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Mercury (Hg) is one of the most toxic elements in the
periodic table. Although Hg is present in nature, it has also
been released into the environment for centuries as a result
of anthropogenic activities. Nowadays, there are efforts to
reduce its anthropogenic use; however, its environmental
presence is significant and will persist. We are pleased to
present this special issue on mercury toxicity. The objective
of collecting research findings in a single issue devoted to the
toxicology of mercury was to compile reports on the latest
findings on Hg’s toxicity from renowned research groups
across the world. This special issue affords the opportunity
to bring together a wide range of review and research papers
devoted both to basic and applied toxicity associated with
various exposure scenarios and Hg species (dental material,
iatrogenic ethylmercury, fish-methylmercury) along with
comprehensive description on experimental models. While
human studies demonstrated the noxious effects of these
forms of Hg, experimental studies have assisted in defining
mechanistic pathways central to Hg’s toxicity in various
tissues and organ systems.

The volume is dedicated in part to articles that provide
new insights on important considerations of subtle effects of
exposure to multiple forms of organic mercury (ethylmer-
cury in thimerosal-containing vaccines and methylmercury
(MeHg) derived from maternal fish consumption) and
neurological outcomes in infants (J. G. Dérea et al.). In
addition, hypersensitivity to low-dose Hg exposure from

dental amalgam fillings is detailed, showing exquisite sen-
sitivity to amalgam-derived Hg in sensitized individuals
(H. McParland and S. Warnakulasuriya). Local effects of
amalgam and Hg dental restoration represent the most
important nonoccupational exposure to inorganic mercury,
while fish consumption represents the most common source
of MeHg exposure.

The impacts of exposure to fish-derived MeHg at levels
below those considered to pose neurological risk (hair level:
50 ug/g) were explored by Japanese researchers in subjects
of the Niigata mercury poisoning (K. Maruyama et al.).
Experimental research papers from this issue confirmed and
extended observations that exposure of immature rodents to
different chemical forms of Hg is associated with differential
bodily distribution Hg (M. Blanusa et al.; C.-F. Huang et al.).
C.-F Huang et al. demonstrated that exposure of developing
rats to cinnabar (HgS) caused long-lasting neurobehavioral
and neurochemical toxic effect, indicating that the use of
this millenary component of traditional Chinese medicine
continues to represent a toxicological concern. Using an
important, yet little explored experimental mouse model,
J. P. Bourdineaud and colleagues demonstrated that the
ingestion of MeHg-adulterated fish led to higher neurotox-
icity in comparison to the ingestion of the “free salt” of
methylmercury chloride (MeHgCl). The scarcity of studies
on this subject highlights the need for future studies to
address these persistent toxicological issues.



The molecular, subcellular, cellular, and systemic tox-
icity of Hg was also addressed here in this volume. The
cardiovascular toxicity of Hg in humans and rodents was
reviewed by B. E Azevedo et al. The impact of Hg
exposure on endothelial cell physiology is well established;
however, the limit of dietary-derived Hg needed to trigger
cardiotoxic effects is still debatable. The negative impact of
oral exposure to Hg(II) on reproductive performance of male
rats was demonstrated by J. C. Heath and collaborators,
highlighting the need for detailed studies to determine the
nonobservable adverse effect level (NOAEL) of Hg(Il) in
the male reproductive system, as well as Hg deposition in
target tissues. The comparative renal and hepatic toxicity
of Hg(Il) and MeHg in fish was addressed by V. Branco
et al., demonstrating that both forms of mercury targeted
the antioxidant selenoenzyme thioredoxin-reductase (TrxR)
and reinforcing the central role of disrupted selenoprotein
function in mercurial toxicity. The in vitro and in vivo
targeting of the critical sulthydryl-containing enzyme, Na®,
K*-ATPase was reviewed by I. Kade and addressed by T. S.
Huang et al., noting divergent effects in vitro and in vivo.
The role of mitochondria and calcium in the neurotoxicity
of MeHg was reviewed by D. Roos et al., providing evidence
that Ca’", glutamate, oxidative stress, and mitochondria
play a central role in its neurotoxicity. The efficacy of the
marine n-3 fatty acids, eicosapentaenoic acid (EPA), and
docosahexaenoic acid (DHA) in attenuating MeHg-induced
toxicity was studied in fish and mammalian cell cultures. O. J.
Nostbakken et al. demonstrated that DHA decreased MeHg
uptake into mammalian cells but increased MeHg-induced
apoptosis in fish cells.

We hope that the new findings on the subtle effects
of combined exposure to iatrogenic ethylmercury (from
thimerosal-containing vaccines) and maternal MeHg (from
fish consumption), as well as the results of experimental
studies and the critical reviews presented herein can shed
novel information on mercury’s absorption, distribution,
metabolism, and excretion, as well as its ill effects at the
cellular, molecular, and organismal levels. Understanding
of these facets of research is required for derivation on
environmental and health policies as well as guidance for the
most promising future research venues. Finally, we would
like to thank all the reviewers that have contributed their
time and insight to this special issue as well as the journal’s
personnel (particularly Doaa Hassan) for their support and
making possible the publication of this special issue.

Joao B. T. Rocha
Michael Aschner

José G. Dérea

Sandra Ceccatelli
Marcelo Farina

Luiz Carlos L. Silveira
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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 sulthydryl protein that is sensitive to Hg*" assault. On the other
hand, organoseleniums are a class of pharmacologically promising compounds with potent antioxidant effects. While Hg?* 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



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*/Ca?* 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 a-subunit with
a molecular mass of about 112000 Da which is responsible
for both catalytic and transport function [11]. The a-subunit
comprises an acceptor for the y-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
a-subunit [15]. The smaller constituent is the glycosylated
B-subunit with a molecular mass of about 55000 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
(a/f) heterodimer is necessary for a stable and functionally
competent configuration of the pump; in particular, the
B subunit is needed for the a-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
y-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 y-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].

Journal of Biomedicine and Biotechnology

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-
Gly-Thr-Leu-Thr around the phosphorylation site of the a-
subunit is highly conserved among a-subunit isoforms and
even with respect to other P-type ATPases like H*, K*-
ATPase, sarcoplasmic reticulum Ca?*-ATPase, and the yeast
H*-ATPase [22]. Mutations of Asp-376 a-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 a-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 a-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
E, 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 Hg?* 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 Hg?" assaults. For example, the
nucleotide binding site contains SH group that favors the
binding of Hg?*. 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 Hg?" 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 Hg?* binding to reduced glutathione (GSH) is
stimulated by GSH-S-transferase (GST). It is proposed that
the transport of Hg?" inside the cell takes place by increased
dissociation of Hg?" from the membrane due to greater
avidity of Hg?" 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



Journal of Biomedicine and Biotechnology

Na* 2K*
ATP

2K* Intracellular

ATP Mg‘+

03;PO~%~

PO,H™2

Mg2+
H,O
OPO3 -2

E»

£

3Na* 2K*

Extracellular

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 (E; and E,, 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 Hg?*
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 Hg?* 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, Hg?" 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: Hg** > Pb?* > Cd** > Ur?* > Cu?*" > Zn?* >
Mn?" > Ba** > Ni**Sr?". Enzyme kinetic studies showed
that Hg?" and other heavy metals such as Pb?*, and Cd**
competitively, whereas Cu** 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
HgCl, 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 sulthydryl 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



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 Mg?** 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 Hg?* with these exposed thiols, thus leading to a
potentiated inhibitory effect of Hg** 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 Hg?*. 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
sulthydryl (-SH) groups or chelating the metals. In addition,
they also reported that Hg?*' 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 Hg?* on the activity of K*-
PNPPase could be reversed by dithiothreitol (DTT), glu-
tathione (GSH), and cysteine (CYS) suggesting the presence
of sulthydryl 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
(E;) and phosphatase (E,) 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
Hg?* reacts with sulfhydryl groups on proteins to form
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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 Hg?* binding to Ci;3 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
Hg?* significantly inhibited the transmembrane enzyme in
a concentration-dependent manner. In addition, Hg?" 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
Hg?" 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 (1-15mM), 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 Hg?" 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 Hg?" 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 Hg?' 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 Hg?* 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
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subsequent to the cessation of its administration. These
results suggest that there is a correlation between the Hg?*-
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 Hg?* 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 Hg?* 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
Hg?* 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 HgCl, Na™-K*, Mg?*, 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. Mg?" 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 Mg?" 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 sulthydryl-reducing agent, protected renal
cortical sulthydryl status in general, or the activity of various
renal enzymes (Mg?* 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 HgCl, pro-
duced significant decreases in renal cortical protein-bound
sulthydryl 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 sulthydryl 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
sulthydryl 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
HgCl,, Szumanska and his collaborators [50] observed that
at 1 h after HgCl, 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



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 18h after HgCl, 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 HgCl, 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 Hg?* 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 Hg**
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
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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 Hg?*" 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 uM) 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, Brandao et
al. [76] showed that for mice treated with a daily dose of
HgCl, (4.6 mgkg (—1), subcutaneously) for three consecu-
tive days followed by treatment with DPDS (31.2 mgkg (—1),
subcutaneously), they observed that the combination of
Hg?* 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
Hg?" group. DPDS potentiated the increase in plasma urea
caused by Hg?". Similarly, combination of Hg>* and DPDS
exposure caused a reduction in plasma protein levels and
an increase in hemoglobin and hematocrit contents when
compared with the HgCl, group. There was a significant
reduction in hepatic CAT activity and an increase in TBARS
levels in mice exposed to Hg?* and DPDS when compared
with the Hg?" group. The results demonstrated that DPDS
did not modify mercury levels in mice. In conclusion, DPDS
potentiated damage caused by Hg?* 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 Hg?* 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
Hg?* and ebselen. Also Hg?" 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 yM) effect on [3H] -glutamine
uptake at 1min. 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 Hg?* 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), Briining 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™ 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, Hg?" 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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Methylmercury (MeHg) mediated cytotoxicity is associated with loss of intracellular calcium (Ca*") homeostasis. The imbalance
in Ca?* physiology is believed to be associated with dysregulation of Ca?" intracellular stores and/or increased permeability of the
biomembranes to this ion. In this paper we summarize the contribution of glutamate dyshomeostasis in intracellular Ca** overload
and highlight the mitochondrial dysfunctions induced by MeHg via Ca?* overload. Mitochondrial disturbances elicited by Ca**
may involve several molecular events (i.e., alterations in the activity of the mitochondrial electron transport chain complexes,
mitochondrial proton gradient dissipation, mitochondrial permeability transition pore (MPTP) opening, thiol depletion, failure
of energy metabolism, reactive oxygen species overproduction) that could culminate in cell death. Here we will focus on the role of
oxidative stress in these phenomena. Additionally, possible antioxidant therapies that could be effective in the treatment of MeHg

intoxication are briefly discussed.

