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The species specific essential/toxic character of the elements encouraged the development of analytical
strategies for chemical speciation over the last twenty years and actually, there are a great number of them
with very good performance. However, biological systems are exposed to a complex environment in which
the elements species can interact in a synergistic/antagonistic fashion. Thus, the metabolism of trace
elements can not be considered in isolation. On the other hand, the biological systems are dynamic and for
this reason, the study of the trafficking of elements species between organs, tissues or cell compartments is
mandatory to decipher the biochemical processes of the interactions in which they are involved. Although,
liqguid chromatography-inductively coupled plasma-based ‘metallomics’ methods in combination with
organic mass spectrometry can provide much needed insight, new analytical strategies are mandatory to
really understand the role of elements species in biological systems and the mechanisms of their interactions.
In the present paper, the interactions of the most studied elements (Se, Hg and As) are discussed as well as

other important interactions between different elements.

Keywords: speciation, metals, agonists, synergist, antagonist, trafficking, multispeciation,

mass spectrometry, ICP-MS
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Aims and scope

Over the last 20 years, chemical speciation studies have generated very important
information and powerful analytical methods related to health, environmental issues or
food quality control. Nowadays, a deeper knowledge about the chemical species in
biological systems is mandatory and the new scenery is a real challenge for the analytical
chemist. The metallome was defined by Williams as the distribution of elements,
concentration at equilibrium of free metallic ions or free elements in a cellular
compartment, cell or organism [1]. The metallome refers to the identity and/or quantity of
metals/metalloids and their species [2-5]. The complexity of biological molecules
increases considerably against those considered in classical speciation studies (i.e.
inorganic arsenic, methylarsonate, methylmercury, Cr®* and other species) and the most
important difficulties for the analytical chemist are the absence of standards for
identification, the labile character of the metal/metalloid-organic molecule or the typical

concentrations of elements in the range of sub-ng g*.

In science is important to understand “what happens” inside the cell which requires new
analytical tools to obtain “massive” information of all molecular processes and reactions
that take place into that cell in a given instant. For this purpose, genomics is very useful
since reveals the characteristics of the information contained in the cellular core that
determines the cell function and behaviour. In addition, proteomics studies give also
important information since proteins are the workers that convert this potential
information on current, so they are the functional expression of the genome. However,
some important questions remain unsolved: which proteins are expressed? In which
quantity? In which form? Moreover, post-translational modifications, as phosphorylation
and glycosylation of proteins determine their function and it is well-known that a lot of
environmental factors or multigenic processes (i.e. aging and disease) can not be explained

only with a genomics basis.

On the other hand, an important fact is that approximately one third of proteins need the
presence of metals as cofactors to develop their function [2, 6-7]. These metals are
responsible of catalytic properties or structure of proteins and the presence in molecules is
determined in many cases by the genome [6]. In addition, to understand the behaviour of a
cell, tissue or living organism low molecular mass molecules should be considered since

they represent the last action mechanism of the organisms. Therefore, while genomics
4
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informs us about how an organism can potentially work and proteomics about how it can
do it, metabolomics explains how the organism actually works. Since there are also a lot
of metabolites that contains metals, the important information given by metallo-

metabolomics should be integrated with the other -omics [8-9].

Nowadays, huge information about the biological function of elements is available in the
literature, and numerous analytical methods have been developed for this purpose
providing a wide application field. However, most of the methods are focused on only one
element or very well-defined species family linked to an element, and some elements or
their species can counteract the action of others through cooperation or availability
mechanisms [10]. A good example of this is the antagonistic effect of selenium on
mercury toxicity that was first reported in 1967 in an experiment with rats treated with
mercury chloride and selenite [11]. Since the living organisms are usually exposed to a
complex environment in which different elements and their species are present together,
these types of interactions complicate even more the panorama and analytical methods for
multispeciation considering their biological, synergistic and inhibitory effects are claimed.

Thus, the metabolism of trace elements can not be considered in isolation.

The most studied interactions of elements species have been those related to Se, Hg and
As and the present paper is mainly focused on them. However, other important elements

interactions less considered in the literature are also discussed.

Agonistic actions of elements

As it is well known, the use of metal ions by all living organisms depends of their relative
abundance, availability and singular chemistries. These factors have served as driving
force for life evolution on Earth, as Thiele et al assert [12]. Another important factor is the
lability of the metal-biomolecule link that promotes the rapid assembly and disassembly of
the metal cores as well as rapid association and dissociation of substrates. In this way,
metal ions as Cr** and Co®*, well known in inorganic chemistry for their kinetic inertness,
are rarely utilized in biological systems, and metalloproteins consists of kinetically labile
and thermodynamically stable units [13].
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Among the twenty one elements recognized as essentials for all the living organisms,
eleven are metals (Na, K, Mg, Ca, Mo, Mn, Fe, Co, Ni, Cu and Zn), six non-metals (H, C,
N, O, P, S) and two halogens (Cl and I). Essential ultratrace elements (dietary requirement
in pg/day) include: Si, V, Cr, Se, Br, Sn and F. Some elements have also biological
concern due to their use as drugs or probes such as Y, Cr, Tc, Co, Pt, Ag, Au, Cd and Hg.
An example is the use of cis-platinum for the treatment of cancer [13-15]. As established
by Shroeder, trace elements can be classified in two groups, first one including those
elements that participate in biochemical reactions (essential trace elements) and other
which includes elements with other functions. The last group can be divided into those
that do not cause damage to living beings at the concentrations commonly found in the
environment, and those with deleterious effects. In this sense, there are elements with
probed essential functions (F, Si, Cr, Mn, Fe, Co, Ni, Cu, Zn, Se, Mo and 1) that produce
nutrition deficiencies in humans (F, Cr, Fe, Cu, Zn, Se and I) or animals (Si, Mn, Co, Ni
and Mo) and other elements with suspected essential function but unknown action
mechanisms (V, As, B, Br, Cd, Li, Pb and Sn). Finally, other elements such as Hg do not
exhibit known essential functions. The classification of essential elements is not absolute
because some elements historically considered as toxic are now considered as essential, as
the case of selenium, chromium [15-16] or tungsten that has also been recently added to
the list of metals found in biology [13]. In addition, there are elements with a double
essential/toxic character depending on their concentration and/or chemical form that in

turn depends on their chemical properties (i.e. selenium or chromium).

