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Mercury is an environmental poison, and the damage to living system is generally severe. The severity of mercury poisoning is
consequent from the fact that it targets the thiol-containing enzymes, irreversibly oxidizing their critical thiol groups, consequently
leading to an inactivation of the enzyme. The Na+/K+-ATPase is a sulfhydryl protein that is sensitive to Hg2+ assault. On the other
hand, organoseleniums are a class of pharmacologically promising compounds with potent antioxidant effects. While Hg2+ oxidizes
sulfhydryl groups of Na+/K+-ATPase under in vitro and in vivo conditions, the organoselenium compounds inhibit Na+/K+-
ATPase in vitro but enhance its activities under in vivo conditions with concomitant increase in the level of endogenous thiols.
Paradoxically, it appears that these two thiol oxidants can be used to counteract one another under in vivo conditions, and this
hypothesis serves as the basis for this paper.

1. Introduction

There are several earlier and more contemporary reviews on
the toxicology of mercury and its compounds available to
readers that cover a spectrum of findings ranging between
types and classifications, sources of mercury exposure to the
toxicity of different species and biological outcomes [1–7].
Yearly, data and reviews on mercury and its toxic effects are
emerging on an astronomical scale. Hence, the objective of
this paper is not to duplicate the earlier reviews but to sen-
sitize readers on intervention strategies that recent authors
are pointing to. In this regard, this paper will focus on the
toxicity of mercury on a key transmembrane enzyme trans-
porter, Na+/K+-ATPase (otherwise known as sodium pump),
and the possible intervention of an emerging class of sele-
nium-based compounds—the organoselenium compounds
to ameliorate the toxic effect of mercury on this impor-
tant transmembrane enzyme. Consequently, this paper will
present recent findings in the last few years on the observed
effect of mercurial compounds on sodium pump and the
paradox surrounding the use of organoselenium as possible

intervention in mercury toxicity on the activities of sodium
pump.

2. Sodium Pump: A Brief Overview

In 1957, Skou described an ATPase preparation from crab
nerve membranes that was stimulated by addition of Na+

and K+ to the incubation medium [8], and he proposed that
this enzymatic activity was associated with the physiological
mechanism for active transport of monovalent cations,
across the plasma membrane, and eventually this enzymic
system was christened Na+/K+-ATPase or sodium pump.
Na+/K+-ATPase transforms chemical energy in ATP to
osmotic work and maintains electrochemical Na+ and K+

gradients across cell membranes. At rest, Na+/K+-ATPase
converts 20–30% of the current ATP production in mammals
to active Na+ and K+ transport in kidney, central nervous sys-
tem, and other cells of the body where Na+ and K+ gradients
are required for maintaining membrane potential and vol-
ume of animal cells and organelles bounded by flexible lipid
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bilayers. Lowering the intracellular Na+ concentration helps
to prevent cell lysis. The electrochemical gradient generated
by the unequal exchange of Na+ for K+ is used to drive a
variety of fundamental physiological processes. The electrical
gradient contributes to the resting membrane potential,
thereby affecting channel-regulated electrical stimulation of
nerve and muscle cells. The Na+ gradient is the energy source
for facilitated transport of ions (e.g., Na+/Ca2+ exchange)
and metabolites (e.g., Na+/glucose cotransport) by carriers.
Presumably because the pump is essential for cell viability,
Na+/K+-ATPase has also been indirectly implicated in the
etiology of diseases like essential hypertension and diabetes.
Sodium pump is the receptor for cardiac glycosides, like
digitalis, used to treat patients with congestive heart failure.
Several excellent reviews have described in details the struc-
ture and function of the Na+/K+-ATPase, and I encourage the
readers to consult these references [9–12].

3. Transmembrane Topology

Of importance in this paper is a brief description of the
Na+/K+-ATPase especially with emphasis on the amino acid
composition of the active sites of the pump. Generally,
Na+/K+-ATPase belongs to the P-type ATPases, and like the
H+/K+-ATPase, it is composed of majorly two subunits. The
larger constituent of the heterodimer is the α-subunit with
a molecular mass of about 112000 Da which is responsible
for both catalytic and transport function [11]. The α-subunit
comprises an acceptor for the γ-phosphate of ATP, phos-
phorylation of the aspartic residue Asp-369 [13] which leads
to formation of the phosphorylated intermediate during the
reaction cycle [14]. In addition to the cation binding sites,
also the receptor for cardiac glycosides is located on the
α-subunit [15]. The smaller constituent is the glycosylated
β-subunit with a molecular mass of about 55 000 Da. This
subunit was for a long time believed not to participate
directly in the catalytic cycle or the binding of cardiac glyco-
sides. Recently, it was demonstrated that the assembly of an
(α/β) heterodimer is necessary for a stable and functionally
competent configuration of the pump; in particular, the
β subunit is needed for the α-subunit to exit from the endo-
plasmic reticulum and to acquire the correct configuration
[16–18]. A third subunit with a molecular mass of about
12000 Da has been detected as a part of the native enzyme
assembly [19]. However, the importance of this so-called
γ-subunit for neither ATPase or phosphatase activity nor ion
transport characteristics has been demonstrated so far [20].
All these subunits have been cloned and sequenced from a
variety of tissues and animal species [11].