1. Introduction

Mercury is one of the most studied heavy metal due to its
wide distribution in nature. In the environment, humans
and animals can be exposed to different chemical forms of
mercury, including elemental mercury vapor (Hg’), in-
organic mercurous (Hg?**), mercuric (Hg™), and organic
mercuric compounds as ethylmercury, methylmercury, and
dimethylmercury [1, 2]. All forms of mercury can be toxic
and the extent of the toxic effects varies depending on the
dose, chemical form, and level of exposure. Among the
organic forms, methylmercury (MeHg) is the most frequent-
ly encountered in the environment. It is formed mainly as
the result of methylation of inorganic (mercuric) forms of
mercury by microorganisms in aquatic milieu, where it can
pass up through the aquatic food chain and bioaccumulates
in fish and sea mammals [1] (Figure 1). At present, sea food
consumption represents the main human exposure route for
MeHg and the brain is the main target organ for its toxicity.
Neurological symptoms induced by MeHg intoxication can

include cerebellar ataxia, paresthesia, dysarthria, mnemic
deficits, memory impairment, and sensory disorders [3, 4].
MeHg has become a ubiquitous pollutant since outbreak of
environmental disasters that occurred in Japan (1950s) and
Iraq (1970s) due the consumption of MeHg-contaminated
fish and seed grain, respectively [5, 6]. Although MeHg is
known to affect adult central nervous system (CNS), these
catastrophic episodes revealed the particular sensitivity of
immature brain to high concentration of MeHg. Epidemi-
ological evidence also shows that acute or chronic prenatal
exposure to low MeHg levels from maternal consumption
of fish can cause neurological deficits in children. Cerebral
palsy, mental retardation, deafness, and blindness are some
of abnormalities caused by fetal and neonatal MeHg expo-
sure [3, 4, 7, 8]. Despite these observations, there is evidence
that the fetal brain is more susceptible than infantile brain to
MeHg toxicity. Differences among gestation stage, exposure
duration, and efficacy of antioxidant systems in developing
brain might be determinant factors in the age-dependent
neuronal vulnerability to MeHg [4, 8-10].
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Figure 1: Cycle of mercury and its bioaccumulation in aquatic food chain. The values of mercury levels in the plankton and fish are
represented as ppm. All data presented in this figure were obtained from (FDA and EPA).

As a consequence of high affinity of MeHg for —SH
groups, the molecular interaction between MeHg and
sulthydryl-containing molecules as L-cysteine, glutathione
(GSH), hemoglobin, and albumin has been implicated in the
mechanisms involving transport, uptake, and accumulation
of MeHg into living tissues [11]. In this regard, several
studies have demonstrated that the cellular uptake of MeHg
is markedly increased when it is present as Cys-MeHg con-
jugate [12, 13] once that this complex by mimicking struc-
turally the amino acid methionine is a substrate for the
neutral amino acid carrier L-type [11, 14] (Figure 2).

Different mechanism and molecular targets have been
proposed to be involved in MeHg neurotoxicity. Thiol deple-
tion (especially glutathione), glutamate dyshomeostasis, cal-
cium dysregulation, oxidative stress, cytoskeletal disruption,
and mitochondrial dysfunctions are among the detrimental
effects known to render neurons vulnerability to MeHg
toxicity [15, 16] (Figure 3).

One of the most widely documented effects caused by
MeHg on the CNS is associated with glutamate-mediated
excitotoxicity, which can be linked to or followed by intracel-
lular Ca?* overload. In this way, there are a number of experi-
mental findings from in vivo and in vitro studies pointing that
the inhibition of glutamate uptake by astrocytes, the increase
in spontaneous release of glutamate from presynaptic ter-
minals, and the inhibition of vesicular glutamate uptake are
critical phenomena linked to MeHg-mediated excitotoxicity
[15, 17, 18] (Figure 4). In this scenario, the excitatory amino
acid receptors (N-methyl D-aspartate (NMDA) and non-
NMDA-types) mediated pathways have been indicated as the
main routes responsible by Ca?* entry into cells following

MeHg exposure [19, 20]. In accordance, a recent study using
mouse spinal motor neurons in culture demonstrated that
the excitatory amino acid receptor blockers MK-801 and
AP-5 both NMDA receptor-operated ion channel blockers
and the CNQX, a non-NMDA receptor blocker, were effec-
tive in delaying the development of increased Ca’" after
MeHg exposure [20]. In addition to glutamatergic receptors,
there is evidence that voltage-dependent Ca?* channels also
contribute substantially to calcium influx after exposure to
MeHg in neurons [20].

Regarding to a possible redox modulation of NMDA-type
glutamate receptors directly by MeHg, there are no available
data in the literature. However, it is important to mention
here the study of Tang and Aizenman [21] showing that the
alkylation of the NMDA redox site by the sulfhydryl alkylat-
ing agent N-ethylmaleimide (NEM) potentiated the response
of receptor and renders NMDA receptors unresponsive to
oxidation by Ellman’s reagent 5,5"-dithiobis-(2-nitrobenzoic
acid) (DTNB). Considering that the MeHg is a molecule as
small as NEM and has high affinity by —-SH groups, it is
plausible to suppose that part of effects induced by MeHg
on glutamate dyshomeostasis may be a consequence of its
interaction with the redox modulatory site of the NMDA
receptor. Taken together, the events mentioned above cause
sustained elevation of intracellular Ca?* that may trigger
cell death pathways by many different mechanisms [20]. In
these circumstances is pointed the close relationship existent
between Ca’?* overload and mitochondria dysfunctions,
which plays a crucial role in regulating cellular injury
induced by MeHg (Figure 4).
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FIGURE 3: Schematic representation of possible mechanisms and cellular targets involved in the neurotoxicity MeHg-induced: (1) glutamate
dyshomeostasis and Ca?" intracellular dysregulation; (2) mitochondrial dysfunction; (3) cytoskeletal disruption; (4) DNA damage; (5) SER
dysfunction; (6) thiol depletion (especially glutathione). This scheme is merely representative and the scale of structures does not represent

the real size.

2. Calcium Homeostasis and Mitochondria

The concentration of Ca?" in the cytosol is tightly regulated
in all cells because calcium is a key element in metabolic
and intracellular signaling regulation. Conversely, Ca*" is

also a relevant marker of numerous pathological processes
when it is present at high, nonphysiological concentrations,
notably neurological disorders [22]. The Ca?" transport
across neuronal cells membranes can occur by a variety of
different mechanisms. In general, under resting conditions
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the intracellular Ca?* levels ([Ca®"];) are maintained at very
low concentrations (in the nM range) when compared to the
extracellular levels ([Ca?*],) (in the mM range) [20, 22, 23].
On the order hand, in the region of transmitter release from
active zones, at nerve terminals, the [Ca®"]; can be many
times greater, reaching, at least transiently, mM levels [20,
23-29].

During normal neuronal activity the entry of Ca?* into
neurons occurs very fast and without energy expenditure,
since it takes place in favor of the concentration gradient
across the plasma membrane. However, the restoration of
[Ca®*]; (following a transient increase) is much slower and
depends on energy expenditure (either directly or indirectly
through electrogenic “pumping” activities) [23, 25]. There-
fore, the restoration of [Ca’']; homeostasis is extremely
“expensive”, being the “cost” directly proportional to the cell
activity (i.e., highly active cells such as neurons expend a lot
of cellular energy in order to restore the Ca>* homeostasis).
In this condition, some organelles can act as “Ca** buffers”
by sequestering the excess of Ca?"; however, this “storage” of
Ca?* also requires cost of cellular ATP equivalents [23, 30, 31]
(Figure 5).

It is now well established that sustained elevations of
[Ca®*]; can cause neuronal degeneration and cell death
by activating biochemical cascades that result in either
necrotic or apoptotic processes [30-39]. However, the exact
molecular mechanisms by which continuous increases in

[Ca®*]; elicit neuronal cell death pathways are not fully un-
derstood. It is believed that these may include the activation
of degradative enzymes, such as phospholipases, proteases
and endonucleases, perturbation of cytoskeletal organiza-
tion, and, primarily mitochondrial dysfunctions [22, 30, 33].

Considering the importance of maintaining appropriate
intracellular concentrations of Ca?* for proper cellular func-
tion and the delicate balance between the physiological and
toxicological effects of [Ca?"];, in addition to mechanisms
for Ca?* removal from the cell, there are also critic mech-
anisms for the intracellular storage of Ca’" in the cells.
The most important cellular Ca?* stores are the organelles
mitochondria and smooth endoplasmic reticulum (SER).
Mitochondria present low affinity and high capacity to Ca",
whereas the SER is a high-affinity and low-capacity Ca*" pool
[40]. So, while the SER moves Ca?" from the cytosol into the
SER lumen under low cytosolic [Ca®*];, the mitochondria
requires a more powerful stimulus, being necessary a local
extra-mitochondrial Ca?* concentration of approximately
0.5 mM, for neuronal mitochondria to take up Ca?" actively
[31, 41-43] (Figure 5). Disruption of Ca?' regulation in
either of these stores can compromise the neuronal function
and survival [44] (Figure 5).

With particular emphasis in mitochondria, it is well
recognized that at physiological concentration, Ca®" is a
powerful regulator of organelle metabolic activity, which acts
primarily promoting ATP synthesis by stimulating crucial
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enzymes of Krebs cycle (pyruvate, ketoglutarate, and isoc-
itrate dehydrogenases). On the order hand, mitochondrial
changes that occur in most instances of cell death (apoptosis
and necrosis) require an elevated influx of Ca?* into matrix
[30-38] (Figure 5).

It has been suggested that the outer membrane voltage-
dependent anion channel (VDAC), a ruthenium red
(RuRed-) sensitive Ca®" channel, serves to regulate Ca®*
entry to mito-chondrial intermembrane space (Figure 6).
Furthermore, mitochondria take up a large quantity of



Ca’" across the inner membrane mainly via the activity of
the mitochondrial calcium uniporter channel (MCU) [45]
(Figure 6). This uptake is driven by the membrane potential
(A¥m), and consequently the net movement of charge due
to Ca?t uptake collapses AWm [45]. Although there is a
general consensus that MCU is dominantly responsible for
the Ca?* influx into mitochondrial matrix, further studies
have identified other pathways related to mitochondrial
Ca?" influx, including the mitochondrial ryanodine recep-
tor (mRyR), mitochondrial uncoupling proteins, Letml
(Ca**/H" antiporter), and rapid mode of mitochondrial
(RaM) [45] (Figure 6). It is also important to highlight here
the ability of mitochondria in releasing Ca?*. Under normal
physiological conditions, Ca®* efflux from mitochondria is
mediated primarily by mitochondrial Na*/Ca** exchanger.
Indeed, Ca?" efflux can also occur through uniporter
channel if A¥m is collapsed. Interestingly, another Ca’*
efflux pathway is the classical mitochondrial permeability
transition pore (MPTP), which is a large voltage-dependent
channel formed by a set of mitochondrial proteins located
in the inner membrane, mitochondrial matrix as well as
on the outer membrane (Figure 6). Existing predominantly
in the closed position, the pore transient opening under
normal conditions may serve as a physiological means of
releasing excess of metabolites, inorganic anions, and ions,
especially Ca®* [46-50]. Indeed, MPTP permits the passage
of several apoptotic mediators from mitochondria and is also
a primary target of others, especially the Bcl-2 family proteins
[51-55]. In this circumstances, it is important to emphasize
the key role of mitochondrial Ca?* overload and oxidative
stress in MPTP opening.

There is a general conception that Ca** overload results
in mitochondrial dysfunction, which trigger apoptosis by
many different and connected pathways. In fact, a variety
of molecular events involved in apoptotic stimulation focus
on mitochondria. Mitochondrial changes as exacerbated
ROS formation, dissipation of the A¥Wm, altered redox
potential, MPTP opening, release of apoptotic mediators
(cytochrome ¢, Apaf-1 and apoptosis inducing factor (AIF)),
and participation of proapoptotic Bcl-2 family proteins are
among the diverse signals associated to apoptosis induc-
tion by intrinsic or mitochondrial pathways [16, 51-55]
(Figure 5). Indeed, ATP synthesis failure associated with
mitochondrial dysfunctions can lead to abnormal cellular
homeostasis causing swelling and cellular disruption, which
eventually lead to necrotic death.

