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Abstract

Methylmercury (MeHg) is an environmental toxicant that leads to long-lasting neurological and
developmental deficits in animals and humans. Although the molecular mechanisms mediating
MeHg-induced neurotoxicity are not completely understood, several lines of evidence indicate that
oxidative stress represents a critical event related to the neurotoxic effects elicited by this toxicant.
The objective of this review is to summarize and discuss data from experimental and
epidemiological studies that have been important in clarifying the molecular events which mediate
MeHg-induced oxidative damage and, consequently, toxicity. Although unanswered questions
remain, the electrophilic properties of MeHg and its ability to oxidize thiols have been reported to
play decisive roles to the oxidative consequences observed after MeHg exposure. However, a
close examination of the relationship between low levels of MeHg necessary to induce oxidative
stress and the high amounts of sulfhydryl-containing antioxidants in mammalian cells (e.g.,
glutathione) have led to the hypothesis that nucleophilic groups with extremely high affinities for
MeHg (e.g., selenols) might represent primary targets in MeHg-induced oxidative stress. Indeed,
the inhibition of antioxidant selenoproteins during MeHg poisoning in experimental animals has
corroborated this hypothesis. The levels of different reactive species (superoxide anion, hydrogen
peroxide and nitric oxide) have been reported to be increased in MeHg-exposed systems, and the
mechanisms concerning these increments seem to involve a complex sequence of cascading
molecular events, such as mitochondrial dysfunction, excitotoxicity, intracellular calcium
dyshomeostasis and decreased antioxidant capacity. This review also discusses potential
therapeutic strategies to counteract MeHg-induced toxicity and oxidative stress, emphasizing the
use of organic selenocompounds, which generally present higher affinity for MeHg when
compared to the classically studied agents.
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1 - Introduction

Methylmercury (MeHg; CH3Hg") is an organomercurial pollutant primarily found in the
aquatic environment (Ullrich et al., 2001). Although MeHg has been synthesized in the
laboratory (Bancon-Montigny et al., 2004) and used in laboratory-based research (Junghans,
1983) and as a fungicide in seed grains (Bakir et al., 1973), the majority of MeHg present in
nature is derived from inorganic mercury biomethylation carried out primarily by aquatic
microorganisms (Compeau and Bartha, 1985). Anaerobic sulfate-reducing bacteria exposed
to inorganic mercury (released in the aquatic environment mostly from anthropogenic
sources) convert it to MeHg, which presents an enormous biomagnification potential: MeHg
is accumulated by more than seven orders of magnitude from sub ng/L concentrations in
water to over 1 mg/kg in piscivorous fish (Hintelmann, 2010). As a consequence of this
phenomenon, human populations whose diets consist largely of fish and shellfish are
exposed to high MeHg levels (Clarkson et al., 2003), thus rendering these communities
highly vulnerable to MeHg-induced toxicity.

Given that seafood represents a major source of human exposure (Clarkson et al., 2003), the
high rate of MeHg absorption in the gastrointestinal tract (around 90-95%) significantly
contributes to its high availability and, consequently, toxicity (Nielsen, 1992). Although
MeHg is distributed among various tissues after absorption (Zareba et al., 2007), the central
nervous system (CNS) is the most sensitive target organ for MeHg, principally when
exposures occur during the initial stages of brain development (Marsh et al., 1995; Costa et
al., 2004; Johansson et al. 2007; Hassan et al. 2011; Grandjean 2011). Experimental studies
with rodents have shown that the developing CNS of fetuses or pups is vastly more
susceptible to the neurotoxic effects of MeHg when compared to adult animals (Manfroi et
al., 2004; Franco et al., 2006). Corroborating these experimental findings, epidemiological
studies have also found severe and permanent neuropsychological outcomes in humans
exposed to this pollutant during the prenatal and/or early postnatal period (Grandjean et al.,
1997; Murata et al., 2004; Debes et al., 2006).

Several studies performed during the last four decades have contributed to the understanding
of pivotal events that mediate MeHg-induced neurotoxicity. Such studies, which were based
mainly on in vitro approaches or experimental protocols with animals, have described
critical phenomena that mediate MeHg toxicity, such as the depletion of intracellular
antioxidants (Fujiyama et al., 1994; Johansson et al. 2007; Franco et al., 2007; Kaur et al.,
2006), the inhibition of critical enzymes (Magour et al., 1986; Rocha et al., 1993; Kung et
al., 1987; Franco et al., 2009; Valentini et al. 2010; Wagner et al., 2010; Branco et al. 2011)
and the modulation of the activity of transporter and neurotransmitter or neuromodulator
receptor activity (Aschner et al., 1993; Farina et al., 2003a; Fitsanakis and Aschner, 2005;
Yin et al., 2007; 2011; Sakaue et al. 2009). In effect, even a limited targeting of critical
proteins by MeHg can initiate a cascade of cellular events that can create long-lasting
alterations in normal cell physiology. In addition, recent literature data have clearly
indicated that exposure to low levels of MeHg can modify gene expression and can cause
long-lasting changes in cell signaling (Toyama et al. 2007 Yin et al. 2007; Onishchenko et
al. 2008; Usuki et al. 2008; Rand et al. 2008; Glover et al. 2009; Wang et al. 2009;
Jayashankar et al. 2011; Zimmer et al. 2011; Ni et al. 2011; Robinson et al. 2011; Yu et al.
2011; Shimada et al. 2011). However, our understanding of the primary critical targets of
MeHg, namely those which trigger MeHg neurotoxicity, remains incipient.
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The events mediating MeHg neurotoxicity are largely dependent upon its electrophilic
properties, which allows for its interaction with soft nucleophilic groups (mainly thiols and
selenols) from either low- or high-molecular-weight biomolecules (Farina et al., 2011). The
interaction of MeHg with soft nucleophilic groups from biomolecules is responsible, at least
in part, for decreased antioxidant capacity and increased reactive oxygen species (ROS)
generation (Aschner et al. 2010; Kaur et al., 2006; Franco et al., 2007, Farina et al., 2009,
Farina et al., 2010). These events corroborate observations that oxidative stress, which has
been defined as “a disturbance in the pro-oxidant/antioxidant balance in favor of the former”
(Sies, 1991), represents a central event in mediating MeHg-induced neurotoxicity (Aschner
et al., 2007). In effect, the in vitro and in vivo neurotoxicity of MeHg can be observed in the
nM to the low pM range, whereas the concentration of thiol groups in the central nervous
system is in the mM range. Consequently, MeHg cannot be expected to stoicheometrically
deplete thiols. However, the levels of GSH, which is the most important and abundant low-
molecular-weight thiol found in mammals, can be depleted after MeHg intoxication. One
plausible explanation for these observations is that MeHg targets some specific thiol- and
selenol-containing proteins that trigger secondary molecular mechanism(s) involved in
MeHg neurotoxicity. Notably, MeHg can disrupt the activity of thiol- and selenol-containing
proteins, such as glutathione peroxidase (Gpx), thioredoxin (Trx) and thioredoxin reductase
(TrxR) (Carvalho et al. 2008; 2010; Farina et al. 2009; Franco et al. 2009; Glaser et al.
2010a; Wagner et al. 2010; Branco et al. 2011). These proteins are important components of
the cellular antioxidant system, and their inhibition contributes to the disruption of the
normal redox balance of brain cells (Farina et al. 2011).