The ligands in bioinorganic chemistry are commonly amino-acid side chains or
constituents of nucleic acids. The coordination depends critically upon the three-
dimensional folding of proteins and tertiary structures of nucleic acids [13]. However,
metals can be also bond to prosthetic groups of metalloproteins (i.e. iron-protoporphyrin
IX, magnesium-chlorophyll), bleomycin, siderophores, coenzymes (i.e. cobalamin-Co),
and methylcobalamin. This last can transfer a CH3™ ion to Hg, Pb, and Sn salts in aqueous
solution, a biomethylation reaction that probably contributes to the toxicity of these
elements. Finally, metals can be bond to complex assemblies such as cell membranes,
viruses and intracellular compartments (i.e. ribosome, the mitochondrion and
endoplasmatic reticulum) [13]. In this way, some elements such as Cu, Zn, Cd, Hg and
Ag, coordinate by proteins through a sulphur atom and others through nitrogen or oxygen

atoms as Mo, Mn, Fe, Co, Ni, Cu and Zn. Metabolites of As, Se and I, have a metalloid-

6
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carbon covalent bond. Other elements as Al, Ni and Fe coordinate by small organic
ligands. Mg, V, Fe, Co and Ni coordinate by tetrapyrol ligands; Ca, Sr, Ba, La and Pb
form complexes with polysaccharides and finally, Pt, Ru, Cr and Ni coordinate by nucleic
acids and their constituents [17]. In selenoproteins (i.e. glutathione peroxidase,
selenoprotein P), selenium is strongly bond to the organic moiety since selenocysteine is
genetically encoded in these selenoproteins and thus it is an integral protein constituent
[18].

Table 1 shows the most important antagonistic and synergistic interactions of elements

species that are discussed in the following sections.

Antagonistic interactions

Arsenic and selenium

Beneficial actions of arsenic species

The first evidence of the arsenic-selenium antagonism was in 1938 when drinking water
containing arsenite completely protected rats against the otherwise lethal liver damage
caused by seleniferous wheat or selenite [19]. Sodium arsenite and sodium arsenate, when
used as sources of arsenic, were equally effective in preventing the toxic action of
selenium in albino rats fed with seleniferous wheat (sodium selenite and selenium-
cysteine). However, AsS, and AsSz were ineffective in this experiment [20]. The organic
arsenicals have also shown protective action against selenosis, at least partially. This is the
case of antisyphilitic drugs, neoarsphenamine, sulfarsphenamine, arsanilic acid and 3-

nitro-4hydroxiphenylarsonic acid [21-22].

Arsenite has also been found effective in preventing selenite induced cataracts (75 % of
protection) in rats [23]. Moreover, arsenic compounds also induce clinical remission in
patients with acute promyelocytic leukemia [24], dermatological disease [25], and may
have potential for treatment of other cancers [26-29]. In relation with cancer, the first
proof of the As/Se interaction was in mice [30] and rats [31] when As'' antagonized the
carcinogenic effect of Se'. Later, studies with human malignant melanoma cells

demonstrate that arsenite-induced apoptosis is prevented by selenite [32].
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The protective effect of arsenic has been observed/suggested in rats [19-20, 23, 33-34],
dogs [35], cattle [36], mice [37], hogs [38], steers [39], mallards [40] and poultry [41-43].

Several studies apparently suggest that the same interaction can occur in humans [44-49].

Selenium against arsenic toxicity

Although the narrow range between deficiency and toxicity of selenium, it is a necessary
element to animal life and possesses cancer chemopreventive properties [50]. On the other
hand, it is known that arsenic exposure has been associated with a greater production of
free radicals and increased oxidative stress that may be reduced by the action of
selenoproteins [51]. Some authors conclude that higher selenium dietary intake in humans
may reduce the risk of arsenic-related skin lesions [52-54] but selenium recommended
daily intake may not be adequate in the presence of physiologic stressors, such as chronic

arsenic exposure from drinking water [52].

In experiments carried out with cell lines, it has been demonstrated that arsenic suppresses
necrosis induced by selenite in human leukemia cells [55], and selenate and selenite (at
nontoxic levels) reduced, but did not eliminate, the acute cytotoxicities of arsenate and,
into a lesser extent, of arsenite in fish cells (fibroblastic and epithelioid) [56]. In a recent
study with human kidney cells, it has been observed that selenomethionine (SeMet)
significantly reduces the cytotoxic effect of inorganic arsenic while inorganic selenium did

" enhances

not. In addition, it has been demonstrated that the presence of SeMet with As
the appearance of phosphorylated proteins, although it can not yet be concluded that these

are part of a molecular mechanism for reduced cytotoxicity [57].

Global hypomethylation of DNA is thought to constitute an early event in some cancers
and occurs in response to arsenic exposure and/or selenium deficiency, in both in vivo and
animal models. In a study with humans, selenium was found to be inversely associated
with genomic leukocyte DNA methylation and may influence blood and urinary As

concentrations as well as relative proportions of As metabolites in blood [58].

In plants, several experiments conclude that selenite co-exposure prevents against arsenate
toxicity. In this way, the detection of Se'-PC, complex and Se-cysteinylserine glutathione
in Thunbergia alata, suggested that the increased toxicity symptoms might have been a

8
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result of the competition of Se' with As"" for sulfhydryl groups that are crucial for arsenite
detoxification in plant cells [59].

Selenium and mercury

Selenium against mercury toxicity

The antagonistic interaction between mercury and selenium was first reported in 1967 in
an experiment with rats treated with mercury chloride and selenite [11]. After that, other
experiments confirm again this finding in tuna fish [60] and other animals. Thus, in
general, the simultaneous administration of selenite counteracts the negative impacts of
the exposure to inorganic mercury, particularly in relation with neurotoxicity, fetotoxicity
[61-65] and cardiovascular diseases [66]. However, some authors suggest further studies
to deep insight this potential interplay in cardiovascular diseases, especially in relation
with fish consumption [67]. Also, quails fed with methylmercury (MeHg") containing diet
survived longer when tuna with high levels of selenium was co-administrated [60]. In
humans, selenite and SeMet-dependent protection against mercury induced apoptosis and
growth inhibition in human cells has been observed [68]. However, other studies reveals
that inorganic selenium is ineffective in preventing most of the MeHg" induced brain
biochemical alterations and that it is also toxic alone [63].

