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Abstract: Among the most startling observations in mammalian toxicology is that a lethal dose of selenium
can be overcome by an otherwise lethal dose of arsenic. We report the molecular basis of this antagonism.
Using X-ray absorption spectroscopy we have identified a new arssalenium compound in the bile of

rabbits injected with aqueous selenite and arsenite solutions. This compound contains equimolar arsenic and
selenium and exhibits X-ray absorption spectra which are essentially identical with those of a synthetic species
in solution which we have identified spectroscopically as the selen&-glaathionyl) arsinium ion. The in

vivo detection of this compound links the mammalian metabolism of arsenite, selenite, and sulfur. It provides
a molecular basis for the antagonistic interaction between these metalloid compounds, and a potential explanation
of the association of cancer with prolonged intake of inorganic arsenic in humans.

Both arsenic and selenium compounds are known for their trointestinal excretion of arseni.In vitro, greater than sto-
toxicity, although selenium, and possibly also arsenic, is an ichiometric arsenite prevents (GHSe formation from selenite
essential trace element. Natural and anthropogenic processem the presence of glutathione (GSH) and GSH-reductase,
release As and Se compounds to the environfhésometimes  suggesting the formation of an ASe compound! which may
leading to significant contamination of freshwater resources and be excreted in vivo from the liver to biReTo investigate this
to an accumulation in the food chainAdditionally, the possibility, we collected bile from rabbits injected with arsenite,
unintended consequence of a “safe-water” program in Bang- selenite, or botA2 We report a new AsSe compound in rabbit
ladesh has provided a public water supply contaminated with bile, its structural identification with an As/Se-model compound,
low levels of arsenic on a massive scalEypically, the most and its significance for mammalian toxicology.
toxic As and Se compounds in natural waters are the oxy-anions  x_ray fluorescence spectrometfywas used to quantify As
arsenite and selenit€.A surprising antagonism between arsenite gn4 e (Figure 1). Bile from rabbits injected with As or Se

and selenite was first reported in the late 1930s when drinking contained 1.7+ 0.3 ppm As, or<0.1 ppm Se, respectively.
water containing arsenite completely protected rats against the ' ’

otherwise lethal liver damage caused by ingestion of seleniferous  (8) Levander, O. A.; Argrett, L. CToxicol. Appl. PharmacolL969 14,
wheat or selenité Subsequent experiments revealed that arsenite 308-314. )
can also overcome the toxicity of selenite in dogs, swine, and (%) Levander, O. A.; Baumann, C. Aoxicol. Appl. Pharmacoll966

A . . 9, 106-115.
cattle’ Arsemt_e !nh|b|ted F_)Ulmonfa_ry excretlor_1 of (GHSe in (10) Levander, O. A.; Baumann, C. Aoxicol. Appl. Pharmacoll966
rats also receiving selenitebut biliary excretion of Se was 9, 98-105. _ _
dramatically increase¥.Similarly, selenite stimulated gas- (11) Hsieh, H. S.; Ganther, H. Biochemistryl975 14, 1632-1636.

(12) We used New Zealand white rabbits because humans and rabbits
T Department of Molecular and Cellular Biology, University of Arizona.  have a very similar As(lll) metabolism [Vahter, M.; Marafante Ghem.-
~ Present address: Department of Nutritional Sciences, University of Biol. Interact.1983 47, 29—44]. Animals were deprived of food overnight,

Arizona, Tucson, Arizona 85721. and following halothane anesthesia, midline abdominal incision, and
*+ Stanford Synchrotron Radiation Laboratory. gallbladder ligation, the common bile duct cannulated. Intravenous lactated
§ ExxonMobil Research and Engineering Company. Ringer’s solution was given via the marginal ear vein and a tracheal tube
1 Department of Chemistry, University of Arizona. ensured free airways. After constant bile-flow was established, either
U Department of Pharmacology and Toxicology, University of Arizona. selenite, arsenite (0.63 and 0.60 +g ! body weight, respectively), or
I'University Animal Care, University of Arizona. both (selenite followed 3 min later by arsenite) were injected (20 mM in
(1) Cullen, W. R.; Reimer, K. Chem. Re. 1989 89, 713-764. phosphate buffered saline, pH 7.4.) through the marginal ear vein (3 rabbits
(2) Berrow, M. L.; Ure, A. M.Occurrence and Distribution of Seleniym per experiment). Bile was collected for 25 min after injection, mixed with

lhnat, M., Ed.; CRC Press: Boca Raton, 1989; pp-2282. 40% v/v glycerol (taking precautions against air exposure), and frozen in
(3) Pacyna, J. MToxicology of MetalsChang, L. W., Ed.; CRC Lewis liquid nitrogen.