Oxidative stress-mediated damage has been associated with several pathological conditions,
such as cancer, atherosclerosis, rheumatoid arthritis, diabetics, post-ischemic perfusion
injury, cardiovascular diseases, myocardial infarction, chronic inflammation, stroke, aging
and neurodegenerative diseases (Coyle and Puttfarcken, 1993; Fang et al., 2002). Of
particular importance, the pro-oxidative properties of several environmental factors have
been postulated to play a critical role in the development of neurodegenerative diseases
(Potashkin and Meredith, 2006). With emphasis on the neurotoxicity induced by MeHg,
experimental evidence indicates that oxidative damage to proteins (Vogel et al., 1985;
Rocha et al., 1993), lipids (Wootten et al., 1985; Stringari et al., 2006) and nucleic acids
(Belletti et al., 2002) represents an important consequence of exposure to this toxicant.
However, although the critical role of oxidative stress in MeHg neurotoxicity has been
identified, the precise molecular mechanisms underlying MeHg-mediated oxidative stress
are not yet fully understood. As detailed above, the inhibition of antioxidant selenoenzymes,
such as GPx and TrxR, can be a primary event in MeHg neurotoxicity, setting in motion a
cascade of molecular phenomena culminating in oxidative stress and ultimately leading to
cell death (Farina et al. 2011). This review discusses current knowledge on the mechanisms
of MeHg-induced oxidative stress and neurotoxicity. The following four major focal points
will be addressed: (i) the potential molecular and cellular targets of MeHg; (ii) the main
reactive oxygen/nitrogen species that mediate MeHg neurotoxicity; (iii) the molecular
oxidative hallmarks; and (iv) the potential use of antioxidant therapy to counteract MeHg-
induced neurotoxicity.

2 - MeHg-induced oxidative damage

The initial oxidative damage caused by MeHg in living organisms occurs via its reaction
with thiol (-SH) and/or selenol (-SeH) groups from endogenous molecules, resulting in the
formation of a very stable complex of the type RSHgCH3 or RSeHgCH3 (Aschner et al.
2011; Farina et al. 2011). In the case of thiol- or selenol-containing proteins and enzymes,
the formation of the S-Hg or Se-Hg bond can cause impairment in protein function (Farina
et al. 2009; Franco et al. 2009; Glaser et al. 2010a,b; Rocha et al. 1993) or can form inert

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2012 November 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Farina et al.

Page 4

deposits of cysteyl rich proteins (Barbosa et al. 2001; Dorea 2009). Chemically, MeHg is
classified as soft electrophile and, consequently, it reacts preferentially with soft
nucleophiles (Pearson and Songstad, 1967). From a physiological point of view, this means
that MeHg can react with —SH (sulfhydry! or thiol groups) and with -SeH (selenohydry! or
selenol groups), which are the two types of soft nucleophiles found in living organisms.
Indeed, MeHg has such high affinity for thiol and selenol groups (Simpson, 1961; Sigiura et
al. 1976; Onyido et al. 2004) that finding free MeHg inside a living organism is highly
unlikely. It is important to emphasize that selenol groups are softer nucleophiles than thiol
groups; consequently, the affinity of MeHg for selenol is expected to be higher than that for
an analog thiol (Sigiura et al. 1976; Khan et al. 2009; Khan and Wang, 2009). However, data
about the constant affinities of MeHg for thiol- or selenol-containing proteins are rare or
lacking in the literature. In effect, there are only limited comparative data regarding the
interaction of low-weight molecular thiol and selenol analogs with MeHg (Sigiura et al.,
1976). These authors have demonstrated that the affinity of selenocysteamine to MeHg is
higher than that of the cysteamine analog (Sigiura et al., 1976). Thus, the identification of
the potential in vivo primary high-molecular targets of MeHg, i.e., the proteins that could
preferentially be oxidized by MeHg, will require the determination of the affinity constants
of MeHg for specific thiolate or selenolate groups in target proteins.

Hg is the softest electrophile from its periodic group or family; consequently, MeHg is a
strong soft acid or electrophile that reacts with high affinity with soft bases or nucleophiles.
Considering the fact that selenium is a softer element than sulfur, selenol-containing
molecules are expected to be softer nucleophiles than thiol- containing molecules. This
implies that selenol groups from selenoproteins should be the primary targets of MeHg.
Thus, in addition to thiol-containing proteins, which are classically known to be molecular
targets of MeHg (Clarkson, 1972; Clarkson and Magos, 2006 ; Farina et al. 2011),
selenoenzymes (and possibly other selenoproteins) are also important targets of MeHg
(Carvalho et al. 2008; 2010; Farina et al. 2009, 2011; Wagner et al. 2010; Branco et al.
2011). The reaction of MeHg (CH3Hg*) with these targets is schematically represented
below (Scheme 1):

As detailed above, due to its high reactivity with thiols and selenols, MeHg would be
expected to be found in living cells bound to these groups. However, thiols are much more
abundant than selenols (Nogueira and Rocha, 2010). In fact, thiol groups can be found in
low-molecular- (mainly cysteine and reduced glutathione) and high-molecular-weight
proteins, whereas selenol groups are found only in a restricted group of selenoproteins
(Araie and Shiraiwa, 2009; Lobanov et al. 2009; Lu and Holmgren, 2009). Consequently, in
edible fish muscles, which represent the most relevant environmental source of human
exposure to MeHg, this neurotoxicant is expected to be found primarily in thiol-containing
proteins, and to a much lesser extent in selenol- containing proteins (see Scheme 1, which
indicates the stable interaction of either the cysteyl or selenocysteyl residue of proteins with
MeHg).

As discussed above, the absorption of MeHg from the gut is high; however, there are no
experimental data regarding the speciation of MeHg that is absorbed in mammalian
gastrointestinal tract. It is possible that cysteinyl-bound MeHg can be released after the
digestion of fish protein, and that it then can be transported as a mimetic of the amino acid
methionine (Figure 1, represented by RSHgMe; Yin et al., 2008; Bridges and Zalups, 2011).
Alternatively, MeHg could be released by some enzymatic or non-enzymatic process and
could subsequently react with thiol groups of proteins found in the plasma membrane of
cells from the gastrointestinal tract.
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The fate of MeHg after the ingestion of MeHg-polluted fish meat represents a critical
juncture in the cycle of environmental MeHg toxicity which has been largely unexplored. In
effect, information about the speciation of MeHg forms that are absorbed after the
consumption of contaminated fish remains incipient. Sparse literature data have shown that,
in fish muscle, MeHg is bound to cysteine, forming a complex of the type Cys-SHgMe
(Harris et al., 2003). Notably, the bioavailability and the neurochemical and neurobehavioral
toxicity of the MeHg-cysteine complex from fish meat can be distinct from that of MeHgCI
(Harris et al. 2003; Berntssen et al., 2004; Grove et al. 2009).

The question of MeHg speciation is crucial because the first oxidative interaction of MeHg
with its molecular targets can occur via the direct interaction of momentarily infinitesimal
free MeHg with target proteins in the gastrointestinal tract; or it can be mediated by an
exchange reaction of MeHg bound to cysteinyl residues found in reduced glutathione (GSH)
secreted by gastrointestinal cells or cysteine derived from fish protein digestion. Of
particular importance, Rabeinstein’s group has indicated that MeHg can exchange either
from a low-molecular-weight thiol to a low- or high-molecular weight thiol group or from a
high-molecular weight to high- or low-molecular weight thiol group (Scheme 2 and Scheme
3; Rabeinstein and Evans, 1978; Rabeinstein et al. 1982, 1983a,b, 1986).

Specifically, Rabeinstein and colleagues (1983) have demonstrated that the thiol ligands, 2,
3-dimercaptosuccinic acid (DMSA), cysteine, mercaptoacetic acid, D-penicillamine, 2,3-
dimercaptopropanesulfonic acid (DMPS), N-acetyl-D,L-penicillamine and D,L-
homocysteine can release GSH from its MeHg complex, i.e., these low-molecular-weight
thiol ligands can participate in the exchange reaction as depicted in Scheme 2. Of particular
biochemical and toxicological significance, Rabeinstein and colleagues have indicated that
the potency of the displacement of MeHg from the MeHg-GSH complex occurs in the
following order: DMSA > cysteine > mercaptoacetic acid > D-penicillamine > DMPS > N-
acetyl-D,L-penicillamine > D,L-homocysteine (Rabeinstein et al., 1983) and in intact
erythrocytes. Further, this same group (Rabenstein et al. 1986) has determined the following
potency order: 2,3-dimercaptosuccinic acid > 2,3-dimercaptopropane sulfonic acid >
dithioerythritol > penicillamine ~ N-acetylpenicillamine. This implies that the interaction or
exchange reactions between the low-weight molecular thiol-MeHg complexes (particularly
MeHg-cysteine and MeHg-glutathione complexes, which are the two most abundant low-
molecular-weight thiol molecules from mammalians) with specific target proteins can be
greatly influenced by steric factors in the intricate structure of the target proteins.