The selenium to mercury molar ratio is very important as described later in the present
paper and in this way; it has been observed that Hg in molar excess over Se was a stronger
inducer of metallothionein levels in trout [69].

As previously stated, selenium can also counteract the toxicity of methylmercury [70]. In
an utero study on mice with MeHg" and Se, the group that was given the lowest amount of
Se and the highest dose of MeHg" was mostly adversely affected in neurobehavioural
outcome [71]. In rodents, antioxidant nutrients as Se and vitamin E in the diet may alter
reproductive and developmental toxicity induced by MeHg" [72]. Selenium has also been

shown to reduce mercury bioavailability and trophic transfer in aquatic ecosystems [73].

A great number of studies have been carried out related to the protective influence of the

selenocompounds against MeHg" toxicity, especially selenomethionine (SeMet) [74-76].
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Also, exposition of MeHg" in rats resulted in a significant increase of urinary porphyrins
and a decrease in motor activity that was counteracted by SeMet [75].

Selenium and sulphur

Sulphur against selenium toxicity

Selenium and sulphur atoms are chemically very similar and in several organisms,
selenate can be metabolized in some degree by enzymes that reduce sulphate [77]. In
1941, Horn and Jones [78] reported the extraction from Astragalus pectinatus of a
crystalline amino acid complex containing sulphur and selenium that was assigned to a
mixture of cystathionine and its selenium analogue. There are several enzymatic processes
that do not distinguish selenium from sulphur and therefore may be important in selenium
toxicity [79]. In adition, sulphate and other sulphur metabolites as sulphur amino acids can
antagonize selenate toxicity in a competitive fashion in green plants [80], Desulphovibrio
desulfuricans [81,82], yeast [83] and so on. Analysis of Chlorella vulgaris cells for
selenium indicated that sulphate prevents the absorption of its selenium analogue and that
they compete during the absorption process into the cell. Similar relations have been found

between L-methionine and its analogue selenium-methionine [77].

Organoselenium compounds are in general, less stable and more reactive than the
corresponding sulphur analogues that can be related to the toxicity of selenium when it is
incorporated in the place of sulphur in cellular constituents. Studies carried out in algae
suggest that when exposed to sub-lethal, but higher than trace concentrations of Se, the
algal cells tend to substitute Se for part of their sulphur. Thus, under overloading
conditions, Se appears to use the sulphur enzymatic system, while under normal levels, Se

specific enzyme systems seem to be in operation, at least in bacterial systems [79].

In the Se-hyperaccumulator plant A. bisulcatus, similar trends were found for oxidized and
reduced Se and S species but the proportions of them were very different, and although
sulphate and selenate reduction were correlated, the results suggests important differences

between S and Se biochemistries [84].

Therefore, although Se and S are in the same chemical period, the biological properties of

these elements are different in part due to the differences in their oxidation-reduction
10
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properties. In this way, in animals, Se tends to undergo reduction in vivo in contrast to
sulphur compounds which are required in reduced form (i.e. amino acids). Another
important difference is the acid strength of their hydrides, and at physiological pH the
selenohydryl group of selenocysteine is in the anionic form while the sulfhydryl group is
protonated [85].

Synergistic interactions

Arsenic and selenium

Selenobetaine in the chloride form [(CH3),Se"CH,COOH] and its methyl ester are
extensively metabolized in rat to mono-, di- and trymethylated selenides. Coadministration
of selenobetaine with arsenite in rats enhances the tumor-suppressive effect of
selenobetaine, although arsenic by its self was totally ineffective. This fact can be related
to the inhibition of certain steps of selenium methylation by arsenic suggesting that
partially methylated forms of selenium may be directly involved in the anticarcinogenic
action of selenium [86].

In cells, selenite, rather than its methylated metabolites, is responsible for the inhibition of
arsenite methylation in cultured rat hepatocytes and may stimulate the observed increases
in cellular toxicity of inorganic arsenic [87].

Selenium and mercury

Selenium and mercury are also less toxic to animals when administrated simultaneously
than individually since selenium may counteract the membrane-destabilizing

characteristics of methylmercury and may retard its binding to the cells [88].

In terms of their concentration in the grown medium of carcinoma cells, selenite and
methylmercury hydroxide are of equal efficacy in inhibiting DNA synthesis. However, if
replication is expressed as a function of the amounts of toxicant bond per cell, sodium
selenite is more toxic but selenite is taken up by cells more slowly than methylmercury. In
addition, more selenium is needed in the growth medium to bring about the same

membrane damage. Best mutual protection appears to exist when selenite and
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methylmercury are present in equimolar ratios or when there is a slight excess of selenite
[88].

Other interactions

Taking into account the literature, selenium, mercury and arsenic are the most interesting
element in relation with its antagonistic and synergistic actions with other elements.
However, there are other important interactions between elements species that are less
studied. For example, selenium and zinc counteract the toxic effect of cadmium. This
interaction has been studied in cultured cells (Se/Cd) [89] and rat kidney (Se/Cd, Zn/Cd)
[90]. In addition to Se and Zn, Ca and P seem to be also related to Cd toxicity (Ca/Cd,
P/Cd), especially in connection with nephropathy and osteodystrophy [91].

On the other hand, it has been issued that cadmium and other elements, ameliorated the
frequency of selenium-induced cataracts [23] and that tungsten, bismuth, germanium and
antimony (as the trichloride administrated in the diet but not as sodium antimoniate)
showed partial effect against selenium toxicity (W/Se, Bi/Se, Ge/Se, Sb/Se) [21, 33, 92].

Selenium also interacts with nickel and experiments carried out with Winstar rats conclude
that the deleterious effects of NiCl, on the reproduction is antagonized by Na,SeO;
(Se/Ni) [93]. Interactions between Cd, Cu and Pb in soil urease and dehydrogenase
activities have also been described [94]. Important antagonistic interactions between Cu
and Zn have been described in relation with health (Cu/Zn) [95]. On the other hand, Zn
appears to be an antagonist against arsenic-induced abnormal blood lipids in rats (Zn/As)
[96] and an interesting interaction has been described between molybdenum and copper in
diabetes mellitus (Mo/Cu) [97].

