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a b s t r a c t

The present study describes the synthesis and characterization of thioarsenicals using electro-spray
ionization-MS and time of flight-MS. Separation of thioarsenicals was found to be better by size-
exclusion column compared to anion exchange column coupled with HPLC-inductively coupled argon
plasma mass spectrometer (ICP MS). Although four thioarsenicals were confirmed as dimethylthioarsi-
eywords:
imethyldithioarsinous acid
imethyldithioarsinic acid
ethylmonothioarsonous acid
ethyltrithioarsonic acid and biomolecules

nous acid (m/z = 138), methylmonothioarsonous acid (m/z = 122), dimethyldithioarsinic acid (m/z = 170)
and methyltrithioarsonic acid (m/z = 188), it is noted that HPLC-ICP MS alone were not sufficient for their
identification. Also, none of them was stable with time. This is the first report detailing the synthesis and
identification of methyltrithioarsonic acid. Both dimethyldithioarsinic acid and dimethylthioarsinous acid
were detected in human nail samples while dimethyldithioarsinic acid was found in urine samples. So,
the above technique could be applicable to the identification of sulfur-containing biomolecules in the

a
o
b

biological samples.

. Introduction

The toxicity and bioavailability of arsenic (As) depend on its

hemical form and oxidation states [1–3]. Speciation of arseni-
als in biological samples is an essential tool to get an insight into
ts distribution in tissues and its species-specific toxicity to target
rgans. Recently multidisciplinary research with latest hyphen-

Abbreviations: As, arsenic; iAsV, arsenate; iAsIII , arsenite; AsC, arseco-
holine; AsB, arsenobetaine; DMeAs, dimethylated As; DMeAsIII , dimethylarsi-
ous acid; DMeAsIII-I, dimethylarsinous iodide; DMeAsV, dimethylarsinic acid;
eAs, monomethylated As; MeAsIII , methylarsonous acid; MeAsIII-I2, methylar-

onous diiodide; MeAsV, methylarsonic acid; DMeSAsIII , dimethylthioarsinous
cid; DMeSAsV, dimethylthioarsinic acid; DMeDSAsV, dimethyldithioarsinic acid;
eSAsIII , methylthioarsonous acid; MeDSAsV, methyldithioarsonic acid; MeTSAsV,
ethyltrithioarsonic acid; HPLC, high performance liquid chromatography; ICP
S, inductively coupled argon plasma mass spectrometry; ESI-MS, electro-spray

onization-MS; TOF-MS, time of flight-MS.
∗ Corresponding author at: Chemistry Division, School of Science and Humanities,
ellore Institute of Technology University, Vellore 632014, Tamil Nadu, India.
el.: +91 416 2202339/9442344774; fax: +91 416 2240411.

E-mail addresses: badalmandal@vit.ac.in, mbadal@hotmail.com (B.K. Mandal).
1 The author carried out this research work at National Institute of Radiological
ciences and Chiba University in Japan as STA cum JSPS and JSPS Foreign Research
ostdoctoral Fellow, respectively.
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ted analytical instrumental techniques has proven that toxicity
f As in humans depends not only on different chemical species,
ut mostly on oxidation states of As [4–8]. All studies on cyto-
oxicity of arsenicals in several human cell types suggested that
egardless of the cell type, cytotoxicity increases in the order of
ethylarsine oxide (MeAsIIIO) > iododimethylarsine (DMeAsIII-I);
eAsIIIO > arsenite (iAsIII) in most cell types [5,7,8].
Interestingly, As inhibits several enzymes, such as glutathione

eductase [9], thioredoxin reductase [10], and pyruvate dehydro-
enase [11]. Arsenic binding with proteins via sulfhydryl groups
ay be responsible for the observed effects of As on these pro-

eins. As a result, up to six arsenite (iAsIII), 10 mthylarsonous acid
MeAsIII) or 20 dimethylarsinous acid (DMeAsIII) could bind to each

etallothionein (MT) via sulfhydryl groups when iAsIII, MeAsIII,
nd DMeAsIII are in excess [12]. In addition, arsenite can conjugate
ith glutathione (GSH) and form arsenotriglutathione (iAsIII(GS)3),
ethylarseno-diglutathione (MeAsIII(GS)2) and dimethylarsenog-

utathione (DMeAsIII(GS)) [2]. Furthermore, GSH depletion causes
ssentially nontoxic MeAsV to become toxic [13]. Thus, GSH deple-

ion may also induce the accumulation of toxic inorganic arsenicals
n As poisoning patients [14]. Since MeAsIII(GS)2 is highly cyto-
oxic compared to pentavalent organic arsenicals, the effects of
xtracellular GSH on the cytotoxicity of MeAsV may be due to a
mall amount of MeAsIII(GS)2 generated in the culture medium [15].

http://www.sciencedirect.com/science/journal/15700232
mailto:badalmandal@vit.ac.in
mailto:mbadal@hotmail.com
dx.doi.org/10.1016/j.jchromb.2008.09.004
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lthough the concentration of MeAsV added to the culture medium
as quite high (10 mM), the generation of MeAsIII(GS)2 in culture
edium is relevant to in vivo As metabolism, as MeAsIII(GS)2 is a
ajor metabolite of inorganic arsenicals in bile and concentration

f GSH in bile fluid has been shown to increase to more than 10 mM
n As-injected rats [16]. Kala et al. [16] reported that intravenously
nd orally administered iAsIII was excreted into bile as two As-GSH
As-GSH) complexes, As triglutathione [As(GS)3] and methylarsenic
iglutathione [CH3As(GS)2], and that these complexes were trans-
orted by multidrug resistance associated protein 2/canalicular
ultispecific organic anion transporter (MRP2/cMOAT) [16]. Also,
s has a great affinity to keratin tissue that has high per-
entage of cysteine, which can bind As via sulfhydryl groups
17].

Recent studies suggested that a few minor As metabolites were
lso found in urine and organs [17–28]. Among these minor thi-
lated As metabolites, dimethylthioarsinic acid (DMeSAsV) and
imethyldithioarsinic acid (DMeDSAsV) were the most recent As
etabolites discovered in the urine of man and animals [19–22] and

at organs [23–25] in in vivo as well as in vitro studies. Moreover,
arine organisms could transform inorganic As to arsenosugars

nd arsenobetaines (AsB) and several studies have identified them
s minor marine thiolated arsenometabolites [26–28]. Thus, it was
roposed that trivalent dimethylated arsenical (DMeAsIII) was thi-
lated to the assumed intermediate DMeSAsIII, and then oxidized
o DMeSAsV and DMeDSAsV [29]. However, it is not known till
ow where (i.e., in which organs and subcellular locations) or
ow these thioarsenicals were produced in the body, and it is
lso not known how thioarsenicals were metabolized, i.e., simi-
ar to or different from the corresponding non-thiolated trivalent
rsenicals [29]. As DMeDSAsV was almost quantitatively excreted
n urine in its intact form, this seems to be a more efficiently
xcreted form than DMeAsV, and hence may be a less toxic form
han DMeAsV [25]. On the other hand, DMeSAsV is delivered to
rgans/tissues and then to RBCs as in the case of DMeAsIII, and
s thought to be more toxic than DMeAsV [21,29,30]. Although
ome information is available in literature [19–30] on metabolism
nd toxicity of dimethylated thioarsenicals in humans and animals
here is no related literature on monomethylated thioarsenicals.
lso, standard monomethylated thioarsenicals are not available
ommercially.