In addition, Rubeistein et al. (1982) have also shown that, in intact erythrocytes, a portion of
the MeHg is complexed by intracellular GSH and another portion by hemoglobin.
Furthermore, this group has indicated that, in hemolyzed erythrocytes, the sulfhydryl group
of GSH binds MeHg more strongly than do the sulfhydryl groups of hemoglobin.

Here it is also important to stress that cysteinyl-bound MeHg could first be absorbed as
mimetic of methionine and could then be exchanged after absorption (Figure 1). However,
as pointed out by Rabeinstein et al. (1982), the velocity of the removal of MeHg from intact
erythrocytes by different exogenous thiol ligands took place far more rapidly than could be
accounted for merely by a mechanism in which the ligands cross the membrane, combine
with the MeHg (that is bound to intracellular hemoglobin or GSH) and then transport MeHg
out of the cell. Thus, the authors proposed that the ligands remove MeHg, which is
complexed by sulfhydryl groups of membrane proteins, which, in turn, react with the
intracellular MeHg to bring more MeHg into the membrane, where MeHg can react with the
added exogenous sulfhydryl ligand. A similar phenomenon could account, at least in part,
for the absorption of MeHg from the extracellular medium in mammalian tissues (including
cerebral tissues) and from the luminal space of the gastrointestinal tract. This is shown in
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Figure 1 by the exchange reaction of RSHgCH3 with the target membrane, protein 1 (Tg 1),
and then with the intracellular target, protein 2 (Tg 2). The net result of these exchange
reactions is the entrance of MeHg into the cell. The fate of exchanged MeHg is complex
and, once inside the cell, it can exchange with either low-molecular-weight thiols or with
other target proteins (Figure 1). In short, the first oxidative interaction of fish-derived MeHg
with mammalian proteins can occur either directly (in the case of the existence of a portion
of free MeHg in the gastrointestinal tract) or indirectly via an exchange reaction between
MeHg bound to fish muscle-derived cysteine with plasma membrane proteins located in the
epithelial cells of the gastrointestinal tract (Figure 1). As pointed out above, similar
exchange reactions may occur in all the mammalian tissues and MeHg-thiol exchange
reactions may represent an additional and important pathway for MeHg uptake by
mammalian cells. Notably, MeHg-thiol group exchanges can distribute MeHg to different
subcellular compartments and to target thiol- and selenol-proteins, which can have distinct
affinity for MeHg (Figure 1). Hypothetically, the affinity of a given target protein for MeHg
can be extremely high so that it can bind MeHg in an irreversible way (this hypothetical
reaction is represented by a unidirectional arrow in Figure 1 for a target Selenoprotein, Tg 4.
However, as pointed out above, such a reaction could also occur with a specific thiol protein
with a high affinity for MeHg).

As previously mentioned, MeHg can potentially target any thiol- or selenol-containing
molecule. Indeed, the interaction of MeHg with endogenous thiol groups from proteins
located in different subcellular compartments has been extensively suggested in the
literature (Clarkson 1972; Atchison and Hare, 1997; Farina et al. 2011). For instance, MeHg
can interact with proteins involved in the modulation of intracellular Ca2* levels (Hare et al.
1995; Deny and Atchison, 1996; Freitas et al. 1996; Gasso et al. 2001; Limke et al. 2003,
20044a,b; Kang et al. 2006; Sirois and Atchison, 1996) and can promote or can block the
release of neurotransmitters (Levesque and Atchison, 1988; Gasso et al. 2000; Fitsanakis
and Aschner, 2005). Importantly, MeHg can cause sustained increases in the intracellular,
cytosolic free Ca2* concentrations (Deny and Atchison, 1996), which can be secondary to an
increase in extracellular glutamate concentrations (Aschner et al. 2007). In addition, MeHg
can disrupt mitochondrial functioning (Atchison and Hare, 1997; Shanker et al. 2005;
Dreiem and Seegal, 2007; Yin et al. 2007; Usuki et al. 2008; Bourdineaud et al. 2011) by
targeting specific thiol-containing proteins, including respiratory chain complexes and
mitochondrial Creatine Kinase (mCK) (Glaser et al. 2010a, b). The inhibition of these
complexes or enzymes can contribute to mitochondrial depolarization and swelling upon
MeHg exposure. Mitochondrial targeting by MeHg has also been associated with an increase
in mitochondria oxidative stress production (Franco et al. 2007; Roos et al. 2011). The
mitochondrial overproduction of reactive oxygen species (ROS) triggered by MeHg can
further exacerbate the neurotoxicity of MeHg by attacking additional nucleophilic centers in
mitochondria and in other subcellular compartments. The of this review.

Although data have clearly indicated that the disruptions of Ca2* homeostasis and
mitochondrial functioning play a central role in MeHg neurotoxicity, it has not yet been
determined whether these alterations are primary or secondary events triggered by the
interaction of MeHg with other cellular components. For example, data have clearly
indicated that MeHg can disrupt both intra- and extra-cellular glutamate homeostasis via
interaction with glutamate transporters located in the plasma membrane and in synaptic
vesicles (Porciuncula et al. 2003; Fitsanakis and Aschner, 2005; Aschner et al. 2007). Of
particular significance, glutamate transporters are highly sensitive to oxidant agents,
including thiol-blocking agents and ROS (Trotti et al. 1998). Consequently, we can infer
that the hierarchical targeting of glutamate transporters in astrocytes can contribute to
increased extracellular glutamate levels (Fitsanakis and Aschner, 2005; Aschner et al. 2007).
The sustained increase in extracellular levels of glutamate can be the primary event that
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triggers the elevation in intracellular free Ca?*. However, as explained above, the interaction
and exchange of MeHg with different thiol groups seems to occur very rapidly (Rabeinstein
et al. 1982, 1983, 1986) and the velocity of exchange between the MeHg-thiol groups could
contribute to the prompt distribution of MeHg inside different neural cells, an event which
could result in the multifaceted targeting of thiol- and selenol-containing proteins located in
different subcellular compartments. In short, the relative ease with which MeHg can move
from one thiol to another could allow MeHg to interact in a more stable way with specific
and less abundant target proteins for which MeHg has superior affinity as opposed to the
most abundant low- (cysteine, GSH) and high-molecular-weight thiol-containing molecules
(hemoglobin, albumin). Thus, according to this hypothesis, MeHg would be able to
exchange from one thiol target to another with different velocities (Rabeinstein et al. 1978;
1982, 1983; 1986), and the relative time that MeHg would be bound to a given target would
depend on the affinity of MeHg for the target considered. As pointed out above, MeHg is
expected to have a higher affinity for selenol groups than for thiol groups. Therefore, it is
probable that, in addition to bind to specific thiol-containing proteins, MeHg can also bind
in a stable way to selenoproteins, such as the antioxidant enzymes, glutathione peroxidase
(GPx) and thioredoxin reductase (TrxR). Accordingly, GPx and TrxR can be inhibited after
exposure to MeHg (Carvalho et al. 2008; 2010; Farina et al. 2009, Franco et al. 2009;
Wagner et al. 2010; Branco et al. 2011). Consequently, the inhibition of these seleno-
enzymes (and possibly the disruption of other selenoproteins) could be considered the
primary targets of MeHg-induced oxidative stress.