Publishers: Boca Raton, 1996; pp-28. (13) X-ray absorption measurements were carried out at the Stanford
(4) Nickson, R.; McArthur, J.; Burgess, W.; Ahmed, K. M.; Ravenscroft, Synchrotron Radiation Laboratory (SSRL) as previously described [George,

P.; Rahman, MNature 1998 395, 338. G. N.; Garrett, R. M.; Graf, T.; Prince, R. C.; Rajagopalan, K.JvYAm.
(5) Conde, J. E.; Sanz Alaejos, Mhem. Re. 1997, 97, 1979-2003. Chem. Soc1998 120 4522-4523]. Energy calibration assumed lowest
(6) (@) Moxon, A. L.Sciencel938 88, 81. (b) Dubois, K. P.; Moxon, inflection of elemental As and hexagonal Se to be 11867 and 12658 eV,

A. L.; Olson, O. E.J. Nutr.194Q 19, 477-482. respectively. Fluorescence quantification used pseudo-Voigt fitting to
(7) Levander, O. AEnviron. Health Perspect1977, 19, 159-164. estimate peak areas relative to 10 ppm As and Se standards in control bile.
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Figure 1. As and Se quantification in rabbit bile by X-ray fluorescence > V \/ v \J v M
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emission. Representative spectra are shown from animals treated with
As, Se, and both As and Se. The rising background (from left to right)

is the tail of the intense X-ray scatter peak from the 13400 eV excitation. 00 L , .
1 3 5 7 9 11 13 15

However, when the two were injected almost simultaneously, kA

a substantial increase of both metalloids was detected: 20.9 | | , ,
5.4 ppm As and 21.6t 5.9 ppm Se. As/Se molar ratios in
individual rabbit bile samples were 0.970.02, suggesting that

a 1:1 As-Se compound was excreted to bile. Since selenite
and arsenite both have a high propensity to react with thigts,

and because GSH is the most prevalent intracellular thiol
(5 mM in rat hepatocyte cytoplasrid the abiotic reaction of

an aqueous solution containing equimolar arsenite and selenite
with increasing GSH was investigatéSeven to eight mole
equivalents of GSH were required to form a water-soluble
As—Se species.

Figure 2 shows the As and Se K-edge extended X-ray
absorption fine structure (EXAFS)of the in vitro arsenie-
selenium-glutathione compound. The Se data could not be
fitted with both As and S ligands; instead only a single As at
2.31+ 0.02 A was indicated (Figure 2). Similarly, inclusion of
a Se-0 interaction did not improve the fit, although two outer-
shell Se-S at 3.03+ 0.08 A improved the fit marginally in the _ _
low-k region. The As K-edge data showed two-43 bonds at Flgure 2. As and Se K-edge EXAFS (A) apd correspo_ndl_ng EXAFS
2954+ 002 A and a single AsSe bond at 2.32: 0.01 A Foungrtransform_s (B) of [(G9AsSeT, shownr_lg data (solid lines) and
(Figure 2). A search of the Cambridge Structural Database best fits (broken lines). The As and _Se Fourier tr_ansforms were phase-
indicated typical As-Se bond lengths of 2.262.33 and 2.3% f[:r?rrectetdlf?rds ?nths l;ackscattesnng, respectively. The inset shows
2.47 A for double and single bonds, respectively. Our data thus @ postulated structure for [(GBpSel.
imply the structure shown in the inset to Figure 2, the seleno-
bis(S-glutathionyl) arsinium ion, which we will refer to as
[(GS)AsSe] .17 The As-Se distance of 2.32 A suggests
significant contribution from both resonance forms:

Transform Magnitude

R+A (A)

spectrum of [(GSAsSe] contains a peak at 290 crh assigned
as thev(As—Se) mode. This frequency is lower than previously
reported for As=Se bonds (325370 cn1?),1° again consistent
with an As—Se bond order of slightly less than two. Collectively,
_ _ the EXAFS,”’Se-NMR, and Raman data strongly support the
(GShAs—Se < (GS)HAs =Se [(GSRAsSeT structure depicted in Figure 2.
1la 1b Representative bile As and Se near-edge spectra are shown
in Figure 3, together with model compound spectra. The Se
spectrum of bile is almost identical with that of [(GB¥Sel
(Figure 3), which is unique among the many Se species we have
investigated. Thus the bile Se near-edge spectrum clearly
(14) Gailer, J.; Lindner, WJ. Chromatogr. B199§ 716, 83-93. indicates the presence of a species [JRSpe], where R is
el ety M Sl L Miabell, = SENeIm P an organic donor: the near-edge canno expliily identiy GSH
(16) Reactions were carried out at 3Z. A red-brown precipitate was @S the sulfur donor, although the metabolic roles and the high
formed with 1 to 6 mol equiv of GSH. With 7 to 10 mol equiv of GSH, a  GSH levels in vivo make this likely. The As near-edge spectrum
O e o Tabor, e sasence of the bil Is simiar to both [(GSAsSel” and (GS)As.
(cjopy were grepared by adding equimolar sodium érsenitpe and seIF:enite to g@lthough with a somewhat broader peak (Figure 3). .
mol equiv of GSH. X-ray absorption samples were 10 mM metalloid with The As and Se K-edge EXAFS spectra from the bile of a
40% vlv glycerol. single animal dosed with twice the amount of As and Se clearly