The main objectives of this research were to (i) synthesize and
haracterize monomethylated thioarsenicals; (ii) develop a high
erformance liquid chromatography-inductively coupled argon
lasma mass spectrometric technique (HPLC-ICP MS) coupled with
size-exclusion column for their separation and identification and

iii) screen human biological samples such as urine and nails to
etect their presence.

. Experimental

.1. Reagents

All reagents were of analytical grade. Milli-Q water (Milli-
ore) was used throughout. Trizma® HCl and Trizma® Base were
urchased from Sigma (St. Louis, MO, USA). Hydrogen peroxide
30%), sodium sulfide (Na2S), concentrated sulfuric acid, nitric acid,
ydrogen chloride, ammonium acetate, acetic acid, a 28% ammo-
ia solution, l-cysteine (Cys), arsenite (iAsIII) as NaAsO2, arsenate
iAsV) as Na2HAsO4·7H2O, and dimethylarsinic acid (DMeAsV)

s (CH3)2AsO(OH) were purchased from Wako Pure Chemical
ndustries Ltd. (Osaka, Japan). Methylarsonic acid (MeAsV) as
H3AsO(OH)2 was purchased from Tori Chemicals Ltd. (Yamanashi,

apan). Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Arseno-
etaine (AsB) was purchased from Tri Chemical Laboratories, Inc.

n
t
m
s
p
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Yamanashi, Japan). The As standard solution (1000 �g/mL) for ICP
S was purchased from SPEX CentiPrep (Metuchen, NJ, USA). Iodide

alts of MeAsIII and DMeAsIII were gifted by Dr. Kenzo Yamanaka
Nihon University College of Pharmacy, Funabashi, Chiba 274-8555,
apan). Stock solutions of all As compounds (100 mM) were pre-
ared in purified water, stored in the dark at 4 ◦C, and diluted every
ime prior to use.

.2. Instruments

The HPLC system consisted of a PU-610 liquid chromatograph
olvent delivery pump and a DG 660B-2 degasser (GL Sciences
o., Tokyo, Japan). A polymer-based gel filtration column (Shodex
sahipak GS 220 HQ, 300 mm × 7.6 mm i.d.; Showa Denko, Tokyo)
ith an exclusion limit of 3 kDa was used to separate low and
igh molecular weight constituents. A 20 �L aliquot of a sample
olution was applied to the column and the column was eluted
ith 50 mM ammonium acetate buffer (pH 6.5 at 25 ◦C). An anion

xchange column (Shodex Asahipak ES-502N 7C, 100 mm × 7.6 mm
.d., Showa Denko, Tokyo) was used. The column was equilibrated

ith the mobile phase (15 mM citric acid monohydrate, pH 2.0,
t 25 ◦C) at a flow rate of 1.0 mL min−1 for at least 1 h before
ny sample injection. The pH of the mobile phase was adjusted
o 2.0 at 25 ◦C with 10% HNO3. Arsenic in the eluate was mon-
tored with a HP 4500 ICP MS (Yokogawa Analytical Systems,
achiouji, Japan) at m/z = 75. The signal at m/z = 77 was also moni-

ored to compensate for the molecular interference by 40Ar35Cl+.
n-line ICP MS data were processed with software developed

n-house.

.3. ESI MS analyses

ESI MS analyses were performed in both negative and positive
odes using a four-sector (BE/BE) tandem mass spectrometer (JMS-

00T, JEOL) equipped with a cold-spray ionization (CSI) source
31]. Nitrogen was used as a nebulizing gas at a pressure of 50 psi
nd a temperature of 200 ◦C. Typical ESI measurement conditions
ere as follows: acceleration voltage, 5.0 kV; needle voltage, 1.6 kV;
eedle current, −100-0 nA; orifice voltage, 40–73 V; resolution
10% valley definition), 1000; sample flow rate, 0.5 mL/h; solvent,

ethanol:ethanol (1:9); concentration, 0.25 mmol; spray tempera-
ure, 20 ◦C; ion source temperature, 200 ◦C for negative mode (ESI-);
nd acceleration voltage, 5.0 kV; needle voltage, 3.6 kV; needle cur-
ent, 6000–7000 nA; orifice voltage, 70–94 V; resolution (10% valley
efinition), 1000; sample flow rate, 0.5 mL/h; solvent, chloroform;
oncentration, 0.20 mmol; spray temperature, 20 ◦C; ion source
emperature, 200 ◦C for positive mode (ESI+). Simultaneously, all
ompounds were checked using a CSI source. MS instrument was
alibrated accurately using reserpine (C33H40N2O9 as m/z: 608.69)
s standard reference material. Peak intensity was 100% against m/z
08.69 (data not shown).

.4. ESI-TOF MS analyses

Electrospray ionization-time of flight MS (ESI-TOF MS) analyses
ere performed in negative mode using a TOF mass spectrome-

er (JMS-T100LC, JEOL). Nitrogen was used as a nebulizing gas at a
ressure of 50 psi and a temperature of 250 ◦C. Typical ESI-TOF mea-
eedle voltage, −200 V−1; orifice voltage, −50 V; orifice tempera-
ure, 80 ◦C; resolution, 6000; sample flow rate, 0.5 mL/h; solvent,

ethanol; concentration, 0.25 mmol; spray temperature, 20 ◦C; ion
ource temperature, 200 ◦C for negative mode (ESI-) using syringe
ump.
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All experiments were performed to separate thioarsenicals first
by both anion exchange column (Shodex Asahipak ES-502N 7C,
6 B.K. Mandal et al. / J. Chr

.5. Preparation of dimethylthioarsenicals from dimethylarsinic
cid (DMeAsV)

.5.1. Reay and Asher method
The reduction of DMeAsV by sodium thiosulfate and sodium

isulfite was carried out according to Reay and Asher [32]. Typi-
ally, an equivolume of a 10 mM DMeAsV solution and a reducing
olution were mixed and kept at room temperature for 1 h. The
educing solution was prepared by adding 2 mL of 1% sodium thio-
ulfate and 0.1 mL of concentrated H2SO4 to a 280 mg of sodium
etabisulfite solution in 15 mL of water.