From molecular and developmental points of view, the identification of target proteins that
bind MeHg with high affinity is fundamental for better understanding how this electrophile
disrupts the tightly regulated developmental molecular processes in the developing brain
(Johansson et al. 2007; Farina et al. 2011). In this regard, it is important to note that the
developing brain is much more sensitive to MeHg than the mature brain. Further, MeHg
concentrations that do not induce overt signs of brain toxicity in mature individuals
(Grandjean 2008) or that cause only subtle increases in brain Hg levels (Stringari et al.
2008) can be associated with long-lasting deleterious neurochemical and neurobehavioral
changes in mammals exposed to MeHg during critical periods of brain development. This is
most likely due to the fact that critical processes that take place in the developing brain do
not take place in adult brain, such as cell division, neuronal migration, etc. Furthermore, it is
important to note that information regarding the comparative nucleophilic thiol- or selenol-
containing targeting by MeHg in the developing vs. the adult brain is extremely limited.
Therefore, comparative studies on the differential expression of specific nucleophilic thiol-
or selenol-containing targets for MeHg in the mature and developing CNS could provide
new insight into the molecular mechanisms implicated in MeHg-induced neurotoxicity. In
addition, the identification of “electrophile-sensitive” or “nucleophile-regulated” cellular
pathways that could be modified by MeHg exposure during critical periods of development,
namely, those involved in brain cell migration and proliferation (Rand et al. 2008; 2009;
Vendrell et al. 2010) is particularly important for improving our understanding MeHg
neurotoxicity.

3 - Reactive species mediating MeHg-neurotoxicity

Several lines of evidence indicate that MeHg neurotoxicity is associated with increased
levels of reactive (oxygen/nitrogen) species (ROS/RNS) (Oyama et al., 1994; Roos et al.,
2009; Kaur et al., 2010; Ni et al., 2010). As mentioned previously, MeHg interacts with
nucleophilic groups (mainly thiol and selenol) from several low- and high-molecular-weight
biomolecules (Farina et al., 2011). Considering that such groups may be critical to the
catalytic activity of numerous enzymes involved in intermediate metabolism and antioxidant
processes, and that MeHg is able to affect the activity of such enzymes [i.e. glucose-6-
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phosphate dehydrogenase (Tsuzuki and Yamada, 1979), creatine kinase (Glasser et al.,
2010), glutathione reductase (Stringari et al., 2008), glutathione peroxidase (Farina et al.,
2009; Franco et al., 2009), thioredoxine reductase (Wagner et al., 2010; Branco et al., 2011),
among others], it is reasonable to postulate that this interaction is responsible for imbalances
in oxidative metabolism as well as increased levels of reactive species. Although this
simplistic idea is indeed correct, the mechanisms mediating MeHg-induced ROS/RNS
generation appear to be far more complex, according to the following discussions addressing
three specific examples: hydrogen peroxide, superoxide anion and nitric oxide.

3.1 - Hydrogen peroxide

Hydrogen peroxide (H,05) is quantitatively the most important peroxide generated by cells
(Dringen et al., 2005). A microdialysis study revealed extracellular H,O, concentrations of
up to 100 micromolar (Hyslop et al., 1995). The major sources of H,O5 are the
disproportionation of mitochondrial superoxide anion (Inoue et al., 2003), primarily
catalyzed by superoxide dismutases (SODs) (Fridovich, 1995), and reactions catalyzed by
oxidases, such as monoamine oxidases (Nicotra et al., 2004). Although it is known that
H,0, plays important physiological roles in modulating cell function (for a review, see
Droge, 2002), high H,0, levels are dangerous to the cells, largely due to the generation of
hydroxyl radicals via Fenton’s chemistry (McCord and Day, 1978). The main pathways to
decompose H,0; involve catalase (CAT), cytoplasmic glutathione peroxidase (GPx1) and
peroxiredoxin (Prx) (Winterbourn and Hampton, 2008). With particular emphasis on the
pro-oxidative effects of MeHg, evidence shows that it has the capacity to increase H,O,
levels in several experimental conditions (Manfroi et al., 2004; Shanker et al., 2004; Franco
etal., 2007; Mori et al., 2007).

The increased levels of H,O5 observed after MeHg exposure represent consequences of
different phenomena, such as MeHg’s inhibitory effects toward glutathione peroxidases
(GPxs; Farina et al., 2009, Franco et al., 2009), which are important enzymes involved in
peroxide disposal by means of glutathione (GSH; Dringen et al., 2002). GPxs represent a
family of selenoproteins whose catalytic activity (peroxide detoxification) depends on the
reducing power of a selenol group located at the active site (Brigelius-Flohé, 2006). Due to
the extremely high affinity of MeHg for selenol groups (see above, item 2), the decreased
GPx activity after MeHg exposures has been attributed to direct inhibitory events (Farina et
al., 2009). In addition, a recent study has proposed another molecular mechanism to explain
the reduced GPx activity after MeHg exposure: MeHg induces a “selenium-deficient-like”
condition, which affects GPx synthesis through a posttranscriptional effect (Usuki et al.,
2010), thus leading to decreased GPx levels, reduced peroxidase activity and, consequently,
increased H,0, levels.

Another mechanism related to the increased H,O5, levels after MeHg exposure appears to be
the direct hampering effect of this toxicant toward the entire GSH antioxidant system. In
addition to the direct depletion of reduced GSH by MeHg, which certainly contributes to the
decreased detoxification of H,O, by GSH-dependent peroxidases, MeHg also impedes the
physiological maturation of several enzymes involved with GSH metabolism, thus leading
to increased levels of brain H,O, and lipid peroxidation (Stringari et al., 2008).

In addition to the decreased H,0, detoxification induced by MeHg (Stringari et al., 2008;
Farina et al., 2009; Usuki et al., 2010), increased H,O, generation also represents an
important mechanism by which this toxicant leads to higher ROS levels. In an experimental
study with isolated mitochondria from the rat cerebellum, Mori and collaborators (2007)
observed that MeHg affects the mitochondrial electron transfer chain (mainly at the level of
complex I1-111), leading to the increased formation of H,O,. Corroborating these findings,
an in vitro experimental study with isolated mitochondria from the mouse brain showed that

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2012 November 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Farina et al.

Page 9

MeHg toxicity was blunted by catalase, thus indicating that H,O, is an important factor in
the generation of ROS in MeHg-exposed mitochondria (Franco et al., 2007). Although these
two studies have demonstrated the increased generation of H,O, in MeHg-exposed
mitochondria, the actual contribution of superoxide anion (a HoO» precursor) in such an
event requires further investigation.

While it is known that increased H,0, levels represent a consequence of MeHg exposure,
the precise role of this molecule in mediating MeHg-induced oxidative damage has not yet
been fully determined. However, an interesting experimental study showed that catalase,
which detoxifies H,0,, was able to abolish the inhibitory effects of MeHg on glutamate
transport in cultured astrocytes (Allen et al., 2001), indicating that H,O5 is responsible, at
least in part, for some toxic effects induced by MeHg. This notion was corroborated by a
study from Franco and collaborators (2007), who observed that MeHg-induced H,0O»
generation was responsible for the mitotoxic effects elicited by this compound.