(17) For simplicity we neglect charges from amino and carboxylates of St
glutathione. In support of our postulated structure, [@BS$e] has recently indicate 2.32 A AsS'e coordlnatlon in the naturally produced
been chromatographically separated and the charge verified [Gailer J. G.;compound. Quantitative analysis of both near-edge and EXAFS
Madden, S.; Burke, M. F.; Denton, M. B.; Aposhian, H. V. Unpublished]. by total curve-fitting to a linear combination of the spectra of
(18) (a) Smith, D. M.; Park, C.-W.; Ibers, J. morg. Chem1996 35,
6682-6687. (b) Smith, D. M.; Pell, M. A;; Ibers, J. Anorg. Chem199§ (19) Abalonin, B. E.; Kostin, V. P.; Avvakumova, L. V.; Shagidullin,
37, 2340-2343. R. R.Zh. Obsch. Khim199Q 60, 1119-1124.

7Se-NMR shows a chemical shift 5.7 ppm, versus 144
317 ppm for terminal (exocyclic) AsSe entities in cyclic
selenoarsenaté$consistent with contribution dfa. The Raman
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whether [(GS)AsSe] enters the enterohepatic circulation). The
chemistry reported herein has important consequences for the
mammalian toxicology of both arsenite and selenite. When not
co-administered, both are enzymatically methylated in the
liver.2021 On co-administration, a mutual inhibition of the
individual methylation pathways occuté!-2°and this can now

be explained by the formation of [(G#)sSe] .

The biliary excretion of [(GSAsSel’ may be especially
important in view of the fact that Se is an essential trace element.
Prolonged exposure to inorganic arsenic in drinking water
significantly reduces tissue selenium concentratf@r&ince a
chronic daily inorganic arsenic intake 8200ug is significantly
associated with the development of various canteis,is
conceivable that this consumption causes the formation and
excretion of [(GS)AsSe], thereby leading to Se-deficiency,
860 TIs70 17880 11890 11900 which has been linked with canc¥r.Indeed, the chronic

Energy (eV) ingestion of arsenite abolishes the anticarcinogenic effect of
selenium in rat3® providing a potential explanation of the
association of cancer with prolonged As intake in hunténs.
Consequently, in cases of chronic exposure to inorganic arsenic,
for example, the well-publicized “safe water” problems in
BangladesH,an increased daily intake of selenium leading to
the formation and excretion of [(G&YsSel’ might protect
against the pathological effects of inorganic arsenic in drinking
water.
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Figure 3. As (upper) and Se (lower) K X-ray absorption near-edge Supporting Information Available: Tables of EXAFS
spectra of [(GSAsSeT, bile, and relevant model compounds, ai ) curve-fitting results and Raman spectral frequencies, plus figures
mM in aqueous solution: (upper and lower) (a) thedASe bile sample of 77Se-NMR, Raman, and X-ray absorption spectra (PDF). This
of Figure 1 and (b) [(GSAsSer; (upper) (c) As(GS) (d) arsenite,  material is available free of charge via the Internet at
and (e) arsenate; (lower) (c) elemertabe, (d) Se(GS) (e) selenite, http://pubs.acs.org.
and (f) selenate.

JA993064M

[(GS)2A§Se]', .an.d arsenite ora-Se, for AS or Se data, (20) Zakharyan, R.; Wu, Y.; Bogdan, G.; Aposhian, H.Ghem. Res.
respectively, indicate that the bile contained at least 60% toyicol 1995 8, 1029-1038.

[(GS)AsSe]. Some loss of [(GSAsSel might have occurred (21) Ganther, H. EJ. Am. Coll. Toxicol 1986 5, 1-5.

during collection of the bile, since samples were briefly exposed ~(22) Wang, C.-TEur. J. Clin. Chem. Clin. Biochen1996 34, 493~

; ; : I 497.
to air, and.mlght have undergonel partial oxidation. We noted (23) Marcus, W. L.: Rispin, A. SAdvances in Modern Esironmental
that both bile samples and synthetic [(@8Se] ® developed Toxicology Cothern, C. R., Mehlmans, M. A., Marcus, W. L., Eds;
a precipitate ofx-Se upon prolonged air exposure. Princeton Publishing: Princeton, NJ, 1988; pp 4338.

The reversal of Se toxicity by arsenite can thus be explained 195(92142160'2'7"_'1'1-2- C.; Cantor, K. P.; Allaway, W. Harch. Eniron. Health
by the formation and subsequent excretion of [($2SHe] by (25) ”5’ C.; Ganther, H. ECarcinogenesid988 9, 14811484

hepatocytes to bile (although we have no evidence, as yet, on (26) Chen, C.-J.; Kuo, T.-L.; Wu, M.-MLancet1988 i, 414-415.



