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Abstract

When rabbits are simultaneous injected with arsenite and selenite or mercuric chloride and selenite, compounds with As–Se and Hg–Se bonds
are formed in the bloodstream. The combined application of liquid chromatography-inductively coupled plasma atomic emission spectrometry
(ICP-AES) and X-ray absorption spectroscopy (XAS) has revealed the molecular structure of these toxicologically important compounds and
provided insight into their mechanism of formation. The glutathione-driven formation of these compounds in the bloodstream fundamentally
links the metabolism of the environmental pollutants mercuric mercury and arsenite with that of the essential ultratrace element selenium, which
establishes a feasible mechanism by which the chronic low-level exposure of various human populations to these toxic metals and metalloid

compounds is linked to human diseases, including cancer and neurodegenerative diseases.
© 2006 Elsevier B.V. All rights reserved.
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. Aims and scope

Over the last 40 years bioinorganic chemistry has matured
nto an important branch of modern chemistry which links clas-
ical coordination chemistry with biochemistry [1,2]. Various
pectroscopic techniques, such as UV–vis spectroscopy (e.g.
bsorption, circular dichroism) together with advanced spec-
roscopic techniques (e.g. X-ray absorption spectroscopy, elec-
ron paramagnetic resonance spectroscopy), have revealed the
ctive site structure of numerous metalloproteins, which has
ontributed to a better understanding of the biochemical role of
ssential elements in mammalian organisms [2]. The assembly
f biologically active metalloproteins in mammalian cells, how-
ver, requires a continuous supply of the corresponding essential
etal or metalloid compound at the site of synthesis and is

rchestrated by ingenious homeostatic regulation mechanisms
2]. These mechanisms intricately tune: (a) the gastrointestinal
bsorption of metals and metalloid compounds into the blood-
tream [3], (b) their subsequent transport to organs (mediated
y plasma transport proteins) [2], (c) their uptake into various
rgans (e.g. by specific receptors) [4] and (d) their biliary, urinary
r pulmonary excretion, in order to maintain the organ concen-
rations of essential elements constant throughout life. In view of
he many vital functions that metalloproteins play in mammalian
ells, it is not surprising that the disruption of homeostatic regu-
ation mechanisms is directly linked to human diseases [5]. The
isruption can be brought about by a nutritional deficiency of a
articular essential metal/metalloid compound [6], the ingestion
f dietary constituents which inhibit the intestinal absorption of
n essential metal/metalloid compound [7], and/or mutations in
enes which code for proteins that are actively involved in the
omeostatic regulation mechanism itself (a–c) [4,8,9]. Another,
reviously neglected, but nonetheless important mechanism for
he disruption of homeostatic regulation mechanisms of essential
lements – and this review will exclusively focus on this one – is
heir in vivo disruption by simultaneously ingested toxic metals
nd metalloid compounds based on the formation of compounds
ith As–Se and Hg–Se bonds in the bloodstream. In view of the

oncomitant reduction of the organ availability of the essential
lement Se, this molecular mechanism provides a conceptually
ovel functional connection between the increased dietary expo-
ure of various human populations to toxic metals and metalloid
ompounds and human health [5], which remains one of the
reatest challenges for biology in the postgenomic era [10]. By
mbracing the biological chemistry of toxic metals and metalloid
ompounds, the emerging new branch of bioinorganic chemistry
environmental bioinorganic chemistry – is destined to not only
rovide fundamentally new insights into the bioinorganic basis
f chronic human diseases (e.g. cancer, neurodegenerative dis-
ases, etc.), but also to uncover hitherto unknown mammalian
etoxification mechanisms which can ultimately be exploited in
practical fashion to mitigate biogeochemistry related human

iseases.

In this review I attempt to present a unique “environmental

ioinorganic chemistry” perspective of environmentally rele-
ant forms of the metal Hg and the metalloids As and Se.
fter summarizing the known health effects that are associated

a
N
a
e
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ith the exposure of humans to these persistent inorganic pollu-
ants, a brief overview of their individual mammalian toxicology
nd metabolism will be provided. Thereafter, a synopsis of the
nowledge regarding the antagonistic interactions between AsIII

nd SeIV and between Hg2+ and SeIV in mammals will be pre-
ented. Finally, the structural basis of these interactions will be
evealed and some of the far-reaching consequences that the
n vivo formation of compounds with As–Se and Hg–Se bonds
as with regard to a better understanding of the intricate con-
ection between the geochemistry and human health will be
iscussed.

. Toxic metals and metalloids in the environment

The earth’s crust is comprised of 90 elements which – owing
o their different chemical properties – can be broadly classi-
ed into metals, metalloids and non-metals. The crustal abun-
ance of these elements ranges between 474,000 ppm (oxygen)
nd 6 × 10−7 ppm (radium) and covers ∼11 orders of magni-
ude [11]. Hydrological cycle-driven chemical weathering reac-
ions together with deep sea vent activity continuously mobilize
hese elements from igneous and sedimentary rocks/minerals
f the earth’s crust to the hydrosphere [12,13]. Determined by
heir individual chemical properties, each element subsequently
ndergoes a series of abiotic (e.g. dissolution, hydrolysis, oxi-
ation of primary minerals) and/or microbially mediated reac-
ions (e.g. methylation, oxidation, reduction) to yield chemical
species”, such as molecules, ions and complexes with other
lements. These element “species” are subsequently exchanged
etween the major environmental compartments, namely the
eosphere, the atmosphere, the hydrosphere and the biosphere
all living organisms). The circulation of all species of an ele-
ent between all environmental compartments is described by

ts global biogeochemical element (GBCE) cycle [14], which
ntrinsically links the health of organisms (“bio”) with the earth’s
rust (“geochemical element” cycle). The GBCE cycles of all
lements are intertwined to a complex and dynamic system that
as been steadily evolving ever since the surface of the earth
ad formed. Consequently, each element must be recognized as
art of this steadily changing system and changes in the GBCE
ycle of one element can either directly (e.g. burning sulfur-rich
ossil fuel causes acid rain) or indirectly (e.g. acid rain can mobi-
ize toxic metals and metalloids [15]) affect the health of living
rganisms. In order to better understand the complex functional
onnections between the geochemical environment and human
ealth [16], however, we have to consider the evolution of life
tself.

Life evolved in a predominantly inorganic environment. Fol-
owing what can be described as a natural selection of the chemi-
al elements by biological systems, some elements of the earth’s
rust were recruited to actively participate in the biochemistry
f life and became absolutely necessary for the organisms main-
enance, its well-being and propagation. The 11 elements that

re absolutely essential for all biological systems are C, O, H,
, Na, K, Ca, Mg, P, S and Cl [2]. Since they are the most

bundant elements in all organisms they are referred to as bulk
lements. Another 15 essential elements are also required by
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Fig. 1. Schematic transport of intestinally absorbed essential trace and ultratrace
elements to organs and detoxification of ingested toxic elements in the mam-
malian bloodstream during the pre-industrial age. Note that the flux of toxic
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ost biological systems and are classified according to their
bundance in organisms into trace elements (dietary require-
ent in mg/day; Fe, Cu, Zn) and ultratrace elements (dietary

equirement in �g/day; V, Cr, Mn, Co, Ni, Mo, W, B, Si, Se,
, I) [2,17]. The relevance of these trace and ultratrace ele-
ents for the biochemistry of life is reflected by the fact that
1/3 of all mammalian proteins are metalloproteins (with one

r more of these elements in the active center) [18]. The neces-
ity to provide the organism and, more specifically, its internal
rgans with a constant supply of adequate amounts of essential
race and ultratrace elements resulted in the evolution of efficient

echanisms to “extract” these elements from ingested food and
rinking water. Figuratively speaking, organisms invented ways
o extract essential elements from the earth’s crust and in turn
ecame in itself an important component in the global network
f GBCE cycles, the biosphere. The earth’s crust, however, not
nly contains elements that are beneficial for organisms, but also
lements that are detrimental and toxic.

.1. Exposure of organisms to toxic metals and metalloids
uring evolution

The regular ingestion of food and drinking water – the chem-
cal composition of which closely reflects their geochemical
rigin – represents the major nutritional source of essential
lements for all living organisms. Natural processes, such as
hemical weathering reactions, volcanic activity, deep sea vent
ctivity and the outgassing of the earth’s mantle (in case of Hg0),
owever, have always mobilized toxic metals and metalloids
rom the earth’s crust. As a result, life on earth has evolved in the
resence of and has been continually exposed to “background”
oncentrations of these elements (or compounds thereof). It
s, therefore, not surprising that many organisms, including
ammals, have evolved detoxification mechanisms against

he detrimental effects of ingested toxic metals and metalloid
ompounds, which is schematically depicted in Fig. 1. Even
hough the ingested daily doses of any particular toxic metal
r metalloid compound fluctuated throughout evolution (which
ssentially corresponds to a flux), detoxification mechanisms
volved to minimize tissue damage (Fig. 1c).

Bacteria, for example, detoxify absorbed CH3Hg+ by cleav-
ng the C–Hg bond followed by the reduction of the generated
g2+ to elemental Hg0. Finally, the latter can diffuse through the

ell membrane and is thereby removed from the organism [19].
onversely, mammalian organisms have evolved metal-binding
roteins, such as metallothionein, which – even though a primary
ole for this protein has not yet been established – protect mam-
alian organisms from Cd toxicity by sequestering toxic Cd

ons [20,21]. Similarly, the intracellular sequestration of heavy
etals by phytochelatins detoxifies inorganic pollutants, such

s Cd in animals [22].

.2. Industrial revolution and increased mobilization of

oxic metals and metalloids to the environment

The industrial revolution represents the starting point for the
ngoing anthropogenic large-scale mobilization of toxic met-

(
g
m
g

lements (represented by the thickness of arrow (c) is small compared to that of
ssential ultratrace elements (arrow b).

ls and metalloid compounds from the earth’s crust (geosphere)
o the global environment (hydrosphere, atmosphere and bio-
phere) [23]. Over the past ∼200 years, gradually increasing
nthropogenic activities, such as fossil fuel consumption [24],
eavy metal mining [25], smelting [26], fertilizer application
27,28], municipal waste incineration [29], leaching of toxic
etalloids from coal ash [30] and the use of growth promot-

rs [31] have emerged important sources of toxic metals and
etalloids in the global environment. The total Hg concentra-

ion in alpine snow (Mont Blanc, France), for instance, has
ncreased five-fold between 1885 and 1965 [32] and a quan-
itative assessment of the worldwide anthropogenic contami-
ation of air, water and soils with toxic metals has revealed
hat human activities significantly perturb the biogeochemi-
al element cycles of at least 11 elements on a global scale
29]. The anthropogenic emissions of As and Hg, for example,
ow rival or exceed their natural emissions [33,34] and signif-
cantly increased concentrations of toxic metals and metalloids
ave been detected in lake sediments compared to pre-1900
ackground concentrations [35–37]. Additionally, increasing
oncentrations of toxic metals and metalloids, particularly As
nd Cd, have been detected in U.S. rivers in long-term water
uality studies [38]. A likely source for Cd in river water
s the application of Cd-containing fertilizers, such as super-
hosphate, which in one instance contained ∼7 mg Cd/kg [28].
n another case rock phosphate was identified as the source
f Hg pollution in a marine ecosystem in Western Australia
27]. The magnitude of anthropogenic emissions of As, Hg and
d as compared to their mobilization by natural processes is

eflected by the fact that current depictions of GBCE cycles con-
ain a previously non-existent compartment, the anthrosphere
the sum of all anthropogenic activities), which has also trig-

ered legislative action to decrease the emission of certain toxic
etals and metalloids in the U.S. and Europe. The current

lobal anthropogenic emission of environmentally persistent
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oxic metals and metalloid compounds, however, must be pre-
icted to increase as populous countries like India and China
merge and aspire to first world standards of living which is
nevitably going to increase their fossil fuel consumption and
ould compensate for the decreasing emissions in the U.S. and
urope.

The accumulation of AsIII, Cd2+, Hg2+ and CH3Hg+ in
uman tissues is well established. In an area where coal with
high As content was burned, for example, humans had hair
s concentrations of 10.3 mg As/kg [39]. Conversely, Cd2+ pre-
ominantly accumulates in the kidneys in humans [40], where an
verage concentration of ∼40 mg Cd/kg (wet weight) has been
eported [40]. Hg2+ also accumulates in the kidneys [41–44] and
hloralkaline plant workers had an average kidney concentration
f 26 mg Hg/kg [43]. CH3Hg+ accumulates in the liver, the kid-
eys, the brain [45], and hair, where total Hg concentrations
f up to 2400 mg Hg/kg have been reported [46]. In addition, a
urvey which was conducted by the Center of Disease Control
evealed that almost 8% of women of childbearing age in the US
ave blood Hg levels exceeding 5.8 ppb, which represents the
recautionary level that was set by the Environmental Protec-
ion Agency and is also recommended by a National Research
ouncil (NRC) report [47].

The main reason for concern with regard to the increas-
ng concentrations of toxic metals and metalloid compounds
n the environment is that the chronic ingestion of relatively
mall daily doses of these pollutants is associated with dra-
atic overall health effects in humans. With regard to As, for

nstance, the chronic ingestion of 200–250 �g of inorganic As
er day will eventually result in cancer in humans [48]. On
he basis of the drinking water guidelines of the World Health
rganisation, it is estimated that up to 75 million people are

urrently exposed to concentrations of inorganic As in drinking
ater that are associated with the aetiology of internal can-

ers [49]. Another established inorganic carcinogen, Cd2+, was
ound to mimic the in vivo effects of estrogen in the uterus
nd the mammary gland after the administration of as little as
�g Cd2+/kg body weight in rats [50]. The health effects that
re caused by the exposure of humans to toxic metals, such as
H3Hg+, are also associated with significant economic losses
ecause of the resulting diminished economic productivity [51].
ence, the exposure of certain human populations to increasing
ietary levels of inorganic and organic forms of toxic metals
nd metalloid compounds will significantly increase the risk of
hronic diseases. Consequently, studies into the elucidation of
he complex functional connections between the anthropogenic
erturbation of GBCE cycles and human health are of practical
elevance and urgently needed [16]. Conceptually, two major
echanisms can be identified by which the increased dietary

ngestion of toxic metals and metalloids can adversely affect
uman health (Fig. 2, mechanisms 1 and 2). So far mechanism
, the direct effect of a toxic metal or metalloid compound on
particular internal organ has received considerable attention.

he main focus of the present review, however, is mechanism 2, a

argely neglected mechanism which is fundamentally involved
n the chronic toxicity of metal and metalloid compounds in
umans.

a
a
d
t

tream during the industrial age. Note that the flux of toxic elements (represented
y the thickness of arrow c) is now comparable to that of the essential ultratrace
lements (arrow b).