As previously described in the present paper, there are also many cases of trace elements
substitution like sulphur by selenium (Se/S). This is the case of tungsten for molybdenum
(W/Mo) and cadmium for zinc (Cd/Zn) in some enzyme families [98,99], and copper for
iron (Cu/Fe) as an oxygen carrier in some arthropods and molluscs [100]. Undoubtedly,
the most surprising interaction recently reported in Science is that related to a bacterium
that can grow with arsenic instead of phosphorous suggesting that arsenic can be present

in macromolecules as proteins or nucleic acids (As/P) [101]. This paper describes
12
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evidences about the presence of arsenate in macromolecules that normally contain
phosphate, mainly nucleic acids and proteins. A technical comment later published in the
same journal, pointed out that although the previous work is a splendid example for
capacity of life to cope with extreme conditions, do not reveal that life can emerge based
on other elements different from the canonical [102]. The first study has generated today
significant commentary, often as anonymous electronic communications. There are other

examples of arsenate substituting by phosphate in the literature [103-104].

These interactions among other described in the literature are summarized in Table 2.

Traffic of chemical species and mechanisms

The study of the trafficking of elements between organs or tissues is mandatory to really
understand the effects of the interactions. Table 3 shows several examples of the traffic of
chemical species in living organisms. This topic has been issued by several authors but

usually only for one element and not for an interaction [105-108].
As/Se

Several experiments in rats demonstrated that arsenic markedly increased the excretion of
selenium into the gastrointestinal tract when both arsenite and selenite were injected at
subacute dosages, and there were almost corresponding decreases in the amounts of
selenium retained in the liver. Also, selenite stimulated the gastrointestinal excretion of
arsenic in experiments similar to those in which arsenic stimulated the gastrointestinal
excretion of selenium [34]. In this way, selenium deficiency can decrease excretion of
inorganic and organic arsenic in animal models [109], and may induce the accumulation of
As in mice liver [110]. On the other hand, selenium sufficiency increases excretion of

arsenic in pregnant women [111] and mice [109].

In relation with the mechanisms of the As/Se interaction, in 2000, seleno-bis(S-
glutathionyl) arsinium ion ((GS),AsSe’) was identified by X-ray in the bile of rabbits
injected with aqueous selenite and arsenite solutions. This fact can explain that in
mammals lethal dose of selenium can be overcome by otherwise lethal dose of arsenic

[112].
13
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The investigations about the mechanism of this interaction suggest that the biochemical

interaction between As"

and Se' occurs in blood and liver [113]. In addition, the
interaction between As” and Se'" is related to the As"'-Se'" interaction and the injection
of rats with As and Se'” twice a week for 4 weeks resulted in the formation of a

precipitate in the kidney lysosomes, which was characterized as As,Se [114].

Hg/Se

Mechanisms of the interaction

Until now, several mechanisms have been proposed to explain the interaction between
these elements, namely:

(i) Selenium provokes the redistribution of mercury to less sensible organs

(it) Competition for the same cleavages

(iii) Formation of Hg-Se complexes

(iv) Conversion by selenium of highly toxic Hg species in less toxic forms

(v) Selenium prevents the oxidative stress caused by Hg

It is believed that a 1:1 Hg-Se compound of low biological availability and activity is
formed inside the cells, and cell damage is quite low even in the presence of very high Hg
concentrations if both elements are mostly in equimolecular ratio. This has been stated in
studies with marine mammals [115] and humans exposed to high levels of inorganic
mercury [116]. In 1978, experiments with marine organisms suggest a direct Hg-Se
linkage and the 1:1 molar ratio of mercury and selenium increment holds true in several
species [115] including humans [116]. A tissue with Se:Hg molar ratio higher to 1 is
suggested as a threshold for the protective action against Hg toxicity [117]. Different
selenium to mercury molar ratios have been observed in some feeding organisms for
marine mammals (16:1) [118], tuna fish (15:1 and 3:2 depending of the mercury levels)
[119], mink fed (mercury-contaminated fresh water fish, 0.13:1) [120], sardine (2:1) [121],
swordfish (17:1) [121], marbled sole [122], and so on. The conclusion derived is that the
1:1 ratio in marine mammals is established within themselves [118]. In addition, in an

experiment with mink, low and decreasing Se/Hg ratios with the time of exposure have

14
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been observed in liver and kidney suggesting that it might reflect the low selenium intake
in the diet [118].

The possibility that HgSe formation is responsible for the 1:1 molar ratio is supported by
experiments which showed two facts: (i) enzimatically digested liver and plasma fractions
with a 1:1 molar ratio release mercury and selenium in insoluble forms [123] and (ii)
binding to the same plasma protein is preceded with the conversion of selenite to H,Se in
red blood cells [124].

Selenium can also affect the activities of enzymes cleaving the carbon-mercury bond in
organic mercury compounds. In this way, experiments with rats show an enhancement of
PMA cleavage enzymes in liver when sodium selenite is supplemented in drinking water
[125]. It has also been observed that MeHg exposure exerts an inhibitory effect on
paronaxe 1 activity that can be counteracted by selenium in humans [126]. Other
hypotheses are that: (i) selenium can promote a redistribution of Hg from more sensitive
organs (kidney, central nervous system) to less sensitive ones (muscle), that there is
competition of Se for the same receptors; (ii) complexes as tiemannite [127] or Se-Hg-S
[128] are formed and, (iii) MeHg" conversion into less toxic forms is promoted and
oxidative damage prevented [129]. In addition, Yang et al. proposed the involvement of Se
in the demethylation of MeHg" in the liver to form inorganic and less toxic Hg compounds

[130] and later, other authors proposed the same mechanism in octopus [131].

The formation of Hg-Se complexes are commented in detail in the next section.

