) and time dependent cellular bioavailability

during 48 h incubation (B) of UROtsa cells. Shown are mean values of at least three independent determinations + SD.

Results

Cytotoxicity

After 24 h incubation thio-DMAV and arsenite showed cytotoxic
effects in a similar concentration range (Fig. 1A and B). For both
arsenic species cell number and colony forming ability were the
most sensitive cytotoxicity endpoints. LDH activity was by far the
most insensitive viability marker, showing no significant effects
in the respective concentration range (data not shown). In order
to simplify comparison of cytotoxicity endpoints, values causing a
30% effect were given in Table 2.

Bioavailability of the arsenic compounds

Cellular bioavailability of the respective arsenic species was
assessed in a time and concentration dependent manner. Com-
paring the extracellular applied arsenic concentration with the
measured cellular total arsenic concentration after 24 h incubation,
thio-DMAV and arsenite were accumulated in UROtsa cells by a
factor of about 8.4–21.7 and 5.6–7.2-fold, respectively (Fig. 2A).

Table 2

Comparison of the investigated cytotoxicity endpoints in UROtsa cells after 24 h

incubation with thio-DMAV and arsenite. Shown are the respective concentrations

of the arsenic species, causing a 30% reduction in cell number, colony forming ability,

dehydrogenase activity and lysosomal integrity, respectively.

30% Reduction in Thio-DMAV (�M) Arsenite (�M)

Cell number 4.3 3.9

Colony forming ability 5.2 5.2

Dehydrogenase activity 7.3 7.1

Lysosomal integrity 5.9 5.4

Both arsenicals increased cell volumes in case of cytotoxic con-
centrations (≥5 �M), reaching an increase of about 40% after
24 h incubation with 7.5 �M thio-DMAV or arsenite (data not
shown).

After 0.5–8 h incubation with 2 �M thio-DMAV or 2 �M arse-
nite, cellular total arsenic concentrations were similar (Fig. 2B).
Thereby, both arsenicals achieved higher than equimolar cellu-
lar arsenic concentrations (in relation to the surrounding culture
media) already after 1 h incubation. After long term incubation
(24–48 h) cellular arsenic concentrations were much higher after
incubation with thio-DMAV than with arsenite.

Cell cycle analysis and apoptosis

24 h incubation with ≥2.5 �M thio-DMAV or arsenite resulted
in a significant S phase and G2/M phase arrest, respectively
(Fig. 3A and B). Strongest effects were achieved by 5 �M thio-
DMAV. Here a moderate S phase arrest and a massive G2/M
phase arrest were measured, leaving only about 10% of cells in G1
phase.

SubG1 peak formation was significant after 24 h incubation
with ≥2.5 �M thio-DMAV and increased strongly after 48 h incu-
bation (Fig. 4A). In case of arsenite SubG1 peak formation was
not significant after 24 h incubation, whereas after 48 h incuba-
tion with arsenite concentrations ≥2.5 �M a significant SubG1 peak
was determined. Nevertheless, in direct comparison to thio-DMAV

SubG1 peak formation induced by arsenite was only moderate.
Accordingly, 48 h incubation with thio-DMAV increased Caspase-3
activity much stronger than 48 h incubation with arsenite (Fig. 4B).
Additionally, the expression of the procaspase Caspase-2 was
increased only in case of thio-DMAV (Table 3).
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Fig. 3. Effect of thio-DMAV (A) and arsenite (B) on the cell cycle distribution of UROtsa cells after 24 h incubation. Shown are mean values of at least three independent

determinations + SD as well as representative histograms for each incubation concentration of the arsenicals.

Fig. 4. Apoptosis induced by 24 or 48 h incubation with the arsenicals as measured by SubG1 peak formation (A) and caspase-3 activity (B) in UROtsa cells. Shown are mean

values of at least three independent determinations with four measurements each + SD.