. Mammalian toxicology of metals and metalloid
ompounds

Several poisoning incidences after World War I, which
nvolved the exposure of humans to CH3Hg+ [52,53], Cd2+ [25],
sIII and AsV [49,54–57] and Se [54,58], have revealed that

he health of mammalian organisms can be greatly affected by
atural local geochemical conditions [54–56,59], the careless
nthropogenic emission of toxic metals into the surrounding
nvironment [52], mining activities [60] and accidental poison-
ng [53]. From a toxicological point of view it is important to
istinguish between the exposure to a toxic metal or metalloid
ompound following a single incident (e.g. a chemical disas-
er) or the exposure over weeks, months or years (e.g. elevated
oncentrations of As in drinking water). In addition, one must
ifferentiate between the ingestion of large doses (acute toxic-
ty) and the ingestion of comparatively smaller doses (chronic
oxicity). In the context of this review, chronic toxicity is defined
s the long-term exposure of humans to low levels of a particular
oxin. It is important to emphasize at this point that the under-
ying molecular mechanism(s) for the acute toxicity (Fig. 2,

echanism 1) of a metal or metalloid compound can, but not
ecessarily are the same as those involved in the mechanism of
hronic toxicity (Fig. 1, mechanism 2).

.1. Acute toxicity of individual metals/metalloid
ompounds and mechanisms of toxicity

The aforementioned human poisoning epidemics greatly
ncreased the public awareness of the danger that is associ-

ted with the unwitting exposure of humans to toxic metals
nd metalloid compounds through the ingestion of food and/or
rinking water. As a consequence, toxicologists began to sys-
ematically investigate the toxicity of numerous organic and
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norganic metal and metalloid compounds by exposing animals
o increasing doses of the individual compounds. This eventu-
lly led to a measure for their acute toxicity (LD50 value) and
evealed that the acute toxicity of organic and inorganic forms
f metals and metalloid compounds strongly depends on their
olecular form. In rats, for instance, the minimum lethal dose

MLD) for AsIII was one third of that for AsV (4.0 mg As/kg for
sIII; 12.0 mg As/kg for AsV), whereas the MLD for SeIV was
.5 mg Se/kg compared to 3.8 mg Se/kg for SeVI [61]). The strik-
ng effect of methyl-groups on the toxicity of a metalloid com-
ound is readily illustrated by comparing the LD50’s of NaAsO2
AsIII) and the sodium salts of the AsV-compounds methylar-
onic acid [CH3As(O)(OH)2](MMAV) and dimethylarsinic acid
(CH3)2As(O)OH](DMAV) of 41, 700 and 2600 mg/kg, respec-
ively [62].

Investigations into the molecular basis for the acute toxicity
f AsIII, Cd2+, Hg2+ and CH3Hg+ in mammals revealed that
hese compounds selectively inhibit enzymes with vicinal dithi-
ls in their active center [63–67] (with regard to CH3Hg+, its
eaction with plasmalogens, a major constituent of the phos-
holipids backbone in cell membranes, has been proposed to
xplain its neurotoxicity [68]). This must be attributed to their
nusually strong affinity for thiol-groups and is readily explained
y the fact that the soft Lewis acids AsIII, Cd2+, Hg2+ and
H3Hg+ (the most simple soft Lewis acid) have a high chem-

cal affinity for soft Lewis bases, such as thiols [69]. In case
f AsIII, for instance, the reaction with dithiols is essentially
rreversible with formation constants in the order of 107 M−1

70]. Even though AsIII has been demonstrated to inhibit more
han 100 mammalian enzymes [64,71], the detailed molecular

echanism of inhibition has not been established [64,72–74].
oday the acute toxicity, however, is rather irrelevant from a
ublic health point of view, since only a few cases involving
he acute exposure of humans to toxic metals and metalloids
ccur on an annual basis. Conversely, the chronic exposure of
he general population to increasing low-levels of toxic met-
ls and metalloid compounds through their diet and drinking
ater is disproportionately more important and warrants stud-

es into the elucidation of the molecular mechanisms under-
ying their chronic toxicity. Conceptually, the mechanisms of
cute toxicity and chronic toxicity are likely to be fundamen-
ally different in nature. This is because enzyme inhibition –
n established mechanism of acute metal and metalloid toxic-
ty – inherently requires stoichiometric amounts of the chemical
gent at the site of toxicity (Fig. 2, mechanism 1). Conversely,
hronic toxicity, which is observed after the ingestions of much
ower doses compared to acute toxicity, is therefore likely to
e based on an entirely different biomolecular mechanism than
nzyme inhibition (a possible mechanism is illustrated in Fig. 2,
echanism 2).

.2. Chronic toxicity of individual metals/metalloid
ompounds and unsolved questions
A plethora of molecular mechanisms have been proposed to
e involved in the carcinogenicity and neurotoxicity of metals
nd metalloid compounds in humans, including the induction

u
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f cell apoptosis [75–78], NF-�B activation [79–82], the inhibi-
ion of calcium channels [83,84], the inhibition of DNA repair
85–88], the inhibition of protein synthesis [84], the alteration
f signal transduction [89], oxidative stress [88] and – prob-
bly the most widely cited – the generation of free radicals
Fig. 2, mechanism 1) [73,90–96]. Despite this, the biomolecu-
ar mechanisms that form the mechanistic basis for their chronic
oxicity in humans, including their carcinogenicity and neuro-
oxicity, remain elusive [97]. Even though empirical dose-effect
elationships have been established for several toxic metals and
etalloid compounds in humans [48,98], non-linearities at the

ower-dose end make it notoriously difficult to extrapolate an
bserved response (e.g. cancer) to smaller dose levels. This
akes it impossible to determine with certainty how much of

n individual toxic metal or metalloid compound can safely be
ngested by humans [98] and indicates that if less than a certain
hreshold dose of a particular toxic metal/metalloid compound
s ingested, the dose no longer results in a measurable response.
he fact that the metal/metalloid apparently no longer reaches

he target organ can be explained by its “interaction” with other
hemically reactive constituents (either endogenous or simulta-
eously ingested) in the bloodstream to toxicologically impor-
ant novel metabolites with a dramatically different biological
ctivity compared to the ingested metal/metalloid compound.
his review will focus on “interactions” between toxic met-
ls/metalloid compounds and the essential ultratrace element Se
nd identifies the in vivo formation of compounds with As–Se
nd Hg–Se bonds as an important aspect of the mammalian tox-
cology of AsIII and Hg2+. The fate of the identified compounds
uggests that their formation represents a mammalian detoxifi-
ation mechanism by which mammals protect themselves from
ngested toxic metals and metalloid compounds (Fig. 2, mecha-
ism 2) [99,100].

.3. The mixture toxicity problem and
ynergistic/antagonistic toxic effects

Although the general population is simultaneously exposed to
ow levels of several toxic metals and metalloid compounds, the
ast majority of toxicological studies that have been conducted
o far did not address this “mixture toxicity” problem. The latter
efers to the fact that it is impossible to predict the toxic effect of
mixture of two compounds (additive toxicity – where the over-
ll toxicity of a mixture is the sum of the individual toxic effects
will not be considered here) and arguably poses the most dif-
cult problem in modern environmental toxicology [101,102].
onceptually, the “mixture toxicity” problem is ultimately based
n synergistic and antagonistic toxic effects that are mediated
y the organism itself. Synergistic toxicity refers to a situation
n which the administration of two toxic compounds results in a
reater overall toxicity than the sum of the individual responses.
onversely, antagonistic toxicity refers to a decreased overall

oxicity of a mixture as compared to the toxicity of the individ-

al compounds. These “interactions” between individually toxic
etals and metalloid compounds are driven by the biochemical
achinery of the organism itself and are – as discussed below
ultimately based on endogenous constituents which maintain
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Fig. 3. Schematic illustration of the mammalian metabolism of AsIII and AsV.
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educing conditions inside mammalian organisms. Since these
interactions” likely represent the root cause for non-linearities
n the dose-response relationship [97] and could be involved in
he etiology of chronic diseases in humans, they should be con-
idered when the risk that is associated with the exposure of an
rganism to a mixture of toxic chemicals is to be assessed.

. Mammalian metabolism of individual toxic metals
nd metalloid compounds

Over the past three decades, analytical chemists have
reatly contributed to a better understanding of the mammalian
etabolism of toxic metals and metalloid compounds by iden-

ifying toxicologically relevant metal or metalloid-containing
etabolites using advanced instrumental analytical techniques.
he direct analysis of urine, for instance, was greatly facilitated
y hyphenated techniques, such as the coupling of high perfor-
ance liquid chromatography (HPLC) with inductively coupled

lasma mass spectrometry (ICP-MS) [103–105]. The molecular
echanism of toxicity itself, however, cannot be established by

he analysis of urine alone since “this would be like trying to
ell what happens inside a house by watching what goes in by
he door and what comes out by the chimney” in the words of
he father of physiology, Claude Bernard [106]. Accordingly,
he molecular basis of the toxicity of metals and metalloid com-
ounds can only be understood by addressing their mammalian
iochemistry inside the organism, which necessitates appropri-
te instrumental analytical techniques. Following the scope of
his review I will now briefly summarize the individual mam-

alian metabolism of AsIII, AsV, Hg2+, CH3Hg+, SeIV and
eIV since this will identify the metabolites, which are critically

nvolved in the antagonistic “interactions” (between AsIII + SeIV

nd Hg2+ + SeIV) that will be discussed thereafter. The follow-
ng concise summaries are not intended to be thorough reviews
overing all aspects of their mammalian metabolism. Urinary
etabolites, enzymatic biotransformations, free radical damage

nd apoptosis, for instance, will not be covered in any particular
etail. The aim is rather to provide the molecular basis for an
nderstanding of the organism-mediated “interactions” that will
e discussed.

.1. Arsenite metabolism

In aqueous solution and at physiological pH, AsIII is present
s neutral As(OH)3 (pK1 = 9.2). Since AsIII has a particularly
igh chemical affinity for thiols, AsIII reacts with endogenous
-glutathione (GSH) and l-cysteine (Cys) in aqueous solution
o form complexes, such as (GS)3As [107–112] and (Cys)3As
108]. Studies which were reported in the 1960s provided the
rst strong link between As in drinking water (essentially AsIII

nd AsV) and lung and urinary tract cancer in humans [113].
his together with the subsequent identification of MMAV

pK1 = 4.1, pK2 = 9.1 [114]) and DMAV (pK1 = 6.3 [114]) in

uman urine in 1973 [115] greatly stimulated investigations into
he mammalian metabolism of the apparent carcinogen AsIII.
he oral administration of AsIII (50 and 500 �g of As) to human
olunteers followed by the analysis of their urine for total As

e
c
w
t

val shape: erythrocyte; Cys: l-cysteine; GSH: l-glutathione; GSSG: oxi-
ized l-glutathione; DHLA: dihydrolipoic acid. Asterisk indicates enzymati-
ally mediated biotransformation.

evealed that AsIII is efficiently absorbed from the gastrointesti-
al tract into the bloodstream (>80%) [116–119] (Fig. 3). Even
hough it has been observed that AsIII induces the synthesis of
SH in the gastrointestinal mucosa in rats [120], virtually noth-

ng is known about the intestinal uptake mechanism itself. This,
owever, must be regarded as highly desirable, since knowl-
dge about the specific uptake mechanism would represent an
mportant starting point for the development of an inexpensive,
alliative dietary additive to specifically disrupt the gastroin-
estinal absorption of AsIII similar to the established disruption
f the intestinal absorption of Zn2+ by dietary phytic acid [7].

In the bloodstream, AsIII can bind to plasma GSH (2.8 �M in
uman plasma [121]), plasma Cys (10 �M in rat plasma [122])
r plasma proteins (Fig. 3). Even though these events critically
etermine the half-life of AsIII in the bloodstream and therefore
re of fundamental toxicological significance to better under-
tand how AsIII is delivered to its target organs, few studies
ave specifically investigated the binding of AsIII to plasma
onstituents in plasma or serum (74As-labeled AsIII) [123–125].
espite the fact that 10–50% of AsIII were reported to be bound

o plasma proteins (depending on the animal species) [123,124],
he major AsIII-binding plasma protein has not been identified.
n view of the fact that human serum albumin (HSA) repre-
ents the largest fraction of free sulfhydryls (Cys-34) in plasma
5 g/100 ml blood [126]), it is somewhat surprising that no bind-
ng of AsIII to HSA has been reported in the literature (Au3+,
g+, Hg2+, Cd2+ and Cu2+ all bind to Cys-34 [126,127]). This

ould be explained by the fact that As(OH)3 does not react with
eprotonated sulfhydryls (e.g. GS− [111]) and that the Cys-34
f HSA is reported to have an unusually low pKSH of ∼5 [126].
ence, Cys-34 of HSA is deprotonated at pH 7.4 and this would

xplain why HSA does not bind As(OH)3. Despite the lack of

vidence of binding of AsIII to plasma proteins, the identifi-
ation of putative AsIII transport proteins in plasma or serum
ould contribute to a much better understanding with regard

o how mammals “handle” AsIII. The accumulation of AsIII by



2 istry

e
a
a
i
i
o
c
[
l
c
c
A
[
c
f
s
(
o

s
[
t
a
s
G
o
f
m
P
s
(
g
i
a
h
o
t
w
c
>
d
s
t
T
[
t
b
d
i
k
e
c
(
c
a
(
t

d
C
s
E
m
b
o
s
i
[
r

4

H
r
A
g
[
t
a
s
t
a
a
v
N

i
f
h
r
G
i
i
[
a
–
a
c
s
t
G
s
e
A
w

s
t
t
b

40 J. Gailer / Coordination Chem

rythrocytes represents another potential fate in the bloodstream
nd several studies have conclusively demonstrated that AsIII is
ccumulated by eryhthrocytes (Fig. 3) [128–130]. In view of
ntra-erythrocytic GSH concentrations of ∼3.0 mM [131,132],
t is not surprising that strong evidence in favor of the formation
f (GS)xAs(OH)3−x (x = 1–3) complexes in intact rabbit erythro-
ytes has been obtained using 1H spin-echo NMR spectroscopy
133,134]. These complexes, however, were demonstrated to be
abile in aqueous solution [70,111]. Apart from GSH, erythro-
ytes also contain another major sulfhydryl-group containing
onstituent, hemoglobin (Hb) and mixed complexes between
sIII, GSH and Hb have been detected in erythrocytes (Fig. 3)

130,133]. More recent studies have revealed that rat Hb, which
ontains a total of 10 cysteines has a 3–16 times stronger affinity
or AsIII [and other AsIII compounds, such as monomethylar-
onous acid CH3As(OH)2 (MMAIII) and dimethylarsinous acid
CH3)2AsOH (DMAIII)] than human Hb, which contains a total
f 6 cysteines [74,135].