.5.2. Hydrogen sulfide gas (H2S) or sodium sulfide (Na2S) and
ulfuric acid (H2SO4) reduction

Dimethylthioarsinous acid [DMeSAsIII (DMeAs-A)] was pre-
ared by stepwise addition of H2SO4 to a purified water
olution-containing DMeAsV and Na2S at a final molar ratio of
MeAsV:Na2S:H2SO4 (1:1.6:1.6) in a nitrogen atmosphere and
as allowed to stand for 1 h or by bubbling H2S gas into an

thanol solution of DMeAsV for 24 h. DMeSAsIII was extractable
n organic solvents such as diethyl ether, while DMeAsV was
ot. Dimethyldithioarsinic acid [DMeDSAsV (DMeAs-B)] was pre-
ared similarly to DMeSAsIII except for the molar ratio of
MeAsV:Na2S:H2SO4 (1:7.5:7.5) and for a prolonged reaction time

1 day) in an air atmosphere or simply by bubbling H2S gas into
n ethanol solution of DMeAsV for 1 day. DMeDSAsV was pre-
ared by stepwise addition of concentrated H2SO4 to an aqueous
olution of 10 mM DMeAsV and 75 mM Na2S with a final molar
atio of DMeAsV:Na2S:H2SO4 (1:7.5:7.5), followed by standing for

day. The final solution was kept for 3–4 h at −80 ◦C and then
reeze-dried (VD-80, TAITEC, Tokyo). The freeze-dried residue was
issolved in Milli-Q water, centrifuged, filtered, and analyzed by
PLC-ICP MS.

.5.3. l-Cysteine (Cys) reduction
10 mM DMeAsV was incubated with 50 mM cysteine at 72 ◦C for

h to prepare DMeAsIII-Cys after purging nitrogen gas for 10 min.
fter cetrifugation at 1500 × g for 10 min the supernatant was ana-

yzed by HPLC-ICP MS.

.6. Preparation of methylthioarsenicals from methylarsonic acid
MeAsV)

.6.1. Reay and Asher method
The reduction of MeAsV by sodium thiosulfate and sodium disul-

te was carried out according to Reay and Asher [32]. Typically, an
quivolume of a 10 mM MeAsV solution and a reducing solution
ere mixed and kept at room temperature for 1 h. The reducing

olution was prepared were prepared by adding 2 mL of 1% sodium
hiosulfate and 0.1 mL of concentrated H2SO4 to a 280 mg of sodium

etabisulfite solution in 15 mL of water.

.6.2. Hydrogen sulfide gas (H2S) or sodium sulfide (Na2S) and
ulfuric acid (H2SO4) reduction

Methylthioarsonous acid [MeSAsIII (MeAs-A)] was prepared
y stepwise addition of Na2S aqueous solution to a mixture
f 100 mM H2SO4 and 20 mM MeAsV at a final molar ratio of
eAsV:Na2S:H2SO4 (1:1:5) and allowed for 1 h for the com-

letion of reaction after purging nitrogen gas for 10–20 min.
eSAsIII was extractable in organic solvents such as chloro-
orm, while MeAsV was not. Methyldithioarsonic acid [MeDSAsV

MeAs-B)] was prepared by stepwise addition of Na2S aqueous
olution to a mixture of 100 mM H2SO4 and 20 mM MeAsV at
final molar ratio of MeAsV:Na2S:H2SO4 (1:1.5:5) and allowed

or 1 h for the completion of reaction after purging nitrogen

1
u
D
T
a

gr. B 874 (2008) 64–76

as for 10–20 min. Methyltrithioarsonic acid [MeTSAsV (MeAs-
)] was prepared by stepwise addition of Na2S aqueous solution
o a mixture of 100 mM H2SO4 and 20 mM MeAsV at a final

olar ratio of MeAsV:Na2S:H2SO4 (1:7.5:5) and allowed for 1
ay for the completion of reaction after purging nitrogen gas for
0–20 min. The final solution was kept for 3–4 h at −80 ◦C and then
reeze-dried (VD-80, TAITEC, Tokyo). The freeze-dried residue was
issolved in Milli-Q water, centrifuged, filtered, and analyzed by
PLC-ICP MS.

.6.3. l-Cysteine (Cys) reduction
30 mM MeAsV was incubated with 50 mM cysteine at 72 ◦C for

h to prepare MeAsIII-Cys after purging nitrogen gas for 10–20 min.
fter centrifugation at 1500 × g for 10 min the supernatant was
nalyzed by HPLC-ICP MS.

.7. Protocol (study group)

The subjects of the present study were from Sahadiarh village
f Domkol block in an As-affected Murshidabad district, West Ben-
al, India, and were drinking As-contaminated water for about
–10 years during our sample collection. We selected those places
here seafoods were not available. They were also asked not to take

eafood within 3 days of the collection of urine, hair and fingernail
amples.

.8. Urine collection

Spot urine samples were collected from all studied groups in
re-washed (with Milli-Q water) new polyethylene bottles within
aytime (around 10.00 a.m. to 3.00 p.m.). Immediately after collec-
ion, the samples were stored in a salt–ice mixture and the samples
ere kept frozen during the return to home. The frozen urine sam-
les were transferred by air in a cool-fisher to Chiba University,

apan, where they were stored at −28 ◦C. All urine samples were
ransported in a salt–ice mixture for ∼72 h.

.9. Fingernails collection

Fingernail clippings from all fingers were collected both
rom As-affected population as well as control population using
tainless steel scissors and ceramic blade, respectively. All sam-
les were stored individually in sealed plastic bags at room
emperature.

.10. Biological sample preparations for HPLC-ICP MS

All fingernail samples were incubated in Milli-Q water at 90 ◦C
or 0.5 h. After incubation all extracts of fingernails were filtered
hrough 0.45 �m filter (Millex®-HV, Millipore, Japan) prior to injec-
ion. Similarly, all urine samples were diluted five-fold with Milli-Q
ater and filtered through 0.45 �m filter (Millex®-HV) prior to

njection.

. Results
00 mm × 7.6 mm i.d., Showa Denko, Tokyo) and size exclusion col-
mn (Shodex Asahipak GS 220 HQ, 300 mm × 7.6 mm i.d.; Showa
enko, Tokyo) and then identified by HPLC-ICP MS, ESI-MS and ESI-
OF MS. Thioarsenicals were synthesized by different techniques
nd analyzed simultaneously as follows.
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.1. Using an anion exchange column (AEC)

.1.1. Reaction products of MeAsV and DMeAsV under different

educing conditions

Analysis of reduction products of DMeAsV with sodium thiosul-
ate and sodium metabisulfite by Reay and Asher method [32] or
y hydrogen sulfide gas (H2S) or sodium sulfide (Na2S) and sulfuric

r
w
u
t

ig. 1. HPLC-ICP MS chromatograms of reduced standard MeAsV and DMeAsV. In Panel
olumn with a mobile phase containing 15 mM citric acid at pH 2.0 with 10% HNO3 at 2
L4) DMeAsIII-Cys; (L5) reduced std. MeAsV by Reay and Asher; (L6) reduced std. DMeAsV