4. Binding Sites of the Na+/K+-ATPase

By definition as P-type ATPase, the sodium pump molecule
is temporarily phosphorylated during the reaction cycle.
Demonstration that an aspartate residue accepts the γ-phos-
phate from ATP during its hydrolysis was provided by Post
and Kume [14]. Localization of the phosphorylation site has
been achieved by means of controlled tryptic digestion [21].

After sequence analysis of the sheep kidney enzyme, Asp-369
has been identified as the target for catalytic phosphorylation
[13]. The consensus sequence Cys-Ser-Asp-376-Lys-Thr-
GIy-Thr-Leu-Thr around the phosphorylation site of the α-
subunit is highly conserved among α-subunit isoforms and
even with respect to other P-type ATPases like H+, K+-
ATPase, sarcoplasmic reticulum Ca2+-ATPase, and the yeast
H+-ATPase [22]. Mutations of Asp-376 α-subunit to Asn,
Glu, or Thr resulted in loss of enzyme function [23]. Seven
amino acid residues Asp-376, Lys-487, Lys-507, Cys-663,
Asp-716, Asp-720, and Lys-725 are suggested to participate
in the formation of the ATP-binding pocket [24, 25].

With respect to the cationic binding sites, the role of
transmembrane glutamic acid residues in cation binding was
investigated by the technique of site-directed mutagenesis.
Mutations of Glu-955 and Glu-956 of rat α-subunit (corre-
sponding to Glu-959 and Glu-960 of the Torpedo pump) to
glutamine or aspartic acid revealed no differences in cation
stimulation of ATPase activity compared to the wild type if
measured in open membrane fragments. This has been taken
as evidence that the carboxyl groups of these glutamic acid
residues are not essential for cation binding or occlusion.
In addition to these glutamic amino acid residues, Pro-333
and Leu-337 (Pro-328 and Leu-332 of the α-subunit) of the
Pro-Glu-334-Gly-Leu-Leu range have been suggested to be
important for the Na+ and K+ affinities [26]. It has been dis-
cussed that particularly the proline is involved in optimizing
cation binding to the glutamic acid residue Glu-334 in the
E2 conformation [27]. A diagrammatic representation of the
operation of the sodium pump is presented in Figure 1.

5. Interaction of Mercurial Compounds
with Sodium Pump

Excellent findings and reviews have shown that Hg2+ has very
strong affinity for thiols on proteins. And considering the
topology of Na+/K+-ATPase, the ATP and cationic binding
sites are potential targets for Hg2+ assaults. For example, the
nucleotide binding site contains SH group that favors the
binding of Hg2+. Herein, it suffices to say that since inorganic
mercury salts and other nonorganic forms of mercury only
poorly penetrate the cerebral microvascular endothelial cells
comprising the blood-brain barrier (BBB), their neurotox-
icity may be predicted to result from interference with this
transport enzyme in other tissues. In addition, it is of note
that specific binding of Hg2+ to ouabain-sensitive Na+/K+-
ATPase of rat liver plasma membrane was demonstrated and
observed that the binding of mercury to the enzyme also
causes significant inhibition of the enzyme, which is greater
than its ouabain sensitivity. Also it has been established that
in the cytosol Hg2+ binding to reduced glutathione (GSH) is
stimulated by GSH-S-transferase (GST). It is proposed that
the transport of Hg2+ inside the cell takes place by increased
dissociation of Hg2+ from the membrane due to greater
avidity of Hg2+ towards cytosolar GSH binding. The GSH-
Hg complex enters the nucleus where it dissociates to bind
the metal response element (MRE) of the metallothionein
(MT) gene to induce MT transcription. In fact, a schematic
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Figure 1: Reaction cycle. The minimal steps in the catalysis-trans-
port cycle of sodium pump are shown schematically. Black arrows
indicate the normal, clockwise direction of the reaction sequence.
Oxygen isotope (red) exchange may occur in the reversible step
colored red. The cycle represents the sidedness, as well as repetition,
of the reactions. For example, the 3 Na+ (blue) that displace 2 K+

(green) intracellularly are subsequently displaced by 2 K+ extra-
cellularly, generating the inward Na+ (larger) and outward K+

(smaller) gradients indicated by wedge shapes. A circle and a square
symbolize the limiting protein conformations (E1 and E2, resp.)
with enclosed ions indicating occlusion. Different colors denote
ATP acting as an effector (gray) or substrate (black) [9].

illustration of the possible differential avidity of Hg2+

towards different thiols in cellular compartment is illustrated
in the excellent work described by Bhattacharya and his
coworkers (Scheme 1, [28]). At this point, information will
be abstracted from available findings by various authors with
respect to binding and subsequent toxicity of Hg2+ on the
activity of the sodium pump under in vitro and in vivo
conditions.