Biochemical interactions

The ability of different selenium compounds and selenium incorporated in vivo into liver
tissue (biological selenium) to form a Hg-Se compound is different and increases in the
following order: biological Se < selenomethionine < selenite; thus the protective effect of
the selenium compounds against mercury toxicity might follows the same order [132].
Mercury ions can react with thiols (-SH) and selenols (-SeH) that constitute a part of
cysteine and selenocysteine and as a consequence they can be incorporated to proteins,
prosthetic groups of enzymes and peptides. Mercury ions can also react with selenides

(Se®), and with hydrogen selenide they can form complexes together with glutathione
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which can be finally bond to selenoprotein P [133]. This complex (GSHs(HgSe)100) is
formed in erythrocytes, then transferred to plasma, and finally bond to selenoprotein P
[113, 134].

Similar complexes can be formed in other cells with active selenium metabolism or during
degradation of metal bond proteins and metallo(selenoproteins) in lysosomes
(biomineralization processes), representing the last step of detoxification [135]. A direct
interaction between MeHg" and the selenol group of GPx (Glutathione peroxidase) has
also been reported [64, 136], but to explain the reduced activity of the enzyme after
MeHg" exposure another molecular mechanism has been proposed, based in the fact that
cultured cells showed that MeHg" induced a “selenium-deficient-like” condition, which

affects GPx1 synthesis thought a posttranscriptional effect [137].

Mercury vapour shows a similar behaviour to MeHg" in relation with the facility to
penetrate cell membranes where it is oxidized in the biological active form (Hg?") by
catalase. Such in situ generated ions can react with endogenously generated highly
reactive Se metabolites, like HSe", and consequently a part of the selenium is unavailable
for selenoprotein synthesis [133]. Mercury can also provoke the increase of free radicals
that induce lipid, protein and DNA oxidation [138-140]

Trafficking

Selenite given simultaneously and in equimolar doses with HgCl, decreases the content of
mercury in kidneys and increases it in other tissues [141], as liver or blood [142], alters the
plasma binding of mercury, and both mercury and selenium, become attached to the same
protein fraction in 1:1 molar ratio [143]. Exposure of rodents to low doses of MeHg"
induces the accumulation of Hg in target organs [144-146]. In this way, Hg levels after co-
exposure to SeMet have been measured in the brain, kidney and liver of fish, aquatic birds,

rodents and primates but a number of inconsistencies have been found [147-149].

On the other hand, an increased retention of mercury caused by selenium has been
observed in marine mammals that might counteract the positive effect of the decreased
intoxification by selenium [118]. The addition of sodium selenite in the feed of chickens

induces a decrease in organic mercury bioaccumulation but not in the case of MeHg"
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[150]. However, it seems that a threshold concentration of selenium in fish body parts
must be reached before a clear protective role of selenium against mercury assimilation
becomes noticeable [151]. Also, concurrent exposure to methylmercury chloride and
selenite showed the increased selenium accumulation in medaka fish [152]. The influence
of mercury on endogenous selenium after lifelong or acute exposure of mercury vapour
(Hg®) has also been studied in man and animals [133]. Besides the well-known Se co-
accumulation through formation of Hg-Se complexes, a noticeable Se co(excretion) has
been observed in rats (at least at the beginning of exposure) and also, there were higher
accumulation rates of Hg in rats with lower basal selenium levels [133]. Since the
antagonistic interaction of mercury and selenium is dependent on their species, when Se
and Hg are administrated concurrently in the fish diets, different selenium species
including selenite, selenate, seleno-DL-cysteine and selenomethionine affect Hg

accumulation in different ways [153].

Se/S

The biotransformation of selenate to selenite by two-electron reduction can be performed
al least in three different ways: (i) by substituting selenate into the sulphate reduction
pathway (reduction by ATP sulfurylase/adenyl sulphate (APS) reductase) [154-155], (ii)
by substituting selenate into the nitrate uptake pathway (microbial nitrate reductases can
reduce selenate) [156], or (iii) by a specific selenate reductase. In non-hyperaccumulating
plants, it seems that selenate reduction occurs by the first indicated path-way and that this
is the rate-limiting step in selenate transformation [154, 157-159]. In Se-
hyperaccumulating A. bisulcatus [157, 160] and Escherichia coli [161] selenate reduction
is preceded by the activation of selenate by ATP sulfurylase to form 5 -adenylylselenate
(APSe) and after, APSe can be nonezymatically reduced by gluthathione. In plants [162]
and E. coli [161], reduction of selenite to selenide appears to occur nonenzymatically, that
may explain why selenite is more readily assimilated by plants to organic forms than is
selenate [163-164].

In plants, toxicity is due to substitution of S by Se in cysteine and methionine amino acids
with alteration of the tertiary structure and catalytic activity of proteins, and with
inhibition of enzymes involved in chlorophyll biosynthesis. The reaction between Se and
thiol groups induces losses of efficiency in plants defence systems and increases the
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reactive oxygen species. In Senecio scandens, while selenite induces oxidative stress,

selenate does not affect significantly [165].

In mammals, studies carried out in sheep reveals that more selenium, received as SeMet in
the diet, is incorporated into wool and plasma protein when dietary sulphur is limiting
[166]. In humans, studies suggest that the replacement of sulphur by selenium in
established cancer chemopreventive agents results in more effective chemopreventive

analogs [167].

Analytical strategies and techniques for multi-element

biological studies

Although nowadays there are very powerful analytical techniques and sample preparation
procedures for elements speciation and metallomics, biological systems require multi-
elemental analytical strategies that make possible the characterization of processes
involving interactions, trafficking and multispeciation of key elements. Thus, to deep
insight the interactions of elements in biological samples, analytical methods for
multispeciation are claimed and the determination of the species from different elements
in isolated analysis of a biological sample have several disadvantages, namely: (i) time
consumption, (ii) complexity, (iii) cumbersome manipulations of samples, that are usually

small in terms of volume or quantity, (iv) loss of information, and so on.

In relation with the detection, the problem is minor because a number of techniques allow
multielemental detection (i.e. inductively coupled plasma with mass spectrometry-ICP-MS
or atomic emission spectroscopy-ICP-AES) or the recognition of the isotopic pattern of an
element in the molecule (organic mass spectrometry-MS). The difficult task in
multispeciation is the chromatographic separation (when used) and sample preparation for
the suitable determination of chemical species with different charges and polarities. In this
way, mercury species are positively charged, except complexes formed with anionic
ligands while selenium species are anions, cations or zwitterions. Therefore, the use of a
chromatographic stationary phase combined with a careful selection of the mobile phase is
very tricky, but mandatory. In addition, and in contrast to conventional proteomic
approaches, sample preparation plays a much more critical role during the determination

of metalloproteins in biological tissues due to trace metal contamination issues and the
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possibility to compromise the integrity of the metal-protein bond of the metalloproteins of
interest. General considerations about drawbacks and solutions related to this kind of

analysis have been exhaustively reviewed [5, 168-174].