MeAsV by Na2S and H2SO4 and in Panel (R): (R1) an aqueous sample (20 �g As L−1) of M
mmonium acetate buffer (pH 6.5 at 25 ◦C) at a flow rate of 0.6 mL min−1; (R2) aqueous D
eay and Asher; (R6) reduced std. DMeAsV by Reay and Asher; (R7) reduced std. MeAsV

olume of the sample was 20 �L. The ion intensities at m/z 75 and 77 were recorded with
gr. B 874 (2008) 64–76 67

cid (H2SO4), showed a peak at a retention time of 5 min on an AEC
Fig. 1L6 and L8). Also, the authentic sample prepared by hydrolysis
f dimethylarsinous iodide (DMeAsIII-I) showed a peak at the same

etention time of 5 min (Fig. 1L2). Therefore, the reaction product
as assumed to be DMeAsIII [17,18]. But analysis of reduction prod-
cts of DMeAsV with cysteine produced a peak at the retention
ime of 10.5 min (Fig. 1L4), which posed a doubt on its identifica-

(L): (L1) a sample (20 �g As L−1) of MeAsIII-I2 by an anion exchange ES-502N 7C
5 ◦C at a flow rate of 1 mL/min; (L2) aqueous DMeAsIII-I sample; (L3) MeAsIII-Cys;
by Reay and Asher; (L7) reduced std. MeAsV by Na2S and H2SO4; (L8) reduced std.
eAsIII-I2 analyzed by HPLC-ICP MS using a size exclusion GS-220 HQ with 50 mM

MeAsIII-I sample; (R3) MeAsIII-Cys; (R4) DMeAsIII-Cys; (R5) reduced std. MeAsV by
by Na2S and H2SO4; (R8) reduced std. DMeAsV by Na2S and H2SO4. The injection
time-resolved analysis software.
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ion as DMeAsIII (Panel L of Fig. 1). Analysis of reduction products
f MeAsV with sodium thiosulfate and sodium metabisulfite by
eay and Asher method [32] or by hydrogen sulfide gas (H2S) or
odium sulfide (Na2S) and sulfuric acid (H2SO4), showed a peak at
he retention time of 6.2 min (Fig. 1L5 and L7). Therefore, the reac-

ion product was assumed to be MeAsIII [17,18]. But, the authentic
ample prepared by hydrolysis of methylarsonous diiodide (MeAs-
2) or reduction products of MeAsV with cysteine showed a peak at
he retention time of 4 min (Fig. 1L1 and L3), which posed a doubt
n its identification as MeAsIII (Panel L of Fig. 1). For the identifi-

3
r

i

ig. 2. HPLC-ICP MS chromatograms of reduced standard MeAsV and DMeAsV by Na2S
educed by 150 mM Na2S and analyzed by an anion exchange; (L2) MeAsV reduced by 30
nd 100 mM H2SO4 was reduced by 30 mM Na2S; (L5) DMeAsV reduced by 20 mM Na2S.
50 mM Na2S and analyzed by a size exclusion column; (R2) reduced by 30 mM Na2S; (R
as reduced by 30 mM Na2S; (R5) reduced by 20 mM Na2S. Experimental parameters we
gr. B 874 (2008) 64–76

ation and quantification of oxoarsenicals AEC was appeared to be
uitable but thioarsenicals were not separated al all in the present
tudy. Hence a size exclusion column was used to clarify this doubt.

.2. Using a size exclusion column (SEC)
.2.1. Reaction products of MeAsV and DMeAsV under different
educing conditions

When the authentic sample prepared by hydrolysis of DMeAsIII-I
n distilled water under nitrogen atmosphere or reduction products

and H2SO4. In Panel (L): (L1) a mixture of 20 mM MeAsV and 100 mM H2SO4 was
mM Na2S; (L3) MeAsV reduced by 20 mM Na2S; (L4) a mixture of 20 mM DMeAsV

In Panel (R): (R1) a mixture of 20 mM MeAsV and 100 mM H2SO4 was reduced by
3) reduced by 20 mM Na2S; (R4) a mixture of 20 mM DMSAsV and 100 mM H2SO4

re the same as those described in the legend of Fig. 1.
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Fig. 3. Effects of Na2S on MeAsIII-Cys. In Panel (L): (L1) 2.0 mM Na2S was added to 1.0 mM MeAsV and eluted by a size exclusion column after 30 min; (L2) MeAsV reduced
by 150 mM Na2S and 100 mM H2SO4; (L3) MeAsV reduced by 150 mM cysteine; (L4) 1.0 mM MeAsIII-Cys was mixed with 0.5 mM Na2S; (L5) 1.0 mM MeAsIII-Cys was mixed
with 1.0 mM Na2S; (L6) 1.0 mM MeAsIII-Cys was mixed with 2.0 mM Na2S; (L7) 1.0 mM MeAsIII-Cys was mixed with 3.0 mM Na2S and in Panel (R) all conditions were same
as those in Panel (L), but analysis was carried out after 12 h (R1–R6). Experimental parameters were the same as those described in the legend of Fig. 1.
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Fig. 4. Effects of Na2S on DMeAsIII-Cys: 2.0 mM Na2S was added to 1.0 mM DMeAsV

and eluted by a size exclusion column (4C1); DMeAsV reduced by 150 mM Na2S and
100 mM H2SO4 (4C2); DMeAsV reduced by 150 mM cysteine (4C3); 1.0 mM DMeAsIII-
Cys was mixed with 0.5 mM Na2S (4C4); 1.0 mM DMeAsIII-Cys was mixed with
1
c
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f DMeAsV with cysteine were analyzed by a polymer-based SEC,
nly one peak appeared at the retention time of 30 min (Fig. 1R2
nd R4). Similarly, when the authentic sample prepared by hydrol-
sis of MeAsIII-I2 in distilled water under nitrogen atmosphere or
eduction products of MeAsV with cysteine were analyzed, only one
eak appeared at the retention time of 22 min (Fig. 1R1 and R3).

In addition, the reaction product of DMeAsV (prepared by
ydrogen sulfide gas (H2S) or sodium sulfide (Na2S) and sulfuric
cid (H2SO4) or Reay and Asher method) was separated into two
eaks (DMeAs-B and DMeAs-A) (at 19.8 and 25.1 min, respectively)
Fig. 2R4 and R5) while the reduction product of MeAsV (prepared
y hydrogen sulfide gas (H2S) or sodium sulfide (Na2S) and sulfuric
cid (H2SO4) or Reay and Asher method) was separated into three
eaks (MeAs-C, MeAs-A and MeAs-B) (at 15.2, 17 and 20.2 min,
espectively) (Fig. 2R1–R3).

.2.2. Effects of Na2S on synthesized MeAsIII-Cys and
MeAsIII-Cys

When 2 mM sodium sulfide was added to 1 mM MeAsV at room
emperature and the reaction mixture was analyzed after 30 min,
t showed a peak at 13.5 min (Fig. 3L1), which was MeAsV itself.
ut three peaks (at 15.2, 17 and 20.2 min, respectively) as shown

n Figs. 2R1 and 3L2, appeared with 2 mM Na2S and 100 mM
2SO4. And MeAsIII-Cys appeared at 22 min (Fig. 3L3). To check

he effect of sodium sulfide on MeAsIII-Cys different concentrations
f sodium sulfide were added to 1 mM MeAsIII-Cys and analyses
ere carried out after 30 min. A new peak (MeAs-D) appeared

t 19 min with 0.50 mM sodium sulfide (Fig. 3L4), whereas other
hree peaks (MeAs-A, MeAs-B and MeAs-C) appeared along with

eAs-D with increase of sodium sulfide concentrations (1–3 mM)
Fig. 3L5–L7).