2.1. MeHg Disturbs Intracellular Calcium Homeostasis: Effects
on Mitochondrial Function. A number of reports have indi-
cated that MeHg, at low micromolar concentrations, disrupts
Ca”" homeostasis and causes elevations in [Ca?']; in differ-
ent cells types, ranging from neurons and neuroblastoma
cells to T lymphocytes and Purkinje cells [56-61]. The Ca**
involvement on MeHg neurotoxicity is supported by several
data, including the findings showing that the BAPTA (a Ca**
chelator) is able to protect granule cells from MeHg-induced
mortality after short periods of exposure. The regulation of
other divalent cations besides Ca?", such as Zn?* may be also
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disrupted during MeHg exposure; nevertheless, here we will
focus on the effect of MeHg in Ca?* homeostasis [62].

As previously mentioned, it has been postulated that
the effects of MeHg on neuronal Ca** homeostasis, at
least in part, involve the excitatory amino acids recep-
tors (either NMDA and non-NMDA receptors), since that
channel blockers as @-conotoxin GVIA and nifedipine
delay MeHg-induced elevation in [Ca*']; levels [19, 20].
In accordance, several studies have demonstrated that the
glutamate overactivation of NMDA receptor induced by
MeHg inhibtion of glutamate uptake can raise intracellular
Ca?' influx and ROS overproduction [16]. In addition,
experimental evidence also supports the participation of L-
and N-type Ca’" channels on MeHg neurotoxicity given
that blockers of voltage-dependent Ca®* channels prevent
the appearance of neurological disorders in rats exposed
to MeHg [63, 64]. In this sense, a recent work suggested
that canonical transient receptor potential channels (TRPC),
Ca?"-permeable cationic channels, could be important for
the mechanisms of cytotoxicity and neuronal impairment
mediated by MeHg. In fact, in this study was observed
that MeHg that potently activates TRPC5 as well as TRPC4
channels via binding to the two extracellular cysteine residues
near the channel pore, whereas silence of TRPC5 gene
with small interfering RNA (siRNA) or blockade of TRPC
channel activity with pharmacological tools alleviates MeHg-
related cytotoxicity [65]. Notwithstanding, some findings
have shown that MeHg toxicity may be triggered by ele-
vating [Ca?*]; through activation of phosphatidylcholine-
specific phospholipase C (PC-PLC), which could contribute



Journal of Biomedicine and Biotechnology

to the entry of extracellular Ca?* as well as to the opening of
transmembrane Ca?" channels from intracellular Ca?* store
(66, 67].

Numerous lines of evidence indicate that the MeHg-
mediated neuronal cells death is associated with a severe
loss of [Ca®*]; homeostasis [58, 59, 68]. In neurons and
NG108-15 neuroblastoma cells, MeHg causes a characteristic
biphasic increase in [Ca?*]; that consists of an initial release
of Ca?* from one or more intracellular stores into the cytosol
(“first-phase”), and a secondary influx of [Ca*"], (“second-
phase”) [56, 58]. However, it is necessary to consider
that the elevation of [Ca®*]; occurs at much lower MeHg
concentrations in cerebellar granule cells than in NG108-
15 cells, which could explain, at least in part, the different
sensitivity of granule cells to the toxic effects of MeHg as
compared to other neuronal cells [56, 58]. In analogy, there
is evidence that elevated [Ca’"]; has a important role in
dimethylmercury (di-MeHg-) induced cell death. Of note,
Ca?* deposits (as calcospherites, a spherical mass of calcium
salts and organic matter) were found in cerebellar slices of
rats treated with di-MeHg. The cerebellar accumulation of
calcospherites was directly proportional to exposure time,
and the atrophy of the granule cell layer was evident at
later time points [69]. Moreover, it has been observed that
adjacent Purkinje cells did not show any sign of cell loss
or death, nor accumulate Ca?" [69]. These findings suggest
that the presence or absence of Ca?* deposits within the
cerebellum seems to be directly correlated with sensitivity
or resistance of cells to MeHg neurotoxicity. Noteworthy,
it is important to mention here that this study was done
with di-MeHg which is much more toxic to humans than
mono-MeHg [68]. This is important to avoid confusion
between mono-MeHg and di-MeHg, particularly in view
of the extreme toxicological effects of di-MeHg to humans
(even at low concentrations). Other important critical aspect
here is the involvement of cerebellum in MeHg toxicity.
Although this seems to be the case for humans (and cats), it
is difficult to find in rodent literature “a clear picture” that
mono-MeHg targets preferentially cerebellum than other
brain structure. It is possible that cerebellum of rats be more
sensitive to di-MeHg, which has been little used (possibly
because of its chemical instability and toxicity).

Important early studies by Yoshino et al. [70] showed
that MeHg is able to accumulate rapidly in mitochondria.
In this way, subsequent works indicated a spectrum of
mitochondrial effects, either directly or indirectly via Ca**
overload, of MeHg both in vivo and in vitro, including
alterations in complex III of the mitochondrial electron
transport chain (ETC), depression of respiration and ATP
production, swelling of the mitochondrial matrix, and loss
of A¥Ym with subsequent release of cytochrome ¢ [71-80].
Theloss of A¥m seems to result from MPTP opening, which
can be prevented by treatment with the pore-blocking agent
cyclosporin A (CsA) or bongkrekic acid [81-84]. In several
studies CsA, but not FK506, that is similar to CsA but with-
out MPTP inhibitory activity, provides a marked degree of
neuroprotection against MeHg, supporting the involvement
of MPTP in the MeHg neurotoxicity [73, 85-87]. Other
experimental evidence shows that mitochondria contributes

to the MeHg-induced first-phase [Ca"]; increase and sub-
sequent cell death through opening of the MPTP [56].

To note, mitochondria have been considered the princi-
pal source of intracellular Ca®" release in culture of cerebellar
granule cells during MeHg exposure [73]. It has been doc-
umented that MeHg affects mitochondrial Ca?" ([Ca**],,)
regulation through at least two potential mechanisms. The
first involves its direct interaction with mitochondrial pro-
teins, which is thought to alter the ability of mitochondria
in functioning normally. Corroborating this idea, there is
evidence that MeHg inhibits mitochondrial nucleic acid
synthesis and interferes with the electron transport chain
via direct interaction with respiratory proteins [79] as well
as causes loss of inner mitochondrial membrane potential
in isolated mitochondria from different tissues, including
neuronal cells [48, 71, 73, 85, 88, 89]. The second mechanism
is associated with an indirect inhibition of mitochondrial
function via excessive uptake of Ca?* into the mitochon-
dria. The elevated [Ca?*],, may depolarize the inner mito-
chondrial membrane, inhibit the tricarboxylic acid cycle
and the mitochondrial ATPase, dissipate the mitochon-
drial proton gradient, and promote MPTP opening [88—
94]. Of particular importance, [Ca?"],, can be increased
after Ca’>" release from SER. Experiments in NG108-15
neuroblastoma cells and cerebellar granule cells show that
MeHg causes Ca?* release from SER, primarily through
IP3 receptor, which is buffered by mitochondria (tentatively
to maintain [Ca®']; homeostasis) [95, 96]. Corroborating
these findings, an elegant study performed by Budd and
Nicholls [97] demonstrated that mitochondria can store
and release large amounts of Ca** under both physiological
and pathological conditions in granule neurons [96-98].
Taken together, these data suggest that the excessive uptake
of [Ca?*],, after release of Ca’" from the SER is a potential
signal for the MPTP opening and [Ca?*],, release from the
mitochondrial lumen into the cytosol in cerebellar granule
cells exposed to MeHg. These observations are also consistent
with the hypothesis that both Ca?* ionophore A23187 and
MeHg cause a rapid and massive increase in mitochondrial
Ca’" influx, which secondarily triggers the overproduction
of ROS that facilitates MPTP induction, loss of the electron
transport chain activity, and the ensuing mitochondrial
death [98]. Thus, an uncontrolled release of Ca?* from the
mitochondria may occur during oxidative stress, a condition
resulting from the imbalance between the production of free
radicals and the counteraction by the cellular antioxidant
defenses [49, 99].

Based on the evidence addressed previously, mitochon-
dria must be considered critical in the regulation of neuronal
cell death induced by MeHg via Ca?" dyshomeostasis and/or
ROS generation (under oxidative stress conditions) [48—50].
In this sense, literature data have pointed that ROS formation
is not the cause of mitochondrial dysregulations after MeHg
exposure but rather a secondary event that reflects MeHg-
induced elevations in mitochondrial Ca** levels [48, 53].
In agreement, an in vitro study revealed that the treatment
of striatal synaptosomes with the antioxidant Trolox was
effective in reducing ROS levels but failed on restoring
mitochondrial damage induced by MeHg [100]. Similarly,



in a recent work using rat cortical slices was evidenced that
the flavonoids quercitrin and quercetin reduced significantly
mitochondria MeHg-generated ROS production, which was
dependent upon an increase in intracellular Ca>* levels [74,
101].

2.2. MeHg-Induced ROS Formation and Mitochondrial Dys-
function: Effect of Antioxidants. As already cited before,
mitochondrial dysfunctions elicited by MeHg may lead to a
mitochondrial burst of ROS production. ROS are important
mediators of damage to cell structures, including lipids and
membranes, as well as proteins and nucleic acids [102, 103].
In mitochondria, ROS may impair energy metabolism by
inducing oxidative structural changes and the ensuing loss
of activity in a number of mitochondrial enzymes that
play critical roles in ATP production [42]. Besides, the
direct action of ROS on mitochondrial membrane lipids
and proteins results in the activation of apoptotic cascades
by MPTP opening dependent or independent mechanisms
(51, 53, 54].

The detrimental effects of ROS are balanced by the
antioxidant action of nonenzymatic and enzymatic systems
[104]. Indeed to ROS overproduction, in vivo and in vitro
experimental observations have shown that the toxic effects
of MeHg usually are accompanied by significant deficits
in antioxidant defenses. MeHg can cause a decrease in
the endogenous nonenzymatic antioxidants as well as an
inhibition of the antioxidant enzymes [104-110]. Thus, it
is reasonable to suppose that the cellular/mitochondrial
ROS production may be directly or indirectly triggered by
MeHg. In fact, the high affinity of MeHg by —SH groups
might decrease GSH content and consequently facilitates
ROS formation [11]. On the order hand, MeHg also could
exacerbate ROS formation by increasing [Ca?*];. From a
molecular point of view, as highlighted in Figure 7, these
factors (GSH depletion, ROS and Ca?*) exist as a pyramidal
network, where they may act independently or through a
complex interaction to activate the cascade of events involved
in cell injury mediated by MeHg. With this in mind, the
following sections discuss two possible antioxidant therapies
(natural and synthetic) that could be effective in ameliorating
the symptoms of MeHg intoxication by interfering with these
factors.