DNA damage and GADD45A expression

After 1, 24 and 48 h incubation with sub-cytotoxic concen-
trations of arsenite and thio-DMAV, no significant induction of
DNA single strand breaks or FPG-sensitive sites were observed
(Fig. 5A–D). Strand breaks were solely determined in case of 48 h
incubation with already cytotoxic concentrations of 5 �M arse-
nite or thio-DMAV, respectively. Whereas both arsenicals failed
to induce DNA single strand breaks as well as oxidative base
modifications, they increased GADD45A expression already in the
sub-cytotoxic concentration range, indicating the presence of cel-
lular stress (Table 3).

Impact on cellular poly(ADP-ribosyl)ation, PARP-1 and PARG gene
expression

After 24 h incubation both arsenicals exerted no effect on
cellular poly(ADP-ribosyl)ation in non-stimulated UROtsa cells
(data not shown). Since in unstressed cells the presence of poly

(ADP-ribose) is generally quite low, in the next set of experiments
cellular poly(ADP-ribosyl)ation was stimulated by H2O2, to study
the impact of the arsenicals on this DNA damage related signaling
reaction.

A 24 h preincubation with subcytotoxic, pico- to nanomolar
concentrations of thio-DMAV significantly decreased the extent
of H2O2-induced poly(ADP-ribosyl)ation (Fig. 6A). A significant
disturbance of this essential damage related signaling reaction
occurred also in case of an arsenite preincubation, however at much
higher micromolar arsenite concentrations (Fig. 6B).

After 24 h incubation, thio-DMAV and arsenite (≤3.5 �M) did not
significantly alter PARP-1 and PARG expression (Table 4).

Impact on the activity of recombinant PARP-1

To determine whether thio-DMAV alters the activity of recombi-
nant PARP-1 a non-radioactive immuno-slot-blot assay was applied
[29]. Preincubation of recombinant PARP-1 for 2 min with thio-
DMAV in concentrations up to 250 �M did not diminish the PARP-1

Table 3

Effect of the arsenicals on Caspase-2 and GADD45A gene expression. UROtsa cells were incubated with thio-DMAV or arsenite for 24 h. Relative gene expression was determined

by real time RT PCR; mean values of at least 3 independent determinations with 3 measurements each referring to the control and normalized to GAPDH ± SD. Asterisks

mark statistically significant differences as compared to untreated cells.

Gene of interest Arsenic compound Concentration (�M)

0 0.1 1.0 2.0 3.5

Caspase-2 Thio-DMAV 1.00 ± 0.08 1.09 ± 0.09 1.35 ± 0.05*** 1.26 ± 0.12*** 1.38 ± 0.06***

iAsIII 1.00 ± 0.02 0.97 ± 0.10 1.00 ± 0.07 1.00 ± 0.07 1.16 ± 0.20

GADD45A Thio-DMAV 1.00 ± 0.06 1.22 ± 0.09 1.46 ± 0.24*** 1.43 ± 0.29** 1.47 ± 0.17***

iAsIII 1.00 ± 0.05 1.08 ± 0.16 1.47 ± 0.14*** 1.24 ± 0.08*** 1.82 ± 0.09***

** p < 0.01.
*** p < 0.001.
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Fig. 5. Induction of DNA strand breaks (A and C) and Fpg-sensitive sites (B and D) after incubation of thio-DMAV (A and B) and arsenite (C and D) for 1, 24 and 48 h. Hydrogen

peroxide (5 min, 40 �M) and radiation with visible light (134 kJ/m2) in combination with the photosensibilisator RO-19-8022 (50 nM) served as positive controls. Displayed

are mean values of at least three independent determinations + SD.

Fig. 6. Induction of poly(ADP-ribosyl)ation by H2O2 and inhibitory effect of thio-DMAV (A) and arsenite (B). Logarithmically growing UROtsa cells were preincubated with

the arsenicals for 24 h and treated with 200 �M H2O2 for 10 min in the continued presence of the arsenicals. Shown are mean values of at least 3 determinations with at least

200 cells each + SD.

activity (Fig. 7A); 500 �M thio-DMAV resulted in an about 30%
decrease of PARP-1 activity. In contrast arsenite has been shown
before to inhibit recombinant PARP-1 activity at concentrations
≥10 �M [34].