6. Mercury Toxicity on Sodium Pump In Vitro

In 1986, Kramer et al. [29] observed that among other heavy
metals, Hg2+ ranked the highest in their inhibition of the
Na+/K+-ATPase. Therefore, this finding showed that mer-
cury toxicity on sodium pump is of significance and deserved
critical attention. In that paper [29], they observed that the
degree of inhibition of sodium pump by heavy metals is in
the order: Hg2+ > Pb2+ > Cd2+ > Ur2+ > Cu2+ > Zn2+ >
Mn2+ > Ba2+ > Ni2+Sr2+. Enzyme kinetic studies showed
that Hg2+ and other heavy metals such as Pb2+, and Cd2+

competitively, whereas Cu2+ noncompetitively, inhibited the
enzyme. Similarly, in the same year, Magour [30] showed
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Scheme 1: The model proposes a mechanism of signal transduction
by inorganic mercury in the rat hepatocyte, inducing metalloth-
ionein synthesis. Hg first binds to the Na+-K+-ATPase at the inner
surface of the membrane and then dissociates to bind to GSH which
is preferred due to higher affinity of the metal for GSH. The Hg-
GSH complex enters the nucleus through the 9 nm aqueous channel
of the nuclear membrane where Hg induces the expression of the
metallothionein gene by binding to the metal responsive element
[28].

that mercurial compounds inhibited the brain synaptosomal
Na+/K+-ATPase in vitro. In the paper [30], he observed that
HgCl2 is a more powerful inhibitor than methylmercury
(MeHg). But in contrast to Kramer et al., they reported that
both mercurials exhibited a noncompetitive type of inhi-
bition. He observed however that the nonessential lipids
do not play a significant role in the inhibitory effect of
MeHg and that the potency of these mercurials to inhibit
brain synaptosomal Na+/K+-ATPase largely depends on
their capacity to block sulfhydryl groups. In the following
year, Magour and his collaborators [31] revealed that the
nonionic detergent Lubrol potentiated the inhibitory effect
of mercurial compounds on the Na+/K+-ATPase, and they
concluded that Lubrol removes the bulk lipids present
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outside the catalytic center of the enzyme. Consequently,
they concluded that the enzyme was more sensitive to the
inhibition by both mercurials. However, in my opinion,
this argument is not plausible since such lipid moiety that
possibly shields the sodium pump as proposed by Magour
and his associates can equally serve as a hindrance for the
entry of the substrates (Na+ and K+) of the sodium pump
as well as interaction of Mg2+ with the ATP. It is reasonable
to conclude that Lubrol could possibly alter the fluid mosaic
bilayer structure anchoring the sodium pump consequently
leading to an altered three-dimensional structure of the
transmembrane pump under consideration. Apparently, the
emerging transmembrane protein structure could be such
that the partially embedded thiols on the protein are more
exposed and consequently affording a more direct interac-
tion of Hg2+ with these exposed thiols, thus leading to a
potentiated inhibitory effect of Hg2+ on the sodium pump.
Alternatively, experimental evidence in our laboratory (data
not yet published) has revealed that prooxidants that induce
lipid peroxidation can also cause a diminished activity of the
pump. With this preliminary observation, it is rational to
conclude that lubrol may per se have a direct inhibitory
effect on the pump by disrupting the lipids anchoring the
sodium pump ultimately leading to a loss of activity which
was potentiated by Hg2+. Furthermore, in that same year that
Magour and his associates evaluated the effect of lubrol on
the pump, Ahammad Sahib and his coworkers [32] further
observed that dithiothreitol (DTT) and the monothiols,
glutathione (GSH), and cysteine (CYS) can protect against
inhibition of sodium pump caused by mercury MeHg. Both
monothiols and dithiols have the same ability in regenerating
sulfhydryl (-SH) groups or chelating the metals. In addition,
they also reported that Hg2+ inhibited K+-p-nitrophenyl
phosphatase (K+-PNPPase), the component enzyme cat-
alyzing the K+-dependent dephosphorylation in the overall
Na+-K+-ATPase reaction. They partially concluded that the
mechanism of inhibition of the pump by mercurials involves
binding to this phosphatase. Interestingly, they also found
that the inhibition imposed by Hg2+ on the activity of K+-
PNPPase could be reversed by dithiothreitol (DTT), glu-
tathione (GSH), and cysteine (CYS) suggesting the presence
of sulfhydryl groups at the binding sites. Binding of ouabain,
a cardiac glycoside and inhibitor of both phosphorylation
and dephosphorylation, to brain fraction was significantly
decreased by MeHg, and this inhibition was reversed by the
three thiol compounds, suggesting presence of -SH group(s)
in the ouabain receptor site. They concluded that the critical
conformational property of enzyme common to both kinase
(E1) and phosphatase (E2) is susceptible to MeHg and that
MeHg decreased the catalytic velocity of dephosphoryla-
tion of the enzyme-phosphoryl complex and inhibits K+-
PNPPase by binding at two different sites [33]. Interest-
ingly, Kumar et al. [34] also reported that mercury binds
specifically to thiol groups present in the platelet membrane
Na+/K+-ATPase, consequently inhibiting the enzyme, and
induces changes in platelet function, namely, platelet aggre-
gation by interfering with the sodium pump. In the work
of Wang and Horisberger [35], they observed that although
Hg2+ reacts with sulfhydryl groups on proteins to form