2.2.1. Natural Antioxidants against MeHg-Induced Toxicity.
Despite the massive efforts in the search for new drugs
that counteract mercurial toxicity, there are no effective
treatments available that completely abolish its toxic effects.
In general, the available antidotal strategies to treat mer-
cury poisonings are largely based on chelating therapies.
The use of sulthydryl-enriched chelators is based on the
high affinity of MeHg to —SH groups, leading to mercury
elimination from tissues predominantly via renal excretion.
However, these drugs are of limited use, because of their
adverse side effects [111]. Moreover, it has been proposed
that chelating therapies are ineffective in poisonings with
organic forms of mercury [112], although this issue remains
controversial [113, 114]. Nevertheless, there is general
agreement that metal chelators are unable to completely
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FIGURE 7: Pyramidal network involved in MeHg neurotoxicity:
Arrows denote the interlinked possible pathways by which MeHg
may cause cellular damage and the protective effect of natural
and synthetic antioxidants against MeHg neurotoxicity by blocking
oxidative events triggered via —SH depletion, ROS formation, and
Ca?* dyshomeostasis. For full details, see the text.

eliminate mercurials’ body burden and by inference, toxicity.
Thus, the use of compounds with antioxidant properties
and no apparent side effects could represent an efficient
coadjuvant strategy to counteract MeHg toxicity. Therefore,
various purified phytochemicals or plant extracts have been
shown to confer some protection against MeHg-mediated
excitotoxicity and oxidative stress in vivo and in vitro [106,
115]. Possible mechanisms involved in the mitigation of
MeHg effects by phytochemicals may include the reduction
of ROS production, activation of enzymatic antioxidant sys-
tems, restoration of the mitochondrial membrane potential,
and modulation of cell signaling pathways [116]. Dietary
phytochemicals may also affect additional endpoints such
as MeHg bioavailability and pharmacokinetics [117, 118].
In particular, natural products (such as flavonoids) whose
antioxidant properties have been well described [119-121]
could represent important therapeutic choices. In this sense,
it has been characterized in both in vitro and in vivo
experimental models that flavonoids exert beneficial effects
by preventing or reducing free radical production, blocking
Ca®" influx into cells, chelating iron, and exerting anti-
inflammatory action [100, 121, 122] (Figure 7). Indeed, such
class of compounds has displayed neuroprotective effects
in several experimental models of neurodegeneration [123—
125]. Of particular significance, the current literature shows
that plant extracts containing flavonoid provide protection
against MeHg-induced neurotoxicity in mice [115, 121]. The
protective effect of flavonoids has been correlated with their
capacity in detoxifying the H,O, generated in the presence
of mercurials [71]. In addition to a direct interaction
with H,0,, it is possible that flavonoids may also reduce
H,0, production via inhibition of Ca?" influx into cells
or mitochondria [105] and/or by forming redox inactive
complexes with iron, rendering this prooxidant unavailable
for Fenton reaction.
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A recent in vitro study using the flavonoids quercetin,
rutin, and quercitrin showed that lipid peroxidation and
ROS generation in both mitochondria-enriched fractions
and cortical brain slices exposed to MeHg were significantly
reduced by quercetin and quercitrin [74]. Likewise, further
findings demonstrated that mangiferin was effective in
offering protection to human neuroblastoma cells against
the toxic effects of MeHg. The protective effect of this
flavonoid was attributed to its antigenotoxic, antiapop-
totic and antilipid peroxidative potential plausibly because
of its free radical scavenging ability, which reduced the
oxidative stress and in turn facilitated the downregulation
of mitochondrial apoptotic signalling pathways [126—128].
Corroborating these experimental observations, a current
study performed by Franco et al. showed that the flavonoids
myricetin, myricitrin, and rutin are able in reducing
mitochondrial dysfunctions in mouse brain mitochondrial-
enriched fractions treated with MeHg in vitro; being that
the myricetin displayed higher protective effect against
MeHg-induced mitochondrial toxicity when compared to
myricitrin and rutin [129]. Additionally, only the myricetin
was able to inhibit completely ROS formation and lipid
peroxidation MeHg induced [129]. The scavenger property
of this flavonoid was considered, at least in part, responsible
for its protective effects against mitochondrial dysfunction
induced by MeHg.

From a molecular point of view, the antioxidant activities
of flavonoids can be influenced by their chemical structure
[130, 131], and there are several molecular characteristics
that confer the ability of a given flavonoid to promptly donate
electrons and reduce reactive species. Basically, polyphenolic
flavonoids possess a diphenylpropane (C6C3C6) skeleton
[130, 131]. The presence of hydroxyl groups linked to
phenolic rings correlates with their capability to donate
electrons [132]. The positions and, more importantly, the
amounts of hydroxyl groups present in the polyphenolic
skeleton increase their ability to neutralize reactive species
[130, 131]. The removal of this functional group from
flavonoids has been reported to impair their antioxidant
potency [130-132]. Lack of saturation at the C-ring is
another structural property that confers antioxidant ability
to flavonoids. Similarly, the blockade of the hydroxyl group
in the C-ring through glycosylation has also been reported
to decrease the antioxidant ability of this class of compounds
[130-133].

Despite the potential use of natural products (specially
flavonoids) to counteract the MeHg-induced cell damage
via mitochondria-mediated ROS generation, more in vivo
experiments are needed to validate the efficacy of flavonoids
in attenuating MeHg-mediated injuries, particularly in view
of the recently published synergistic neurotoxic action of
quercetin and MeHg in adult mice [101].

2.3. Synthetic Antioxidants against MeHg-Induced Toxicity.
Similar to natural compounds, numerous synthetic com-
pounds exhibit potent antioxidant properties that could be
effective in reducing the oxidative damage elicited by MeHg.
However, the focus of this section will be in some selenium
(Se) compounds, since it has long been hypothesized that

FIGURE 8: Possible role of Selenium (Se) on MeHg toxicity: (A)
MeHg toxicity reduced by formation of complex MeHg-Se; (B)
MeHg toxicity increased due Se depletion by formation of complex
MeHg-Se: | Selenoprotein activities and synthesis and 1 ROS.

Se may protect against the harmful effects of mercury,
particularly organic MeHg [134].

Most of beneficial effects exhibited by Se in biological
systems are connected to activity of enzymes glutathione per-
oxidases family (GPx1-4), thioredoxin reductase family
(TrxR1-2), thioredoxin glutathione reductase (TGR), and
iodothyronine deiodinase isoforms (DIO1-3), which present
this element as a structural component [135].

Regarding to mercury toxicity, it has been pointed
that the strong interaction between mercury and Se is an
important mechanism related to neuroprotection offered by
selenium compounds [135, 136] (Figure 8). From this point
of view, the Se’s protective role is associated with the forma-
tion of stable complex(es) resulting of the reaction between
mercurials and selonohydryl/selenol groups (-SeH) formed
from de selenium compounds. However, it is important to
mention here that little is known about the toxicokinetics
of these complexes in biological systems. Furthermore,
some studies argue that Se sequestration due to mercury
binding to Se could compromise Se’s biological functions and
availability, mainly by impairing selenoenzyme activities and
synthesis [135] (Figure 8).

The use of synthetic compounds containing selenium
has received growing interest as therapeutic strategies in the
treatment of mercury intoxication symptoms, including the
detrimental effects of MeHg in CNS [135-137]. Of particular
importance are the GPx- and TRxR-like activities displayed
by ebselen and diphenyl diselenide, two simple synthetic
organoselenium compounds that have been considered
potent antioxidant and neuroprotective agents in different
experimental models [136, 138]. Current literature findings
show that these compounds may be reduced by mammalian
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(TrxR) forming selenolate intermediates that are potent
nucleophiles and can readily react with electrophilic species,
including ROS [138]. This implies that these compounds
could efficiently attenuate the oxidative damage caused
by MeHg. Corroborating this hypothesis, a recent study
revealed that diphenyl diselenide reduced cerebral oxidative
stress as well as Hg deposition in the liver, kidneys, and
brain of adult mice exposed to MeHg [13]. In this work
the authors assume that the effectiveness exhibited by com-
pound is derived from the formation of a stable complex
(MeHg-Selenol) due interaction of MeHg with a “selenol
intermediate” [13].

Based on the observations previously cited, it is reason-
able to suppose that ebselen and diphenyl diselenide might
diminish the neurotoxic action of MeHg by increasing the
excretion of MeHg from the body due their abilities in
forming inert complexes with MeHg [13]. Regarding to the
involvement of glutamatergic system on MeHg neurotox-
icity, there is in vitro evidence that both organoselenium
compounds as well as MK-801 were effective on blocking
ROS formation caused by MeHg in cortical rat brain
slices by maintaining the hydrogen peroxide status at low
physiological levels and/or through a direct modulation of
the NMDA receptor redox site [110]. Likewise, the treatment
of cerebral cortex slices from young rats with ebselen restored
the glutamate uptake and cell viability changed by MeHg
exposure [139]. Differently, in this experimental protocol
diphenyl diselenide did not modify these parameters [139].

In addition, data from ex vivo experiments show that
glutamate release from brain synaptosomal preparations and
glutamate uptake by brain cortical slices is increased in
rat pups exposed to MeHg during the suckling period and
that these effects were prevented by ebselen [140]. Equally
important, there is evidence that ebselen was effective in
reversing the inhibition induced by oral exposure to MeHg
on glutamate uptake of brain cortical slices of adult mice
as well as in restoring the activity of enzymes glutathione
peroxidase and catalase activity, which were modified by
MeHg. These protective effects of ebselen were related to its
ability to detoxify H,O, [140].

Of particular importance, recently an elegant study dem-
onstrated the potential ability of ebselen and diphenyl dis-
elenide in preventing neuronal dysfunction caused by MeHg
via cytoskeletal proteins disruption. In this work MeHg
exposure induced hyperphosphorylation of the high molec-
ular weight neurofilaments subunit from slices of cerebral
cortex of young rats, and both selenium compounds ebselen
and diphenyl diselenide were efficient in reversing these
alterations [141].

As stated before, there is numerous experimental evi-
dence suggesting that MeHg exposure may induce damage in
mitochondria from different organs and tissue [74], and that
this effect could be associated to ROS overproduction and/or
increased intracellular calcium levels [74, 142]. However,
to the best of our knowledge, there are no reports on the
role of organoselenium compounds in isolated mitochondria
challenged by MeHg. Thus, although the organic selenium
forms cited here may represent an interesting class of
compounds as therapeutic agents against MeHg intoxication,
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further research to evaluate the efficacy and safety of such
compounds will be needed.

3. Conclusion

Despite the large number of studies on MeHg toxicity, the
understanding about the metabolism and toxicokinetics of
MeHg as well as the molecular mechanisms involved in its
neurotoxic effects remains to be fully elucidated. Meanwhile,
taken together the data discussed in this paper collaborate
for a better understanding of the multifactorial mechanisms
(glutamate and calcium dyshomeostasis, as well as mito-
chondrial dysfunction) involved on neurotoxicity produced
by MeHg and point the possible interlinked pathways by
which MeHg might cause neuronal damage, with special
emphasis on mitochondrial disturbances, since the mito-
chondria seem to be a key organelle implicated in the
detrimental effects triggered by MeHg both in vivo and
in vitro. In this regard, experimental studies show that
both synthetic and natural antioxidants may be considered
promising molecules in counteracting the toxic effects
elicited by MeHg. Thus, although experimental research has
been highly instrumental in shedding novel information
on aspects involved in MeHg-induced neurotoxicity, further
studies on the precise temporal relationship between the
listed phenomena, as well as potential therapeutic/antidotal
strategies to counteract the mitochondrial dysfunction pro-
duced by MeHg are warranted.
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Methylmercury (MeHg) is a potent neurotoxin, and humans are mainly exposed to this pollutant through fish consumption.
However, in classical toxicological studies, pure methylmercury chloride (MeHgCl) is injected, given to drink or incorporated
within feed assuming that its effects are identical to those of MeHg naturally associated to fish. In the present study, we wanted
to address the question whether a diet containing MeHg associated to fish could result in observable adverse effects in mice as
compared to a diet containing the same concentration of MeHg added pure to the diet and whether beneficial nutriments from
fish were able to counterbalance the deleterious effects of fish-associated mercury, if any. After two months of feeding, the fish-
containing diet resulted in significant observable effects as compared to the control and MeHg-containing diets, encompassing
altered behavioral performances as monitored in a Y-shaped maze and an open field, and an increased dopamine metabolic
turnover in hippocampus, despite the fact that the fish-containing diet was enriched in polyunsaturated fatty acids and selenium

compared to the fish-devoid diets.