Similarly, when 2 mM sodium sulfide was added to 1 mM
MeAsV at room temperature and the reaction mixture was ana-

yzed after 30 min, it showed a peak at 15 min (Fig. 4C1), which
as DMeAsV itself. But two peaks (at 19.8 and 25.1 min, respec-

ively) as shown in Fig. 4C2, appeared with 2 mM Na2S and
00 mM H2SO4. And DMeAsIII-Cys appeared at 30.2 min (Fig. 4C3).
o check the effect of sodium sulfide on DMeAsIII-Cys different
oncentrations of sodium sulfide were added to 1 mM DMeAsIII-
ys and analyses were carried out after 30 min. A new peak
DMeAs-C) appeared at 16.8 min with 0.50 mM sodium sulfide
Fig. 4C4) along with other two peaks (DMeAs-A and DMeAs-B)
ith increase of sodium sulfide concentrations (1–2 mM) (Fig. 4C5

nd C6).

.2.3. Stability of MeAsIII-Cys and DMeAsIII-Cys with time in the
resence of Na2S

When MeAsIII-Cys, which appeared at 22 min (Fig. 3L3
nd R3), was mixed with different concentrations of sodium
ulfide (1–3 mM), different monomethylated thioarsenicals (MeAs-
, MeAs-B, MeAs-C and MeAs-D) appeared (Fig. 3L4–L7 and
4–R6). But after 12 h of addition of sodium sulfide all the

nitial samples were reanalyzed to check their stability with
ime of storage and Fig. 3R1–R6 showed their HPLC-ICP MS
hromatograms.

MeAs-A was extracted in chloroform, freeze-dried and then
he residue was dissolved in Milli-Q water under nitrogen atmo-
phere. The solution that was kept at room temperature was

nalyzed repeatedly at 0, 30 and 60 days as shown in Fig. 5R1–R3,
espectively. Similarly, DMeAs-A was extracted in diethyl ether,
reeze-dried and then the residue was dissolved in Milli-Q water
nder nitrogen atmosphere. The solution that was kept at room
emperature was analyzed repeatedly at 0, 30, 60 and 90 days as
hown in Fig. 5L1–L3, respectively.

m
m

C
(
f

.0 mM Na2S (4C5); 1.0 mM DMeAsIII-Cys was mixed with 2.0 mM Na2S (4C6). In all
ases analyses were carried out after 30 min of the reaction initiation. Experimental
arameters were the same as those described in the legend of Fig. 1.

.3. Characterization of thioarsenicals by ESI-MS and ESI-TOF MS

Mass spectrometric data were obtained for DMeAs-A and
MeAs-B by ESI MS with positive and negative ion modes, respec-

ively (experimental details are given in Section 2.3). Molecular
asses for DMeAs-A and DMeAs-B were m/z = 138 (in positive ion
ode, 139) (Fig. 6) and m/z = 170 (in negative ion mode, 169) (Fig. 7).

Mass spectrometric data were obtained for MeAs-A and DMeAs-

by ESI MS with positive and negative ion modes, respectively
experimental details are given in Section 2.3). Molecular masses
or DMeAs-A and DMeAs-B were m/z = 122 (in positive ion mode,
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ig. 5. Effects of Na2S on MeAsIII-Cys. In Panel (L) DMeAs-A was extracted in diethyl
as analyzed at 0 day (L1); at 30 days (L2); at 60 days (L3); at 90 days (L4) and in Pa

ept at room temperature. The sample was analyzed at 0 day (R1); at 30 days (R2); a
f Fig. 1.

23) (Fig. 8) and m/z = 188 (in negative ion mode, 187) (Fig. 9) while
olecular mass of MeAs-C (by ESI-TOF) was m/z = 188 (in negative

on mode, 186.76295) (Fig. 10).

.4. Analysis of human urine and nails

The same analytical technique was applied to analyze human
rine and nail samples collected from the population of the As-
ffected areas of West Bengal, India. Afterwards both urine and nail
amples were processed for analysis as detailed in Section 2.10. The
nalyses results of human urine and nails samples are presented in
ig. 12L1–L3 analyzed by an AEC and in Fig. 12R1–R3 analyzed by a
EC.

. Discussion

Comparison between the results obtained by both anion
xchange and size exclusion columns clearly indicated the supe-
iority of SEC over AEC for separation of thioarsenicals.

.1. Disadvantages and advantages of anion exchange column
AEC)
When the authentic sample prepared by hydrolysis of DMeAsIII-
or reduction products of DMeAsV with cysteine was analyzed by
polymer-based SEC GS 220, only one peak appeared at the reten-

ion time of 30 min (Fig. 1R2 and R4). These results suggested that

M
t
M

freeze-dried, dissolved in Milli-Q water and kept at room temperature. The sample
) MeAs-A was extracted in chloroform, freeze-dried, dissolved in Milli-Q water and
ays (R3). Experimental parameters were the same as those described in the legend

ydrolysis product of DMeAsIII-I in distilled water under nitrogen
tmosphere and reduction product of DMeAsV with cysteine was
he same compound. Similarly, when the authentic sample pre-
ared by hydrolysis of MeAsIII-I2 in distilled water under nitrogen
tmosphere or reduction products of MeAsV with cysteine was
nalyzed by a polymer-based SEC, only one peak appeared at the
etention time of 22 min (Fig. 1R1 and R3), which suggested that
hey were the same compound.

Similarly the reaction product of DMeAsV detected as a sin-
le peak on an AEC, was separated into two peaks (DMeAs-B and
MeAs-A) (at 19.8 and 25.1 min, respectively) on SEC (Fig. 2R4 and
5) or the reaction product of MeAsV detected as a single peak on an
EC, was separated into three peaks (MeAs-C, MeAs-A and MeAs-
) (at 15.2, 17 and 20.2 min, respectively) on SEC (Fig. 2R1–R3),
learly suggested that the present AEC was unable to separate
ll reaction products of DMeAsV or MeAsV and sulfur-containing
educing agents into separate components (Fig. 2L1–L5). Although
on-thioarsenicals could be easily separated within 10 min by this
EC [18] thioarsenicals could not be separated out using this col-
mn.

.2. Study on effects of Na2S on MeAsIII-Cys and DMeAsIII-Cys
Results presented in Figs. 2 and 3 clearly suggest that initially
eAsIII was produced and then it was converted to mono-, di- and

ri-thiolated monomethylarsenicals, i.e., MeSAsIII, MeDSAsV and
eTSAsV (Figs. 2 and 3) with the increasing sulfide concentrations.
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Fig. 6. Mass spectra of DMeAs-A on an electrospray mass spectrometer. DMeAs-A
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mode, 169) (Fig. 7). So, DMeAs-A was established to be DMeSAsIII
as prepared by the standard reaction conditions (DMeAV:Na2S:H2SO4 = 1:1.6:1.6)
or 1 h followed by extraction with diethylether. DMeAs-A was subjected to electro-
pray mass spectrometry with positive ion mode.

imilarly, when 2 mM sodium sulfide was added to 1 mM DMeAsV

t room temperature and the reaction mixture was analyzed after
0 min, it showed a peak at 15 min on a SEC (Fig. 4C1), which was
MeAsV itself. But two peaks (at 19.8 and 25.1 min, respectively) as

hown in Fig. 4C2, appeared with 2 mM Na2S and 100 mM H2SO4
n SEC while DMeAsIII-Cys appeared at 30.2 min (Fig. 4C3). The
eaks (at 19.8 and 25.1 min, respectively) were DMeSAsIII (Fig. 6)
nd DMeDSAsV (Fig. 7), respectively.