Even though AsIII is rapidly translocated from the blood-
tream to the liver (<1 h after oral or iv administration)
136–138], the molecular form of AsIII that is translocated and
he underlying mechanism have yet to be elucidated. Inside hep-
tocytes, several potential molecular targets of AsIII must be con-
idered. With a hepatocyte cytosol concentrations of ∼7.5 mM
SH [139] and 0.2–0.5 mM Cys [140], these endogenous thi-
ls must be identified as putative molecular targets of AsIII. In
act, the formation of (GS)3As complexes was observed by chro-
atographic means when intrahepatic conditions (7.5 mM GSH,
BS-buffer, 37 ◦C) were simulated using the “retention analy-
is method” [111]. The endogenous dithiol dihydrolipoic acid
DHLA) must also be considered as a potential molecular tar-
et of AsIII since AsIII-dithiol-complexes have been described
n the literature [112,141–143] and since protein bound lipoic
cid (LA) concentrations in mammalian liver of 11.6 nmol/g
ave been reported [144]. Studies aimed at the identification
f AsIII-binding proteins in rabbit liver cytosol have identified
hree major binding proteins (100, 450 and >2000 kDa) [145],
hereas five AsIII-binding proteins were identified in rat liver

ytosol (only 3, however, were characterized by their MW of
1000, 135 and 38 kDa) [146]. The 450 kDa protein that was
etected in rabbit liver must be tentatively identified as the iron-
torage protein ferritin, since in vitro studies have demonstrated
hat AsIII can release Fe from this Fe-storage protein [147].
he established enzymatic methylation of AsIII in hepatocytes

148] suggests that at least one of the other AsIII-binding pro-
eins in liver cytosol is an AsIII-methyltransferase, which has
een recently isolated from rat liver (41 kDa) [149]. Pyruvate-
ehydrogenase represents another likely AsIII-binding protein
n liver cytosol, since it contains DHLA-moieties which are
nown to have a strong affinity for AsIII (thereby inhibiting this
nzyme) [150–152]. Investigations directed toward the identifi-
ation of As-containing metabolites in bile have so far identified
GS)3As [137,153], CH3As(GS)2 [137], MMAIII (based on the

oncentration of free GSH in bile, it cannot be excluded that
ctually CH3As(GS)2 was present) [154] and MMAV [137]
Fig. 3). With regard to the translocation mechanism itself, mul-
idrug resistance-associated protein 2 (MRP2/cMOAT) has been

p
b
h
b
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emonstrated to be involved in the transport of (GS)3As and
H3As(GS)2 in mammals [153]. This mechanism, however, is

ignificantly different from the ATP-driven efflux of AsIII from
. coli [155,156]. Taken together, several potential endogenous
onothiol and dithiol-containing molecular targets of AsIII have

een identified in hepatocytes. Even though the exact sequence
f AsIII binding events in hepatocyte cytosol could involve the
imple transfer of AsIII from intracellularly abundant monoth-
ols (Cys, GSH) to dithiol-containing molecules (e.g. DHLA)
111,157], the detailed sequence of events that occur in vivo
emain to be elucidated.

.2. Arsenate metabolism

AsV, which at physiological pH is present as a mixture of
2AsO4

−/HAsO4
2−, has been demonstrated to be chemically

educed to AsIII by GSH [107,158] and Cys [159]. Like AsIII,
sV has been found to be efficiently absorbed (>90%) from the
astrointestinal tract in humans and most experimental animals
116,118,119,160] (Fig. 3). In rats, the gastrointestinal absorp-
ion of AsV was strongly inhibited by the simultaneous oral
dministration of DHLA [161], which is difficult to explain
ince there are no reports of a chemical reaction between these
wo compounds. Based on the structural similarity between AsV

nd PV (H2PO4
−/HPO4

2− at pH 7.4), it is likely that AsV is
bsorbed from the gastrointestinal tract into the bloodstream
ia the known PV uptake mechanisms (one Na+-dependent, one
a+-independent) [162].
In blood, the binding of AsV to plasma proteins has been

nvestigated in mouse and rabbit plasma [124,163], and trans-
errin was identified to be a major AsV-binding protein in
uman serum [164]. A reduction of AsV to AsIII has been
eported in dog plasma [165] and could be mediated by plasma
SH and Cys (combined concentration ∼13 �M). Several stud-

es have demonstrated that intravenously administered AsV

s reduced to AsIII in vivo (AsIII was detected in plasma)
118,125,163,165–168] and in vitro (in blood) [130,169]. The
ccumulation of AsV in rabbit and human erythrocytes [133,170]
apparently mediated by the Na+-pump and the erythrocyte

nion transport protein AE1 [170] – suggested that these cells
ould be an important site for the reduction of AsV and was sub-
equently confirmed [130]. Subsequent studies confirmed that
he reduction of AsV to AsIII in eryhtroctes is accomplished by
SH and not by purine nucleoside phosphorylase [169]. Further

tudies are required, however, before an enzymatic reduction in
rythrocytes can be definitively excluded. Inside erythrocytes,
sV has also been shown to bind to unidentified high molecular
eight proteins (MW > Hb)[163].
The mechanism of translocation of AsV from the blood-

tream to the liver and the nature of the molecular species that is
ranslocated are unknown (it is likely that AsV accesses the PV

ranslocation mechanism). In the liver, AsV has been show to
e reduced to AsIII [159] (Fig. 3). This reduction can be accom-

lished either chemically by GSH or Cys [159] or enzymatically
y an AsV-reductase, which has been partially purified from
uman liver [171,172]. Hepatic AsV-reductase activity has also
een reported for several primates [173]. In the liver, AsV has
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een demonstrated to be uptaken by subcellular compartments,
uch as the nucleus and the mitochondria [163,174]. AsV uncou-
les oxidative phosphorylation [175–177] in the liver and thus
isplays a fundamentally different molecular mechanism of tox-
city than AsIII [64].

.3. Mercuric mercury and methylmercury metabolism

HgCl2 in solution with physiological levels of Cl− exists
s an equilibrium mixture of HgCl2, HgCl3− and HgCl42− in
oughly equal concentrations [178]. Even though CH3Hg+ is
ost likely to be ingested in form of CH3HgCys [179], it can-

ot be entirely excluded that – owing to the conditions in the
tomach (low pH, high Cl− concentrations) – a small amount
f lipid-soluble CH3HgCl is formed that will enter the gastroin-
estinal tract [180]. Studies which involved the oral administra-
ion of humans with tracer doses of either Hg2+ or CH3Hg+ have
evealed that their absorption from the gastrointestinal tract into
he bloodstream greatly depends on the molecular form. Almost
00% were absorbed by this route in case of CH3Hg+ (admin-
stered as CH3

203HgNO3) [181], whereas only ∼7% of Hg2+

ere absorbed when 203HgCl2 was administered [41] (Fig. 4).
nterestingly, HgCl2 has been demonstrated to be microbially
ethylated to CH3Hg+ in humans by intestinal microbes [182]

ncluding most strains of staphylococci and E. coli [183]. Even
hough the gastrointestinal uptake mechanisms have not been
nvestigated, the striking difference in their absorption rates can
e rationalized in general terms based on their permeability
hrough lipid bilayer membranes. Because of the hydropho-
ic nature of CH3HgCl (uncharged at physiological pH), lipid
ilayer membranes do not pose a significant permeability bar-
ier for this Hg compound [184]. Similarly, HgCl2 has been
emonstrated to cross artificial lipid bilayer membranes in form

f neutral HgCl2 [178].

After their absorption into the bloodstream, both Hg2+ and
H3Hg+ – owing to their extremely high propensity to react with

hiols [185] – are likely to bind to plasma constituents which

ig. 4. Schematic illustration of the mammalian metabolism of Hg2+ and
H3Hg+. Oval shape: erythrocyte; Cys: l-cysteine; GSH: l-glutathione; HSA:
uman serum albumin; DHLA: dihydrolipoic acid; X = Cl− or Cys.
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ontain sulfhydryl groups (Fig. 4). The addition of HgCl2 to
n aqueous solution of HSA, for instance, resulted in the for-
ation of a (HSA)2Hg complex [186] and subsequent studies

nvolving size-exclusion chromatography (SEC) have revealed
hat this also occurs in human serum (in the presence of the
lasma proteome) and that >90% of the Hg was associated with
his plasma protein [187]. ∼5% of the Hg, however, eluted in
he low molecular weight fraction and could be explained by
he formation of (Cys)2Hg and/or (GS)2Hg complexes which
xhibit a characteristic linear S-Hg-S coordination chemistry
188]. The formation constant for the binding of CH3Hg+ to mer-
aptalbumin [189,190] has been determined to be considerably
arger than that for GSH and Cys [180]. Only one study, how-
ver, has reported the binding of CH3Hg+ to albumin in plasma
fter the oral administration of mice with CH3HgCl [191]. In
iew of the permeability of artificial lipid bilayer membranes for
H3HgCl and HgCl2, it is not surprising that both mercurials
ave been demonstrated to permeate the erythrocyte membrane.
H spin-echo NMR-spectroscopy was employed to detect the
inding of HgCl2 to intracellular thiols in intact erythrocytes
suspended in an isotonic saline glucose solution) [192]. HgCl2
apidly diffused through the cell membrane (intracellular equi-
ibrium distribution was established within 4 min) and reacted
ith intracellular GSH and Hb to form a mixed-ligand com-
lex GS–Hg–Hb (Fig. 4), which had a lifetime of less than
0 s (25 ◦C). The addition of HgCl2 to whole blood, however,
emonstrated that it did not significantly penetrate the erythro-
yte membrane [193–195], which must be most likely attributed
o the fact that Hg2+ is complexed by plasma HSA. Conversely,
he oral administration of humans with CH3

203HgNO3 (11 �g
eHg+) revealed that after 15 min the 203Hg concentration was

en times higher in erythrocytes than in plasma [181]. 1H spin-
cho NMR-spectroscopy revealed that CH3Hg+ rapidly diffuses
hrough the cell membrane of human erythrocytes and binds
o GSH [196] (Fig. 4). The average lifetime of the formed
H3Hg–SG complex, however, was 0.01 s and much shorter

han that for the GS–Hg–Hb complex. Interestingly, the treat-
ent of human blood with CH3Hg+ (12 nmol/ml, 30 min, 37 ◦C)

ollowed by the suspension of the isolated “CH3Hg+-loaded ery-
hrocytes” in buffered solutions only released CH3Hg+ (from
ntact erythrocytes) when bovine serum albumin (0.2 mM) was
resent. This illustrates the mobility of this mercurial in bio-
ogical systems and implies communication across the erythro-
yte membrane [197]. The incubation of human blood with
H3HgCl (12 nmol/ml, 30 min) followed by the SEC analysis
f erythrocyte lysate showed that ∼30% of the CH3Hg+ was
ssociated with GSH (the remainder eluted in the high molec-
lar weight fraction) [197]. CH3Hg+ – which should have a
trong affinity for the sulfhydryl-groups of Hb [190] – has also
een demonstrated to bind to Hb inside rabbit erythrocytes [197]
Fig. 4).

The molecular mechanisms by which Hg2+ and CH3Hg+

re translocated from the blood to the liver are not com-

letely understood. With regard to CH3Hg+, the intravenous
o-administration of Cys or GSH increased the hepatic uptake
f CH3Hg+, which indicates that these thiols may be involved in
he translocation mechanism [190]. Subsequent studies which
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ithelial transport of SeIV [220]. Thus, exogenous (dietary) and
endogenous thiols (excreted from the liver via bile to the small
intestine), appear to be involved in the gastrointestinal absorp-
tion and the bioavailability of SeIV [228]. With regard to SeVI, the
42 J. Gailer / Coordination Chem

nvolved the perfusion of rat livers with solutions containing
hiol-complexed CH3

203Hg (10-fold molar excess of the thiol
n Krebs–Henseleit buffer) revealed that the dose of Hg that
as recovered in the liver decreased in the order GSH (17.7%),
ys (15.7) and HSA (6.9%) and therefore strongly depended
n the chemical form of CH3Hg+ in the perfusing solution (and
herefore likely also in plasma) [198]. Even though no compa-
able perfusion studies have been reported for HgCl2, it could
e demonstrated that the intravenous co-administration of Cys
r GSH (along with HgCl2) decreased the hepatic Hg2+-uptake
190]. These findings, however, should not be interpreted as evi-
ence that Cys or GSH are not involved in the translocation
echanism, since excess thiol could have competitively inhib-

ted the hepatic uptake of a putative Hg2+-thiol-complex or could
ave resulted in the formation of Hg-species that is not translo-
ated. In fact, it has been recently reported that a Hg2+-conjugate
f Cys was uptaken by human kidney proximal tubular epithe-
ial cells in cell culture experiments [199]. The incubation of
quimolar HSA, HgCl2 and Cys, for instance, resulted in the
ormation of a ternary HSA–Hg–Cys complex, which may play
n important role in the translocation of Hg2+ from the blood
o the liver [187]. The translocation of Hg2+ from the blood-
tream to the liver appears to be mediated by a Na+–K+–ATPase
200]. Inside hepatocytes, Hg2+ and CH3Hg+ can bind to several
ndogenous ligands. In spite of the comparatively large cytosolic
SH concentration (7.5 mM) [139], this thiol must be identi-
ed as a likely intracellular target of both mercurials (Fig. 4).
ith regard to Hg2+, circumstantial evidence for the intra-

epatic formation of GS–Hg–SG comes form studies which
xposed animals to HgCl2 and tentatively identified GS–Hg–SG
n bile using size exclusion chromatography [190,201,202]. In
ddition, the experimental inhibition of GSH-synthesis in vivo
arkedly enhanced the lethal toxicity of HgCl2 [203]. Similarly,

he administration to animals of CH3Hg+ resulted in the bil-
ary excretion of a CH3Hg–SG complex [190,204–207] which
ppears to be a substrate for canalicular carriers that transport
SH [207]. Endogenous dihydrolipoic acid (LA concentration

n mammalian liver 11.6 nmol/g [144]) must also be considered
s a potential intracellular target for Hg2+ since the administra-
ion of LA to rats dramatically enhanced the biliary excretion
f Hg2+ and could be explained by the intrahepatic formation
f a (GSHg)xDHLA complex [208]. The fact that little hepato-
oxicity has been observed after the administration of Hg2+ and
H3Hg+ to animals, suggests that both mercurials do not appre-
iably interact with intracellular proteins and are most likely
fficiently delivered to the bile across the canalicular plasma
embrane for the excretion in the intestine [202]. This could

lso explain the fact that no comprehensive studies into the iden-
ification of Hg2+ and CH3Hg+-binding proteins in liver cytosol
ave been reported. Interestingly, the chronic administration of
ice with HgCl2 (4–7 weeks, 1 mM HgCl2 in drinking water)

as resulted in the accumulation of Hg in hepatocyte nuclei
209], which was later demonstrated to occur within 15 min

ost-injection in rats [200]. Subsequent results demonstrated
hat Hg2+ can induce the transcription of the metallothionein-I
ene in mouse liver [210]. Direct experimental evidence for the
inding of Hg2+ to DNA has been recently obtained by identify-
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ng a Hg2+-crosslinked base pair (thymine–Hg–thymine) which
tabilized a DNA-duplex [211].