1. Introduction

Methylmercury chloride (MeHgCl), the most toxic form of
mercury, is a potent neurotoxin, to which human beings
are mainly exposed through fish consumption. In classical
toxicological studies, MeHg is most often injected intraper-
itoneally, instilled in the trachea, or dissolved in drinking
water, which are not the natural routes for MeHg entrance
into the body. In other cases MeHgCI is added to the diet.
On the other hand, we have in a recent past exposed mice to
diets containing fish and mimicking the Wayana Amerindi-
ans mercurial contamination or the Western populations’
average fish consumption [1, 2]. A more classical approach
consisting in dispersing a given quantity of methylmer-
cury (MeHg) within diet preparations had been precluded

because our working postulate is that the supramolecular
form under which MeHg enters the body is of crucial impor-
tance, contrarily to the common assumption according to
which the toxicological outcome of MeHg incorporated
into fish tissue is identical to that from MeHgCl added to
the same matrix. In this context, a higher faecal excretion
and lower tissue accumulation, as well as metallothionein
induction in rats following exposure to methylmercury
naturally incorporated in fish compared to methylmercury
chloride added to the same matrix, have been reported [3].
Moreover, the chemical form of methylmercury in fish has
been identified as methylmercury-cysteine (MeHg-cysteine),
probably as part of larger peptides [4]. Therefore, one can
suspect a different trophic transfer rate through the intestinal
barrier and a different early toxicity for ingested free and



protein-bound methylmercury. It has well been established
that MeHg-cysteine was not hydrolyzed by gastric acidic juice
and remained intact [4]. The acute toxicity of solubilized
MeHg-cysteine has been reported to be considerably lower
than MeHgCl both in vivo [5] and in vitro [6]. In addition,
many compounds within fish flesh or brought by diet are
likely to influence the trophic transfer rate and the toxicity
outcomes of MeHgCl. For instance, selenium and vitamin E
are decreasing the overall toxicity of MeHgCl [7, 8], whereas
fruit or tea consumption decreases mercury accumulation
within body for the same number of eaten fish meals [9, 10].
The precise quality of dietary fats also modulates the MeHg
toxicity and the steroidogenesis in rats [11, 12].

Therefore, the aim of the present work was to address
the questions of whether a diet containing “naturally”
accumulated MeHg in fish flesh could result in differential
biological outcomes as compared to MeHgCl added pure
to diet. After two months of feeding with such diets, we
analyzed the mercury accumulation in tissues, the mice
body growth kinetics, the possible behavioral impairments,
and the concentration of neurotransmitters in various brain
structures.

2. Materials and Methods

2.1. Preparation of the Mice Diets. The H. aimara fish whose
flesh was used was caught in French Guiana in the Sinnamary
River, known to be contaminated by methylmercury mostly
originating from the Petit-Saut hydroelectric reservoir [13].
The dry flesh of this animal contained 5ugHg/g. The H.
aimara fish were thawed, minced, and lyophilized. Then the
fish powder was ground in a kitchen blender. The nutrient
composition and the metal content of the H. aimara fish
powder have already been described [1]. The special diets
were manufactured by Special Diets Services (Witham, Essex,
United Kingdom; French commercial representation: Dietex,
Saint-Gratien, France). The control diet was vegetarian (Rat
and Mouse no. 1 maintenance diet, abbreviated to RM1 diet,
Special Diets Services). The H. aimara fish-containing diet
was prepared by adding 4.88% of lyophilized fish powder to
the diet ingredients. The methylmercury chloride-containing
diet was prepared by adding 1L of a 1.5mg/L solution of
MeHg in a blend of ingredients allowing the preparation
of 6kg of diet. The nutrient compositions of the control
RM1 and the two prepared regimens are given in Table 1
(the analyses were carried out by Special Diets Services). A
comparison of the diets’ compositions showed some minor
differences between the control and the MeHg diets on
one side, and the fish diet on the other side. Apart from
the content in mercury, the control and MeHg diets are
identical. The fish diet contained 3.7% more protein than
the control and MeHg diets (18.1% compared to 14.4%).
It also contained more of some polyunsaturated fatty acids
(PUFA): 290, 70, 40, and 150 ppm of docosahexaenoic,
docosapentaenoic, erucic, and eicosapentaenoic acids against
<20, <20, 20, and <20 ppm for control and MeHg diets. We
quantified the total mercury content of the two prepared
regimens and found 253 + 38 and 237 + 23ngHg/g of
food pellets for the MeHg and fish diets, respectively.
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TaBLE 1: The composition of the diets used?.

Control and

MeHg diets Fish diet”
Moisture 10 10
Fat 2.71 2.66
Protein 14.38 18.08
Fibre 4.65 4.45
Ash 6.00 5.94
Carbohydrates
Starch 45.0 433
Sugar 4.05 3.85
Pectin 1.52 1.45
Hemicellulose 10.17 9.67
Cellulose 4.32 4.11
Lignin 1.68 1.60
Fatty acids
Saturated fatty acids
C12:0 lauric 0.02 0.02
C14:0 myristic 0.14 0.14
C16:0 palmitic 0.31 0.31
C18:0 stearic 0.04 0.04
Monounsaturated fatty acids
C14:1 (w5) myristoleic 0.02 0.02
C16:1 (w7) palmitoleic 0.09 0.09
C18:1 (w9) oleic 0.77 0.74
Polyunsaturated fatty acids
C18:2 (w6) linoleic 0.69 0.66
C18:3 (w3) linolenic 0.06 0.05
C20:4 (w6) Arachidonic 0.13 0.13
Eicosge‘)rﬁa(e?li)ic(:EPA) <0.002 0.015
C22:1 (w9) erucic 0.002 0.004
Docosspentacnic 0002 0007
Docosshessenic 002 009

“Nutrients and compounds are given as their percentages in the diets.
bFish diet : mice were fed a 4.9% aimara flesh-containing diet.

The control RM1 diet contained 7.8 + 1.9 ngHg/g of food
pellets. The content of several other metals in the control,
MeHg and fish-containing regimens was assessed (Table 2).
Metals were assayed by ICP-MS (Antellis, Toulouse, France).
The diets metal levels were below the detection threshold
for Ag (<0.02 mg/kg), As (<0.1 mg/kg), Au (<0.05 mg/kg),
Bi (<0.02mg/kg), Sb (<0.5mg/kg), Sn (<0.5mg/kg), Tl
(<0.05mg/kg), and V (<0.5mg/kg). The MeHg and fish
diets contained equal amounts of mercury whereas the
control diet was 30-times poorer in this metal. The fish
diet was richer in selenium than the control and MeHg
diets (0.48 ppm against 0.30), and apart from mercury and
selenium, the 3 diets were comparable.
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TaBLE 2: The metal and selenium composition of the diets used?.

Element Diets

Control diet MeHg" Fish®
Al 41.1 41.1 39.1
Cd 64.1073 64.1073 62.1073
Co 0.80 0.80 0.76
Cr 0.72 0.72 0.69
Cu 7.99 7.99 7.63
Hg (total) 8.10°° 253.1073 237.10°3
Ni 0.39 0.39 0.38
Pb 0.165 0.165 0.161
Se 0.30 0.30 0.48
Zn 41.1 41.1 40.0

“Metals and selenium are given in mg/kg.
bMeHg: mice were fed a MeHg-containing diet.
CFish: mice were fed a 4.9% aimara flesh-containing diet.

2.2. Mice Treatment and Tissue Sampling. Subjects were naive
male mice of the C57Bl/6 Jico inbred strain obtained from
Japan Clear (Tokyo, Japan) at the age of 3 weeks weighing
10.4 + 0.24 g. Young animals were used because they grow
quickly and because they are more sensitive to MeHg than
older animals. They were first ink-labeled on the ear skin.
They were socially housed in standard conditions: room
temperature (23°C), 12/12 light cycles, and ad libitum food
and water. Experiments were performed in compliance with
the European Community Council directive of 24 November
1986 (8616091 EEC). Three groups of 16 mice each (8 of
which dedicated for each kinetic time points at 29 and 57
days) were fed for 29 and 57 days as follows: one with the
control RM1 diet and the two other groups with the MeHg
and fish diets. Mice from the three groups were weighed
twice a week throughout the experiment. At the end of
the exposure period, mice were subjected to an open-field
maze test, in order to quantify anxiety levels, and to a Y-
shaped maze test, to assess cognitive ability. Thereafter, mice
were anesthetized with Pentothal (50 mg/kg, i.p.), blood was
immediately collected by puncturing the vena cava, and the
vascular system was washed for traces of blood by perfusion
with saline (0.9% NaCl). Then, tissues were dissected for
mercury quantification (blood, several brain structures, liver,
kidney) and neurotransmitters quantification (6 different
brain structures).

2.3. Activity Test Using an Open-Field Maze. The anxiety
test was assessed using the open-field apparatus after Tanaka
et al. [14] with slight modifications. This behavioural test
was performed using randomly chosen animals (8 mice per
group) on days 28 and 56, one day before their sacrifice
for tissue sampling. The apparatus consisted of a floor
(50 x 50 cm) surrounded by a 50 cm high opaque wall. A
CCD camera fixed above the apparatus was connected to
a Macintosh computer, and the movement of the mouse
was analyzed using Image OF (O’Hara & Co., Ltd., Tokyo,
Japan), a modified NIH Image program (developed at the US
National Institutes of Health and available on the Internet
at http://rsb.info.nih.gov/nih-image/). In this software, the

position of the animal was defined as the position of the
gravity center of the animal’s image, which was calculated
every 0.5s. The total distance traversed by the gravity
center was calculated and converted into centimeters. Also,
floor area was divided into 25 squares (10 X 10cm), and
the location of the animal was classified either as central
(nine areas that did not have direct contact with the
walls) or peripheral (remaining sixteen areas). Behavior was
monitored for 5min after placing one mouse at the center
of the floor. Between each trial, floor and walls were cleaned
with 70% alcohol followed by wiping with wet cotton.

2.4. Cognitive Test Using a Y-Shaped Maze. To assess spatial
learning and memory, mice were tested in the Y-maze.
This behavioural test was performed using randomly chosen
animals (8 mice per group) on days 27 and 55, two days
before their sacrifice for tissue sampling. Each mouse was
placed at the end of one arm facing the centre of the maze and
allowed to move freely within the maze for a period of 5 min.
The arm length was 40 cm, the arm width, 10 cm, and the
arm height, 35 cm. The total number of arms entered by the
mouse and the order of arm entries were recorded. The total
number of arms entered provides an indication of locomotor
activity, and the order of arm entries provides a measure of
spontaneous alternation behaviour [15]. Success in this test
is indicated by a high rate of alternation in the control group,
indicating that the animals can remember which arm was
entered last.