.3. Stability study of MeAsIII-Cys and DMeAsIII-Cys with time in
he presence of Na2S

When MeAsIII-Cys, which appeared at 22 min (Fig. 3L3 and R3)
n SEC, was mixed with different concentrations of sodium sul-
de (1–3 mM), different monomethylated thioarsenicals appeared

Fig. 3L4–L7 and R4–R6). But after 12 h of addition of sodium sul-
de all methylated thioarsenicals (MeAs-A, MeAs-B and MeAs-D)
ot converted to MeAs-C (Fig. 3R6), which suggested that MeAs-C
as the most stable form among the four thioarsenicals.

[
I
D
i

ig. 7. Mass spectra of DMeAs-B on an electrospray mass spectrometer. DMeAs-
was prepared by bubbling H2S gas overnight in an ethanol solution of DMeAV.
MeAs-B was subjected to electrospray mass spectrometry with negative ion mode.

The effect of sodium sulfide on DMeAsIII-Cys were carried
ut mixing different concentrations of sodium sulfide with 1 mM
MeAsIII-Cys and the resulting solutions were analyzed after
0 min. A new peak (DMeAs-C) appeared at 16.8 min with 0.50 mM
odium sulfide (Fig. 4C4) along with other two peaks (DMeAs-A
nd DMeAs-B) with the increase of sodium sulfide concentrations
1–2 mM) (Fig. 4C5 and C6), which suggested that DMeAsIII was
roduced first and then mono- and di-thiolated dimethylarseni-
als formed with the increasing sulfide concentrations. Among
hem DMeAs-B was the most stable dimethylated thioarsenic form
Fig. 5L1–L4).

The results presented in Fig. 5R1–R3 showed that both MeAs-A
nd MeAsIII slowly converted to MeAsV with time. Similarly, both
MeAs-A and DMeAs-B slowly converted to DMeAsV with time

Fig. 5L1–L4). So, none of MeAs-A, MeAsIII, DMeAs-A and DMeAs-B
ere stable with time at room temperature. Also, they were not

table for long time even at −28 ◦C (data not shown).

.4. Characterization of thioarsenicals by ESI-MS and ESI-TOF MS

The reduction products of DMeAsV by different reducing agents
ere supposed to be dimethylated thioarsenicals (Figs. 1L8 and
8 and 2L4–L5 and R4–R5), because the results of simultaneous
etermination of S (at m/z = 32) and As (at m/z = 75) by HPLC-

CP MS using SEC showed that DMeAs-A and DMeAs-B contained
ne and two S molar atoms, respectively (data not shown). More-
ver, DMeAs-A was hygroscopic when it was extracted into diethyl
ther and evaporated to dryness under nitrogen atmosphere. Hence
lemental analysis was not carried out to know the presence or
bsence of oxygen atoms. Mass spectrometric data were obtained
or DMeAs-A and DMeAs-B by ESI MS with positive and negative
on modes, respectively (experimental details are given in Section
.3). Molecular masses for DMeAs-A and DMeAs-B were m/z = 138
in positive ion mode, 139) (Fig. 6) and m/z = 170 (in negative ion
(CH3)2AsSH], while DMeAs-B was DMeDSAsV [(CH3)2As(S) SH].
n addition, Suzuki et al. [25] also reported identical findings.
MeAs-C was a transient species and the authors tried to extract

t, but could not. It opts more research on synthesis and separation
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Fig. 8. Mass spectra of MeAs-A on an electrospray mass spectrometer. MeAs-A was prepared by adding MeAsV, Na2S and H2SO4 in the molar ratio of 1:1.5:5 at room
temperature and kept for 1 h followed by extraction with chloroform. MeAs-A was subjected to electrospray mass spectrometry with positive ion mode.

Fig. 9. Mass spectra of MeAs-C on an electrospray mass spectrometer. MeAs-C was prepared by adding MeAsV, Na2S and H2SO4 in the molar ratio of 1:7.5:5 at room
temperature and kept for 1 day. The solution was freeze-dried, redissolved in Milli-Q water and filtered. MeAs-C was subjected to electrospray mass spectrometry with
negative ion mode.

Fig. 10. Mass spectra of MeAs-C on an electrospray-time of flight-mass spectrometer. MeAs-C was prepared by adding MeAsV, Na2S and H2SO4 in the molar ratio of 1:7.5:5
at room temperature and kept for 1 day. The solution was freeze-dried, redissolved in Milli-Q water and filtered. MeAs-C was subjected to electrospray-time of flight-mass
spectrometry with negative ion mode.
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Fig. 11. Proposed reaction pathway for MeAsV (11S1)

o characterize it accurately. Although reverse phase liquid chro-
atography (RP-LC) was found very hard to separate arsenicals

data not shown) researchers could make an effort to use RP-LC
or better separation of thioarsenicals if possible.

The reduction products of MeAsV by different reducing agents
ere considered to be monomethylated thioarsenicals (Figs.
L5–L6 and 2L1–L3 and R1–R3), because the results of simultane-
us determination of S (at m/z = 32) and As (at m/z = 75) by HPLC-ICP
S using SEC showed that MeAs-A, MeAs-B and MeAs-C contained

ne, two and three S molar atoms, respectively (data not shown).
oreover, MeAs-A was hygroscopic (when extracted into chloro-

orm and dried), and hence elemental analysis was not carried out
o know the presence or absence of oxygen atoms. Mass spectro-

etric data were obtained for MeAs-A and MeAs-C by ESI MS with
ositive and negative ion modes, respectively (experimental details
re given in Section 2.3). Molecular masses for MeAs-A and MeAs-
were m/z = 122 (in positive ion mode, 123) (Fig. 8) and m/z = 188

in negative ion mode, 187) (Fig. 9), respectively. So, MeAs-A was
roposed to be MeSAsIII [CH3AsS] while MeAs-C was structured to
e MeTSAsV [CH3AsS (SH)2]. MeAs-D was a transient species like
MeAs-C and the authors tried to extract it, but could not. Also, the
uthors did not succeed to get pure MeAs-B for mass spectromet-
ic analysis. The authors were unable to optimize the conditions
here MeAsV was converted completely to MeAs-B. In addition,
olecular mass of MeAs-C (by ESI-TOF) was m/z = 188 (in negative