Undoubtedly, ICP-MS is a valuable technique in this field since it allows: (i) multiisotopic
analysis (including non-metals such as S, P, Se), (ii) detection capability, (iii) high
sensitivity, (iv) tolerance to matrix and (v) large linearity range. However, the
combination with organic mass spectrometry is mandatory for elements speciation in
biochemical issues, especially electrospray ionization (ESI) or matrix assisted laser
desorption (MALDI). The ESI-MS is better than MALDI-MS for tandem mass
spectrometry and on-line couplings with separation techniques (HPLC, CE) while
MALDI-MS is recommended for low complex matrices. The main differences between
them are that ESI-MS is sensitive to concentration and that both covalent and non-
covalent bonds are preserved while MALDI-MS is mass sensitive and only covalent bonds
are preserved. Several very interesting reviews and papers consider the use of organic
mass spectrometry [175], inorganic mass spectrometry [7, 176,177] and isotopic dilution

techniques [178-181] in bioinorganic analytical chemistry.

Several attempts have been made for multispeciation of biological samples and others,
using extraction plus chromatographic separation. Simultaneous extraction of arsenic and
selenium compounds have been performed with Protease XIV and a-amylase with a later
detection by ion chromatography (IC) and ICP-MS [182]; mercury and arsenic
multispeciation have been carried out by using two on-line coupled atomic fluorescence
detectors or ICP-MS after UV irradiation, cold vapour and hydride generation [183-184];
mercury and selenium species in urine samples have been simultaneously analyzed using
reversed-phase HPLC-ICP-MS [185] and by means of a column switching system coupled
to ICP-MS that allows also the separation of chiral species [186]. However, the analytical
methods developed for multispeciation generally require very experimented analysts and
they are limited to a number of species of only two elements. Therefore, a compromise
between analytical procedures is usually required for multispeciation which represents
nowadays a very difficult task.

Concluding remarks
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Until now, only a little is known about the interactions of elements species. Even the
essential/toxic character of some elements species remains unclear in some cases and
much other new elements species will be discovered in the near future. On the other hand,
the species specific essential/toxic character makes very difficult to understand some
interactions between elements that are together in a biological system. Also, a lot of
information related to the antagonistic or synergistic actions of elements species is
available in the literature but some of them are contradictory and in other cases, the
conclusions are poorly probed at the experimental level. In addition, taking into account
the complexity of biological systems, some important effects of elements interactions
might be caused by the interplay of more than two elements that is usually reported.
Moreover, the study of the traffic of elements between organs or tissues is mandatory to
really understand the effects of the interactions. This topic has been issued by several
authors but usually only for element by element and not for a multi-element interaction.
Finally, the study of the interactions of elements species in biological systems requires a
joint known of biology, chemistry, medicine, biochemistry, molecular biology, nutrition,
toxicology, microbiology and genetics that highly complicated the scenery. What is true is

that the advances in analytical techniques are claimed in this field.
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TABLES

Table 1. Main antagonistic and synergistic interactions of elements species

INTERACTION LIVING
ORGANISM EFFECT REFERENCES
Interaction of selenium and arsenic containing species
Se. /As A Humans DNA hypomethylation/cancer 58
total 7> total A Humans Se reduces the risk of As-related skin lesions and cancer 52-54
A Rats As prevents lethal liver damage caused by Se 19
A Rats As prevents Se induced cataracts 23
A Humans Skin lesion/ Skin cancer 187
A Humans cells As-induced apoptosis is prevented by Se 32
A Mice As prevents carcinogenic effect of Se 30
A Rats As prevents carcinogenic effect of Se 31
As protection against the toxicity of Se (growth, mortality rate, pathological 20, 33, 188
A Rats iy )
condition of the livers)
As induces mucosal glutathione synthesis that can explain its protective effect
- A Rats . 189
Se0,%/iAs(ll) against Se
A Dogs Se induces sub-normal growth and restricted food intake antagonized by As 35
A Cattle Protective effect of As in Se toxicity 36
A Hogs Protective effect of As in Se toxicity 38
A Steers Protective effect of As in Se toxicity 39
A Mallards Protective effect of As in Se toxicity 40
A Poultry Protective effect of As in Se toxicity 41-43
A Mice Se prevents the As-induced cytotoxicity 37
S Cells Se inhibits As methylation increasing the toxicity 87
A Fish cells Se reduces the acute cytotoxicities of As 56
A Mice Se decreases the ratio of organic/inorganic As 110
89032-/ASO43_ A Hamsters Se decreases arsenic methylation 190
A Plants Se prevents against As toxicity 59
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Se0,2/As0,> A Fish cells Se reduces the acute cytotoxicities of As 56
S Plants Cells Se increases As toxicity 59
SeMet/iAs(lll) A Humans cells Se reduces the As induced cytotoxicity 57
SeBet/iAs(lll) S Rats Coadministration enhances the tumour-suppressive effect of Se 86
Interaction of selenium and mercury containing species
Se. .. /H A Humans Se prevents Hg induced cardiovascular diseases 66
total/ MG total A Brown trout Se inhibits the induction of metallothionein level caused by Hg 69
A Humans Se inhibits Hg induced neurotoxicity 62
A Octopus Demethylation of MeHg" by Se 131
Seora/MeHg” A Humans Se inhibits Hg induced cardiovascular diseases 67
A Rats Se may alter MeHg" reproductive and developmental toxicity 72
A Rats Se antagonizes Hg induced intestinal necrosis 11
A Rats Se prevents against Hg renotoxicity 132
A A Rats Se antagonizes the Hg induced inhibition of the enzymes of glutathione 191
Se0;“/Hg metabolism
A Tuna Se prevents the Hg induced intestinal necrosis 60
A Mice Se prolong the half-life of Hg exposed animals 192
A Rats Se changes the subcellular Hg distribution 193
S Oysters High levels of Se increased Hg toxicity 194
Se0-2/MeHa* A Chickens Se changes the subcellular and pattern distribution of Hg 195
3 g A Medaka fish Se protects against Hg induced histopathological changes 152
SeO,/Hg** A Chicks Se toxicity is decreased by Hg 196
A Mice Se protects against Hg induced neurotoxicity 63
Se0,*/MeHg" S Humans cells Se and Hg inhibit DNA synthesis 88
A Humans cells Protection against MeHg" toxicity 197
A Fish Se affects the Hg bioaccumulation and toxicity 153
SeMet/Hg?" A Rats Se inhibits the effects of Hg in organic activities 143
9 A Humans cells Se prevents Hg induced apoptosis 68
SeMet/MeHg" A Rats Se prevents Hg induced porphyrinuria 75
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A Zebrafish Se reduces visual deficits due to developmental Hg exposures 74
A Diatoms and Se significantly inhibits the uptake of Hg 198
mussels
SeProt/ Hg" A Humans Hg detoxification by Se 199
. A Humans cells Hg induces a “selenium-deficient-like” condition 137
SeProt/MeHg . .
A Mice Hg affects the activities of selenoenzymes 71
Interaction of selenium and sulphur containing species
A Bacterial systems | Se appears to use the sulphur enzymatic system 79
Se species/S Se-
species A hyperaccumulator | Important differences between S and Se biochemistries 84
plant
Se0;”/S The reaction between Se and thiol groups induces losses of efficiency in plants
A Plants . X . 165
compounds defence systems and increases the reactive oxygen species
Se0,%/S A Microalgae Antimetabolite action of Se on the growth 77
com gunds A Green Plants Sulphur metabolites antagonized Se toxicity 80
P A Yeast Sulphur antagonized Se toxicity 83
SeMet/sulphur A Sheep More Se is incorporated into wool and plasma protein when dietary S is limiting 166
compounds
1 A: antagonism; S: synergism; SeMet: selenomethionine; SeProt: selenoproteins; MeHg": methylmercury; SeBet: selenobetaine; iAs(lll) : AsO;” or