mercaptides, in Xenopus laevis oocytes expressing wild-type
and mutant forms of Na+/K+-ATPase, the pump was inhib-
ited with first-order kinetics. Furthermore, they observed
that Hg2+ binding to C113 of the first transmembrane seg-
ment of the alpha subunit from the extracellular side is one of
the mechanisms by which mercury inhibits Na+/K+-ATPase.
More recently, in my research group, we observed that
Hg2+ significantly inhibited the transmembrane enzyme in
a concentration-dependent manner. In addition, Hg2+ exerts
its inhibitory effect on the activity of the enzyme by interact-
ing with groups at the ATP, Na+, and K+ binding sites which
was prevented but not reversed by the monothiol CYS.
Hence, we speculated that the small molecular volume of
Hg2+ in comparison with the substrates (ATP, Na+, and K+)
of sodium pump, its possibly high reactivity, and strong
affinity for thiols may account for its high toxicity towards
the membrane bound ouabain-sensitive electrogenic pump
[36]. However, the monothiol GSH also has the same pro-
tective effect as CYS. One worrisome finding is the fact that
GSH at 4 mM markedly inhibited the activity of the pump.
However, since GSH is differentially distributed in various
organelles (1–15 mM), we speculate that there is a probable
differential sensitivity of the sodium pump in various
organelles towards the antioxidant tripeptide suggesting the
possibility of a strong dynamics in the regulation of GSH
in the various compartments of the organelles. We partially
concluded that GSH may possibly be a potential candidate as
a preintervention remedy in cases of mammalian exposure
to inorganic mercury [37]. It should be emphasized that the
inhibition of sodium pump by Hg2+ in the absence of ATP
as observed in our group [36, 37] elicits a complex and
puzzling chemistry. This puzzle is consequent from the fact
that the binding of Hg2+ to a vicinal thiol not directly par-
ticipating in ATP binding possibly impose steric hindrance
to the overall three-dimensional structure of the pump con-
sequently leading to loss of activity.

7. Mercury Toxicity on Sodium Pump In Vivo

Although in vitro data clearly showed that Hg2+ toxicity
can be related to its inhibition of the Na+/K+-ATPase, it is
desirable to also discuss the effect of Hg on the activities of
the sodium pump under in vivo conditions. Herein, the focus
will shift to a discussion of some findings by authors on the
effect of Hg2+ on the activities of Na+/K+-ATPase under in
vivo conditions. About a decade ago, Chuu et al. [38] treated
mice with MeHg and HgS and observed that the analysis of
auditory brainstem response (ABR) indicated that significant
elevation of the physiological hearing threshold as well as
significant prolongation of interwave latency was observed
for MeHg- (2.0 and 0.2 mg/kg per day) or HgS- (1.0 g/kg
per day, but not 0.1 g/kg per day) treated mice. Furthermore,
both MeHg- and HgS-treated animals demonstrated a signif-
icant prolongation of interwave latency that increased with
an increasing mean blood-Hg level. The otoneurotoxicity
of MeHg (2.0 mg/kg per day) persisted to at least 11 weeks
subsequent to the cessation of its administration. The toxic
effect of HgS, however, disappeared completely 5 weeks



Journal of Biomedicine and Biotechnology 5

subsequent to the cessation of its administration. These
results suggest that there is a correlation between the Hg2+-
elicited hearing dysfunction and the availability of mercury
in brain tissue. However, of particular importance to this
paper is the relationship of these physiological abnormalities
to the activities of the sodium pump. They observed that
the inhibition of Na+/K+-ATPase activity was accompanied
with overproduction of nitric oxide in the brainstem and
is consistent with an analysis of the physiological hearing
threshold and latencies of ABR waveform at all time points
throughout the experimental process. Consequently, they
proposed that high-dose HgS or MeHg intoxication is associ-
ated with a decrease in functional Na+/K+-ATPase activity in
the brainstem of affected animals, this presumably arising via
excessive nitric oxide production, and suggesting that brain-
stem damage may play a role in mercury-induced hearing
loss. Similarly, while studying the neurobehavioral effect of
MetHg, HgS, and cinnabar (HgS-based Chinese medicine),
they also observed that MeHg and cinnabar prominently and
irreversibly caused a decrease in body weight, prolongation
of latency for escape from electric shock, a decrease in the
percentage for the conditioned avoidance response (CAR) to
electric shock, impairment of spontaneous locomotion and
inhibition of Na+/K+-ATPase activity of the cerebral cortex.
In contrast, these authors also found that HgS reversibly
inhibited spontaneous locomotion, and Na+/K+-ATPase
activity. It was noted that HgS significantly decreased the
latency of escape from electric shock during the administra-
tion period, which lasted for 33 weeks after discontinuous
administration [39]. In fact, further study [40] showed that
cinnabar and HgS evoked a significant inhibition of the
enzymatic Na+/K+-ATPase activity of cerebellum, and this
inhibition was associated with increase in the amount of
cerebellar nitric oxide (NO) production. Hence, they partly
concluded that the increased Hg2+ contents in the cerebellum
following oral administration of HgS and cinnabar were
responsible, at least in part, for the detrimental neurotoxic
effect, decreasing Na+/K+-ATPase activity and increasing NO
production within the cerebellum. About half a decade ago,
Chuu et al. [41] also found that MeHg reversibly decreased
both of motor nerve conduction velocity (MNCV) and tail
flick response, whereas, irreversibly inhibited all of the motor
equilibrium performance, recovery of compound muscle
action potentials (CMAPs) following exhaustic tetanic stim-
uli, and Na+/K+-ATPase activity of the isolated sciatic nerve.
These toxic effects of MeHg were found to correlation well
with that of Hg2+ contents of various tissues (blood, cerebral
cortex, liver, and kidney) in rats. In this paper, it was reported
that neurotoxic effects produced by HgS were estimated to
be about 1000 of those induced by MeHg. These authors
have consistently reported that HgS, the major component of
cinnabar as well as other mercurials such as MeHg decreased
Na+/K+-ATPase activities, and they associated this decrease
to production of NO radicals subsequently, suggesting that
Hg2+ toxicity on the Na+/K+-ATPase may be an indirect
effect. In fact in some of these papers, increase in lipid
peroxidation has been associated with increase in NO and
decrease in Na+/K+-ATPase [42–46]. In a closely related
study [47], Chanez and his colleagues investigated the effects