2.5. Mercury Quantification. Animals were chosen randomly
for mercury analysis (at day 57, 8 for blood, 6 for liver
and kidney, and 3 for each brain structure). Samples were
analyzed for total mercury at the National Institute for
Minamata Disease (NIMD), Japan, using reliable and sensi-
tive techniques following described procedures [16]. Tissue
samples were homogenized (10%, w/v) in distilled water
using a Polytron homogenizer (Kinematica GmbH, Littau,
Switzerland). Blood was collected from the femoral vein into
heparinised tubes. A portion of blood was haemolysed by
distilled water (1:50). Total Hg levels in the homogenates
(100 4L) and haemolysed blood (100 L) were determined
by an oxygen-combustion gold amalgamation method using
an atomic absorption mercury analyzer MD-A (Nippon
Instruments Co., Ltd., Osaka, Japan). To control the quality
of measurements, a standard reference material from dogfish,
DORM2 (National Research Council, Canada) was included
in analyses. The certified value of total mercury is 4.64 +
0.26 ug/g (mean = SEM). Our qualification data were 4.51 +
0.14 pg/g for total mercury (mean + SEM).

2.6. Neurotransmitters and Associated Metabolites Quantifi-
cation. The brain homogenates were prepared as follows.
Brain regions including the frontal cortex, cortex, hypotha-
lamus, striatum, cerebellum, and midbrain were dissected
out from frozen brains. Dissected tissues were frozen
immediately in liquid nitrogen and stored at —80°C until
use. These tissues were homogenized in 0.2 M perchloric
acid (Nacalai Tesque, Kyoto, Japan) containing 100 mM



EDTA and isoproterenol (ISO) (100ng/yL) as an internal
standard. Homogenates were centrifuged for 15 min at 0°C
and 20,000 g. The pH of each supernatant was adjusted to
3.0 with 1 M sodium acetate and supernatants were then
used to determine monoamine levels. Each sample (10 mL)
was injected into an HPLC system (HTEC-500MAD)
with electrochemical detection (ECD-300 EICOM, Kyoto,
Japan) with an ODS column (EICOMPAC SC-5, 3.0 mm X
150 mm, EICOM). The mobile phase was sodium acetate-
citric acetate buffer (pH 3.5)/methanol/sodium octane-1-
sulfonate (85%/15%/0.21 g), the flow rate was maintained at
0.5 mL/min, and the temperature of the column was 25°C.
Tissue levels of dopamine (DA), 5-hydroxytryptamine or
serotonin (5-HT), and noradrenalin (NE) as well as their
metabolites 3,4-dihydroxyphenylacetic acid (DOPAC), 3-
methoxytryptamine (3-MT) and homovanillic acid (HVA) as
DA metabolites, and 5-hydroxyindole-acetic acid (5-HIAA)
as a 5-HT metabolite were measured. Each of the standard
solutions for the 6 catecholamines (DA, NE, DOPAC, HVA,
3-MT, and ISO) and 2 indoleamines (5-HT and 5-HIAA)
was prepared at a concentration of 0.1 ng/mL. Each standard
(10 uL) was analyzed by HPLC, and the standard chromato-
graphic peaks per 1ng for each sample were obtained. The
amount of each monoamine was determined with peak-
area ratios using an HPLC chromatogram analysis software,
eDAQ Power Chrom (eDAQ, NSW, Australia). Values were
normalized for the amount of protein in each sample.

2.7. Statistical Analysis. Statistical significance was deter-
mined by a one-way ANOVA followed by a Dunnett’s
multiple comparison test. Data were expressed as the mean +
SEM. A difference was considered statistically significant
when P < 0.05.

3. Results and Discussion

During the timecourse of the present experiment we
observed no mortality, and no clinical or histopathological
signs of lesions in mice brains whatever the diet given. The
mice growth was recorded for two months. It appeared
that the weight gain was faster for mice fed the MeHg and
fish diets than the control diet during the first 10 days
(Figure 1). At days 3, 7 and 10, the mercury-contaminated
mice got body weights 7, 4, and 4% higher than the control
mice, respectively. This effect is easily attributable to the
beneficial effects of fish nutriments in the case of the fish-
containing diet but remains hard to explain in the case of the
MeHg diet.

3.1. Mercury Quantification. As expected, after 57 days of
exposure the mercury concentrations in tissues of both
groups of mice dietary contaminated with mercury were
much higher than those from mice fed the control diet
(Table 3). The mercury concentration increases ranged
between 11 and 25 times those recorded in tissues from
mice fed the control diet. We could notice a 20-fold increase
in blood mercury for both MeHg and fish mice compared
to control mice. Kidneys were the organs accumulating the
highest concentrations of mercury in the organism, reaching
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FIGURE 1: Influence of diet on the body weight growth. Mice were
exposed to a control diet (“Control” plot with black diamonds), or
a MeHg-containing diet (“MeHg” plot with red triangles), or a fish-
containing diet (“Fish” plot with blue squares). Weights (in grams)
were collected at the indicated kinetic time points and the mean
weights plotted. Means and standard deviations were calculated
from 16 control-, MeHg- and fish-fed mice from the beginning
to the 35th day. From days 38 to 56, they were calculated from
8 animals per diet. The asterisks indicate a significant difference
in body weight for mice fed the MeHg- and fish-containing diet
compared to those fed the control diet, as determined with a one-
way ANOVA followed by a Dunnett’s multiple comparison method,
*P < 0.05,and **P < 0.01.

7.3 and 6.8 mgHg/g in mice fed the MeHg and fish diets,
respectively, a multiplication factor of 17 and 16 compared
to the control diet. Worth to note is the heterogeneity of
brain structures in terms of mercury accumulation since, for
instance frontal cortex accumulated 2.7 and 2 times more
mercury than brain stem in mice fed the MeHg and fish diets,
respectively. Except in the striatum, which accumulated 33%
less mercury in animals fed the fish diet compared to those
fed the MeHg diet, the mercury concentrations in tissues of
mice fed the MeHg and the fish diets displayed no statistical
significant differences, although a trend of smaller concen-
trations was observed in tissues of mice fed the fish diet.
This lower mercury concentration in the striatum of mice
fed the fish diet compared to those fed the MeHg diet cannot
be explained by a lower blood mercury concentration since
we measured the same blood mercury concentrations for
both groups of mercury-contaminated mice. This is probably
due to the fact that different mercurial chemical species are
not transported into tissue cells with the same efficiency by
transporters. For instance, the ubiquitous transporters LAT1
and LAT? efficiently catalyze the uptake of MeHg-L-cysteine
but not that of MeHg-D-cysteine or MeHg-glutathione [17].
Furthermore, solubilised MeHg-cysteine is thought to be,
at least partly, actively transported via neutral amino acids
carrier systems [18—20], while MeHgCl would be transported
via other facilitated processes [20].

In order to mimic the mercury exposure in the Ama-
zon riverside population, rats have been fed with a diet
containing 20% of carnivorous fish caught in the Tapajos
River and which flesh contained 1.95ugMeHg/g, making
a mercury concentration in feed of 0.39 ugMeHg/g [21].
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TasLE 3: Total mercury concentrations in mice tissues®.
Tissues Control MeHgP Fish*
Blood (1 =8) 0.010 % 0.002 0.21 = 0.02 0.20 = 0.01
Brain stem (1 = 3) 0.016 = 0.006 0.27 = 0.07 0.20 = 0.07
Cerebellum (n = 3) 0.016 + 0.002 0.33 = 0.06 0.26 = 0.04
Frontal cortex (n = 3) 0.031 = 0.013 0.73 = 0.16 0.41 = 0.13
Hippocampus (n = 3) 0.024 + 0.002 0.62 + 0.26 0.34 + 0.08
Midbrain (n = 3) 0.020 + 0.003 0.41 +0.20 0.23 +0.04
Striatum (n = 3) 0.018 + 0.002 0.49 + 0.05 *0.33 + 0.01
Liver (n =6) 0.038 = 0.008 0.94 = 0.11 0.79 = 0.12
Kidney (n = 6) 0.416 = 0.091 73+14 6.8 0.5

“In pg/g for solid tissues or pg/mL for blood (mean + SD).
bMeHg: mice were fed a MeHg-containing diet.
CFish: mice were fed a 4.9% aimara flesh-containing diet.

All total mercury concentrations in MeHg and fish diet samples significantly higher than those in control diet samples, as determined with a one-way ANOVA

followed by a Dunnett’s multiple comparison method (P < 0.01).

The symbol * indicates a significant difference in mercury concentrations for mice fed the fish-containing diet compared to those fed the MeHg-containing
diet, as determined with a one-way ANOVA followed by a Dunnett’s multiple comparison method. *P < 0.05. The corresponding value appears in bold

characters.
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FIGURE 2: Mice behavior in a Y-shaped maze. Spontaneous alternations were recorded for 5 min (mean + SEM, n = 8). The asterisk indicates
a significant difference between the spontaneous alternations presented in the Y maze by mice fed the fish-containing diet compared to those
fed the control diet, as determined with a one-way ANOVA followed by a Dunnett’s multiple comparison method, *P < 0.05, and **P < 0.01.

After 84 days of contamination rats presented in their blood
cells an increased lipid peroxidation and genotoxicity and
an increased systolic blood pressure. Mercury concentrations
were 1.31 yg/mL in blood, 0.87, 0.89, and 0.1 ug/g in liver,
kidney, and brain, respectively. In the present study, we
gave to mice a diet containing 0.24 ug MeHg/g, resulting
after 57 days of exposure in mercury concentrations 6.5 and
1.1 times weaker in blood and liver but 8.6 and 4.1 times
larger in kidney and brain, meaning that the distribution
of methylmercury from blood to tissues is differing between
rats and mice.

3.2. Behavioral Modification. The activity of mice was
assessed in an open-field maze (Table 4). The quantity of
emitted feces, along with the number of rearing events and
the number of squares crossed, could not distinguish the
three different groups of mice tested after 28 or 56 days of

exposure. However, after 56 days of exposure the number
of grooming events was significantly decreased for the fish
diet mice as compared to the MeHg-fed and control mice,
with this decrease reaching 45 and 40% of the values of the
MeHg-fed and control mice, respectively. Additionally, after
56 days of exposure the time spent in center was significantly
higher for the fish diet mice as compared to the MeHg-fed
and control mice, with this increase representing 2 and 3-fold
the values of the MeHg-fed and control mice, respectively.
Anxious mice tend to avoid the center of the open field and
to groom more frequently. Therefore, a decrease of grooming
events associated to an increase of time spent in the center of
the open field indicates an antianxious behaviour.

The Y-maze allowed for the testing of memory function
in mice (Figure 2). Spontaneous alternation is a behavioural
test dealing with spatial learning and memory. The purpose
of the test for the mouse consists in remembering which
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TaBLE 4: Mice behavior in an open field maze®.