.4. Selenite and selenate metabolism

In contrast to AsIII, Hg2+ and CH3Hg+ (except AsV), endoge-
ous reduction is the dominating feature of the mammalian
etabolism of SeIV and SeVI [212]. In aqueous solution and

t physiological pH, SeIV is predominantly present as HSeO3
−

pK1 = 2.6, pK2 = 7.3) and SeVI as SeO4
2−. In aqueous solu-

ion, GSH and Cys chemically reduce SeIV to GS–Se–SG and
ys–Se–Cys [213,214]. Conversely, SeVI is not reduced by GSH

215]. In humans, orally ingested SeIV and SeVI are readily
bsorbed from the gastrointestinal tract into the bloodstream
SeIV 62–81%, SeVI ∼95%) [216–219] (Fig. 5). In rats both
eIV and SeVI are most efficiently and rapidly absorbed (within
5 min) from the small intestine (ileum) [220]. Since SeVI,
owever, was absorbed ∼3–7 fold more efficiently than SeIV

220,221], these oxo-anions appear to be absorbed by differ-
nt uptake mechanisms. SeIV is not actively transported and is
elieved to be absorbed by diffusion [221–224]. A more spe-
ific transport mechanism, however, cannot be entirely excluded
223] (HSe− has also been demonstrated to be absorbed from the
astrointestinal tract in chicken [225]). Studies into the role of
ngested dietary thiols on the mucosal uptake of SeIV across the
ntestinal brush border membrane in rats have revealed that the
bsorption of SeIV by the jejunum was stimulated by Cys [226]
nd that the preincubation of rat ileum with GSH resulted in a
ignificantly increased uptake of SeIV (uptake of SeVI was unaf-
ected by GSH) [227]. These results are in accord with the obser-
ation that an inhibition of endogenous GSH-synthesis in rat
issues (including the intestinal mucosa) decreased the transep-
ig. 5. Schematic illustration of the mammalian metabolism of SeIV and SeVI.
val shape: erythrocyte; Cys: l-cysteine; GSH: l-glutathione; DHLA: dihy-
rolipoic acid; Hb: hemoglobin. Asterisk indicates enzymatically mediated
iotransformation.



istry

i
b
t
w
n

t
(
n
e
w
f
t
g
i
[
t
(
p
a
a
s
r
t
o
f
[
i
E
w
c
c
o
p
a
o
m
w
p
i
T
i
b
i
H
t
T
m
t
p
[
c
s
s
e
H
p

a
r
1
i
f
t
S
t
t
m
l
t
C
a
p
f
p
h
t
e
(
e
(
t
w
l
S
p
t
c
p
7

i
n
c
S
A
p
(
b
l
a
g
a
S

l
f
l
i
I
C
C

J. Gailer / Coordination Chem

nhibition of its absorption from the small intestine (the ileum)
y a 1000-fold excess of SO4

2− in rats suggests a common, rela-
ively unspecific, but active transport mechanism [221,222,227],
hich is energized in part by the Na+-gradient across the intesti-
al brush border membrane [222,227].

After the absorption of SeIV and SeVI into the bloodstream,
heir individual binding to plasma proteins must be considered
Fig. 5). Even though the binding of SeVI to plasma proteins has
ot been investigated, it has been reported that plasma, but not
rythrocytes, will reduce SeVI to SeIV [229,230]. In rats, SeVI

as not appreciably uptaken by erythrocytes and disappeared
rom the bloodstream much faster than SeIV [215]. Studies of
he binding of SeIV to proteins in plasma have revealed a negli-
ible incorporation of Se into plasma proteins [231–234], which
s also in accord with the detection of free SeIV in human plasma
231]. When incubated with blood, however, SeIV was rapidly
aken up by erythrocytes (50–70% within 1–2 min) [233–238]
Fig. 5). This uptake is mediated by the erythrocyte anion trans-
ort protein (AE1) which transports a wide variety of oxy-anions
nd is presumably based on the structural similarity of the SeIV-
nion (HSeO3

−) with the bicarbonate anion (HCO3
−) [239]. A

tudy into the transport of oxy-anions in human erythrocytes has
evealed that SeVI influx was two orders of magnitude slower
han that of SeIV, which substantiates the in vivo results that were
bserved in rats [215]. The inhibition of the extrusion of 75Se
rom erythrocytes by high extracellular concentrations of SeIV

230,233] suggests that the AE1 transport protein is involved
n the regulation of the uptake of SeIV by erythrocytes [240].
vidence in support of this hypothesis comes from experiments
hich showed that the reaction of SeIV with Cys-residues of the

ytosolic domain of AE1 is associated with a conformational
hange, that could be transmitted to the extracellular domain
f the erythrocyte membrane [240] and is in accord with the
redicted large conformational change in the structure of the
nion-loaded AE1 protein during the translocation process of
xy-anions [239]. Inside erythrocytes, SeIV was found to be
etabolized [230,236,237] involving the GSH-mediated step-
ise reduction [241,242] to a reduced selenium compound –
resumably HSe− [231,232,242,243] (Fig. 5). The latter species
s rapidly effluxed from the erythrocytes (within 15–20 min).
his, however, only occurs in the presence of plasma or albumin

n the supporting medium [234,241,244] and implies a feed-
ack mechanism across the erythrocyte membrane which could
nvolve the AE1 transmembrane protein [240]. The expelled
Se− has been demonstrated to loosely bind to plasma pro-

eins [230,233,237,245], including albumin [218,234,238,243].
he easy removal of protein-bound Se (within 60 min after treat-
ent) by urea, Cys and mercaptoethanol has been rationalized in

erms of the formation of –S–Se– bonds with surface accessible
rotein sulfhydryl groups, but was not experimentally verified
218,245]. With regard to albumin, the erythrocyte-effluxed Se
ompound was demonstrated to not bind to Cys-34 of bovine
erum albumin [243], which is expected in view of the fact that

ulfhydryl Cys-34 is deprotonated at pH 7.4 [126]. Another inter-
sting observation that still needs to be explained is the fact that
Se− is sequestered by only about 5% of the albumin existing in
lasma [234]. In a study with human cancer patients, 75Se (given

l
p
m
t
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s SeIV) rapidly disappeared from the plasma within 1 h, but
eturned to the plasma (where it was bound to proteins) between
and 6 h [245]. This suggests that erythrocyte generated HSe−

s rapidly translocated to the liver and reappears in the plasma in
orm of selenoproteins (proteins containing endogenously syn-
hesized Se–cysteine groups), since it was impossible to remove
e by dialysis in the presence of mercaptoethanol [245]. After

he addition of 75SeIV to blood, four major Se-containing enti-
ies were identified in plasma of humans [231,245] and rhesus

onkeys [246]. The Se-containing peak that was detected in the
ow-molecular weight region within 1 h rapidly disappeared over
ime (within 6 h) and likely corresponds to either GS–Se–SG,
ys–Se–SG or free SeIV (the latter has been identified in rat
nd human serum) [247,248]). The other selenium-containing
eaks were selenoprotein P, the major selenoprotein (accounts
or ∼40–60% of total Se in humans), glutathione peroxidase
GSH–Px (23%) and albumin (16%) [249–252]. Only one study
as reported the binding of SeIV to erythrocyte proteins. After
he injection of Se-depleted rhesus monkeys with 75SeIV, size-
xclusion chromatography (Sephadex-150) of erythrocyte lysate
prepared after 3, 32 and 48 h) revealed four major Se-containing
ntities [246]. The 75Se-peak that eluted in the void volume
peak 1 > 150 kDa) remained constant throughout the observed
ime-period, but the protein was not identified. Since no protein
ith a size > 150 kDa is known to exist in human erythrocyte

ysate [253], this Se-containing peak may be the product of
eIV-induced cross-linking between two sulfhydryl-containing
roteins similar to the known reaction of SeIV with biological
hiols [254]. Another 75Se-peak (peak 2) eluted at the position of
GSH–Px (cytosolic GSH–Px was the first mammalian seleno-
rotein to be isolated from rat erythrocytes in 1973 [255]). This
5Se-peak was hardly recognizable after 3 h, but was greatly
ncreased at the 32 and the 48 h time-point, indicating endoge-
ous selenoprotein-biosynthesis. Another 75Se-peak (peak 3)
o-eluted with Hb which is in accord with studies that detected
e in Hb following the injection of dogs with SeVI [256].

putative selenohemoglobin (possibly Hb–Se–SG) has been
ostulated to be formed similar to sulfhemoglobin [257,258]
Fig. 5). Se-peak 3 was formed transiently and was most intense
etween 9 and 24 h post-injection. The 75Se that eluted in the
ow-molecular weight region (referred to as peak 4, but actu-
lly comprised of several small peaks) was intense up to 3 h, but
radually decreased in intensity to level off at the 24 h time-point
nd likely corresponds to small molecular weight metabolites of
eIV, such as GS–Se–SG.

With regard to the translocation from the bloodstream to the
iver, SeVI is believed to be translocated in its unmetabolized
orm [215,259]. Conversely, several SeIV species and metabo-
ites thereof must be considered. SeIV could be translocated in
tself, since free SeIV has been identified in human plasma [247].
n plasma, the nonenzymatic reaction of SeIV with GSH and
ys could result in the formation of species (GS–Se–SG and
ys–Se–Cys) that may be involved in the translocation to the
iver [260]. In contrast to this, the translocation of erythrocyte-
rocessed SeIV (presumably HSe−) is supported by experi-
ents [245]. Virtually nothing, however, is known about the

ranslocation mechanism(s) themselves (Fig. 5). In the liver,
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oth SeIV and SeVI were shown to be reduced to HSe− [261]
other nutritional Se compounds are also catabolized to HSe−
n the liver [262,263]). The reduction of SeIV involves endoge-
ous GSH and glutathione reductase [264], whereas SeVI is
elieved to be enzymatically reduced to SeIV involving its enzy-
atic activation (with ATP) to adenosine-5′-selenophosphate,

ollowed by the non-enzymatic GSH-mediated reduction to
eIV [264,265]. In case of excess dietary intake of Se, HSe−

s utilized for the biomethylation to (CH3)2Se, which is pul-
onary excreted (an thus detoxified) [266–270], or (CH3)3Se+

hich has been claimed to be a major urinary metabolite in
umans and rats [271–273], but urgently needs to be confirmed
104,274] (Fig. 5). If nutritionally adequate amounts of the
ssential trace element Se [275] are ingested, HSe− is used for
elenoprotein synthesis [276–278]. This involves the conversion
f HSe− to selenophosphate (SePO2OH2−) and is mediated by
n ATP-consuming reaction involving SePO2OH2−-synthetase
279,280] (Fig. 5). SePO2OH2− is subsequently used for the
ynthesis of selenocysteyl-tRNA (the mechanism is not com-
letely understood in mammals [280]) which finally attaches
elenocysteine to the growing peptide chain that is assembled
y the ribosome. More than 25 selenium-containing proteins
ave so far been detected in liver cytosol alone after in vivo
abeling of rats with Na2

75SeO3 followed by gel-electrophoresis
281]. Reasonable speculations estimate that up to 100 mam-
alian selenoproteins may exist [276]. With regard to the biliary

xcretion of Se, approximately similar bile Se concentrations
ere observed after the intravenous administration of rats and

abbits with SeIV and SeVI [167,282]. Studies into the molec-
lar form of Se in bile after the treatment of rats with SeIV

evealed the presence of GS–Se–SG [283]. In summary, HSe−
merges as a key metabolite in the mammalian metabolism of
e [262,264,270,284,285].

. Interactions between metals and metalloid
ompounds in mammals

A concise summary of the phenomenological observations
egarding “interactions” until the year 2000 will now be pre-
ented.

.1. Arsenite–selenite interaction

Elevated levels of Se in soils represent a serious problem in
griculture since certain plants can accumulate large quantities
f Se and since feeding of these plants to livestock will result
n “alkali disease” and “blind staggers”, two different forms of
e poisoning [286]. Enormous losses of livestock caused by
eeding toxic vegetation in South Dakota in the 1920’s and the
ventual identification of the culprit – elevated Se concentrations
n grain (10–30 mg/kg) [59,287] – triggered an investigation
nto the effect of a variety of metals and metalloid compounds

n the toxicity of seleniferous grains in rats. Rather unexpect-
dly, the addition of AsIII in form of NaAsO2 to drinking water
5 mg As/l) of rats offered full protection against liver dam-
ge caused by seleniferous wheat and SeIV (∼15 mg Se/kg),

h
l
d
c
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hereas 2.5 mg As/l only partially protected against the toxi-
ity of seleniferous wheat (∼11 mg Se/kg) [288–291]. Feeding
tudies with rats revealed that AsIII added to the diet similarly
ffered protection against the toxicity of SeIV or seleniferous
rains [292]. Subsequent studies confirmed this striking min-
ral antagonism between two individually highly toxic metalloid
ompounds in rats [293–295], mice [296], hogs [297], steers
298], dogs [299], chicken [300–303], mallards [304] and some
ndings suggest that the same holds true for humans [305–310].
he prevention of the SeIV-induced inhibition of the liver suc-
inic dehydrogenase activity by including AsIII in the diet of rats
epresents further proof for this antagonism in mammals using
n enzymatic assay [311]. Taken together, these phenomenologi-
al findings hinted toward the existence of a common underlying
iomolecular detoxification mechanism which operates in all
igher animals. The first indication of a possible connection
etween this antagonism and cancer was provided by a feed-
ng study with rats which demonstrated that AsIII (2 ppm As in
iet) abolishes the anticarcinogenic effect of SeIV (2 ppm Se in
iet) in inbred female C3H/St mice (an animal model prone to
he spontaneous formation of mammary adenocarcinoma fol-
owing the exposure to arsenite in drinking water) [312] and in a
imethylbenz[a]anthracene-induced mammary tumor model in
ats [313]. Even though these studies involved the exposure of
nimals to doses of both metalloids that are only rarely encoun-
ered in the environment, the results conclusively demonstrated
hat AsIII can interfere with the mammalian metabolism of SeIV.
irect experimental evidence for the occurence of this antago-
ism at the cellular level has been observed in cultured human
ymphocytes [314–317], human leukemia HL-60 cells [318],
orcine endothelial cells [319], rat hepatocytes [320], human
epatocytes [321] and – on a subcellular level – in Se-deficient
at mitochondria [322].