of thimerosal and mercuric chloride on Na+/K+-ATPase
activity in total brain homogenate, synaptosomes and myelin
at weaning, and the reversal effect of serotonin on mercury-
inhibited Na+/K+-ATPase activity. They reported that the
toxicity in terms of inhibition of Na+/K+-ATPase activity
was greater with mercuric chloride than with thimerosal. In
addition, synaptosomes and principally myelin were more
sensitive to the metal salts than total homogenate. In addi-
tion, they found that serotonin stimulated Na+/K+-ATPase
activity in total brain homogenate and synaptosomes but
inhibited the enzyme in the myelin fraction. Furthermore,
serotonin (1 mM) added to total homogenate pretreated with
the mercury salts produced variable reversal effects. In the
synaptosomal fraction, reverse effect was noted with sero-
tonin. In myelin fraction, added serotonin increased inhibi-
tion caused by thimerosal. On the other hand, Verma and his
associates [48] studied the effect of sublethal concentrations
of HgCl2 Na+-K+, Mg2+, and total ATPase activities in brain,
gills, kidney and liver of Notopterus notopterus after 30 days
exposure. Their findings indicated that Na+-K+-ATPase were
inhibited maximally and significantly in brain and minimally
and insignificantly in liver. Mg2+ ATPase was inhibited maxi-
mally and significantly (P less than 0.01) in brain and min-
imally and insignificantly in kidney. The relative inhibition
of total, Na+-K+ and Mg2+ ATPases for the tissues studied
was brain > gill > kidney > liver. At the concentration (1/25
fraction) the enzyme activity returned to the normal range.

In the work of Klonne and Johnson [49], they investigate
whether DTT, a sulfhydryl-reducing agent, protected renal
cortical sulfhydryl status in general, or the activity of various
renal enzymes (Mg2+ and Na+/K+-ATPases, alkaline phos-
phatase, and glutathione peroxidase) in particular. Addition-
ally, the occurrence of conjugated dienes was used to assess
the degree of lipid peroxidation. It was found that HgCl2 pro-
duced significant decreases in renal cortical protein-bound
sulfhydryl concentration, alkaline phosphatase activity, and
Na+-K+-ATPase activity within 2.5 h of administration, with
no effect observed on glutathione peroxidase activity or the
levels of conjugated dienes in rat renal cortex. Furthermore,
administration of DTT 60 min after mercury neither pro-
vided protection from inhibition nor promoted restoration
of the affected enzymes or sulfhydryl status. Consequently,
they concluded that the partial protection of renal function
offered by DTT in the early stages of mercury toxicity does
not result from maintaining the integrity of renal cortical
sulfhydryl status or the activity of the enzymes investigated.
Furthermore, the early stages of mercury toxicity did not
appear to be related to lipid peroxidation. However, using
routine histochemical staining in conjunction with light and
electron microscopy to evaluate the changes in the Na+-
K+-ATPase activity in cerebral cortical microvessels of rats
who received a single intraperitoneal injection of 6 mg/kg
HgCl2, Szumańska and his collaborators [50] observed that
at 1 h after HgCl2 administration, light microscopy revealed
uniform reduction of the Na+-K+-ATPase reaction in all
cortical layers. Electron microscopy confirmed that the
enzyme reaction is to be very weak to completely absent in
both the luminal and abluminal endothelial cell membranes,
and the luminal plasmalemma showed invaginations and
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pinocytic vesicles indicative of changes in its transport func-
tions. The enzyme inhibition coincided with, and was likely
to contribute to, profound perivascular swelling, involving
mainly the astrocytic endfeet. The enzyme activity showed
a partial recovery 18 h after HgCl2 treatment, mainly in
cortical layers II and III. After 5 days, the recovery of the
enzyme activity appeared complete as observed by light and
electron microscopy. They also reported that the recovery
of the microvascular Na+-K+-ATPase coincided with the
appearance of a strongly positive Na+-K+-ATPase reaction
in the adjacent astrocytic processes and with the diminution
of perivascular swelling. Using genetically hypertensive rats
models, Anner and his collaborates [51] investigated putative
Na+-K+-ATPase alterations associated with the disease. Na+-
K+-ATPase of two strains of spontaneously hypertensive rats,
the Milan hypertensive strain (MHS) and the spontaneously
hypertensive rat (SHR), were characterized in comparison
with enzymes isolated from their matched normotensive
controls; the sensitivity to Na ions and the shape and span
of the inhibition curves for ouabain and mercury of the
isolated Na+/K+-ATPases were compared. They found that
no functional changes between the purified “normotensive”
and “hypertensive” Na+-K+-ATPase from brain and kidney
were detected ruling out drastic structural alterations of the
transport system in these two organs of diseased animals.
Mondal et al. [52] demonstrated that HgCl2 treatment
enhanced a remarkably high rate of progesterone synthesis
accompanied by a low rate of conversion to 17 beta-estradiol
in the oocyte of Channa punctatus. On depuration, however,
there was a reversal of the steroidogenic scenario with a low
progesterone and high estradiol level. They observed that the
accumulation of progesterone was positively correlated with
the significant increase in 3 beta-hydroxysteroid dehydroge-
nase activity in the Hg-treated fish. Thus, it was clear that
at the early stage of intoxication Hg2+ does play a role in
the induction of 3 beta-hydroxysteroid dehydrogenase in the
oocyte of fish at the spawning stage. The induction of this
enzyme was found to be mediated by specific binding of Hg2+