Control MeHg" Fish¢
28th day 56th day 28th day 56th day 28th day 56th day
Squares crossed 93 +7 86 +4 86+ 6 83+5 78 £6 84 +5
Rearing 23 +2 26 £2 21 2 28+ 3 22+3 24+ 2
Grooming 1.7+0.3 1.25 = 0.16 1.5+0.2 1.38 £0.18 1.9+0.3 >80.75 = 0.16
Fecal pellets 1.4+0.8 3.8=+12 3.7+ 1.8 1.7 £ 0.6 39=x1.1 23+09
Time spent in center (s) 53+ 1.0 3.6+04 3.8+0.5 4.7+ 1.2 3.7+0.6 °$10.0 + 1.5

"Mean + SEM, n = 8.
bMeHg: mice were fed a MeHg-containing diet.
CFish: mice were fed a 4.9% aimara flesh-containing diet.

Values appearing in bold characters highlight those significantly different from the control values.
Circles indicate significant differences in behavioral parameters for mice fed the fish-containing diet compared to those fed the control diet, as determined

with the Students test, °P < 0.05, and °°P < 0.01.

The symbol § indicates significant differences in behavioral parameters for mice fed the fish-containing diet compared to those fed the MeHg-containing diet,

as determined with the Students test, SP < 0.05.

maze arm was last visited and trying to enter as many
different arms as possible. The task is testing hippocampal
memory and can be weakened by lesions to the hippocam-
pus. The sequence of arm entries and total amount of
arm entries are scored and a percentage is calculated. The
cognition of the animal can be assessed based on the score
where a lower score is considered cognitively impaired. After
55 days of exposure, mice fed the fish diet displayed a
significant lower rate of spontaneous alternations in the
maze compared to MeHg-fed and control mice, strongly
suggesting that these animals had difficulties remembering
which arm was entered last. After 27 days of exposure, mice
fed the fish-containing diet already presented a downward
trend concerning the rate of spontaneous alternations but
this was statistically nonsignificant.

4. Neurotransmitters and Associated
Metabolites Quantification in Various
Brain Structures

The levels of noradrenalin (NE), dopamine (DA), and 5-
hydroxytryptamine or serotonin (5-HT) were quantified
in various brain structures after two months of feed-
ing with mercury-containing diets. In addition to these
three neurotransmitters, the metabolite resulting from the
degradation of serotonin, 5-hydroxyindole-acetic acid (5-
HIAA) and those from the degradation pathway of DA,
3,4-dihydroxyphenylacetic acid (DOPAC), and homovanillic
acid (HVA) were also quantified (Table 5).

No differences in levels of neurotransmitters or their
metabolites could be observed after one month of exposure
in the various brain structures collected. Only after 2 months
of exposure could we see differences. The levels of serotonin
appeared to be 2 times decreased in brainstem of mice fed
the MeHg diet as compared to those fed the control diet.
However, the level of serotonin in the same brain structure
from mice fed the fish diet was not significantly different
from that of the MeHg-containing diet, and therefore this
decrease cannot account for the differences observed in mice
behavior. And the same holds true with the 5-HIAA level

which was 67% higher in the striatum of mice fed the fish diet
compared to control mice, since the value from the MeHg-
fed mice was not significantly different. In cerebellum of
mice fed the fish diet, the DOPAC level was 2-times higher
than that of the control mice. For mice fed the MeHg diet,
the DOPAC level in this brain structure was as high as for
mice fed the fish diet, but due to a great variability of values
the mean could not be considered significantly different
from that of control mice, and therefore the values from
both the MeHg and fish diets cannot be taken as different.
The dopamine metabolite DOPAC levels were significantly
increased in hippocampus and striatum of mice fed the
MeHg diet as compared to those fed the control diet, with
increase factors reaching 15- and 2.6-fold the values of
the control mice, respectively. Accordingly, the dopamine
metabolite HVA level was 2.6 times increased in striatum of
mice fed the MeHg diet as compared to those fed the control
diet. It has already been described the striatal increase in
dopamine and its acidic metabolite DOPAC after exposure
of rats to MeHgCl [22]. However in this latter study the
dose of injected MeHgCl was very high (0.1-2 mg/kg/day)
compared to the dose used through diet in the present study
(50 ug/kg/day), suggesting that striatum is more sensitive to
methylmercury associated to fish than added pure in the
diet. In hippocampus of mice fed the fish diet, the DOPAC
level was significantly intermediate between those of mice
fed the control and MeHg diets, since it reached 5 and
0.33 times those of control and MeHg-fed mice, respectively.
Additionally, the metabolic turnover was calculated as the
ratio of the sum of DOPAC and HVA levels to dopamine
to estimate the activity of this metabolic pathway. We
calculated a dopamine metabolic turnover of 0.36, 0.26, and
0.52 for mice fed the control, MeHg-containing, and fish-
containing diets, respectively. This indicates that the rate of
consumption of dopamine is greater in hippocampus of mice
fed the fish-containing diet compared to the other two diets.
Previous reports demonstrated that hippocampal dopamine
receptors might be necessary for executive function including
working memory [23]. The greater dopamine consumption
in hippocampus might show the abnormality of hippocam-
pal dopamine receptors. This may explain the decreased
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TaBLE 5: Neurotransmitter levels and associated decay products in brain structures of mice fed MeHg- and fish-containing diets.
Brain structures and diets  Days Neurotransmitters and decay products (pg/mg, mean = SEM, n = 3)
NE DA DOPAC HVA 5-HT 5-HIAA
Frontal cortex
28 10.8 £ 3.7 2.1+0.8 1.4+ 0.6 35+14 43+1.8 82+32
Control
56 11.1 £3.2 1.8 +0.4 0.25 £ 0.02 1.4+0.2 4.4+26 3.6+0.8
MeHg? 28 94+15 2.0+ 0.6 1.1 +0.5 1.7+ 1.0 2.2+0.6 4.4+0.6
56 5.8+ 0.7 1.7+0.3 0.36 = 0.08 0.9 0.6 0.3+0.3 2.6+ 0.5
Fish® 28 16.9 £ 4.9 2.2+0.7 0.9+0.2 3.8=+1.5 58+22 6.9 +0.7
56 6.8 +3.9 2.0+0.2 0.7+0.2 1.1 +0.6 21+1.2 57+29
Brainstem
28 15.7 £ 2.8 72+ 1.8 1.1 +0.5 20=+1.0 44+0.38 21«7
Control
56 123+ 1.4 34+04 0.56 = 0.11 0.8 +0.1 4.7 0.1 10+ 1
MeHg 28 13.2£0.2 3.6+0.3 0.73 £ 0.04 1.04 + 0.08 41+03 11+1
56 8.4+ 4.0 23+0.7 0.68 = 0.19 0.73 £0.05 *2.3 + 0.6 8.9+0.7
Fish 28 143 £ 1.7 6.3+1.5 1.2+0.6 1.8 £0.8 4.8 +0.6 15+3
56 10.2 £ 2.2 32+0.8 0.63 = 0.15 0.8 +0.1 3.1+1.0 10
Hippocampus
28 18.5 = 4.6 9.4 3.6 6.6 +5.8 54+3.6 7.1 %21 26+7
Control
56 79+ 1.8 24 +0.7 0.17 = 0.03 0.7 £0.1 50+1.2 7619
MeHg 28 13.8 2.4 4.6 +0.2 2.0+0.8 32+1.6 5413 123 +0.4
56 14.4 = 10.6 12.8 = 0.8 *2.55 + 0.06 0.8 £0.2 12.4 = 9.7 49 =3
Fish 28 105+ 2.4 42 +04 1.0 £ 0.7 1.8 + 0.7 6.1 +1.9 10.1 £ 1.3
56 12.5+3.3 43=+1.2 ~50.85 + 0.18 1.4 0.2 75+28 13+3
Striatum
28 6.0+1.3 120 = 29 68 + 15 56 + 18 11.6 = 4.8 19«7
Control
56 1.3 +0.7 79+ 9 31+5 220+ 1.4 5.7=+0.1 52=+0.3
MeH 28 4.6+ 15 53 +17 60 + 21 32+ 10 6.5+1.9 10 £2
8 56 2.8 +0.6 65 + 10 *82 +12 *43 +5 7.5%33 13.4 £5.1
Fish 28 52+1.6 49 £ 11 23+ 8 15 = 50=*1.1 6+1
56 49+ 1.6 61 =10 54 + 14 32+7 50=1.0 °8.7+ 1.0
Cerebellum
Control 28 47+14 1.2+04 0.33 £ 0.11 1.0+ 0.5 0.4 +0.1 51+24
56 9.0+2.8 1.0+ 0.3 0.36 = 0.03 0.81 = 0.09 25+1.0 34+07
MeHg 28 6.2+0.9 0.96 + 0.08 0.29 £ 0.16 0.47 = 0.05 0.38 = 0.07 2.6 0.1
56 63+ 14 0.5+0.2 0.59 = 0.21 0.5+ 0.1 1.6 £ 1.0 33+1.1
Fish 28 5.1+0.7 0.5+0.2 0.18 £ 0.05 0.44 = 0.05 0.23 £ 0.06 25+02
56 34+17 0.6 =0.3 °°0.61 + 0.03 0.3 +0.1 0.16 = 0.09 1.7+ 0.9
Midbrain
28 13.8 = 2.8 6.8 1.8 20+0.8 33+13 3.7+0.8 22 %5
Control
56 17.0 = 2.9 9.0+14 2.1+0.2 35+£0.5 95+22 23
MeHg 28 14.1 £ 2.5 8.6 £1.0 22+04 3.7+0.8 56+1.2 19+3
56 11.8 £7.3 4.0+ 1.1 25+04 3.1+04 7.8+ 5.6 14.5 = 0.9
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TaBLE 5: Continued.

Neurotransmitters and decay products (pg/mg, mean = SEM, n = 3)

Brain structures and diets Days
NE DA DOPAC HVA 5-HT 5-HIAA
Fish 28 131+ 1.4 7.1+1.2 1.7+ 0.6 32+1.2 5.7+ 1.0 17+ 4
56 10.0 = 1.3 58 +1.1 1.8 £0.1 3.29 = 0.05 2813 16 =1

“MeHg: mice were fed a MeHg-containing diet.
bFish: mice were fed a 4.9% aimara flesh-containing diet.

NE: noradrenalin, DA: dopamine, DOPAC: 3,4-dihydroxyphenylacetic acid, HVA: homovanillic acid, 5-HT: 5-hydroxytryptamine or serotonin, 5-HIAA: 5-

hydroxyindole-acetic acid.

Values appearing in bold characters highlight those significantly different from the control values.

Asterisks indicate significant differences in the levels of neurotransmitters or decay products in the brain structures of mice fed the MeHg-containing diet
compared to those fed the control diet, as determined with the Students test, * P < 0.05.

Circles indicate significant differences in the levels of neurotransmitters or decay products in the brain structures of mice fed the fish-containing diet compared
to those fed the control diet, as determined with the Students test, °P < 0.05, and °°P < 0.01.

The symbol § indicates significant differences in the levels of neurotransmitters or decay products in the brain structures of mice fed the fish-containing diet
compared to those fed the MeHg-containing diet, as determined with the Students test, §P <0.05.

cognitive performance of the mice fed the fish diet after 2
months of exposure.