The first insight into the mechanism of this mineral antag-
nism was provided by a study which demonstrated that an
ral, toxic dose of SeIV that was administered to rats was
etoxified by AsIII regardless whether the latter was adminis-
ered orally or subcutaneously [323]. This strongly suggested
hat the AsIII–SeIV-antagonism was not based on the inhibi-
ion of the gastrointestinal absorption of SeIV by AsIII. Other
tudies demonstrated that the simultaneous administration of
sIII along with SeIV markedly inhibited the pulmonary excre-

ion of (CH3)2Se in rats [269,324–326] and hamsters [327],
hich was difficult to rationalize at the time since the exha-

ation of (CH3)2Se had been previously established as a major
etoxification pathway for excess selenite in mammals. AsIII

as also shown to greatly affect the body distribution of Se
mong internal organs [282,326,328] and significantly retarded
he passage of Se (given as SeIV) from the blood to the liver
128,295]. In addition, AsIII dramatically decreased the reten-
ion of Se in the liver of rats in short-term (3–24 h after dosing)
128,282,326,328–330] and long-term feeding experiments (∼2
o 18 months) in rats (seleniferous wheat [289], selenite [325]),

ogs (seleniferous corn [297]), and mice (SeO2 [312]). Other
ong-term feeding experiments which involved AsIII-fortified
iets, however, did not result in significantly decreased Se
oncentrations in the liver (Se was administered as selenifer-
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us wheat/corn or SeIV) of rats [292,294]. The discovery that
sIII markedly increased the biliary excretion of Se into the
astrointestinal tract (when the latter was administered SeIV)
282,327,329] and vice versa [128,129,326] prompted Orville
. Levander to postulate the in vivo formation of an As and
e-containing detoxication conjugate in the liver [331], which

s readily excreted in the bile [282,286,331]. The inhibition
f the SeIV-mediated reduction of methemoglobin by AsIII in
he presence of GSH indicated that erythrocytes were possibly
nvolved in mediating this antagonism [332]. Subsequent stud-
es demonstrated that AsIII also inhibited the formation of H2Se
rom SeIV in a system which contained GSH, glutathione reduc-
ase and bovine serum albumin (the AsIII concentrations that
ere used in this study did not inhibit the glutathione reductase

tself) [333]. These results prompted the authors to postulate “a
eaction between arsenite and a product of selenite reduction”
nd provided an important clue with regard to the nature of the
utative As and Se-containing detoxication conjugate itself. The
ame authors later corroborated these findings [212,284] and
roposed that “arsenite was reacting in a stoichiometric fashion
ith reduced intermediates formed from selenite” [284]. Seem-

ngly unrelated studies into the enzymatic methylation of AsIII in
ammals revealed that SeIV inhibited the methylation of AsIII in

at liver cytosol [334,335]. This result was eventually verified in
n enzyme essay using partially purified AsIII-methyltransferase
hich had been isolated from rabbit liver (12.6 �M SeIV resulted

n 50% enzyme inhibition) [336]. The latter study also reported
hat SeVI and HSe− inhibited the methylation of AsIII much less
ffectively than SeIV. Collectively, these investigations strongly
ndicated that the biochemical interaction between AsIII and
eIV occurs in blood and the liver.

.2. Arsenate–selenite interaction

Studies involving the simultaneous exposure to AsV and SeIV

stablished an antagonistic interaction between these metalloid
ompounds in mallards [304,337], rats [330,338–340], ham-
ters [341] and mice [342]. The simultaneous administration of
ats with AsV and SeIV revealed an increased fecal excretion of
oth metalloids (compared to the corresponding control groups)
hich is in accord with observations reported for the AsIII–SeIV

nteraction [343]. Subsequent studies showed that AsV increased
he biliary excretion of Se (given as SeIV) [128,326] and vice
ersa [128,129] and long term feeding studies (between 4 and 8
eeks) revealed that the chronic exposure to SeIV decreased

he in vivo methylation of simultaneously administered AsV

342]. Conversely, AsV significantly increased the fecal excre-
ion of 75Se [344]. Combined, these results indicated that the
nteraction between AsV and SeIV is related to the AsIII–SeIV

nteraction. Interestingly, the consecutive injection of rats with
sV (3 mg As2O5/kg) and SeIV (0.5 mg SeO2/kg) twice a week

or 4 weeks resulted in the formation of a precipitate in the kid-
ey lysosomes, which was characterized as As2Se [340].
.3. Mercuric mercury–selenite interaction

Another perplexing antagonism between two individu-
lly highly toxic compounds was discovered in 1967, when

i
b
a
e
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he HgCl2-induced renal and intestinal necrosis in rats
4.0 mg Hg/kg body weight) was demonstrated to be com-
letely abolished by the simultaneous administration of SeIV

2.4 mg Se/kg body weight; molar ratio Se:Hg = 1.5) [345].
sing the same doses, the injection of SeIV 1 h after HgCl2

ncreased the survival rate of rats by ∼94% (on day 7) com-
ared to the HgCl2-only group. This dramatic effect of SeIV on
he toxicity of HgCl2 in rats (and vice versa) was subsequently
onfirmed by others [293,346]. In addition, the administration
f SeIV (0.8 mg Se/kg body weight) to rats treated with HgCl2
2.0 mg/kg body weight) fully blocked the depletion of the
SH concentration in the liver by Hg2+ [347]. SeIV was also

ound to considerably prolong the half-life of 203Hg (given as
03HgCl2) in the bloodstream of mice over a 4 weeks period
348,349]. After the confirmation of this phenomenon in rats
350] and rabbits [351], SeIV was demonstrated to decrease
he Hg concentration of the kidneys and the intestine, but to
ncrease those of the liver and blood (24 h and 2 weeks after
reatment) [349,352,353]. These findings were in qualitative
greement with studies which showed that the simultaneous
dministration of SeIV dramatically decreased the urinary excre-
ion of Hg (given as HgCl2) [354,355] and vice versa [356].
ence, the simultaneous administration of SeIV greatly affects

he organ distribution of HgCl2 [354,357–361] (and vice versa
328,361–364]) and the excretion of Hg2+. Since the admin-
stration of 2,3-dimercaptopropanol, which is generally used
o remove Hg from the body [365], did not markedly effect
he excretion of Hg from HgCl2 and SeIV-treated animals, the
uthors concluded that “the compounds which are formed in
he organism by the reaction of selenium with mercury must
e relatively stable” [349], which was later confirmed by others
366]. A long-term feeding study in which rats were exposed
o HgCl2 in drinking water (10 ppm) and given SeIV in the
iet (10 ppm) for 7 weeks, resulted in marginally decreased Se-
oncentrations in the liver (87% of Se-only control) and a more
ronounced decrease in the kidney (66% of Se-only control)
325]. The inhibition of the pulmonary excretion of volative Se
ompounds (following the administration of SeIV) by simultane-
usly administered HgCl2 [325,354,367], the mutual decrease in
he translocation of Se (given as SeIV) and Hg (given as HgCl2)
rom the mother via the placenta to the foetus [348,354,368,369],
nd the prevention of the inhibitory effect of HgCl2 on the
SH-peroxidase activity in the kidney by SeIV [370] strongly

ndicated that HgCl2 interfered with the metabolism of SeIV

368,371], possibly in blood and involving reactions with pro-
eins [348,368,372]. The SeIV-induced diversion of 203HgCl2
inding from the small to the high molecular weight region in
iver and kidney cytosol (by size exclusion chromatography)
uggested that the interaction between SeIV and HgCl2, how-
ver, also occurs in the liver and the kidney [352,353,373–383]
nd also in erythrocytes [195,351,384,385]. Direct experimen-
al evidence in favor of an interaction between SeIV and HgCl2
n the liver comes from studies which showed that Hg2+ inhib-

ted the swelling of Se-deficient rat liver mitochondria caused
y GSH and SeIV [322]. The spatial co-localization of Se
nd Hg in liver and kidney (but not in brain [386]) after the
xposure of rats to SeIV and HgCl2 was another observation
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hich implied their interaction in organs [387–391]. A study
nto the effect of varying doses of SeIV on the tissue distribu-
ion of Hg (administered as HgCl2) and measured 24 h after
dministration revealed that an equimolar dose of SeIV pro-
uced the maximum retention of Hg in blood and the maximum
eduction in renal Hg [350]. This suggested a 1:1 stoichiom-
try between SeIV and Hg2+ with regard to the underlying
etoxification mechanism between SeIV and HgCl2 and was
ventually confirmed in chicken [392], mice [393] and pigs
394].

In 1974 Raymond Burk’s group reported that the co-injection
f rats with 75SeIV (0.4 mg Se/kg body weight) and 203HgCl2
1.0 mg Hg/kg body weight) resulted in the formation of a sin-
le Se and Hg-containing compound in plasma (detected by size
xclusion chromatography followed by radiodetection) [395],
hich was confirmed by others [374,396–399]). A compound
ith a 1:1 molar Se:Hg ratio was detected in rats plasma even
hen different doses of SeIV and HgCl2 were injected [395].
urthermore, the isolated 75Se and 203Hg-containing peak main-

ained its 1:1 stoichiometry even after it was subjected to ion-
xchange chromatography [382,395]. Even though these results
trongly suggested that Se and Hg were attached to a single
lasma protein, other researchers concluded from their stud-
es that the Hg–Se complex in plasma was an inorganic mer-
uric selenide colloid which did not contain protein [400]. The
bserved time lag after the injection of SeIV before the 1:1 Se:Hg
ontaining protein could be detected, suggested that Na2SeO3
ust be metabolized in the bloodstream before binding with
gCl2 to the plasma protein can occur [395]. Interestingly, a
ater soluble “black complex” which apparently contained GS-
oieties and equimolar amounts of Hg and Se was synthesized

y reacting 4 mmol GSH with 0.5 mmol HgCl2 and 0.45 mmol
f Na2SeO3 (followed by the removal of a precipitate) and was
evealed to be non-toxic when fed to mice [401]. Even though
his “black complex”, very likely represented the detoxifica-
ion product that is formed in vivo between SeIV and HgCl2 in

ammals, the authors did not structurally characterize it at the
ime.

In 1983 Akira Naganuma’s group revealed that GSH is fun-
amentally involved in the formation of the Hg–Se-containing
lasma protein in rabbit blood [385]. This finding further implied
hat erythrocytes were possibly involved in driving the antag-
nism between SeIV and HgCl2 in the bloodstream since the
oncentrations of GSH in plasma are 100-fold lower than those
n erythrocytes [122]. Interestingly, the administration of SeIV

h before HgCl2 markedly enhanced the lethality of the latter
372,402], which implies a synergistic toxicity between a SeIV-
etabolite and Hg2+ and emphasizes that the order of injection

ritically determines the nature of the “interaction” (antagonistic
ersus synergistic) in vivo.

The next big step forward with regard to a better under-
tanding of the molecular mechanism regarding the SeIV–HgCl2
ntagonism in mammals was reported in 1997 by Kazuo

uzuki’s group. They identified the plasma protein to which
structurally unknown Hg–Se entity bound as selenoprotein P

403]. Based on a subsequent study the same group concluded
hat ∼35 Hg–Se-containing entities, which are formed in blood

b
(
I
o
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nd contain ∼100 atoms of Hg and Se bind to selenoprotein
(Sel P) [404,405]. The structure of the Hg–Se entity itself,

owever, remained elusive.

. Elucidation of the structural basis of the
rsenite–selenite antagonism

Despite the fact that all studies which involved the simulta-
eous administration of animals with AsIII and SeIV collectively
dentified the mutual biliary excretion of AsIII and SeIV as
he most prominent feature of this antagonism, the underlying

olecular mechanism remained elusive. One possible expla-
ation for the AsIII-induced increased biliary excretion of Se
given as SeIV as outlined in Section 5.1) was a “postulated
eaction between these two elements to form some sort of detox-
cation conjugate readily excreted into the bile” [282]. The same
uthors , however, also suggested that “another possibility could
e a change in the permeability of the blood/bile barrier caused
y a reaction of arsenic with essential structural units in mem-
ranes or with certain energy-producing enzyme systems nec-
ssary for the maintenance of membrane integrity”. In order
o elucidate which one of these explanations was the correct
ne, evidence in favour of the biliary excretion of a putative
s–Se-compound had to be gathered and its structure had to be

lucidated. Since AsIII and SeIV are well known to individually
eact with GSH [107,213] and since GSH represents the most
revalent low molecular weight thiol in the liver of mammals
139], the in vivo formation and biliary excretion of a ternary
sxSey(GS)z compound was envisioned.
A systematic investigation into the reaction of equimolar AsIII

nd SeIV with increasing amounts of GSH (in aqueous solution)
howed that at least 8 mol-equivalents of GSH were required
o prevent the formation of a red precipitate (�-Se) [406]. The
btained reaction mixture presumably contained a water-soluble
e compound, which was oxygen-sensitive and decomposed
elow pH 7.0. Electrospray ionization mass spectroscopy (ESI-
S) of this reaction mixture did not reveal any useful results, but
aman spectroscopy identified a unique peak at 290 cm−1 and
more importantly – two peaks at 510 and 660 cm−1, which

mplied the presence of oxidized GSH (GSSG). This implied
hat a redox reaction had occurred in which GSH was con-
umed [406]. 77Se NMR spectroscopy of the reaction mixture
esulted in a single 77Se signal with an unusual 77Se chemical
hift of −5.7 ppm. This finding provided the first experimen-
al evidence in favor of the formation of a novel Se compound
the 77Se chemical shift of the starting material, Na2SeO3,
as been reported at 1260 ppm [407]). Studies which involved
ize exclusion chromatography (SEC) and radio-detection (�-
ounter) of the injected H75SeO3

− and/or 73As(OH)3 in the
ollected fractions provided further evidence for the forma-
ion of an As–Se-compound from AsIII, SeIV and excess GSH
Fig. 6).