to the plasma membrane Na+-K+-ATPase and increase in the
specific messenger RNA translating 3 beta-hydroxysteroid
dehydrogenase. It is concluded that inorganic mercury is
able to initiate translatable messenger RNA synthesis in fish
oocyte at a low degree of intoxication.

8. Organoseleniums: Promising Intervention
in Mercury Toxicity

Excellent reports and reviews have shown that selenium
is a promising candidate in the management of mercury
toxicity. In recent years, organoselenium compounds have
been given considerable attention. These compounds have
been well documented as potent antioxidants [53–62] and
have a wide range of application in the management of
oxidative stress-related diseases such as diabetes [63], cancer
[64–66] and atherosclerosis [67] and other oxidative stress-
related diseases [68]. Interestingly, since mercury toxicity has
been linked to oxidative stress [69–71], consequently organ-
oselenium compounds may be potential agents that can

remedy mercury toxicity. Indeed, while the literature has
an enormous volume of data on inorganic selenium, only
few data have been available on the potential candidacy of
organoselenium compounds in ameliorating mercury toxi-
city. Herein, some key findings on the effect of organosele-
nium compounds are described.

Although not the first reported organoselenium com-
pound, diphenyl diselenide, a member of the diorganyl dise-
lenide has shown promise as a candidate in the management
of degenerative diseases [53–68] including mercury toxicity
[69–71]. Diphenyl diselenide (1 mg/kg) has been shown to
confer protection against MeHg-induced hepatic, renal, and
cerebellum lipid peroxidation and prevented the reduction
in hepatic NPSH levels. Of particular importance, diphenyl
diselenide decreased the deposition of Hg2+ in cerebrum,
cerebellum, kidney, and liver. This indicates that DPDS
can protect against some toxic effects of MeHg in mice
[62]. Furthermore, DPDS protected against the observed
reduction in some haematological immunological alterations
induced by mercury in mice [73]. In combination with N-
acetyl cysteine, (NAC), DPDS was reported to be partially
effective in protecting against the effects of mercury. In
combination with 2,3-Dimercapto-1-propanesulfonic acid
(DMPS), DPDS was reported to be effective in restoring the
increment in urea concentration caused by mercury [74].
In the work of Meinerz et al. [75], they found that coincu-
bation with DPDS (100 μM) completely prevented the dis-
ruption of mitochondrial activity as well as the increase
in TBARS levels caused by MeHg. The compound 3′3-
ditrifluoromethyldiphenyl diselenide provided a partial but
significant protection against methylmercury-induced mito-
chondrial dysfunction (45.4 ± 5.8% inhibition of the
methylmercury effect). These authors also found that hydro-
gen peroxide as a vector during methylmercury toxicity and
that thiol peroxidase activity of organoselenium compounds
accounts for their protective actions against methylmercury-
induced oxidative stress. They conclude that DPDS and
potentially other organoselenium compounds may represent
important molecules in the search for an improved therapy
against the deleterious effects of methylmercury as well as
other mercury compounds. On the other hand, Brandão et
al. [76] showed that for mice treated with a daily dose of
HgCl2 (4.6 mg kg (−1), subcutaneously) for three consecu-
tive days followed by treatment with DPDS (31.2 mg kg (−1),
subcutaneously), they observed that the combination of
Hg2+ and DPDS exposure caused a decrease in renal GST and
Na+/K+-ATPase activities and an increase in renal ascorbic
acid and TBARS concentrations when compared with the
Hg2+ group. DPDS potentiated the increase in plasma urea
caused by Hg2+. Similarly, combination of Hg2+ and DPDS
exposure caused a reduction in plasma protein levels and
an increase in hemoglobin and hematocrit contents when
compared with the HgCl2 group. There was a significant
reduction in hepatic CAT activity and an increase in TBARS
levels in mice exposed to Hg2+ and DPDS when compared
with the Hg2+ group. The results demonstrated that DPDS
did not modify mercury levels in mice. In conclusion, DPDS
potentiated damage caused by Hg2+ affecting mainly the
renal tissue.
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Farina and his collaborates [77] studied the effects of
MeHg exposure (subcutaneous injections of methylmercury
chloride: 2 mg/kg) on the hepatic levels of thiobarbituric acid
reactive substances (TBARS) and nonprotein thiols (NPSH),
and on liver glutathione peroxidase (GSHPx) activity, as well
as the possible antagonist effect of ebselen (another potent
organoselenium compound; (10 mg/kg, subcutaneously))
against MeHg effects during the postnatal period. They
observed that ebselen abolished the MeHg-induced inhi-
bition on liver GSHPx activity, but did not prevent the
oxidative effects of MeHg on liver lipids and NPSH. MeHg
affects the in vitro interaction between ebselen and GSH, and
this phenomenon seems to be responsible for its inhibitory
effect toward thiol-peroxidase activity. Additionally, ebselen
presents pro-oxidative effects on rat liver, pointing to thiol
depletion as a molecular mechanism related to ebselen-
induced hepatotoxicity [77]. However, it has been observed
that while Hg2+ inhibited renal ALA-D activity, increased
TBARS level in kidney, and reduced the hepatic content of
nonprotein thiol groups, but organoselenium compounds
did not prevent such effects. However, under in vitro con-
ditions, renal and hepatic ALA-D activity was inhibited by
Hg2+ and ebselen. Also Hg2+ significantly increased TBARS
production in renal and hepatic tissue preparations in vitro,
and this effect was completely or partially prevented by
organoselenium compounds. They concluded that it appears
that organoselenium compounds could not prevent mercury
toxicity in vivo. Consequently, they related the protective
effect of ebselen and other organoselenium compounds
tested against mercury-induced increase of TBARS produc-
tion in vitro to an antioxidant action rather than to mercury
binding [78, 79]. Also Yin et al. [80] found that although
MeHg treatment significantly decreased astrocytic [3H]-
glutamine uptake at all time points and concentrations, ebse-
len fully reversed MeHg’s (1 μM) effect on [3H] -glutamine
uptake at 1 min. At higher MeHg concentrations, ebselen
partially reversed the MeHg-induced astrocytic inhibition
of [3H] -glutamine uptake. In addition, ebselen inhibited
MeHg-induced phosphorylation of ERK (P < 0.05) and
blocked MeHg-induced activation of caspase-3. These results
are consistent with the hypothesis that MeHg exerts its toxic
effects via oxidative stress and that the phosphorylation of
ERK and the dissipation of the astrocytic mitochondrial
membrane potential are involved in MeHg toxicity. In addi-
tion, the protective effects elicited by ebselen reinforce the
idea that organic selenocompounds represent promising
strategies to counteract MeHg-induced neurotoxicity [80].