3.2 - Superoxide anion

Superoxide anion (O,°7), a by-product of normal functioning of the mitochondrial
respiratory chain, is a ROS that is produced after the one-electron reduction of molecular
oxygen (Chance et al., 1979). It is generated by complexes | and 111 of the mitochondrial
respiratory chain and is readily converted to H,O, by mitochondrial (manganese-dependent)
superoxide dismutase (SOD; Liu et al., 2002). Additionally, superoxide is a product of
NADPH-oxidase, which is particularly important in the CNS during microglial activation
(Lavigne et al., 2000). Although most of the studies examining the various ROS which are
produced as a result of MeHg exposure have focused on H,0,, superoxide anion has also
been reported to play an important role in the oxidative damage induced by MeHg. Shanker
and collaborators (2004), using a specific probe for superoxide (hydroethidine), observed
increased levels of this ROS in MeHg-treated cultured astrocytes. In another study, SOD,
which dismutates the superoxide anion radical, was able to attenuate MeHg-induced ROS
formation in primary astrocytic cultures (Shanker and Aschner, 2003). Corroborating these
findings, Mori and collaborators (2007) reported increased superoxide levels in MeHg-
exposed cerebellar mitochondria, and Naganuma and collaborators (1998) observed that the
sensitivity of HeLa cells against MeHg was decreased by the overexpression of manganese-
SOD (a mitochondrial enzyme), indicating that the formation of superoxide anions in the
mitochondria plays a role in the mechanism of the cytotoxicity of MeHg. This notion is
reinforced by the fact that MeHg did not decrease SOD activity in different experimental
approaches (de Freitas et al., 2009; Grotto et al., 2009).

Another interesting, but currently neglected, research topic seems to be the formation of
superoxide by NADPH-oxidase from activated microglia. Although MeHg may induce pro-
inflammatory events, as well as toxicity and the activation of microglial cells (Eskes et al.,
2002; Chang, 2007; Ni et al., 2010; Ni et al., 2011), a potential relationship between MeHg,
microglial activation and increased superoxide production is lacking in the literature.

3.3 - Nitric oxide

Nitric oxide (NO) is a RNS widely used as signaling molecule in cells throughout the body.
Although NO plays a number of important roles as the regulator of several biological
processes (vascular tone and permeability, platelet adhesion, neurotransmission, and
mitochondrial respiration), it can also cause deleterious effects, including the inhibition of
enzyme function, the promotion of DNA damage and the activation of inflammatory
processes (Hollenberg and Cinel, 2009). NO is synthesized from L-arginine and oxygen in a
reaction catalyzed by nitric oxide synthase (NOS), which presents at least three distinct
isoforms [neuronal nitric oxide synthase (nNOS, NOS1); inducible nitric oxide synthase
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(iNOS, NOS2); and endothelial nitric oxide synthase (eNOS, NOS3)]. While iNOS activity
depends on transcription, eNOS and nNOS are constitutively expressed and are activated by
elevated intracellular calcium (Alderton et al., 2001). Notably, increased NOS activity and
increased NO levels have been reported to mediate MeHg neurotoxicity (Himi et al., 1996;
Yamashita et al., 1997; Herculano et al., 2006).

Although the mechanisms involved in the interaction between MeHg and NO are not
completely understood, intracellular calcium dyshomeostasis appears to play an important
role in this scenario. Several lines of evidence point to glutamate dyshomeostasis as a central
event in MeHg-induced neurotoxicity (Aschner et al., 2007, Farina et al., 2011). In fact,
MeHg has been shown to inhibit glutamate uptake into cultured astrocytes (Brookes and
Kristt, 1989; Aschner et al., 2000), inhibit the uptake of glutamate into rat synaptic vesicles
(Porciancula et al., 2003) and cerebral cortical slices (Moretto et al., 2005a), and increase
the spontaneous release of glutamate from mouse cerebellar slices (Reynolds and Racz,
1987) and cultured neuronal cells (Vendrell et al., 2007), indicating that increased glutamate
levels in the extracellular environment could represent a biochemical consequence of MeHg
exposure. These in vitro findings have been confirmed in in vivo studies with microdialysis
probes implanted in the frontal cortex of adult rats (Juarez et al., 2002), showing increased
levels of extracellular glutamate after MeHg exposure. Moreover, these same researchers
observed that MeHg-induced DNA damage in the rat frontal cortex was blocked by the
administration of a non competitive N-methyl D-aspartate (NMDA)-type glutamate receptor
antagonist (MK-801) (Juarez et al., 2005). In addition, the toxicity elicited by MeHg
exposure in cultured neurons (monocultures) was significantly attenuated in the presence of
co-culturing with astrocytes (Morken et al., 2005), which are prone to remove excessive
glutamate from the synaptic cleft, thus preventing glutamate-induced toxicity. All these
evidences reinforce the idea that MeHg toxicity is associated with glutamate
dyshomeostasis. With respects to the potential contribution of MeHg to NO formation, it is
noteworthy that MeHg-induced increases in extracellular glutamate levels could lead to the
overactivation of NMDA-type glutamate receptors, thereby increasing calcium influx into
postsynaptic neurons (Lafon-Cazal et al., 1993). In the postsynaptic environment, increased
intracellular calcium levels, which have been reported to mediate MeHg toxicity (Atchison,
2005), are prone to activate nNOS, thus increasing NO formation. Increased NOS activity
and/or increased NO levels have been reported as consequences of MeHg exposure in
different experimental conditions. In vivo studies have demonstrated increased calcium-
dependent NOS activity in the CNS of MeHg-exposed rodents (Himi et al., 1996; Yamashita
etal., 1997). Corroborating these findings, Herculano and collaborators (2006) observed
increased NOS activity in chick retinal cell cultures exposed to MeHg. On the other hand,
calcium channel blockers were found to offer protection against MeHg-induced toxicity in
rat cerebellar granule neuron cultures (Gasso et al., 2001). Although these observations
suggest that increased glutamate levels (a consequence of MeHg exposure) activate NOS by
raising intracellular calcium concentrations at postsynaptic neurons, contradictory evidence
and divergent experimental results have also been reported. For example, Ikeda and
collaborators (1999) showed that the increased activity of cerebellar nNOS observed in
MeHg-treated mice was not changed by the co-administration of the NMDA-type glutamate
receptor antagonists, MK-801 and 3-(2-carboxypiperazin-4-yl)-propyl-1-phosphonic acid.
This finding is in agreement with the fact that calcium mobilization from the endoplasmic
reticulum appears to be involved in mercury-mediated cytotoxicity (Gasso et al., 2001).
Thus, although there are divergences with regard to the exact mechanisms related to MeHg-
induced NO generation, it is widely accepted that this reactive species plays an important
role in neurotoxicity induced by this toxicant, which can be confirmed by increased
nitrotyrosine levels in the CNS of MeHg-treated animals (Miyamoto et al., 2001).
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It is important noteworthy that although evidence shows that increased calcium influx can
lead to increased generation of reactive species (Himi et al., 1996; Yamashita et al., 1997)
and that reactive species (e.g., hydrogen peroxide) are able to inhibit astrocytic glutamate
uptake (Allen et al., 2001), the calcium-mediated toxicity is not necessarily directly
responsible for glutamate dyshomeostasis in MeHg-exposed systems. In fact, MeHg-induced
glutamate release has been reported to be calcium-independent (Reynolds and Racz, 1987)
and the inhibition of glutamate uptake by MeHg is unlikely to occur as a consequence of
changes in calcium homeostasis (Brookes and Kristt, 1989; Aschner et al., 2000). Thus, the
disruption of intracellular calcium homeostasis observed after MeHg exposure seems to
represent a consequence (but not a cause) of glutamate dyshomeostasis. This is believed
because MeHg-induced increased extracellular glutamate levels can lead to increased
calcium influx into postsynaptic neurons via overactivation of NMDA-type glutamate
receptors; however, calcium dyshomeostasis seems to play no significant role in the
glutamate dyshomeostasis observed after MeHg exposure (Reynolds and Racz, 1987;
Brookes and Kristt, 1989; Aschner et al., 2000).

A brief summary on H,05, superoxide anion and NO as mediators of MeHg-induced
neurotoxicity is depicted in Figure 2.