Effects on H2O2-induced DNA strand break formation

To investigate whether the observed reduction of poly(ADP-
ribosyl)ation by the arsenicals was due to a lower number of DNA

strand breaks induced after combined treatment of the respec-
tive arsenic compound and H2O2 as compared to H2O2 alone, the
amounts of DNA strand breaks after incubation with the respective
arsenical or H2O2 as well as a combination of both were measured.
These combination experiments revealed that both arsenicals did
not diminish H2O2-induced DNA strand break induction. At the
highest concentrations applied thio-DMAV (5 �M) and arsenite (1
and 5 �M) even significantly increased the amount of lesions gen-
erated by H2O2 (Fig. 7B).

Table 4

Effect of the arsenicals on PARP-1 and PARG gene expression. UROtsa cells were incubated with thio-DMAV or arsenite for 24 h. Relative gene expression was determined by

real time RT PCR; mean values of at least 3 independent determinations with 3 measurements each referring to the control and normalized to GAPDH ± SD.

Gene of interest Arsenic compound Concentration (�M)

0 0.01 0.1 1.0 2.0 3.5

PARP-1 Thio-DMAV 1.00 ± 0.09 0.97 ± 0.04 0.95 ± 0.10 1.17 ± 0.24 1.17 ± 0.10 1.10 ± 0.19

iAsIII 1.00 ± 0.05 1.01 ± 0.06 0.94 ± 0.19 0.96 ± 0.28 0.85 ± 0.11 0.88 ± 0.10

PARG Thio-DMAV 1.00 ± 0.05 0.84 ± 0.07 1.05 ± 0.12 0.96 ± 0.15 1.11 ± 0.14 1.10 ± 0.19

iAsIII 1.00 ± 0.12 1.03 ± 0.06 0.98 ± 0.13 0.88 ± 0.18 0.89 ± 0.08 0.83 ± 0.08
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Fig. 7. Impact of thio-DMAV (A) on the activity of recombinant PARP-1. Impact of 24 h preincubation with thio-DMAV or arsenite (B) on the number of DNA strand breaks

induced by hydrogen peroxide (5 min, 40 �M) in UROtsa cells. Effect of 24 h incubation with thio-DMAV on the cellular NADH concentration and NADH/NAD+ ratio (C). Shown

are mean values of at least three independent determinations with three measurements each + SD.

Cellular level of nicotinamide adenine dinucleotides

For untreated control cells (UROtsa) the following concen-
trations of the respective nucleotides were observed: NAD+

(115.5 ± 17.3 �M); NADH (66.6 ± 8.0 �M); NADP+ (13.5 ± 2.1 �M);
NADPH (104.3 ± 16.6 �M). Thus the NAD+ level of urothelial cells
was nearly 10-fold higher as compared to A549 cells, while NADH
content was only doubled [33].

After 24 h incubation neither thio-DMAV (≤3.5 �M) nor arse-
nite (≤3.5 �M) significantly affected the cellular levels of NAD+,
NADP+ or NADPH (data not shown). Likewise NADH levels were
not disturbed by arsenite, whereas 24 h incubation with thio-DMAV

decreased the cellular content of NADH and thus the NADH/NAD+

ratio in a concentration dependent manner (Fig. 7C).

Discussion and conclusion

This study extensively characterized the toxicity of the inorganic
arsenic and arsenosugar metabolite thio-DMAV in cultured human
bladder cells in direct relation to arsenite. The data presented here
indicate that thio-DMAV exerts its cellular toxicity in a similar or
even lower concentration range, however most likely via different
mechanisms than arsenite (Table 5).

Table 5

Summary of the observed differences in cellular toxicity of the arsenicals. +++ strong

effects; ++ moderate effects already in the subcytotoxic concentration range; + slight,

but significant effects; − no significant effects.