The subsequent analysis of the obtained reaction mixture

y As and Se K-edge extended X-ray absorption fine structure
EXAFS) analysis (in collaboration with Graham N. George and
ngrid J. Pickering at the Stanford Synchrotron Radiation Lab-
ratory, SSRL) revealed an As–Se bond length of 2.32 Å and
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Fig. 6. Size exclusion chromatography (Sephadex G-10) of 73As(OH)3 (5 �g
As) and/or H75SeO3

− (5 �g Se) and radiodetection in the collected fractions
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[(GS)2AsSe]− was only excreted in bile (within 25 min) when

III VI
�-counter). PBS: phosphate buffered saline; GSH: l-glutathione. All mobile
hases pH 7.4.

wo As-S interactions at 2.25 Å [406]. According to reported
ond distances for As–Se single and double bonds in the Cam-
ridge Structural Database, the observed bond length suggested
n As Se double bond with significant single bond charac-
er. Hence, the EXAFS data revealed the solution species as
he seleno-bis (S-glutathionyl) arsinium ion, [(GS)2AsSe]−.
his EXAFS-derived structure allowed the assignment of the
90 cm−1 Raman peak as the ν(As–Se) mode of [(GS)2AsSe]−.
he fact that this frequency was lower compared to what had
een previously reported for As Se bonds, was consistent with
bond order of slightly less than two and in accord with the
XAFS data [406]. In order to ascertain the EXAFS-derived
tructure with a different analytical technique, the retention
ehavior of the obtained reaction mixture (with nine GSH to pre-
ent oxidation) was investigated by size exclusion chromatog-
aphy (SEC, Sephadex-25) and hexadecyl-trimethylammonium
romide-containing mobile phases (30–50 mM in 0.1 M Tris-
uffer, pH 8.0) followed by the simultaneous As, Se and S-
pecific detection of the column effluent by inductively coupled
lasma atomic emission spectrometry (ICP-AES) [408]. Based
n the interaction of the negatively charged species of the reac-
ion mixture [GSSG net charge: −2; (GS)2AsSe− net charge: −3
f the EXAFS-derived structure was correct] with the positively
harged micelles of the mobile phase, the comparative migration
ehavior of GSSG and [(GS)2AsSe]− provided direct experi-
ental evidence for additional negative charge on (GS)2AsSe−

77
ompared to GSSG. Taken together, the Se NMR, Raman
nd SEC-ICP-AES data unequivocally confirmed the EXAFS-
erived solution structure and established the overall reaction

A
b
b
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ccording to Eq. (1):

s(OH)3 + HSeO3
− + 8 GSH

→ (GS)2AsSe− + 3GSSG + 6H2O (1)

ith a structurally characterized synthetic model compound in
and, the K-edge As and Se X-ray absorption near edge spectra
f [(GS)2AsSe]− were measured (SSRL). These spectra essen-
ially provide a fingerprint of this compound and can be used
o qualitatively identify this compound in complex biological

atrices. In order to probe if the model compound was identical
o the putative As–Se compound that was excreted in the bile,
abbits were injected with AsIII (0.60 mg As/kg body weight)
ollowed 3 min later by SeIV (0.63 mg Se/kg body weight) and
ile was collected for 25 min [406]. Atomic fluorescence spec-
roscopy analysis (SSRL) revealed that the metalloid concentra-
ions in these bile samples were 20.9 ppm for As and 21.6 ppm
or Se (rabbits injected with either AsIII or SeIV had bile metal-
oid concentrations of 1.7 ppm As and 0.1 ppm Se). The As/Se

olar ratio in these bile samples was 0.97 and strongly indi-
ated the presence of an As–Se compound with equimolar As
nd Se. The obtained K-edge Se X-ray absorption near edge
pectra of bile (the Se spectrum provides a more characteris-
ic “fingerprint” of this compound than the As spectrum) was
lmost identical to that of synthetic [(GS)2AsSe]− and indicated
he presence of [(RS)2AsSe]− (where R is an organic donor)
ince X-ray absorption near edge spectroscopy cannot explic-
tly identify the nature of the sulfur donor itself. In order to
dentify the sulfur donor in the bile species, bile form similarly
reated rabbits was analyzed by SEC-ICP-AES. Simultaneous

ultielement-specific detection of As, Se and S revealed a sin-
le peak which contained these elements (the As/Se molar ratio
as 1:1), which greatly increased in intensity upon spiking

he bile with synthetic [(GS)2AsSe]−. Hence, SEC-ICP-AES
nequivocally identified GS as the sulfur donor in the bile
pecies.

Investigations aimed at an elucidation of the chemical reac-
ions underlying Eq. (1) revealed, that each metalloid oxo-anion
ndividually reacts with GSH first and that the reaction prod-
cts finally react to [(GS)2AsSe]− in virtually quantitative yield
409]. In particular, HSeO3

− is reduced by 6 mole-equivalents
SH to HSe− (this involves three consecutive 2e− reduction

teps) [213]. Conversely, As(OH)3 reacts with 2 mol-equivalents
SH to (GS)2As–OH [111]. HSe− will then nucleophilically

ttack the As-atom of (GS)2As–OH to form a four-coordinate
ntermediate species [(GS)2As(OH)(SeH)]−, which loses H2O
o form [(GS)2AsSe]−. In the presence of excess GSH – the
revalent situation in the liver [139] and erythrocytes [131] – it is
ossible that HSe− rather reacts with (GS)3As to [(GS)2AsSe]−
nd GSH (Fig. 7).

A subsequent investigation of a potential in vivo interaction
etween other environmentally common oxy-anions of As and
e in rabbits (AsIII–SeVI, AsV–SeIV, AsV–SeVI) revealed that
s (2.40 mg As/kg body weight) and Se (2.52 mg Se/kg
ody weight) were injected (Se compound followed 3 min later
y As compound) [167]. Since whole blood (collected at the
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Fig. 7. Interaction between AsIII and SeIV in erythrocytes (A) and between AsIII

and SeVI in the liver (B). Oval shape: erythrocyte; Cys: l-cysteine; GSH: l-
glutathione; DHLA: dihydrolipoic acid. Asterisk indicates enzymatically medi-
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vivo. Additional evidence for the in vivo formation of the syn-
thetic (Hg–Se)core(GS)5-species was the fact that the Hg/Se ratio
ted biotransformation.

5 min postinjection) contained predominantly unchanged SeVI,
hese results (the presence of [(GS)2AsSe]− in bile) implied
hat SeVI must have been reduced to SeIV in the liver (Fig. 7).
onsequently, these results clearly indicated that [(GS)2AsSe]−
as assembled in the liver. More recent results – and arguably

he most important with regard to the relevance of this AsIII

nd SeIV antagonism for environmental toxicology – have pro-
ided experimental evidence in favor of the in vivo formation
nd biliary excretion of [(GS)2AsSe]− after the intravenous
dministration of rabbits with environmentally relevant doses
f AsIII and SeIV [410]. In fact, an increased mutual biliary
xcretion of As and Se was observed after the intravenous
dministration of doses as small as 5 �g of AsIII and SeIV/kg
ody weight (100-times lower dose compared to the previ-
us study) [406]. This study also revealed that the intravenous
njection of rabbits with 50 �g AsIII/kg body weight mobilized
ndogenous Se to the bile (evidenced by the increased Se con-
entration in bile compared to the control). Combined, these
esults established a causal relationship between the exposure
f rabbits to AsIII and Se-deficiency [410]. The most recent
esults established that [(GS)2AsSe]− is rapidly formed in blood
after the addition of AsIII and SeIV) and that erythrocytes
re an important site for the in vivo assembly of this toxico-
ogically important metabolite [411]. These findings suggest
hat the erythrocyte-mediated assembly of [(GS)2AsSe]− repre-
ents an evolved mammalian detoxification mechanism, which
if overwhelmed – represents the molecular basis for the sys-

emic toxicity of AsIII [136]. An overview of the antagonism
III IV III VI
etween As and Se and between As and Se is given in

ig. 7.
i
m
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. Elucidation of the structural basis of the mercuric
ercury–selenite antagonism

In order to elucidate the structure of the Hg–Se entity that
inds to selenoprotein P in the bloodstream, a systematic inves-
igation into the reaction of equimolar Hg2+ (HgCl2) and SeIV

ith increasing amounts of GSH was conducted [412]. Whereas
olorless solutions were obtained with <3 mol equivalents of
SH, progressively darker solutions were obtained with up to
mol equivalents. When ≥7 mol equivalents of GSH were used,
black precipitate was formed. Since the 6 mol-equivalent mix-

ure resulted in the formation of a precipitate within 10 min,
mol-equivalents of GSH were used to synthesize a putative
g–Se compound. Since the characterization of this black solu-

ion by ESI-MS, MALDI-TOF, FAB-MS, 77Se NMR and 199Hg
MR did not yield any useful results, the black solution species
as analyzed by size exclusion chromatography (Sephadex
25) followed by simultaneous Hg, Se and S-specific detec-

ion using ICP-AES. The two most prominent features of the
btained chromatogram were (a) the elution of a sulfur com-
ound which was be identified as GSSG and (b) the elution of a
ingle Hg/Se/S-containing species in the void volume. In anal-
gy to the aqueous solution chemistry between AsIII, SeIV and
SH (Eq. (1)), the detection of GSSG in the reaction mixture

mplied that GSH had been consumed in a redox reaction. More
mportantly, the Hg/Se molar ratio of the peak that eluted in
he void volume was 1.14 and contained a small, but signifi-
ant amount of S (which corresponded to ∼5 mol equivalents
er 100 atoms of Hg or Se). The fact that the black Hg/S/Se-
pecies eluted in the void volume implied a size of >5 kDa,
hich corresponds to a Stokes radius of 65 Å. Subsequent Hg

L-edge) and Se K-edge EXAFS spectroscopy of the purified
lack Hg/S/Se-species (SSRL) revealed a four-fold coordina-
ion of Hg with Se (2.61 Å) and a small amount of a Se-S
nteraction (∼2.0 Å), which was consistent with the chromatog-
aphy results and implied the presence of (GS–Se–) entities.
aken together, the SEC-ICP-AES and the EXAFS results sug-
ested a core of mercuric selenide (Hg–Se) with the ligation
f ∼5 GS-moieties on the surface (Fig. 8). The GS-moieties
n the Hg–Se core explained the overall water solubility of
his complex since HgSe in itself is virtually insoluble in water
KL = 10−59). The structure of this (Hg–Se)core(GS)5-species is
eminiscent of water soluble CdS particles which are formed
ith plant phytochelatins [413].
In order to elucidate if this (Hg–Se)core(GS)5-species is

ormed in vivo, the Hg and Se X-ray absorption near edge spec-
ra were measured (SSRL) and compared to those of plasma
hich was collected from rabbits 20 min after they had been

njected with Na2SeO3 (0.63 mg Se/kg body weight) followed
min later by HgCl2 (1.57 mg Hg/kg body weight). The Hg
nd Se X-ray absorption near edge spectra of plasma were
ssentially identical to those of the synthetic (Hg–Se)core(GS)5-
pecies, which suggested that this species is readily formed in
n plasma (1.12) was in agreement with that of the synthetic
odel compound (1.14) and the results reported by others [395].



J. Gailer / Coordination Chemistry

Fig. 8. Interaction between Hg2+ and SeIV in the bloodstream. Oval shape: ery-
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ndicates enzymatically mediated biotransformation.

ccording to the molecular mechanism which was proposed
or the mutual detoxification of SeIV and Hg2+ by Sasakura
nd Suzuki [405], the species that is formed in vivo can be
haracterized as (Hg–Se)100(GS)5 which subsequently binds to
elenoprotein P [403]. Since 35 of these (Hg–Se)100(GS)5 enti-
ies can bind to 1 selenoprotein P molecule [404], the latter
lasmaprotein is fundamentally involved in the detoxification
f Hg2+ and the chemically related Cd2+ in mammals [405]. An
verview of the overall detoxification mechanism is depicted in
ig. 8.

. Concluding remarks

Because of the ongoing anthropogenic emission of toxic
etals and metalloid compounds into the global environment,

ertain populations are simultaneously exposed to increasing
evels of toxic metals and metalloid compounds through their
iet and drinking water. The toxicity of a mixture, however,
annot be accurately predicted since numerous antagonistic and
ynergistic effects are known to exist between individual com-
ounds. The simultaneous administration of rabbits with two
ndividually highly toxic compounds followed by the analy-
is of various biological fluids (e.g. bile, plasma) by XAS and
EC-ICP-AES has revealed the structural basis of the antag-
nistic interactions between the inorganic pollutants AsIII and
g2+ and the essential ultratrace element Se (administered as
eIV or SeVI). The fact that both interactions are driven by
ndogenous GSH (which reduces SeIV to highly reactive HSe−
n erythrocytes) and occur in the bloodstream reinforces the pre-
iously expressed notion that erythrocytes represent the first
ine of defence against ingested toxic metals and metalloid
ompounds [5,202]. The AsIII–SeIV antagonism is based on

he assembly of [(GS)2AsSe]− in erythrocytes followed by its
xtrusion to plasma, the liver and finally bile. The Hg2+–SeIV

ntagonism involves the erythrocyte mediated formation of
Hg–Se)100(GS)5 in blood plasma and its subsequent binding

o
m
T
(
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o selenoprotein P. Since the As Se bond in [(GS)2AsSe]−
nd the four-coordinate Hg–Se bonds in (Hg–Se)100(GS)5 are
hemically more stable that the corresponding As–S and Hg–S
ingle bonds (e.g. between AsIII/Hg2+ and endogenous GSH),
he biochemistry and toxicology of AsIII and Hg2+ are not only
riven by their interactions with endogenous thiols as previously
hought, but also – and much more importantly so – by their
eaction with endogenously generated highly reactive selenium
etabolites, such as HSe−. The in vivo formation of metabolites
ith As–Se and Hg–Se bonds therefore implies that ingested
sIII and Hg2+ both target the metabolism of Se. Several details

egarding the in vivo assembly and the fate of [(GS)2AsSe]− and
Hg–Se)100(GS)5, however, still need to be elucidated.