4 - Oxidative hallmarks in MeHg-induced neurotoxicity

Considering the fact that different ROS/RNS mediate MeHg-induced neurotoxicity, it is not
surprising to find diverse oxidative hallmarks (i.e. lipid peroxidation, protein oxidation,
DNA oxidative damage, protein nitrosylation, among others) in biological systems exposed
to this toxicant. Lipid peroxidation has been extensively reported as a consequence of MeHg
toxicity (Carvalho et al., 2007; Vendrell et al., 2007; Martins et al., 2009; Franco et al.,
2009; Glasser et al., 2010b), and this event is related, at least in part, to the central role of
H»0, (and its precursor superoxide anion) (Mori et al., 2007; Franco et al., 2007). Although
the effectiveness of H,O, or superoxide in inducing lipid peroxidation is relatively low, the
formation of the hydroxyl radical by Fenton’s reaction allows for the great tendency to
remove hydrogen atoms from the alkylic chain of membrane lipids, which represents a
pivotal event in the initiation of lipoperoxidation (Halliwell and Chirico, 1993). In
agreement, an in vivo study showed that deferoxamine, an iron chelator, protected against
MeHg-induced lipid peroxidation in the rat brain, providing evidence that iron-catalyzed
oxygen radical-producing reactions play an important role in MeHg-induced oxidative stress
(LeBel et al., 1992). In addition to the important role of H,O, in mediating MeHg-induced
lipid peroxidation, another decisive factor that seems to contribute to the appearance of this
hallmark is the large amount of polyunsaturated fatty acids in the CNS, which are highly
susceptible to peroxidative damage (Grintal et al., 2009).

4.1 - Lipid peroxidation

MeHg-induced lipid peroxidation seems to be crucial in neurotoxicity. In fact, in addition to
the cellular plasma membrane lipids, those from specific cellular organelles also represent
important targets of peroxidation. Accordingly, lysosomal rupture has been detected after
MeHg-exposure in human astrocytoma D384 cells (Daré et al., 2001). Interestingly, this
group observed that D384 cells maintained plasma membrane integrity, and the lysosomal
rupture preceded a decrease of the mitochondrial potential, suggesting that lysosomal
membranes represent a highly susceptible target of the peroxidative effects of MeHg. The
lipoperoxidative effect toward mitochondrial membranes also contributes to the toxicity
elicited by MeHg (Franco et al., 2009, 2010), which may be related, at least in part, to the
apoptotic characteristics of MeHg-induced cell death (for review, see Ceccatelli et al.,
2010).
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4.2 - Protein oxidation

Oxidative modifications in proteins represent another important event mediating MeHg-
induced toxicity. First, it is imperative to mention that the interaction of MeHg with thiol or
selenol groups from a given protein represents the loss its nucleophilic potential, which
characterizes an “oxidative event”. As mentioned previously, the interaction of MeHg with
the nucleophilic groups of proteins generally leads to loss of protein function, which can be
observed by decreased catalytic (Rocha et al., 1993, Farina et al., 2009), transport (Aschner
et al., 2000) and binding (Soares et al., 2003) functions. Thus, MeHg-induced changes in the
protein thiol or selenol status represent a pro-oxidative effect toward proteins, which
significantly contribute to its neurotoxicity. With regard to protein oxidation by MeHg-
induced reactive species, NO formed by MeHg-induced nNOS activation is prone to cause
the nitrosylation of protein amino acids, such as tyrosine (Miyamoto et al., 2001). This
phenomenon has been reported to regulate synaptic activity (LoPachin and Barber, 2006),
which mediates MeHg-induced neurotoxicity (Aschner, 1996). Although lipid peroxidation
and protein oxidation are major molecular hallmarks of MeHg toxicity, oxidative DNA
damage has also been observed in biological systems exposed to this toxicant (Belleti et al.,
2002).

4.3 - Changes in the redox thiol state (glutathione and Nrf2)

Alteration in the thiol status, represented mainly by the reduced:oxidized glutathione ratio
(GSH/GSSG), is another molecular outcome that occurs as a result of the pro-oxidative
properties of MeHg (Kaur et al., 2006). Notably, MeHg is able to interact with the most
important thiol antioxidant, GSH, thus leading to the formation of an excretable GS-HgCH3
complex (Ballatori and Clarkson, 1982). This interaction decreases the levels of GSH and,
consequently, the GSH:GSSG ratio, which contributes to the occurrence of oxidative stress.
Accordingly, decreased GSH levels have been reported after MeHg exposure under several
in vitro conditions (Kaur et al., 2006; Franco et al., 2007; Amonpatumrat, 2008; Ni et al.,
2011). Moreover, in vivo studies with mice have also reported decreased GSH levels in the
CNS after MeHg exposure (Franco et al., 2006; Stringari et al., 2008). In agreement with
these observations, GSH precursors, such as N-acetyl cysteine (NAC), have been reported to
protect against MeHg-induced neurotoxicity in vitro (Kaur et al., 2006).

Although in vivo studies show that MeHg exposure in mice decreases GSH levels in the
CNS (cerebral cortex or cerebellum) (Franco et al., 2006; Stringari et al., 2008), the
intracellular levels of GSH in mammalian cells are in the milimolar (mM) range (Cooper
and Kristal, 1997). Due to the fact that GSH depletion has been reported in the CNS of
MeHg-exposed mice whose mercury levels were found to be in the low micromolar (uM)
range, it is difficult to explain the decreased GSH levels after MeHg exposure based solely
upon the equimolar interaction between both molecules. A better understanding of this
phenomenon is possible when considering that ROS generated mainly in mitochondria after
MeHg exposure are detoxified by GSH-dependent systems, thus leading to GSH depletion
(Franco et al., 2007).

Another interesting and recently reported event that has been connected to the pro-oxidative
effects of MeHg is the activation of NF-E2-related factor 2 (Nrf2) (a major regulator of
intracellular antioxidant response). Under physiological conditions, Nrf2 is located in the
cellular cytoplasm and is bound to Kelch-like ECH-associating protein 1 (Keapl) (Kensler
and Wakabayashi 2009). Experimental evidence has shown that the interaction between
Nrf2 and Keapl is disrupted by oxidative modifications of their cysteine thiol groups (He
and Ma, 2009). This event allows for the translocation of Nrf2 to the nucleus (Chen et al.
2009; Li and Kong 2009), where it interacts with an antioxidant response element (ARE) to
initiate the transcription of target genes. Subsequently, the encoded proteins of these target
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genes are used to detoxify xenobiotics and endogenous reactive electrophiles (Itoh et al.
1999; Prestera et al. 1993; Prestera and Talalay 1995). Notably, recent data from studies
with cultured neuroblastoma (Toyama et al., 2007) and primary cultures of astrocytes (Wang
et al., 2009) have demonstrated that MeHg activates Nrf2 and that this event is essential for
reduction of MeHg toxicity. In agreement with these findings, Ni and collaborators showed
that MeHg exposure in primary cultures of astrocytes or microglia increases the cytosolic
Nrf2 protein level, an event followed by its nuclear translocation (Ni et al., 2010; 2011),
which ultimately culminates in increased messenger RNA levels of the antioxidant/
protective enzymes, heme oxygenase 1 (Ho-1) and NAD(P)H: quinone oxidoreductase 1
(Ngol) (Ni et al., 2011). These findings suggest that MeHg-induced Nrf2 activation
increases the expression of antioxidant/protective defenses. Of particular importance,
MeHg-induced Nrf2 activation was proposed to be linked to changes in the thiol status (Ni
et al., 2011), a proposal that is in agreement with the fact that the interaction between Nrf2
and Keapl is disrupted by oxidative modifications of cysteine thiol groups (He and Ma,
2009). However, the current knowledge regarding this hypothesis remains incomplete;
therefore, it is not yet possible to determine whether the oxidative modifications of Nrf2
and/or Keap1 thiols represent a direct effect of MeHg or whether these modifications
represent a consequence of the pro-oxidative effects of ROS generated during MeHg
exposure. In agreement with this most recent hypothesis, Usuki and collaborators (2011)
have demonstrated that Trolox (a soluble analogue of vitamin E with scavenger properties)
completely prevents the MeHg-induced overexpression of antioxidant defenses (catalase and
thioredoxin reductase), suggesting that MeHg-induced ROS are crucial to the increase in the
expression of such enzymes. Nevertheless, additional studies are necessary to better
understand the effects of MeHg on Nrf2 signaling.