2 AsO,’
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Table 2. Other interactions between elements species

LIVING
INTERACTION ORGANISM EFFECTS REFERENCES
S Humans More pronounced renal toxicity than exposure to each of the agents alone 200
As/Cd s Rats They induce lipid peroxidation, glutathione and metallothionein, and redistribution of essential 201
elements
A Rats Zn counteracts the As-induced abnormal blood lipids 96
As/Zn A Rats Zﬁ prevents arsenic-induced 202
tissue oxidative stress
A Human cells As perturbs the phospholipid bilayer structures modifying its thermotropic behaviour 203
As/P A Bacterial systems A bacterium that can grow with As instead of P 101
A Bacterial systems Evidences for As in macromolecules that normally contain P 103
Sbh/Se A Rats Partial protective effect of Sb against Se toxicity 21, 33,92
Bi/Se A Rats Partial protective effect of Bi against Se toxicity 21,33
A Rats Ca prevents Cd-induced carcinogenesis 204
Cd/Ca A Zebrafish Potential detoxification action of Ca against Cd 205
S Rainbow trout Cd and Ca cooperate to impair oxidative phosphorylation in liver mithochondria 206
A Rats Zn counteracts the toxic effect of Cd 90
A Marine diatoms Cd substitutes Zn in some enzyme families 99
S Plants Zn and Cd at equimolecular concentration may overcome Cd toxicity 207
S Bean plants The roots retains less Cd that is accumulated in shoots 208
s Hyperaccumulator ~ Accumulation of Zn and Cd in roots, petioles and leaves are increased significantly with the 209
plants individual addition
Cd/zZn S ﬁggsmpods and Zn addition induces a depletion of Cd toxicity and accumulation 210
A Rats Zn consumption may be beneficial against Cd hepatotoxicity 211
A Rats Zn reduces the Cd-induced metallothionein synthesis 212
A Rats Zn prevents Cd-induced alterations in lipid metabolism 213
S Tomato plants Zn and Cd produce oxidative stress 214
A Toads Zn increases resistance against Cd toxicity 215
A Mice Zn protects against Cd effects on preimplantation mice embryos 216
Cd/Cu S Tilapia Modify the distribution of metals in the organs 217
Cd/Hg A Rats Cd causes higher Hg levels in the blood and lower levels in heart, muscle and skeleton 218
A Humans cells Se protects against Cd toxicity 89
Cd/se A Rats Se prevents the Cd-induced oxidative stress 90
A Rats Se protects against Cd-induced nephrotoxicity and hepatotoxicity 219
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A Mice Se protects against Cd-induced chromosomal aberrations 220
A Monkeys Se protects enzyme systems 221
S Rats Se and Cd affect the hepatic gluconeogenic pathway 222
A Bacterial systems Se protection against lipid peroxidation from Cd 223,224
A Rats Se partially restores Cd-induced oxidative stress and decrease in sperm count and motility 225
A Rats Se antagonizes the Cd-induced inhibition of hepatic drug metabolism 226
A Rats Se antagonizes Cd-induced testicular damage 227
A Porcine cells Se prevents Cd-induced apoptosis 228
A Rats Hepatoprotective effects of Se against Cd 229
Zn/Pb A Rabbits Zn might delay the Pb accumulation in the cerebrum 230
Zn/Hg A Mice Low-dose Hg induces testicular damage protected by Zn 231
A Hamsters Teratogenic and embryopathic effects 232,233
A Rats Displacement of Zn from metallothionein by Hg
A Humans Zn induces a decrease in Cu absorption 95
cu/zn A Rats Zn decreases Cu concentrations in kidney and liver 234
A Rats Zn competes with Cu 235
A Humans and rats Zn influences the Cu-induced lipid peroxidation 236
A Arthropods and Fe substitutes Cu in some enzyme families 100
molluscs
Cu/Fe A Rats Cu influences Fe metabolism and formation of haemoglobin 237
The changes in Cu levels that accompany Fe deficiency are not mediated by changes in
A Rats - . . 238
transcription of the genes involved in Cu transport.
Ingestion of large
amounts of Zn induces anemia primarily by depressing
: Fe absorption in chicks
Cu/Felzn A Chicks Cu partially counteracts the effect of high levels of Zn on endogenous excretion of Fe but did not 239
alter Zn
effect on iron absorption
Cu/Hg A Rats Hg may alter metabolism of Cu 240
Cu/Mo A Humans Mo removes Cu from tissues affecting diabetes mellitus 97
Ge/Se A Rats Partial protective effect of Ge against Se toxicity 21,33
Ni/Se A Rats Deleterious effects Qf Ni in the r_eproduction may be antagoni_zed by Se 93,241
A Rats Se produces depletion of hepatic, renal, cardiac and blood Ni burden
SelAg S Mice Se protects against Ag_—in(_ju_ced Iipiq pe_roxidation in the liver 242,243
A Mushrooms Protective effect of Se in lipid peroxidation under exposure to Ag
Te/Se/Hg S Mice Retention of Hg is increased by pre-administration of Te or Se 244
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2