Since Se is an essential ultratrace element for all higher
nimals including humans, the chronic low-level exposure of
umans to AsIII and Hg2+ will render part of the ingested
ietary SeIV (and SeVI) organ-unavailable. In view of the fact
hat Se-deficiency is associated with cancer in humans, the
sIII and Hg2+ induced Se-deficiency of internal organs (i.e.

he organavailability of Se) will inevitably increase the human
ancer risk and therefore represents a conceptually novel mech-
nism for the chronic toxicity of AsIII and Hg2+ [5]. In view
f the fact that numerous synergistic and antagonistic interac-
ions involving the essential ultratrace element Se are known
5] and given that many other interactions between toxic and
ssential ultratrace elements are likely to exist, the elucidation
f the underlying molecular mechanisms will provide exciting
ew insights into mammalian detoxification mechanisms, which
if overwhelmed – will result in chronic toxicity. The basic

enet of this review is that the molecular basis for the chronic
oxicity of metals and metalloid compounds cannot be eluci-
ated based on the reductionistic approach alone (e.g. to study
he effect of a toxic metal in cell culture; Fig. 2, mechanism 1).
nstead, the constant flux of essential and toxic elements through
hole mammalian organisms must be taken into account and can
rovide important new insights into mammalian detoxification
echanisms (Fig. 2, mechanism 2). Following R.J.P. Williams

dvice that “Living organisms cannot be understood by studying
xtracted (dead) molecules. We have to study flow systems” [5]
he emerging new science of environmental bioinorganic chem-
stry is destined to uncover the inorganic basis of chronic human
iseases, such as cancer and neurodegenerative diseases, since
ltimately every toxicological phenomenon rests on a chemical
oundation.

cknowledgments

Graham N. George and Ingrid J. Pickering (Department of
eological Sciences, University of Saskatchewan, Saskatoon,
K, Canada) are gratefully acknowledged for the X-ray absorp-

ion measurements (SSRL), Richard S. Glass (University of
rizona, Tucson, AZ, USA) and Raymond Turner (University

f Calgary, Calgary, AB, Canada) for critical comments on the
anuscript and Andrew J. Percy for the assembly of Fig. 6.
he “Fonds zur Förderung der wissenschaftlichen Forschung”

Austria), the “Wallace Foundation” (USA), the “Alexander von



2 istry

H
a
g
t

R

50 J. Gailer / Coordination Chem

umboldt Foundation” (Germany), and the National Science
nd Engineering Research Council (NSERC) of Canada are
ratefully acknowledged for funding the research reviewed in
his manuscript.

eferences

[1] J.E. Penner-Hahn, Coord. Chem. Rev. 249 (2005) 161.
[2] J.J.R. Frausto da Silva, R.J.P. Williams, The biological chemistry of the

elements, Oxford University Press, Oxford, 2001.
[3] R.J. Wood, O. Han, J. Nutr. 128 (1998) 1841.
[4] D.M. De Silva, C.C. Askwith, J. Kaplan, Physiol. Rev. 76 (1996) 31.
[5] J. Gailer, Appl. Organometal. Chem. 16 (2002) 701.
[6] L.C. Clark, K.P. Cantor, W.H. Allaway, Arch. Environ. Health 46 (1991)

37.
[7] W. Windisch, Anal. Bioanal. Chem. 372 (2002) 421.
[8] R.M. Llanos, J.F.B. Mercer, DNA Cell. Biol. 21 (2002) 259.
[9] P.M. Harrison, P. Arosio, Biochim. Biophys. Acta 1275 (1996) 161.

[10] B. Lahner, J. Gong, M. Mahmoudian, E.L. Smith, K.B. Abid, E.E. Rogers,
M.L. Guerinot, J.F. Harper, J.M. Ward, L. McIntyre, J.I. Schroeder, D.E.
Salt, Nat. Biotechnol. 21 (2003) 1215.

[11] J. Emsley, The Elements, Clarendon Press, Oxford, 1998.
[12] G.E. Brown Jr., A.L. Foster, J.D. Ostergren, Proc. Natl. Acad. Sci. USA

96 (1999) 3388.
[13] N.M. Lawson, R.P. Mason, Water Res. 35 (2001) 4039.
[14] F.M.M. Morel, A.M.L. Kraepiel, M. Amyot, Annu. Rev. Ecol. Syst. 29

(1998) 543.
[15] P. Mushak, Environ. Health Perspect. 63 (1985) 105.
[16] D. Yuan, Environ. Health Perspect. 110 (2002) A500.
[17] E. Frieden, J. Chem. Educ. 62 (1985) 917.
[18] K. Kobayashi, C. Ponnamperuma, Origins Life 16 (1985) 41.
[19] M.J. Moore, M.D. Distefano, L.D. Zydowsky, R.T. Cummings, C.T.

Walsh, Acc. Chem. Res. 23 (1990) 301.
[20] P. Coyle, J.C. Philcox, L.C. Carey, A.M. Rofe, Cell. Mol. Life Sci. 59

(2002) 627.
[21] C.D. Klaassen, J. Liu, S. Choudhuri, Annu. Rev. Pharmacol. Toxicol. 39

(1999) 267.
[22] O.K. Vatamaniuk, E.A. Bucher, J.T. Ward, P.A. Rea, J. Biol. Chem. 276

(2001) 20817.
[23] J.M. Pacyna, in: L.W. Chang (Ed.), Toxicology of Metals, CRC Press,

Boca Raton, Florida, 1996, p. 9.
[24] O.I. Joensuu, Science 172 (1971) 1027.
[25] K. Nogawa, T. Kido, in: L.W. Chang (Ed.), Toxicology of Metals, CRC

Lewis Publishers, London, 1996, p. 353.
[26] J.O. Nriagu, H.K. Wong, Nature 301 (1983) 55.
[27] M. Jackson, D. Hancock, R. Schulz, V. Talbot, D. Williams, Mar. Environ.

Res. 18 (1986) 185.
[28] H.A. Schroeder, J.J. Balassa, Science 140 (1963) 819.
[29] J.O. Nriagu, J.M. Pacyna, Nature 333 (1988) 134.
[30] A. Popovic, D. Radmanovic, D. Djordjevic, P. Polic, in: S.J. Licht-

fouse, E.D. Robert (Eds.), Environmental Chemistry, Springer-Verlag,
New York, 2005, p. 145.

[31] D.W. Rutherford, A.J. Bednar, J.R. Garbarino, R. Needhan, K.W. Staver,
R.L. Wershaw, Environ. Sci. Technol. 37 (2003) 1515.

[32] P. Jitaru, H.G. Infante, C.P. Ferrari, A. Dommergue, C.F. Boutron, F.C.
Adams, J. Phys. IV France 107 (2003) 683.

[33] W.R. Cullen, K.J. Reimer, Chem. Rev. 89 (1989) 713.
[34] C. Hanisch, Environ. Sci. Technol. 176 A (1998).
[35] A.L.W. Kemp, J.D.H. Williams, R.L. Thomas, M.L. Gregory, Water Air

Soil Pollut. 10 (1978) 381.
[36] M.G. Johnson, L.R. Culp, S.E. George, Can. J. Fish. Aquat. Sci. 43 (1986)

754.

[37] J.N. Galloway, G.E. Likens, Limnol. Oceanogr. 24 (1979) 427.
[38] R.A. Smith, R.B. Alexander, M.G. Wolman, Science 235 (1987) 1607.
[39] V. Bencko, K. Symon, Environ. Res. 13 (1977) 378.
[40] H.A. Schroeder, J.J. Balassa, J. Chronic Dis. 14 (1961) 236.
[41] T.W. Clarkson, Crit. Rev. Clin. Lab. Sci. 34 (1997) 369.
Reviews 251 (2007) 234–254

[42] L. Magos, Met. Ions Biol. Syst. 34 (1997) 321.
[43] L. Gerhardsson, S. Skerfving, in: L.W. Chang (Ed.), Toxicology of Metals,

CRC Lewis Publishers, New York, 1996, p. 81.
[44] L. Magos, M. Webb, Crit. Rev. Toxicol. 8 (1980) 1.
[45] T. Takeuchi, N. Morikawa, H. Matsumoto, Y. Shiraishi, Acta Neuropathol.

2 (1962) 40.
[46] P.E. Pierce, J.F. Thompson, W.H. Likosky, L.N. Nickey, W.F. Barthel,

A.R. Hinman, JAMA 220 (1972) 1439.
[47] E. Stokstad, Science 304 (2004) 1892.
[48] W.L. Marcus, A.S. Rispin, in: C.R. Cothern, M.A. Mehlmans, W.L. Mar-

cus (Eds.), Advances in Modern Environmental Toxicology, 1988, p. 133.
[49] D.K. Nordstrom, Science 296 (2002) 2143.
[50] M.D. Johnson, N. Kenney, A. Stoica, L. Hilakivi-Clarke, B. Singh, G.

Chepko, R. Clarke, P.F. Sholler, A.A. Lirio, C. Foss, R. Reiter, B. Trock,
S. Paik, M.B. Martin, Nat. Med. 9 (2003) 1081.

[51] L. Trasande, P.J. Landrigan, C. Schechter, Environ. Health Perspect. 113
(2005) 590.

[52] L.T. Kurland, S.N. Faro, H. Siedler, World Neurol. 1 (1960) 370.
[53] F. Bakir, S.F. Damluji, L. Amin-Zaki, M. Murtafdha, A. Khalidi, N.Y. Al-

Rawi, S. Tikriti, H.I. Dhahir, C.T.W., J.C. Smith, R.A. Doherty, Science
181 (1973) 230.

[54] R.B. Finkelman, H.E. Belkin, B. Zheng, Proc. Natl. Acad. Sci. USA 96
(1999) 3427.

[55] A. Chatterjee, D. Das, B.K. Mandal, T.R. Chowdhury, G. Samanta, D.
Chakraborti, Analyst 120 (1995) 643.

[56] D. Das, A. Chatterjee, B.K. Mandal, G. Samanta, D. Chakraborti, B.
Chanda, Analyst 120 (1995) 917.

[57] J. Liu, B. Zheng, H.V. Aposhian, Y. Zhou, M.-L. Chen, A. Zhang, M.P.
Waalkes, Environ. Health Perspect. 110 (2002) 119.

[58] U. Tinggi, Toxicol. Lett. 137 (2003) 103.
[59] J.G. Hutton, J. Am. Soc. Agron. 23 (1931) 1076.
[60] K. Nogawa, T. Kido, in: L.W. Chang (Ed.), Toxicology of Metals, CRC

Lewis Publishers, New York, 1996, p. 353.
[61] K.W. Franke, A.L. Moxon, J. Pharmacol. Exp. Therap. 58 (1936) 454.
[62] H.V. Aposhian, Rev. Biochem. Toxicol. 10 (1989) 265.
[63] B.P. Gaber, A.L. Fluharty, Bioinorg. Chem. 2 (1972) 135.
[64] J.L. Webb, in: J.L. Webb (Ed.), Enzyme and Metabolic Inhibitors, Aca-

demic Press, London, 1966, p. 595.
[65] K. Waku, Y. Nakazawa, Toxicol. Lett. 4 (1979) 49.
[66] A. Fluharty, D.R. Sanadi, Proc. Natl. Acad. Sci. USA 46 (1960) 608.
[67] M.G. Ord, L.A. Stocken, Trends Biochem. Sci 25 (2000) 253.
[68] H.J. Segall, J.M. Wood, Nature 248 (1974) 456.
[69] R.G. Pearson, J. Am. Chem. Soc. 85 (1963) 3533.
[70] S.-H. Shin, T. Luchian, S. Cheley, O. Braha, H. Bayley, Angew. Chem.

Int. Ed. 41 (2002) 3707.
[71] K.S. Squibb, B.A. Fowler, in: B.A. Fowler (Ed.), Biological and Environ-

mental Effects of Arsenic, Elsevier Publishers B.V, 1983, p. 233.
[72] O.M. Ni Dhubhghaill, P.J. Sadler, Struct. Bonding 78 (1991) 129.
[73] T. Samikkannu, C.H. Chen, L.-H. Yih, A.S.S. Wang, S.-Y. Lin, T.-C.

Chen, K.-Y. Jan, Chem. Res. Toxicol. 16 (2003) 409.
[74] H.V. Aposhian, M.M. Aposhian, Chem. Res. Toxicol. 19 (2006) 1.
[75] F. Chen, V. Vallyathan, V. Castranova, X. Shi, Mol. Cell. Biochem. 222

(2001) 183.
[76] X.-J. Huang, P.H. Wiernik, R.S. Klein, R.E. Gallagher, Med. Oncol. 16

(1999) 58.
[77] J.D. Robertson, S. Orrenius, Crit. Rev. Toxicol. 30 (2000) 609.
[78] Z.-Y. Wang, Cancer Chemother. Pharmacol. 48 (Suppl. 1) (2001) S72.
[79] F. Chen, M. Ding, V. Castranova, X. Shi, Mol. Cell. Biochem. 222 (2001)

159.
[80] A. Barchowsky, E.J. Dudek, M.D. Treadwell, K.E. Wetterhahn, Free

Radic. Biol. Med. 21 (1996) 783.
[81] J.A. Shumilla, K.E. Wetterhahn, A. Barchowsky, Arch. Biochem. Bio-

phys. 349 (1998) 356.

[82] P. Kapahi, T. Takahashi, G. Natoli, S.R. Adams, Y. Chen, R.Y. Tsien, M.

Karin, J. Biol. Chem. 275 (2000) 36062.
[83] D. Büsselberg, Toxicol. Lett. 82/83 (1995) 255.
[84] W.D. Atchison, M.F. Hare, FASEB J. 8 (1994) 622.
[85] T. Gebel, Chem.-Biol. Interact. 107 (1997) 131.



istry
J. Gailer / Coordination Chem

[86] R.D. Snyder, P.J. Lachmann, J. Mol. Toxicol. 2 (1989) 117.
[87] T. Okui, Y. Fujiwara, Mutat. Res. 172 (1986) 69.
[88] K.Y. Kitchin, Toxicol. Appl. Pharmacol. 172 (2001) 249.
[89] Y. Qian, V. Castranova, X. Shi, J. Inorg. Biochem. 96 (2003) 271.
[90] E.-I. Ochiai, J. Chem. Educ. 70 (1993) 128.
[91] K.S. Kasprzak, in: L.W. Chang (Ed.), Toxicology of Metals, CRC Lewis

Publishers, London, 1996, p. 299.
[92] K.S. Kasprzak, Chem. Res. Toxicol. 4 (1991) 604.
[93] C.B. Klein, K. Frenkel, M. Costa, Chem. Res. Toxicol. 4 (1991) 592.
[94] J.E. Spallholz, Free Radic. Biol. Med. 17 (1994) 45.
[95] H. Shi, L.G. Hudson, W. Ding, S.W. Wang, K.L. Cooper, S. Liu, Y. Chen,

X. Shi, K.J. Liu, Chem. Res. Toxicol. 17 (2004) 871.
[96] H.E. Ganther, Environ. Health Perspect. 25 (1978) 71.
[97] P.L. Goering, H.V. Aposhian, M.J. Mass, M. Cebrian, B.D. Beck, M.P.

Waalkes, Toxicol. Sci. 49 (1999) 5.
[98] G.F. Nordberg, in: G.F. Nordberg (Ed.), Effects and Dose–Response Rela-

tionships of Toxic Metals, Elsevier, Amsterdam, 1976, p. 61.
[99] H.E. Ganther, Carcinogenesis 20 (1999) 1657.

[100] G.N. Schrauzer, Cell. Mol. Life Sci. 57 (2000) 1864.
[101] R.B. Conolly, Toxicol. Sci. 63 (2001) 1.
[102] D.O. Carpenter, K. Arcaro, D.C. Spink, Environ. Health Perspect. 110

(Suppl. 1) (2002) 25.
[103] K.T. Suzuki, Talanta 58 (2002) 111.
[104] K.A. Francesconi, F. Pannier, Clin. Chem. 50 (2004) 2240.
[105] C.F. Harrington, Trends Anal. Chem. 19 (2000) 167.
[106] C. Bernard, An introduction to the study of experimental medicine, Dover

Publications, New York, 1957.
[107] N. Scott, K.M. Hatlelid, N.E. MacKenzie, D.E. Carter, Chem. Res. Tox-

icol. 6 (1993) 102.
[108] S.V. Serves, Y.C. Charalambidis, D. Sotiropoulos, P.V. Ioannou, Phos-

phorus Sulfur Silicon 105 (1995) 109.
[109] N. Burford, M.D. Eelman, K. Groom, J. Inorg. Biochem. 99 (2005) 1992.
[110] A. Raab, A.A. Meharg, M. Jaspars, D.R. Genney, J. Feldmann, J. Anal.