5 - Antioxidant compounds as potential neuroprotective strategies

Classically, the therapeutic approach to treat mercury intoxication is based on the use of
thiol-chelating agents (Hughes and Sparber, 1978; Clarkson et al. 1981; Lund et al. 1984).
The basis for the use of thiols in the treatment of mercurial intoxication lies in their potential
ability to remove MeHg from biological targets, particularly, from thiol-containing proteins.
The general reaction can be summarized as:

2PSHQCH3 + R(SH), 2PSH + R(S-HgCH3),

where a dithiol reacts with a target protein-MeHg complex to regenerate the free target
protein and an excretable complex of MeHg and the chelating agent (Clarkson et al. 1981,
Ruha et al. 2009). This reaction is indeed an exchange reaction (see Scheme 2 in Section 2),
where a thiol can displace MeHg from a given protein. From the in vitro experimental data
obtained by Rabeinstein’s group, chelation therapy would be expected to be very efficient,
particularly in view of the prompt removal of MeHg from erythrocytes by therapeutic
chelating agents, such as DMSA, DMPS and penicilamine (Rabeinstein et al. 1982; 1983,;
1986). However, under in vivo conditions, the ability of chelating agents to restore normal
physiological function in humans with mercurial intoxication is low (Nierenberg et al.
1996), in spite of the fact that thiol-chelating agents can accelerate MeHg excretion
(Clarkson et al. 1981; Nierenberg et al. 1996; Drasch et al. 2007). One intriguing aspect that
has received little attention and might offer an explanation for this phenomenon is the
possibility that the interaction of MeHg with some target proteins could lead to changes in
the protein structure, which could prevent MeHg removal via exchange with low-weight-
molecular thiols (including therapeutic dithiols). The changes in the structure of particular
target proteins could be time-dependent, which would be similar to observations regarding
organophosphorous-inhibited acetylcholinestarese (AChE). In the case of AChE, the aging
process induced by organophosphorus inhibitors in the enzyme structure prevents oximes
from reactivating AChE activity (Jokanovic, 2009).
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Nevertheless, despite these inconclusive findings, thiol-chelating therapy can, at least to
some extent, ameliorate the symptoms of MeHg intoxication in experimental models
(Gomez et al. 1994; Pingree et al. 2001; Carvalho et al. 2007; Bridges et al. 2009). However,
it remains unknown whether the protection or recovery afforded by thiol-chelating agents is
mediated via the re-establishment of the functionality of MeHg-disrupted protein or via the
lowering the MeHg body burden, independent from the restoration of targeted protein
function. Furthermore, therapeutic thiol molecules could also exhibit antioxidant activity of
their own accord, thus preventing MeHg from reaching the critical target proteins involved
in the metabolism of ROS (indirect effect), or by reacting with secondary electrophile
species (direct effect) produced indirectly by MeHg via the inhibition of antioxidant
selenoenzymes or thiol-containing enzymes involved in the maintenance of the cellular
redox state (Farina et al., submitted).

As discussed above, the neurotoxicity of MeHg in developing and mature organisms is
associated with changes in a variety of neurochemical processes. In fact, MeHg has a
multitude of molecular, subcellular and cellular targets in the central nervous system
(Aschner et al. 2007; Johansson et al. 2007) and, to date, our knowledge about the complex
hierarchy of molecular events that dictate subcellular and cellular malfunctioning is still
incipient. However, oxidative stress is an important hallmark of MeHg neurotoxicity both in
the mature and developing brain (Farina et al. 2011), and the protective effect of
antioxidants against MeHg toxicity was experimentally demonstrated even before the first
observation that oxidative stress plays a central role in MeHg toxicity (Kasuya 1975; Chang
et al. 1978; Ganther 1978; LeBel et al. 1990; 1992). Several points of evidence indicate that
synthetic and natural antioxidants can protect against both in vitro and in vivo neurotoxicity
of MeHg (Farina et al. 2003; 2005; Moretto et al. 2005a; Franco et al. 2007; 2010; Lucena et
al. 2007; 2010; Shichiri et al. 2007; Wagner et al. 2010). Therefore, antioxidants could be
considered as potential neuroprotective agents against MeHg-induced neurotoxicity. Indeed,
recent evidence points to beneficial antioxidant nutrients present in fish as potential
confounding factors that have delayed the recognition of MeHg neurotoxicity after low
levels of exposure during critical periods of human brain development (Choi et al. 2008;
Rice 2008; Grotto et al. 2010; Grandjean and Herz, 2011). Among these nutritional factors,
the presence of selenium in fish must be highlighted, as this element was the first to be
shown to protect against the toxicity of MeHg in Japanese quail (Ganther et al. 1972).
Thereafter, several studies have demonstrated that both inorganic and organic selenium
compounds can exhibit in vitro and in vivo protective effects against the neurotoxic effects
of MeHg (Ganther 1978; Fredriksson et al. 1993; Choi et al. 2008; Weber et al. 2008; Kaur
et al. 2009). However, the neuroprotective mechanism by which selenium compounds
decrease MeHg toxicity has not yet been determined. However, as discussed earlier in this
review, selenol groups have a stronger affinity for MeHg than do thiol groups (Sugira et al.
1976). Further, during the metabolism of inorganic forms of selenium and selenomethionine,
H,Se and CH3SeH are formed and can react with MeHg, creating stable intermediates
(Farina et al. 2011). In addition, limited literature data have indicated that Se(IV) and H,Se
can accelerate the decomposition of MeHg to inorganic mercury (possibly to the insoluble
and inert salt, HgSe). Notably, the Se(IV) was able to stimulate MeHg decomposition only
in the presence of reducing thiols (glutathione and cysteine), supporting the notion that in
vivo selenium compounds have to be metabolized to selenohydryl-containing intermediates,
which react with MeHg to form inert and non-toxic complexes (lwata et al. 1982). However,
the speciation of mercury and selenium in these complexes remains unknown.

In addition to inorganic and naturally occurring organic selenium compounds, synthetic
organoselenium compounds can also exhibit neuroprotective effects against MeHg.
Accordingly, ebselen and dipheny! diselenide have been shown to exert beneficial effects
against in vitro and in vivo MeHg-induced neurotoxicity (Farina et al. 2003a,b; Moretto et
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al. 2005a,b; Funchal et al. 2006; Roos et al. 2009; Usuki et al. 2010; Yin et al. 2011). In fact,
MeHg exposure during lactation caused a disruption in glutamate homeostasis (release and
uptake), and co-treatment with ebselen protected developing rats from MeHg neurotoxicity
(Farina et al. 2003a). In adult mice, MeHg inhibited glutamate uptake by cortical brain slices
and decreased cortical glutathione peroxidase activity; these alterations were blunted in mice
co-treated with ebselen (Farina et al. 2003b). Similarly, diphenyl diselenide (which is the
simplest of the diaryl diselenides; Nogueira and Rocha, 2010) exhibited neuroprotective
activity against MeHg and lowered the Hg burden in the brain, liver and kidneys of adult
mice (de Freitas et al. 2009). The molecular mechanism(s) which underlie(s) the
neuroprotective effects of ebselen and diphenyl diselenide can be related either to the direct
interaction of MeHg with “selenol intermediates” of ebselen and diphenyl diselenide after
their reaction with thiols, or indirectly, by the modulation of oxidative stress (via their
glutathione peroxidase- and/or thioredoxin reductase-like activities) (Nogueira and Rocha,
2010; Sausen de Freitas et al. 2010). Furthermore, the ability of diphenyl diselenide to
decrease cerebral Hg deposition after exposure to MeHg supports the formation of a “selenol
intermediate” of diphenyl diselenide that forms a stable and more excretable complex with
MeHg. Since ebselen can form both “selenol intermediates” and an ebselen diselenide (Zhao
et al. 2002 a, b; Sausen de Freitas et al. 2010), part of the observed neuroprotective effect of
ebselen against MeHg could also be a consequence of the reduction in Hg deposition in the
brain. In short, the neuroprotective effects of ebselen and diphenyl diselenide against MeHg-
induced toxicity can be related to their antioxidant properties and to their abilities to form
stable complexes with MeHg, which can increase Hg excretion and decrease the MeHg body
burden. Furthermore, diphenyl diselenide can be partially metabolized to inorganic Se
(Adams et al. 1989), which may, at least in part, account for its neuroprotective effects
against MeHg.