Parameter Thio-DMAV Arsenite

Cell cycle disturbance +++ ++

Induction of apoptosis

SubG1 peak formation +++ +

Caspase-3 activity +++ +

Caspase-2 expression ++ −
Disturbance of H2O2 induced

cellular poly(ADP-ribosyl)ation

+++ +

Decrease of NADH/NAD+ ratio ++ −

As reported before [20,21], thio-DMAV was strongly bioavailable
to the cultured cells and cellular arsenic concentrations were higher
after incubation with thio-DMAV than with arsenite. Nevertheless,
cytotoxicity of both arsenicals after 24 h incubation was similar
with respect to both the effective concentrations as well as the
sensitivity of the five applied cytotoxicity markers. The observed
insensitivity of the endpoint LDH release excludes that cytotoxic
effects were caused by a disturbance of cell membrane integrity.
This assumption was further confirmed by the fact that in the
respective concentration range both arsenicals did not significantly
decrease cell volumes (data not shown).

The cell cycle distribution studies pointed out that – especially
in case of thio-DMAV – the cell cycle arrest strongly contributes
to the observed reduction in cell number; thio-DMAV and arsenite
induced cell cycle arrests have also been shown before in other
cellular systems [18,35]. In general a G2/M phase arrest can indi-
cate DNA damage, inappropriate or not fully replicated DNA, DNA
hypomethylation or a dysfunction of the spindle apparatus. Thus
cells detect these DNA alterations or modifications, arrest the cell
cycle and give the DNA repair machinery time to repair damage and
ensure genome integrity [36]. If the degree of DNA lesions or alter-
ations is beyond recovery, cells will not enter mitosis but undergo
apoptotic cell death or senescence. However, cells may also enter
a potentially catastrophic mitosis before DNA lesions are repaired,
e.g. in the case that cells cannot maintain prolonged cell cycle block-
age due to a compromised G2 checkpoint [37]. Mitotic catastrophe
occurs during or shortly after a failed mitosis, and is often attended
by micronucleation, bi- and multinucleation. Cells facing a mitotic-
linked cell death can die either by apoptosis, necrosis or undergo
senescence [38]. Thio-DMAV has been reported to induce structural
chromosome aberrations in Syrian hamster embryo (SHE) cells [17]
as well as an increased number of bi- and multinucleated cells in
A549 cells after 24 h [19] as well as in UROtsa cells after 48 h incu-
bation [21]. This indicates that in UROtsa cells thio-DMAV causes a
mitotic-linked cell death, with the cell finally dying via apoptosis.
In support of this conclusion, thio-DMAV, in contrast to arsenite,
induced after 48 h incubation three apoptosis-linked endpoints:
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expression of Caspase-2, an increase in Caspase-3 activation and
SubG1 peak formation.

In UROtsa cells both arsenicals failed to induce DNA single strand
breaks or oxidative base modifications (as recognized by Fpg) in the
sub-cytotoxic concentration range after 1, 24 and 48 h incubation.
Only in case of a cytotoxic concentration (5 �M) some DNA strand
breaks arose. Likewise we could not observe an increase of cellu-
lar level of RONS after these incubation times in UROtsa cells (data
not shown); this has been shown in A549 cells before [20]. Nev-
ertheless, both arsenicals increased gene expression of the stress
sensor GADD45A, indicating cellular stress and/or damage in the
presence of the arsenicals. Additionally, an induction of DNA double
strand breaks has been demonstrated at high cytotoxic thio-DMAV

concentrations via the Comet assay before [16].
Since in case of arsenite [26,39–41] and its trivalent methylated