Atom. Spectrom. 19 (2004) 183.
[111] J. Gailer, W. Lindner, J. Chromatogr. B 716 (1998) 83.
[112] A.M. Spuches, H.G. Kruszyna, A.M. Rich, D.E. Wilcox, Inorg. Chem.

44 (2005) 2964.
[113] A.H. Smith, P.A. Lopipero, M.N. Bates, C.M. Steinmaus, Science 296

(2002) 2145.
[114] J. Gailer, K.J. Irgolic, Appl. Orgaometal. Chem. 8 (1994) 129.
[115] R.S. Braman, C.C. Foreback, Science 182 (1973) 1247.
[116] E.A. Crecelius, Environ. Health Perspect. 19 (1977) 147.
[117] J.P. Buchet, R. Lauwerys, H. Roels, Int. Arch. Occup. Environ. Health 48

(1981) 71.
[118] I.R. Rowland, M.J. Davies, J. Appl. Toxicol. 2 (1982) 294.
[119] M. Vahter, in: B.A. Fowler (Ed.), Biological and Environmental Effects

of Arsenic, Elsevier Publishers B.V, 1983, p. 171.
[120] P.T. Pisciotto, J.H. Graziano, Biochim. Biophys. Acta 628 (1980) 241.
[121] D.P. Jones, J.L. Carlson, V.C.J. Mody, J. Cai, M.J. Lynn, P.J. Sternberg,

Free Radic. Biol. Med. 28 (2000) 625.
[122] L.H. Lash, D.P. Jones, Arch. Biochem. Biophys. 240 (1985) 583.
[123] F. Bertolero, E. Marafante, J.E. Rade, R. Pietra, E. Sabbioni, Toxicology

20 (1981) 35.
[124] M. Vahter, E. Marafante, Chem.-Biol. Interact. 47 (1983) 29.
[125] J. De Kimpe, R. Cornelis, L. Mees, R. Vanholder, Fundam. Appl. Toxicol.

34 (1996) 240.
[126] D.C. Carter, J.X. Ho, Adv. Prot. Sci. 45 (1994) 153.
[127] S.D. Lewis, D.C. Misra, J.A. Shafer, Biochemistry 19 (1980) 6129.
[128] Z. Gregus, A. Gyurasics, L. Koszorus, Environ. Toxicol. Pharmacol. 5

(1998) 89.
[129] I. Csanaky, Z. Gregus, Toxicology 186 (2003) 33.
[130] S.L. Winski, D.E. Carter, J. Toxicol. Environ. Health 46 (1995) 379.
[131] O.W. Griffith, J. Biol. Chem. 256 (1981) 4900.

[132] T. Kondo, G.L. Dale, E. Beutler, Meth. Enzymol. 252 (1995) 72.
[133] M. Delnomdedieu, M. Styblo, D.J. Thomas, Chem.-Biol. Interact. 98

(1995) 69.
[134] M. Delnomdedieu, M.M. Basti, M. Styblo, J.D. Otvos, D.J. Thomas,

Chem. Res. Toxicol. 7 (1994) 621.
Reviews 251 (2007) 234–254 251

[135] M. Lu, H. Wang, X.-F. Li, X. Lu, W.R. Cullen, L.L. Arnold, S.M. Cohen,
X.C. Le, Chem. Res. Toxicol. 17 (2004) 1733.

[136] D.J. Thomas, M. Styblo, S. Lin, Toxicol. Appl. Pharmacol. 176 (2001)
127.

[137] K.T. Suzuki, T. Tomita, Y. Ogra, M. Ohmichi, Chem. Res. Toxicol. 14
(2001) 1604.

[138] S. Lerman, T.W. Clarkson, Fundam. Appl. Toxicol. 3 (1983) 309.
[139] G. Bellomo, M. Vairetti, L. Stivala, F. Mirabelli, P. Richelmi, S. Orrenius,

Proc. Natl. Acad. Sci. USA 89 (1992) 4412.
[140] N. Kaplowitz, T.Y. Aw, M. Ookhtens, Annu. Rev. Pharmacol. Toxicol. 25

(1985) 715.
[141] E. Adams, D. Jeter, A.W. Cordes, J.W. Kolis, Inorg. Chem. 29 (1990)

1500.
[142] K. Dill, E.R. Adams, R.J. O’Connor, E.L. McGown, Chem. Res. Toxicol.

2 (1989) 181.
[143] A. von Doellen, H. Strasdeit, Eur. J. Inorg. Chem. (1998) 61.
[144] S. Akiba, S. Matsugo, L. Packer, T. Konishi, Anal. Biochem. 258 (1998)

299.
[145] G.M. Bogdan, A. Sampayo-Reyes, H.V. Aposhian, Toxicology 93 (1994)

175.
[146] M. Styblo, D.J. Thomas, Toxicol. Appl. Pharmacol. 147 (1997) 1.
[147] S. Ahmad, K.T. Kitchin, W.R. Cullen, Arch. Biochem. Biophys. 382

(2000) 195.
[148] H.V. Aposhian, Annu. Rev. Pharmacol. Toxicol. 37 (1997) 397.
[149] S. Lin, Q. Shi, F.B. Nix, M. Styblo, M.A. Beck, K.M. Herbin-Davis, L.L.

Hall, J.B. Simeonsson, D.J. Thomas, J. Biol. Chem. 277 (2002) 19795.
[150] H.V. Aposhian, M.M. Aposhian, J. Am. Coll. Toxicol. 8 (1989) 1297.
[151] L. Szinicz, W. Forth, Arch. Toxicol. 61 (1988) 444.
[152] R.A. Peters, H.M. Sinclair, R.H.S. Thompson, Biochem. J. 40 (1946) 516.
[153] S.V. Kala, M.W. Neely, C.I. Prater, D.W. Atwood, J.S. Rice, M.W. Lieber-

man, J. Biol. Chem. 275 (2000) 33404.
[154] I. Csanaky, Z. Gregus, Comp. Biochem. Physiol. C 131 (2002) 355.
[155] T. Zhou, S. Radaev, B.P. Rosen, D.L. Gatti, EMBO J. 19 (2000) 4838.
[156] T. Zhou, S. Radaev, B.P. Rosen, D.L. Gatti, J. Biol. Chem. 276 (2001)

30414.
[157] M. Delnomdedieu, M.M. Basti, J.D. Otvos, D.J. Thomas, Chem. Res.

Toxicol. 6 (1993) 598.
[158] D.E. Carter, Environ. Health Perspect. 103 (Suppl. 1) (1995) 17.
[159] J.F. Uthe, J. Reinke, Environ. Lett. 10 (1975) 83.
[160] M. Vahter, H. Norin, Environ. Res. 21 (1980) 446.
[161] S. Tsutsumi, K. Hattori, H. Sato, M. Kawaguchi, Bull. Tokyo Dent. Coll.

17 (1976) 73.
[162] B.E. Peerce, R.Y.D. Fleming, R.D. Clarke, Biochem. Biophys. Res. Com-

mun. 301 (2003) 8.
[163] M. Vahter, E. Marafante, Arch. Toxicol. 57 (1985) 119.
[164] X. Zhang, R. Cornelis, J. DeKimpe, L. Mees, N. Lameire, Clin. Chem.

44 (1998) 141.
[165] J.M. Ginsburg, Am. J. Physiol. 208 (1965) 832.
[166] M. Vahter, J. Envall, Environ. Res. 32 (1983) 14.
[167] J. Gailer, G.N. George, I.J. Pickering, R.C. Prince, H.S. Younis, J.J. Winz-

erling, Chem. Res. Toxicol. 15 (2002) 1466.
[168] E. Marafante, M. Vahter, J. Envall, Chem.-Biol. Interact. 56 (1985) 225.
[169] B. Nemeti, I. Csanaky, Z. Gregus, Toxicol. Sci. 74 (2003) 22.
[170] L.J. Kenney, J.H. Kaplan, J. Biol. Chem. 263 (1988) 7954.
[171] T.R. Radabaugh, H.V. Aposhian, Chem. Res. Toxicol. 13 (2000) 26.
[172] T.R. Radabaugh, A. Sampayo-Reyes, R.A. Zakharyan, H.V. Aposhian,

Chem. Res. Toxicol. 15 (2002) 692.
[173] E. Wildfang, T.R. Radabaugh, H.V. Aposhian, Toxicology 168 (2001)

213.
[174] M. Vahter, E. Marafante, Biol. Trace Elem. Res. 21 (1989) 233.
[175] T.-L. Chan, B.R. Thomas, C.L. Wadkins, J. Biol. Chem. 244 (1969) 2883.
[176] H.B.F. Dixon, Adv. Inorg. Chem. 44 (1997) 191.
[177] C. Bhuvaneswaran, Biochem. Biophys. Res. Commun. 90 (1979) 1201.

[178] J. Gutknecht, J. Membr. Biol. 61 (1981) 61.
[179] H.H. Harris, I.J. Pickering, G.N. George, Science 301 (2003) 1203.
[180] D.L. Rabenstein, Acc. Chem. Res. 11 (1978) 100.
[181] B. Aberg, L. Ekman, R. Falk, U. Greitz, G. Persson, J.-O. Snihs, Arch.

Environ. Health 19 (1969) 478.



2 istry
52 J. Gailer / Coordination Chem

[182] T. Edwards, B.C. McBride, Nature 253 (1975) 462.
[183] I.R. Rowland, P. Grasso, M.J. Davies, Experientia 31 (1975) 1064.
[184] J.R. Lakowicz, C.J. Anderson, Chem.-Biol. Interact. 30 (1980) 309.
[185] D.L. Rabenstein, in: D. Dolphin, O. Avramovic, R. Poulson (Eds.), Glu-

tathione: Chemical, Biochemical, and Medical Aspects, Wiley, New York,
1989, p. 147.

[186] W.L. Hughes Jr., J. Am. Chem. Soc. (1947) 1836.
[187] S. Lau, B. Sarkar, J. Toxicol. Environ. Health 5 (1979) 907.
[188] D.L. Rabenstein, J. Am. Chem. Soc. 95 (1973) 2797.
[189] A. Yasutake, K. Hirayama, M. Inoue, Arch. Toxicol. 64 (1990) 639.
[190] N. Ballatori, Drug Metabolism Rev. 23 (1991) 83.
[191] A. Yasutake, K. Kirayama, M. Inoue, Arch. Toxicol. 63 (1989) 479.
[192] D.L. Rabenstein, A.A. Isab, Biochim. Biophys. Acta 721 (1982) 374.
[193] J.T. MacGregor, T.W. Clarkson, Adv. Exp. Med. Biol. 48 (1974) 463.
[194] R. Brandao, F.S. Lara, L.B. Pagliosa, F.A. Soares, J.B.T. Rocha, C.W.

Nogueira, M. Farina, Drug Chem. Toxicol. 28 (2005) 397.
[195] A. Naganuma, N. Imura, J. Pharm. Dyn. 6 (1983) 331.
[196] D.L. Rabenstein, A.A. Isab, R.S. Reid, Biochim. Biophys. Acta 696

(1982) 53.
[197] A. Naganuma, Y. Koyama, N. Imura, Toxicol. Appl. Pharmacol. 54 (1980)

405.
[198] N. Ballatori, A.T. Truong, J. Toxicol. Environ. Health 46 (1995) 343.
[199] Z. Zhang, D. Wu, X. Guo, X. Qian, Z. Lu, Q. Xu, Y. TYang, L. Duan, Y.

He, Z. Feng, Chem. Res. Toxicol. 18 (2005) 1814.
[200] S. Bhattacharya, S. Bose, B. Mukhopadhyay, D. Sarkar, D. Das, J. Bandy-

opadhyay, R. Bose, C. Majumdar, S. Mondal, S. Sen, Biometals 10 (1997)
157.

[201] N. Ballatori, T.W. Clarkson, Biochem. Pharmacol. 33 (1984) 1087.
[202] R.K. Zalups, L.H. Lash, in: L.W. Chang (Ed.), Toxicology of Metals,

CRC Lewis Publishers, Boca Raton, 1996, p. 145.
[203] A. Naganuma, M.E. Anderson, A. Meister, Biochem. Pharmacol. 40

(1990) 693.
[204] N. Ballatori, T.W. Clarkson, Am. J. Physiol. 244 (1983) G435.
[205] T. Urano, A. Naganuma, N. Imura, Res. Commun. Chem. Pathol. Phar-

macol. 62 (1988) 339.
[206] W.J. Dutczak, N. Ballatori, J. Pharmacol. Exp. Ther. 262 (1992) 619.
[207] W.J. Dutczak, N. Ballatori, J. Biol. Chem. 269 (1994) 9746.
[208] Z. Gregus, A.F. Stein, F. Varga, C.D. Klaassen, Toxicol. Appl. Pharmacol.

114 (1992) 88.
[209] S.E. Bryan, C. Lambert, K.J. Hardy, S. Simons, Science 186 (1974) 832.
[210] D.M. Durnam, R.D. Palmiter, J. Biol. Chem. 256 (1981) 5712.
[211] Y. Miyake, H. Togashi, M. Tashiro, H. Yamaguchi, S. Oda, M. Kudo, Y.

Tanaka, Y. Kondo, R. Sawa, T. Fujimoto, T. Machinami, A. Ono, J. Am.
Chem. Soc. 128 (2006) 2172.

[212] H.E. Ganther, H.S. Hsieh, in: W.G. Hoekstra, J.W. Suttie, H.E. Ganther,
W. Mertz (Eds.), Trace Element Metabolism in Animals, University Park
Press, Baltimore, 1974, p. 339.

[213] H.E. Ganther, Biochemistry 10 (1971) 4089.
[214] C.C. Tsen, A.L. Tappel, J. Biol. Chem. 233 (1958) 1230.
[215] Y. Shiobara, Y. Ogra, K.T. Suzuki, Analyst 124 (1999) 1237.
[216] M. Janghorbani, M.J. Christensen, A. Nahapetian, V.R. Young, Am. J.

Clin. Nutr. 35 (1982) 647.
[217] M. Mutanen, Ann. Clin. Res. 18 (1986) 48.
[218] L.A. Daniels, Biol. Trace Elem. Res. 54 (1996) 185.
[219] C.D. Thomson, R.D.H. Stewart, Br. J. Nutr. 32 (1974) 47.
[220] S.C. Vendeland, J.A. Butler, P.D. Whanger, J. Nutr. Biochem. 3 (1992)

359.
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