6 - Concluding remarks

Over the past several decades, we have become increasingly aware of the many hazards of
industrial chemicals, which have produced detrimental and often devastating effects upon
both the natural environment and a multitude of its living inhabitants, including humans.
Specifically, the neurotoxicant, MeHg, which was recognized to be the causative factor of
“Minamata disease,” a condition that occurred as the direct result of MeHg intoxication via
the consumption of fish heavily contaminated with this pollutant, poignantly illustrates the
environmental neurotoxicity of mercury. Furthermore, in the Minamata outbreak, the high
incidence of cerebral palsy-like disease among infants who had not consumed polluted fish
indicated that they were indirectly intoxicated due to the direct intoxication of their mothers.
These observations provided an acute warning to the scientific community regarding the
neurodevelopmental toxicology of industrial chemicals, particularly in view of the fact that
the mothers of the afflicted children were asymptomatic regarding “Minamata disease”
(Nelson et al. 1971). Currently, the primary concern about MeHg is related to its ubiquitous
presence in edible fish and the absence of a defined “no observable adverse effect level”
(NOAEL). There is considerable debate about this subject (Grandjean et al. 2010); however,
from the accumulated in vitro and in vivo experimental points of evidence, it is reasonable to
suggest that, for a mature organism, a NOAEL can be estimated with relative safety. In
sharp contrast, for the developing organism (namely, the central nervous system), the
indication of a NOAEL is extremely hazardous and represents the failure to recognize and
acknowledge the inherently fragile and uniquely vulnerable state of the developing nervous
system. Indeed, definitive scientific evidence has demonstrated that exposure to even
undetectable levels of MeHg can disrupt the fine and intricate balance of the developing
brain, which can result in long-lasting, deleterious neurophysiological and neurobehavioral
consequences. Accordingly, the exposure to low levels of MeHg can affect developing
organisms either directly or indirectly, as this toxicant attacks different molecular targets in

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2012 November 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Farina et al.

Page 16

the brain. Of particular neurotoxicological significance, the literature have indicated that the
targeting of thiol- and selenol-containing proteins can be the primary molecular events that
trigger secondary and tertiary processes that ultimately culminate in MeHg neurotoxicity.
Because several of these primary targets, such as the antioxidant seleno-enzymes, GPx and
TrxR, are involved in the maintenance of the redox cell balance, their inhibition by MeHg
can predispose a cell to oxidative stress. Furthermore, the concomitant inhibition of
astrocytic glutamate transporters by MeHg can increase extracellular glutamate levels to
neurotoxic concentrations. The installation of an “excitotoxic state” after exposure to MeHg
triggers a complex cascade of events that eventually culminates in oxidative stress. In short,
MeHg can simultaneously target a multitude of molecular targets, and the disruption of
some of them will converge to common manifestations of neurotoxicity associated with
oxidative stress. As discussed above, these deleterious alterations in a mature central
nervous system can cause reversible or adaptable neurophysiological changes; however, in
the developing brain, the neurophysiological changes are unpredictable. Consequently, the
environmental exposure to MeHg during brain development represents a significant human
health concern and additional research is necessary to determine the specific, primary targets
of MeHg and whether the disruption of these targets triggers the cascade of events that
culminates in oxidative stress, neurotoxicity and brain disease.
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Figure 1. Interaction of MeHg or RSHgMe (a complex of MeHg with a low weight molecular
thiol, e.g., cysteine or glutathione) with target cell proteins via exchange reactions

The first event can be of three types: A) MeHg (free MeHg) can react with a target protein
(Tg 1) to oxidize it; B) the low-molecular weight complex of MeHg with a thiol-containing
molecule (cysteine or small peptides derived from MeHg contaminated fish muscle proteins)
can participate in an exchange reaction with the target protein 1 (Tg 1), oxidizing the Tg 1
and regenerating the free thiol molecule; and C) the complex MeHg-cysteine (MeHgSR) can
be transported as a mimetic of methionine. The second event can be of two types: A) the
MeHg bound to target protein 1 (Tg 1-HgMe complex) can participate in an exchange
reaction with a second target protein (Tg 2) to oxidize it and release the free Tg 1; or B) the
exchange can occur with intracellular low-molecular- weight thiols (e.g., cysteine or GSH)
to form the MeHgSG or MeHgSCys complex and release the free Tg 1. The third event is
similar to that described in the second event (i.e., an exchange reaction between a target
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protein with a different target protein or with intracellular low-molecular thiols). The fourth
event represents the tentative unidirectional (indicated by the broken arrows) reactions of
intracellular low-molecular MeHg-thiol complexes (RSHgMe) or of a target protein (Tg 3)
with a target selenoprotein (Tg 4). In these cases, the selenocysteyl residue of the Tg 4
selenoprotein is oxidized by MeHg and hypothetically cannot participate in an exchange
reaction due to the higher affinity of a selenol group for MeHg than that of a thiol group.
The aforementioned events (1-4) are represented as numbers (or numbers plus letters) in
parentheses (e.g., 1A).
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Figure 2. Reactive species as mediators of MeHg induced neurotoxicity

MeHg leads to increased extracellular glutamate (GLU) levels through the inhibition of
astrocytic glutamate uptake (event 1), the stimulation of glutamate release from presynaptic
terminals (event 2) and the inhibition of vesicular glutamate uptake (event 3). Increased
extracellular glutamate levels overactivate N-methyl D-aspartate (NMDA)-type glutamate
receptors, increasing calcium influx into neurons (event 4). Increased levels of intracellular
calcium, which can lead to mitochondrial collapse (event 5), activate neuronal nitric oxide
synthase (nNOS) (event 6), thus increasing nitric oxide (NO) formation. MeHg affects the
mitochondrial electron transfer chain (mainly at the level of complex II-111) (event 7),
leading to the increased formation of superoxide anion (O,"") and hydrogen peroxide
(H205). Ho05 can produce hydroxyl radical anion ("OH) via Fenton’s Reaction (event 8).
MeHg-induced increases in HoO5 levels might be a consequence of decreased glutathione
peroxidase (GPx) activity (event 9) and glutathione (GSH) depletion (event 10).

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2012 November 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Farina et al. Page 30

PSH + CH3;Hg = PSHgCH;

PSeH + CH;Hg" = PSeHgCH;

Scheme 1.
Reaction of MeHg (CH3Hg*) with its two main cellular high-molecular generic targets, i.e.,
thiol- and selenol-containing proteins (PSH and PSeH, respectively).
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R18H T MeHg <> RlngMe

RlngMe T RQSH <> RQSHgMe + R]SH

Scheme 2.
Exchange reaction of MeHg from one type of thiol-containing molecule to another class of
molecule. Ry and R, can be either a low- or a high-molecular-weight thiol molecule.
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G;SH + CH3;HgMe <> G;SHgMe

G;SHgMe + G,SH < G;SHgMe + G SH

Scheme 3.

Exchange reaction of MeHg between two molecules of the same chemical structure,
representing the exchange of MeHg between two thiol-containing glutathione, i.e., a reduced
glutathione displaces MeHg from a second GS-HgMe complex. Chemically, this reaction
indicates a shift of MeHg from one GSH to another GSH molecule. Biologically, this type of
exchange reaction is expected to have little significance.
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