metabolites [26,34] an inhibition of damage-induced poly(ADP-
ribosyl)ation has been demonstrated before as very sensitive DNA
repair linked endpoint, we further studied the impact of the two
arsenicals on this essential DNA strand break signaling reaction in
UROtsa cells. In response to DNA strand breaks two members of
the PARP superfamily, PARP-1 and PARP-2, are rapidly activated
and transfer ADP-ribosyl units from NAD+ onto themselves and
other target proteins, thus producing protein-coupled ADP-ribose
polymers of up to 200 units. This so called poly(ADP-ribosyl)ation
is involved in many cellular processes including genomic sta-
bility, chromatin modulation, DNA repair, replication, telomere
maintenance and transcription. PARP-1 is responsible for about
90% of cellular poly(ADP-ribose) (PAR) formation upon induc-
tion of genotoxic stress. Poly(ADP-ribose) glycohydrolase (PARG)
and ADP-ribosylhydrolase-3 (ARH3) contribute to PAR degradation
(recently summarized in [42]). In case of arsenite we measured a
disturbance of damage-induced poly(ADP-ribosyl)ation in higher
concentrations (3.5 �M) as published for HeLaS3 cells before [43],
but in the same concentration range as published for a keratinocyte
cell line (HaCaT), where cells were incubated in the absence of FCS
[39,44,45]. Effects of thio-DMAV on poly(ADP-ribosyl)ation have
not been investigated so far. In this work thio-DMAV strongly dis-
turbed this cellular response following DNA strand break induction.
In particular absolutely sub-cytotoxic thio-DMAV concentrations
(≥0.1 nM) efficiently decreased cellular DNA-damage-induced
poly(ADP-ribosyl)ation. In direct comparison to arsenite, inhibi-
tion was caused by 35,000-fold lower incubation concentrations
of thio-DMAV than arsenite. The observed decrease of cellular
H2O2-induced poly(ADP-ribosyl)ation did not result from dimin-
ished formation of DNA strand breaks after combined thio-DMAV

or arsenite and H2O2 treatment. Both arsenicals did neither signif-
icantly decrease PARP-1 gene expression nor increase PARG gene
expression. Additionally the determination of the cellular levels
of NAD+ clearly rules out that the arsenicals-induced inhibition of
H2O2-induced poly(ADP-ribosyl)ation is due to a limitation of the
substrate NAD+. Thio-DMAV did also not diminish the activity of
recombinant PARP-1. In contrast, arsenite has been shown before
to decrease recombinant PARP-1 activity at concentrations ≥10 �M
[34]. Inhibition of cellular poly(ADP-ribosyl)ation occurred after
incubation with 3.5 �M arsenite, which complies with a cellular
arsenic concentration in UROtsa cells of around 22 �M. Therefore,
in case of arsenite a direct inhibition of cellular PARP-1 seems to
be possible. Nevertheless, also in case of thio-DMAV, we cannot
exclude that in living cells reduced damage-induced poly(ADP-
ribosyl)ation might be due to an interaction of thio-DMAV with
cellular PARP-1. Inside the cell even more reactive arsenic species
might be formed, e.g. DMAIII or DMAGIII, that could attack sensitive
target sites of PARP-1, including its three zinc-binding domains.
Moreover, in the cellular system PARP-1 activity might also be
disturbed by the thio-DMAV and/or arsenite mediated increase of
H2O2 induced cellular RONS [20]. PARP-1 inhibition is well known

to disturb DNA repair, including single strand break repair, base
excision repair and double strand break repair, thereby causing
genomic instability (e.g. [46,47]). Thus, it is likely that the observed
decrease of damage induced poly(ADP-ribosyl)ation especially by
the very low, pico- to nanomolar thio-DMAV concentrations results
in a disturbance of the respective DNA repair pathways and thereby
indirectly increase genomic instability.

For an estimation of the relevance of the applied thio-DMAV

concentration in the present study, to date only one study is avail-
able that quantified thio-DMAV concentrations in humane urine.
This is most likely due to conversion of thio-DMAV to DMAV dur-
ing storage and handling of urinary samples [8,48]. After exposure
toward inorganic arsenic contaminated drinking water, thio-DMAV

was found in 44% of the urine samples of 75 Bangladesh women,
ranging from trace amounts up to 24 �g/L [8]; urinary total arsenic
concentrations were measured from 8 to 1034 �g/L. These data
clearly illustrate the exposure relevance of pico- to nanomolar con-
centrations of thio-DMAV, which caused the strong disturbance of
damage induced poly(ADP-ribosyl)ation.

Finally, the observed disturbance of H2O2-induced poly(ADP-
ribosyl)ation by 35,000-fold lower concentrations of thio-DMAV

than arsenite, might contribute to inorganic arsenic induced toxic-
ity, at least in the bladder. Therefore, and also because thio-DMAV

is to date by far the most toxic human metabolite identified after
arsenosugar intake, thio-DMAV should contemporary be fully (also
in vivo) toxicologically characterized, to assess risks to human
health related to inorganic arsenic but especially arsenosugar
ingestion.
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