W/Mo S Humans

They are incorporated in the active sites of enzymes

98

W/Se A Rats

Partial protective effect of W against Se toxicity

21,33

A: antagonism; S: synergism
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Table 3. Traffic of elements species in living organisms

INTERACTION
LIVING ORGANISM EFFECT REFERENCES
As/Se Pregnant women Se sufficiency t[As] excretion 11
t[Se, As] gastrointestinal excretion
| [Se] in carcass, blood, expired air
Rats High As dosest[Se] in kidneys 34
Low As dosest[Se] in urine
iAs(Ill)/ SeO3* Mice Se deficiencyt[As] in liver 110
Mice Excess of Se in diet![As] excreted (more marked in inorganic than in methylated forms) 110
. Se sufficiency t[As] excretion
Mice Se deficiency |[As] excretion 109
Rat | pulmonary excretion of volatile selenium 245
Sodium arsanilate/Se Rats 1[Se] in gastro[ntestlnal contents and carcass 34
1[Se] expired air
MA.DMA/Se Humans Plasma Se C(_)ncentratlo_ns are inversely related to total As in blood and urine, inversely related to %MA in blood, and positively 58
associated with %DMA in blood
Cd/Cu Tilapia 1[Cu, Cd] in intestinal wall 246
1[Hg] in blood
Cd/Hg Rats 1[Hg] in heart, muscle and skeleton 218
Rats L[Cu] in kidneys and liver 234
Zn/Cu Rat Excessive Zn |[Cu] intestine, liver and placenta. 247
Excessive Cu affects hepatic Zn metabolisms. 248
Sheep Excessive Zn |[Cu] intestine, liver and placenta 249
Zn/Pb Rabbits L[Pb] in the cerebrum 230
Cu/Fe Rats Reduced dietary iront[Cu] in liver, serum and placenta 238
Cu/Mo Humans l[Cu].ln tissues ) 97
t[Cu] in serum and urine
Setota/HY Total Mammalii,sgirds, and 1[Hg] in the food chain 118
Hg"/ Setota Rats |[Hg] in kidney cortex, kidney medulla and thyroid 199
Mice |[Hg] in kidneys 141
Hg?'/Se0s* Mice T[;:lg]]ln kldr;eys,dlli\(/%r and brain 250
Trout 1[Hg] muscle and kidneys 147

Liver, erythrocytes, bile and
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blood plasma was not affected

Rats |[Hg] in kidneys 251
Chicken 1[Hg] in liver and muscle 150
Minnows |[Hg] in kidneys 252
— L[Hg] in kidneys
Killifish 1[Hg] in liver 253
Rabbits |[Hg] in kidneys 70
1[Hg] in kidneys
Pigs 1[Hg] in liver, spleen and lungs 254
1[Se] in liver, spleen and lungs
1[Hg] in kidneys
Rats 1[Hg] in liver and spleen 255
Rats 1[Hg] in liver 256
Rats | [Hg] in lysosomes in proximal tubular cells 257
Rats | pulmonary excretion of volatile selenium 245
Hg”/Se0,” Fish | dietary Hg assimilation efficiency 153
1[Hg] in kidneys
Hg?'/ SeMet Rats 1[Hg] in liver and blood 143
Fish | dietary Hg assimilation efficiency 153
Hg”'/SeCys Fish | dietary Hg assimilation efficiency 153
MeHg*/Se Walleye fish 1[Hg] in liver and muscle 151
Monkey 1[Se] andt[Hg] in occipital pole and thalamus 258
Trout L[Hg] in liver, muscle, kidneys, bile and erythrocytes 147
Blood plasma is not affected
Chicken 1[Hg] in kidneys and muscle 150
Medaka fish 1[Se] bioaccumulation 152
L[Hg] in kidneys
Rats 1[Hg] in liver and spleen 255
, Rats 1[Hg] in liver 121
MeHg '/ SeOs 1THg] in brain 259,260
Rats Se changes the ratio between Hg®* and MeHg" in liver but not in brain 260
Rats tMeHg" demethylation in brain 261
. 1[Hg] in liver and brain
Qualls 1[Se] in liver, brain, blood and kidneys 262
Mice 1[Hg] in liver 263
Chickens |[Hg] in liver and muscle 264
Quails 1[Hg] in liver 264
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Hens 1[Hg] in liver 265
Quails L[Hg] in liver 266,267
Chickens L[Hg] in liver 268
MeHg'/ SeO, Rats |[Hg] in blood and liver 269
+ 2- t[Hg] in kidneys and liver
MeHg/SeO4 Rats | [Hg] in brain 270
1[Se] in liver and eggs
Ducks 1[Hg] in liver and eggs 149
MeHg*/ SeMet Rats 1[Hg] in blood and liver 269
Ducks 1[Se] in I[ver and eggs 149
1[Hg] in liver and eggs
PheHg*/ Se03* Chickens L[Hg] in liver, kidneys and muscle 271
TIAc/SeOs” Rat | pulmonary excretion of volatile selenium 245
Te/SelHg Mice t[Hg] in kidneys and spleen 244

iAs(Ill) . AsO3* or AsO,:; SeMet: selenomethionine; SeCys: selenocystine; MeHg": methylmercury; PheHg": phenylmercury; MA: methylarsonate; DMA:

dimethylarsinate; TIAc: thallium acetate;1[]: increase of the concentration; |[]: decrease of the concentration
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