on mode, 186.76295) (Fig. 10). Theoretical mass (up to five decimal
laces) of MeAs-C as [CH3AsS (SH)2] was calculated to be 187.87693
nd it’s mass should be in negative ion mode as 186.87693 which
s almost identical (accuracy, 100.06%) to the measured value of
86.76295 (data not shown). This result clearly confirmed the for-
ula of MeAs-C as [CH3AsS (SH)2]. The authors tried to get ESI-TOF
S spectrum for DMeSAsIII, DMeDSAsV and MeSAsIII but instru-
ent did not sense them under all plausible trials. This might be

ue to low molecular masses or lack of their standard reference
aterials (SRM).
So more research is needed to characterize DMeAs-C, MeAs-B
nd MeAs-D. On the basis of the above discussion the proba-
le chemical formula of DMeAs-C might be dimethylthioarsinic
cid (DMeSAsV), i.e., (CH3)2As( O) SH or] (CH3)2As( S) OH
Fig. 11S2). Also, the probable chemical formula of MeAs-B might
e methyldithioarsonic acid (MeDSAsV), i.e., (CH3)As( S)(SH)(OH)

a
h
c
E
f

MeAsV (11S2) under sulfide reducing environment.

r (CH3)As( O)(SH)2 and that of MeAs-D be methylthioarsonic
cid (MeSAsV), i.e., (CH3)As( O)(SH)(OH) or (CH3)As( S)(OH)2
Fig. 11S1). But more research is desired to confirm the probable
tructures of the unknown thioarsenicals mentioned above. Also,
etabolic as well toxicological studies of these monomethylated

hioarsenicals might be able to answer the species-specific toxicity
f As towards target organs in humans and animals.

.5. Analysis of human urine and nails

The same analytical technique was applied to analyze human
rine and nails samples collected from the population of the As-
ffected areas of West Bengal, India. Both MeSAsIII and DMeDSAsV

ere found in human urine (Fig. 12R3). Mandal et al. [17] reported
he presence of DMeAsIII in human nails analyzed by HPLC-ICP MS
sing an AEC. But both DMeSAsIII and DMeDSAsV were detected

n human nails (Fig. 12R1–R2) by HPLC-ICP MS using a SEC. This
esult clearly highlights the drawback of AEC over SEC. Although
EC is superior to AEC for the separation of thioarsenicals, arsenate
iAsV) and MeAsV coelute at a RT of 13.5 min (Fig. 12R1–R2) which
imits the use of SEC in the presence of both iAsV and MeAsV in the
ample.

In analytical separation techniques, such as the chromatogra-
hies, the measurement of noise is not trivial and often subjective.

t is obvious that low detection and quantification limits require
/Ns consistent with the method precision and accuracy require-
ents. Thus, one can confirm S/N quickly during a system suitability

est without running many samples. Hence large S/Ns are needed
or the 1–2% precision and accuracy of any analytical methods.
ormally limit of detection (LOD) is the smallest concentration of

he analyte that gives measurable response where signal to noise
atio (SNR) would be at least 3 and which would be 10 for limit of
uantification (LOQ). Although estimation of absolute concentra-
ions of arsenicals in the samples concerned was not attempted
n the present study, signal to noise ratio was determined. The
alues of SNR were in between 68 and 72 (data not shown). So,

ccurate quantification of arsenicals would be possible by this
yphenated HPLC-ICP MS technique in the presence of commer-
ially available SRMs of thioarsenicals. This result suggests that AEC
S-502N 7C was unable to separate dimethylated thioarsenicals
rom DMeAsIII.
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ig. 12. In Panel (L) the human urine and nails were prepared as per Section 2.10 a
td. MeAsIII prepared by Ref. [32] (L4) and std. DMeAsIII prepared by Ref. [32] (L5).
y a size exclusion column as follows: Nail 1 (R1); Nail 2 (R2); urine (R3); std. MeA
arameters were the same as those described in the legend of Fig. 1.

In addition, due to scarcity of adequate urine and nails
amples the authors analyzed about 20 samples each and
ound peaks for MeSAsIII and DMeDSAsV in human urine while

MeSAsIII and DMeDSAsV in human nails. The quantification of

hese thioarsenicals was not carried out because standards of
hese compounds were not quantified accurately after extraction
rom their reaction mixtures or SRM of them were not avail-
ble commercially. Quantification of these thioarsenicals would

5

o
f

lyzed by an anion exchange column as follows: Nail 1 (L1); Nail 2 (L2); urine (L3);
el (R) the human urine and nails were prepared as per Section 2.10 and analyzed
pared by Ref. [32] (R4) and std. DMeAsIII prepared by Ref. [32] (R5). Experimental

e possible using this technique if their standards are readily
vailable.
. Conclusion

The results of the present study suggested that proper selection
f an analytical column as well as a detector was the determining
actor for the identification of methylated thioarsenicals. Mandal et
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l. [17,18] reported the presence of MeAsIII and DMeAsIII in human
rines and DMeAsIII in human nails collected from As victims using
his anion exchange column. Their results should be rechecked
sing a SEC for thioarsenicals. Because dimethylthioarsinic acid
DMeSAsV) and dimethyldithioarsinic acid (DMeDSAsV) were the

ost recent As metabolites discovered in the urine of man and
nimals [19–22]. Also, the present study identified DMeSAsIII and
MeDSAsV in human nails and MeSAsIII and DMeDSAsV in human
rine. Another important conclusion could be made from this study

s that ICP MS alone was not sufficient to identify and character-
ze the compounds after matching retention times without their

ass data. Although this study has synthesized and characterized
eSAsIII and MeTSAsV, more research work is necessary for charac-

erization of DMeAs-C, MeAs-B and MeAs-D, which will solve the
roblems to find out alternative trivalent As compounds because
eAsIII and DMeAsIII are unstable in aqueous solutions [33]. Finally,

his technique could be applicable to identify sulfur-containing
iomolecules in the biological samples.

cknowledgements

Dr. Badal Kumar Mandal acknowledges the help of JSPS, Japan,
or the financial support. Also, BKM acknowledges the help of Grad-
ate School of Pharmaceutical Sciences, Chiba University as well as
edox Regulation Research Group, National Institute of Radiolog-

cal Sciences, Chiba, Japan, for the uses of their all facilities to do
his research work. This study was supported by Grants-in-Aid of

inistry of Education, Science, Sports and Culture (Nos. 12000236
nd 12470509).

eferences

[1] NRC (National Research Council), Arsenic in Drinking Water, National Academy
Press, Washington, DC, 1999, p. 330.
[2] W.R. Cullen, K.J. Reimer, Chem. Rev. 89 (1989) 713.
[3] WHO, Arsenic and Arsenic Compounds, Environmental Health Criteria No. 224,

2nd ed., World Health Organization, Geneva, 2001, p. 521.
[4] M. Styblo, L.M. Del Razo, L. Vega, D.R. Germolec, E.L. LeCluyse, G.A. Hamilton,

W. Reed, C. Wang, W.R. Cullen, D.J. Thomas, Arch. Toxicol. 74 (2000) 289.
[5] D.J. Thomas, M. Styblo, S. Lin, Toxicol. Appl. Pharmacol. 176 (2001) 127.