9. Organoselenium and Na+/K+-ATPase

So far, we have seen that Hg2+ exerts its inhibitory effect on
the sodium pump by oxidizing critical thiols on the enzyme.
In like manner, available data shows that organoseleniums
also inhibit the sodium pump by oxidizing thiols on the sod-
ium pump. The data presented thereafter illustrates this fact.
For example, while investigating the toxic effects of some
organoselenium compounds: m-trifluoromethyl-diphen-
yl diselenide (m-CF(3)-C(6)H(4)Se)(2), p-chloro-diphenyl

diselenide (p-Cl-C(6)H(4)Se)(2), and p-methoxyl-diphenyl
diselenide (p-CH(3)O-C(6)H(4)Se)(2), Brüning et al. [81]
observed that these organoseleniums inhibited Na(+), K(+)-
ATPase activity and that the enzyme is more sensitive
to (p-Cl-C(6)H(4)Se)(2), and (m-CF(3)-C(6)H(4)Se)(2)
(IC(50) 6 microM) than (p-CH(3)O-C(6)H(4)Se)(2) and
(PhSe)(2) (IC(50) 45 and 31 microM, resp.). Furthermore,
they observed that the inhibition was reversed by the thiol-
protecting agents such as dithiothreitol DTT. Furthermore,
they concluded that the effect of diselenides on Na+/K+-
ATPase is dependent on their substitutions in the aromatic
ring and that oxidation of critical thiols on the enzyme is one
mechanisms by which these organoselenium compounds
inhibit Na+/K+-ATPase activities involves the oxidation
of thiol groups. Earlier, Borges et al., [82] observed that
besides the diroganyl diselenides, other classes or organ-
ochalcogens such as ebselen and telluride compounds evoke
similar inhibitory pattern as reported in [81]. They con-
cluded that cerebral Na+/K+-ATPase is a potential molecular
target for the toxic effect of organochalcogens, and the
inhibition may occur through a change in the crucial thiol
groups of this enzyme.

The above data were obtained under in vitro conditions,
and clearly it shows that organoselenium compounds are
potential target of the sodium pump. However, it is not clear
whether the observed in vitro effect will be replicated in vivo.
Findings on the effect of organoseleniums on the activities
of the sodium pump consistently show that organoselenium
compound significantly improves the activities of the pump
under in vivo conditions. Some specific data are presented to
drive home this fact. Barbosa and her collaborates observed
that when organoselenium was administered to diabetic rats,
they attenuated both hyperglycemic conditions and oxidative
stress indices that were high in the diabetic rats. Interestingly,
the low activities of cerebral sodium pump observed in dia-
betic rats were significantly improved upon after treatment
with DPDS [83, 84]. In a related study, I equally observed
that although STZ evokes a significant diminution on the
antioxidant status and activity of Na+/K+-ATPase, DPDS was
able to markedly restore the observed imbalance in cerebral
antioxidant status and also relieve the inhibition of Na+/K+-
ATPase caused by streptozotocin [85].