[

[
[
[

gr. B 874 (2008) 64–76

[6] J.S. Petrick, F. Ayala-Fierro, W.R. Cullen, D.E. Carter, H.V. Aposhian, Toxicol. Appl.
Pharmacol. 163 (2001) 203.

[7] M. Styblo, Z. Drobna, I. Jaspers, S. Lin, D.J. Thomas, Environ. Health Perspect. 110
(Suppl. 5) (2002) 767.

[8] L. Vega, M. Styblo, R. Patterson, W.R. Cullen, C. Wang, D. Germolec, Toxicol. Appl.
Pharmacol. 172 (2001) 225.

[9] M. Styblo, D.J. Thomas, Toxicol. Appl. Pharmacol. 147 (1997) 1.
10] S. Lin, L.M. Del Razo, M. Styblo, C. Wang, W.R. Cullen, D.J. Thomas, Chem. Res.

Toxicol. 14 (2001) 305.
11] J.S. Petrick, B. Jagadish, E.A. Mash, H.V. Aposhian, Chem. Res. Toxicol. 14 (2001)

651.
12] X.C. Le, X. Lu, X.-F. Li, Anal. Chem. (2004) 27A.
13] T. Sakurai, C. Kojima, M. Ochiai, T. Ohta, M.H. Sakurai, M.P. Waalkes, K. Fujiwara,

Appl. Pharmacol. 195 (2004) 129.
14] J. Pi, Y. Kumagai, G. Sun, H. Yamauchi, T. Yoshida, H. Iso, A. Endo, L. Yu, K. Yuki,

T. Miyauchi, N. Shimojo, Free Radic. Biol. Med. 28 (2000) 1137.
15] S. Hirano, Y. Kobayashi, X. Cui, S. Kanno, T. Hayakawa, A. Shraim, Toxicol. Appl.

Pharmacol. 198 (2004) 458.
16] S.V. Kala, M.W. Neely, G. Kala, C.I. Prater, D.W. Atwood, J.S. Rice, M.W. Lieberman,

J. Biol. Chem. 275 (2000) 33404.
17] B.K. Mandal, Y. Ogra, K.T. Suzuki, Toxicol. Appl. Pharmacol. 189 (2003) 73.
18] B.K. Mandal, Y. Ogra, K.T. Suzuki, Chem. Res. Toxicol. 14 (2001) 371.
19] H.R. Hansen, A. Raab, M. Jaspars, B.F. Milne, J. Feldmann, Chem. Res. Toxicol. 17

(2004) 1086.
20] R. Raml, W. Goessler, P. Traar, T. Ochi, K.A. Francesconi, Chem. Res. Toxicol. 18

(2005) 1444.
21] K. Yoshida, K. Kuroda, Y. Inoue, H. Chen, Y. Date, H. Wanibuchi, S. Fukushima, G.

Endo, Appl. Organomet. Chem. 15 (2001) 539.
22] K. Yoshida, K. Kuroda, X. Zhou, Y. Inoue, Y. Date, H. Wanibuchi, S. Fukushima, G.

Endo, Chem. Res. Toxicol. 16 (2003) 1124.
23] M.W. Fricke, M. Zeller, H. Sun, V.W.-M. Lai, W.R. Cullen, J.A. Shoemaker, M.R.

Witkowski, J.T. Creed, Chem. Res. Toxicol. 18 (2005) 1821.
24] H. Naranmandura, N. Suzuki, K.T. Suzuki, Chem. Res. Toxicol. 19 (2006)

1010.
25] K.T. Suzuki, B.K. Mandal, A. Katagiri, Y. Sakuma, A. Kawakami, Y. Ogra, K. Yam-

aguchi, Y. Sei, K. Yamanaka, K. Anzai, M. Ohmichi, H. Takayama, N. Aimi, Chem.
Res. Toxicol. 17 (2004) 914.

26] H.R. Hansen, M. Jaspars, J. Feldmann, Analyst 129 (2004) 1058.
27] E. Schmeisser, R. Raml, K.A. Francesconi, D. Kuehnelt, A.-L. Lindberg, C. Sörös,

W. Goessler, Chem. Commun. 10 (2003) 1824.
28] J. Meier, N. Kienzl, W. Goessler, K.A. Francesconi, Environ. Chem. 2 (2005) 304;

M. Kahn, R. Raml, E. Schmeisser, B. Vallant, K.A. Francesconi, W. Goessler, Env-
iron. Chem. 2 (2005) 171.

29] K.T. Suzuki, K. Iwata, H. Naranmandura, N. Suzuki, Toxicol. Appl. Pharmacol. 218

(2007) 166.

30] K. Kuroda, K. Yoshida, M. Yoshimura, Y. Endo, H. Wanibuchi, S. Fukushima, G.
Endo, Toxicol. Appl. Pharmacol. 198 (2003) 345.

31] K. Yamaguchi, J. Mass Spectrom. 38 (2003) 473.
32] P.F. Reay, C.J. Asher, Anal. Biochem. 78 (1977) 557.
33] Z. Gong, X. Lu, W.R. Cullen, X.C. Le, J. Anal. Atom. Spectrom. 16 (2001) 1409.


	A SEC-HPLC-ICP MS hyphenated technique for identification of sulfur-containing arsenic metabolites in biological samples
	Introduction
	Experimental
	Reagents
	Instruments
	ESI MS analyses
	ESI-TOF MS analyses
	Preparation of dimethylthioarsenicals from dimethylarsinic acid (DMeAsV)
	Reay and Asher method
	Hydrogen sulfide gas (H2S) or sodium sulfide (Na2S) and sulfuric acid (H2SO4) reduction
	l-Cysteine (Cys) reduction

	Preparation of methylthioarsenicals from methylarsonic acid (MeAsV)
	Reay and Asher method
	Hydrogen sulfide gas (H2S) or sodium sulfide (Na2S) and sulfuric acid (H2SO4) reduction
	l-Cysteine (Cys) reduction

	Protocol (study group)
	Urine collection
	Fingernails collection
	Biological sample preparations for HPLC-ICP MS

	Results
	Using an anion exchange column (AEC)
	Reaction products of MeAsV and DMeAsV under different reducing conditions

	Using a size exclusion column (SEC)
	Reaction products of MeAsV and DMeAsV under different reducing conditions
	Effects of Na2S on synthesized MeAsIII-Cys and DMeAsIII-Cys
	Stability of MeAsIII-Cys and DMeAsIII-Cys with time in the presence of Na2S

	Characterization of thioarsenicals by ESI-MS and ESI-TOF MS
	Analysis of human urine and nails

	Discussion
	Disadvantages and advantages of anion exchange column (AEC)
	Study on effects of Na2S on MeAsIII-Cys and DMeAsIII-Cys
	Stability study of MeAsIII-Cys and DMeAsIII-Cys with time in the presence of Na2S
	Characterization of thioarsenicals by ESI-MS and ESI-TOF MS
	Analysis of human urine and nails

	Conclusion
	Acknowledgements
	References