More recently, a comparison of the effect of two organ-
oselenium compounds, DPDS and dicholesteroyl diselenide
(DCDS), shows that mice administered these compounds
at doses of 0.5 mmol kg−1 body weight in soya bean oil for
four consecutive days exhibited no alteration in the activities
of thiol-containing enzymes such as delta aminolevulinic
acid dehydratase (ALA-D), Na+/K+-ATPase, and isoforms of
lactate dehydrogenase (LDH) and catalase further indicating
that cerebral Na+/K+-ATPase may not be a molecular target
of organodiselenides toxicity [86]. Consequently, the phar-
macological and toxicological chemistry of organoselenium
compounds is complex and multifactorial and is dependent
on delicate equations [86].

In a related experiment, authors have reported that sub-
chronic administration of DPDS (300 micromole/kg body
weight once a day for 14 days) significantly increased aspar-
tate aminotransferase (AST) and alanine aminotransferase
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Figure 2: A diagram of the enterohepatic recirculation of methylmercury and its movement to maternal brain, kidney, and hair and to
fetal tissues. (a) Methylmercury combines with reduced glutathione to form a complex, (b) which is secreted into bile. This glutathione is
hydrolyzed to its constituent amino acids, releasing the methylmercury-cysteine complex. The latter, in part, is reabsorbed in the gallbladder
into the bloodstream (c) and, in part, secreted into the intestinal tract along with any unhydrolysed glutathione complex (d). Once in the
intestinal tract, it is in part reabsorbed into the portal circulation as the cysteine complex and in part demethylated by intestinal microflora.
Most of the inorganic mercury produced in this way is excreted in the feces. The numbers quoted in each body compartment are the relative
concentrations of methylmercury and the intakes and excretion rates [72].

(ALT) activities in plasma but did not alter lactate dehydro-
genase (LDH) activity, urea and creatinine levels in plasma,
and renal Na+/K+-ATPase [87]. Conversely, chronic admin-
istration of DPDS (500 mg/kg) increased the levels of lipid
peroxidation and catalase activity as well as decreased delta-
ALA-D (delta-aminolevulinate dehydratase) and Na+/K+-
ATPase activity in the brain of rat pups [88, 89].

10. Organoselenium and Mercury Toxicity on
Na+/K+-ATPase: A Paradox

From the foregoing, it is apparent that both mercury and
organoselenium compounds inhibit Na+/K+-ATPase under
in vitro conditions, and the mechanism involved in this
inhibition mainly involves the oxidation of critical thiols on
the pump. However, under in vivo conditions, Hg2+ inhibits
the pump, whereas under in vivo and even different patho-
logical conditions, organoselenium improves the activity of
the pump that had been hitherto inhibited by the patholo-
gies. This is a paradox, and the mechanisms for the observed
protection offered by organoselenium under these condi-
tions are yet to be completely elucidated. However, available
data on the protection offered by organoselenium on the
pump under consideration are scanty. One striking observa-
tion from my lab [66, 85, 86] and my collaborators [83, 84]
as case studies is the fact that irrespective of the route of
administration, organoseleniums elicit an increase in thiol
contents in tissues of rats or mice. This effect of organose-
lenium points to the fact that the use of organoseleniums
holds promise as a preventive measure in the management of
mercury toxicity. It has been reported that inhibition of the
sodium pump under conditions of oxidative stress in vivo
can be prevented or reversed by thiols [49, 90] showing that

oxidation of the critical thiols in the pump is responsible for
its inactivity. Similarly, mercury has also been documented
to oxidize these critical thiols on this transmembrane pump
[49]. It is rational therefore to speculate that preadminis-
tration of organoseleniums may be a first line of defense
in occupationally exposed individuals such as those in
mines and factories where contact with mercury is generally
unavoidable. Interestingly, mercury has been demonstrated
to bind thiols such as glutathione with such efficiency,
and such thiols have been employed in the management
of mercury toxicity. For example, while they are not the
first to make this observation, however, as a reference, the
work of Khan [91] and his collaborators will underscore this
point. In their paper, they observed that decrease in GSH
level was dependant on mercuric chloride concentration and
time of incubation in vivo. They suggested that the decrease
in the concentration of reduced state glutathione may be due
to the interaction of reduced state glutathione (GSH) and
mercuric chloride to form oxidized glutathione (GSSG) or
mercuric-glutathione complex. This change in GSH meta-
bolic status provides information regarding the role of GSH
in detoxification of mercuric chloride. Their argument is well
illustrated in Figure 2.

Consequently, this paper may serve as a drive towards
the synthesis as well as biological testing of these emerging
selenocompounds on the activities of the sodium pump. Few
available data show that this is feasible [53, 54]. Consider
for example, a paper by Hassan et al., [92] where he and his
collaborators reported on the antioxidant and toxicological
profile of an imine (-N) containing organoselenium com-
pound that did not inhibit Na+/K+-ATPase activities. The
interaction of mercury with sodium pump may be critical
in medical assessment and intervention of mercury toxicity.
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For example, due to the inaccessibility of human nerve tissue
for direct biochemical evaluation, there appears to be a need
to identify peripheral markers which will reflect toxicity to
the central nervous system by relatively noninvasive means.
The erythrocytes Na+/K+-ATPase have been postulated to be
a possible marker of mercury toxicity even though the first
experimental data is not pointing in this direction especially
under acute exposure [93].
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