5. Conclusion

The two mercury-containing diets are differing by the fact
that mercury was brought by the addition of either pure
methylmercury chloride or by mercurial species associ-
ated to fish. Therefore, any differential effects observed
between MeHg-containing and fish-containing diets should
be attributed to different chemical species of mercury
present in one diet and absent from the other and vice-
versa along with the possible intervening role of fish PUFA
and selenium. If the beneficial role of fish nutriments
such as PUFA and selenium was to counteract MeHg
effects, the pattern of effects displayed after exposure to
the fish-containing diet should appear less severe than that
observed with the MeHg-containing diet. But in the present
study, the mice fed the fish-containing diet displayed worse
behavioral performances than those fed the control and
the MeHg-containing diets, although the brain structures
of both mercury-contaminated groups of mice contained
comparable levels of mercury and even less in the striatum
of those fed the fish diet. Therefore, the different chemical
species of mercury within fish flesh are likely to explain
the deficit in cognitive performance in the Y maze and the
decreased locomotory activity in the open-field maze.
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Due to the facts that thiomersal-containing vaccine is still in use in many developing countries, and all forms of mercury have
recognised neurotoxic, nephrotoxic, and other toxic effects, studies on disposition of ethylmercury and other mercury forms are
still justified, especially at young age. Our investigation aimed at comparing mercury distribution and rate of excretion in the early
period of life following exposure to either thiomersal (TM) or mercuric chloride (HgCl,) in suckling rats. Three experimental
groups were studied: control, TM, and HgCl,, with 12 to18 pups in each. Both forms of mercury were administered subcutaneously
in equimolar quantities (0.81 ymol/kg b.w.) three times during the suckling period (on the days of birth 7, 9, and 11) to mimic the
vaccination regimen in infants. After the last administration of TM or HgCl,, total mercury retention and excretion was assessed
during following six days. In TM-exposed group mercury retention was higher in the brain, enteral excretion was similar, and
urinary excretion was much lower compared to HgCl,-exposed sucklings. More research is still needed to elucidate all aspects of
toxicokinetics and most harmful neurotoxic potential of various forms of mercury, especially in the earliest period of life.

1. Introduction

Mercury is a pervasive environmental contaminant with
proven toxic properties in mammals. Major risks recognized
due to mercury exposure are dietary methylmercury expo-
sure from fish and seafood, elemental mercury vapour from
amalgam in tooth “silver fillings,” and thiomersal-contained
ethylmercury in vaccines [1-3]. Thiomersal (thimerosal,
merthiolate) has been banned in the United States and
Canada since 1999 and in the European Union since 2001
from vaccines recommended for children below seven years
[4-6].

The molecule of thiomersal is sodium ethylmercury-
thiosalycilate that dissociates to ethylmercury and thiosali-
cylate [7]. Ethylmercury is acting as a preservative against
bacterial and fungal contamination of the vaccines that are
repeatedly given to infants (Diphtheria-Tetanus-acellular-
Pertussis vaccine, 3 to 7 times) up to 6 months of age.
A potential threat of neurodevelopmental toxic effect of

mercury lies in the fact that the exposure occurs in the
most vulnerable period of life, when the brain is developing
and growing [8]. Organic forms of mercury are more easily
absorbed when ingested and are less readily eliminated from
the body than its inorganic forms [1].

By now considerable amount of evidence has been col-
lected to prove that doses of thiomersal in human vaccines
do not pose harm, except for the risk of local hypersensitivity
reactions [9—19]. In a recent overview Dérea [20] integrated
experimental neurotoxicity studies of low-dose thiomersal in
vaccines and concluded that doses relevant to thiomersal-
containing vaccines exposure possess the potential to affect
human neurodevelopment. A recently published experimen-
tal study in thiomersal-exposed infant rats reopens the de-
bate on thiomersal-induced neurotoxic threat showing per-
turbations in the balance between excitatory and inhibitory
amino acids in the brain, shifting it towards excessive neu-
roexcitation that may lead to neurodevelopmental disorders
[21].



Recent large European cohort studies, such as the one
conducted in Spain, show that increased perinatal mercury
exposure is mostly related to maternal fish consumption,
which means methylmercury intake [3]. However, the fact
remains that during the first six months of life some infants
might be exposed to cumulative levels of mercury that
could exceed United States Environmental Protection Agency
reference doses (5.8 ug/L of methylmercury or 6.4 ug/L of
total mercury). The latter has been taken into account
when setting up the recommendation for reduction of total
mercury exposure and elimination of mercury use whenever
possible [2].

Due to the present widespread use of thiomersal-con-
taining vaccine in many developing countries and the fact
that mercury is well recognised toxic metal, studies on
disposition of ethylmercury and other mercury forms in
mammalian organism including humans are still justified
since numerous controversies still exist. Due to bioethical
obstacles associated with such studies in infants, more studies
on experimental animals are needed to quantify distribution
and rate of mercury excretion after thiomersal exposure. We
conducted our investigation to obtain a more detailed insight
into distribution and rate of excretion in rodents in early
period of life. The scope of our investigation was to assess
organ retention and excretion of mercury following exposure
to thiomersal compared to inorganic mercury (mercuric
chloride) in suckling rats. We utilized the data and experience
gained through foregoing experimental work on inorganic
mercury that was conducted in our Unit by research team
of Kostial et al. [22-25]. Past research confirmed that
under same exposure conditions higher mercury retention
is found in the gut and the brain of young compared to
adult experimental animals. In our present investigation,
we administered both forms of mercury subcutaneously,
three times during suckling period, to mimic the type of
administration (parenteral, intramuscular application) and
usual vaccination regimen in infants. After the last thiom-
ersal administration, mercury retention, and excretion was
followed up during six consecutive days. Special attention
was paid to the comparison of excretion rate (measured
as total mercury) in thiomersal versus inorganic mercury-
exposed study groups.

2. Material and Methods

2.1. Experimental Animals. Experimental rats (Wistar strain
reared in the Laboratory Animal Unit of the Institute for
Medical Research and Occupational Health in Zagreb, Croa-
tia) were supplied with feed for small laboratory animals
(Muccedola, Milano, Italy) and tap water ad libitum. Animal
facility was kept under constant indoor conditions (20—
22°C, constant humidity of 40%, and 12 h light/dark cycles).
Animal cages were provided by sterilised pine shaving bed-
dings. Two weeks after mating (in ratio male:female 1:3
over a week), pregnant rats were placed into small individual
polycarbonate cages (20.7 X 26.5 X 14.0 cm, Ehret, Germany)
where they gave birth and reared the litters. Six mother
rats with the litters that delivered on the same day were
designated for the experiment. The litters were normalized
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to eight male pups per litter one day after birth. Pups’
body weights were recorded every morning throughout
the experiment. All procedures with animals were carried
out in accordance with national Law on the Protection of
Animal Welfare. The experimental protocol was approved
by the Institute’s Bioethical Committee and was conducted
within the framework of the research project granted by the
Croatian Ministry of Science, Education and Sports. The
implementation of the protocol was officially permitted by
the Veterinary Administration of the Croatian Ministry of
Agriculture, Forestry and Water Management.

2.2. Experimental Design. The pups were assigned into three
experimental groups: Control, Thiomersal, and HgCl, with
two to three pups per group within each litter, with total
number of pups per group 12, 18, and 18. The experiment
started at pups’ age of seven days by subcutaneous injection
of deionised water, thiomersal (ethylmercurythiosalicilic
acid sodium salt, SERVA Electrophoresis, Germany), or
mercuric chloride (HgCl, p.a., Kemika, Croatia), depending
on the assignment to the experimental group. The dose of
administered mercury in both forms was equimolar, that is,
0.81 umol/kg b.w. and was given in the volume of 0.05mL.
Compounds were dissolved in deionised water and freshly
prepared each time before injection. The dose of mercury
used in the experiment was calculated to be 10% of LDs5, dose
based on a previous finding for mercuric chloride in suckling
rats provided by our Unit. Subcutaneous administration of
both mercury forms was repeated three times; first time on
the day of birth 7 (as described above), second time on day
9, and third time on the day of birth 11. The morning after
the last parenteral exposure of either mercury form, from
day of birth 12 through 17, during six consecutive days, we
euthanized all pups from one litter of each experimental
group after intraperitoneal administration of the combi-
nation of anaesthetics Narketan plus Xylapan (Vetoquinol
AG, Switzerland) in doses 0.8 plus 0.6 mL/kg b.w. We then
sampled the blood, selected organs, urine, and gut with its
content for mercury analysis. Blood was collected from the
heart in heparinised syringes. Urine was collected from the
urinary bladder with a syringe immediately after opening the
abdominal cavity. The brain, kidneys, liver, and entire small
and large intestine were dissected after exsanguination from
the abdominal aorta.

2.3. Analytical Procedure. Wet (fresh) weights of samples
were recorded, and the samples were frozen at —20°C before
analysis. Blood and urine samples were analysed directly
without digestion. Frozen organ samples were digested, and
total mercury analysed as described earlier [26, 27]. The
results of mercury mass fraction in organs were expressed as
micrograms or nanograms per gram of wet tissue weight (ug
or ng/g w.w.) and concentrations of mercury in blood and
urine as micrograms per litter (ug/L).

2.4. Statistical Analysis. The hypothesis of normal distribu-
tion of data was tested by Shapiro-Wilk’s W test. The results
are presented as arithmetic means and standard deviations
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or median with a range of minimum and maximum val-
ues. Differences between parameters in the rats given two
different forms of mercury were analysed at each sampling
point by Student’s ¢-test. Correlations (Pearson’s correlation
coefficient) between two forms of mercury in different tissues
obtained during the entire six-day collection period were
calculated. We used Statistica Programme (StatSoft, Inc.,
version 9.0) for the statistical analysis. The level of P < 0.05
was considered significant.

3. Results

During the period of exposure to mercury, between day of
birth 7 and 12, body weight gain was 2.2 + 0.4 g a day.
No differences between experimental groups were found in
either body weight gain or organ weights at the end of
experiment. Three doses of 0.81 yumol/kg of either mercury
form caused no signs of general toxicity. The timing of
injection of two forms of mercury was a compromise of
imitation of infant vaccination regimen and age when pups
are suckling, and not yet reaching for solid feed on the cage.
Subcutaneous injection was chosen as a mode of parenteral
mercury administration instead of intramuscular injection
in growing tiny muscle mass in suckling rats. Total mercury
fraction in all analysed tissues of the control pups (N = 12;
2 pups in each litter) was more than 1000 times lower than
values found in the exposed groups. Therefore, we pooled
the values of control pups and presented them separately
in Table 1, and only the values of two exposed groups were
compared by statistical evaluation.

The concentrations in whole blood and urine and
mass fractions of mercury in the selected organs of two
mercury-exposed groups are presented graphically to show
the differences and daily course during six-day collection of
samples (Figure 1). In all sampling points, concentrations
and mass fractions of total mercury in urine and kidney
in HgCl,-exposed group were significantly higher than in
TM-exposed group. In the liver and in both small and
large intestine, total mercury values were lower, although
not always statistically significant. However, total mercury in
TM-exposed group was significantly higher both in blood
and in brain than in HgCl,-exposed group. During six-day
period of sampling, only whole blood showed a decline with
time in both mercury-exposed groups (Figure 1).

In the urine, the excretion decreased within six days
only in the inorganic mercury exposed group. To find out
the similarity of mercury behaviour during six-day sampling
period in two experimental groups, correlation between
organic and inorganic mercury given to animals was tested
in each analyzed organ, whole blood and urine. Statistically
significant correlations were found only in whole blood and
large intestine (Table 2).

4. Discussion

We investigated disposition of two different forms of mer-
cury other than methylmercuy during the critical period of
brain maturation process, which occurs in rats during early
postnatal period up to age of 3-4 weeks after birth [8]. Our

TaBLE 1: Total mercury in whole blood, urine, liver, kidneys, small
intestine, large intestine, and brain of the control pups.

Median Range (min.—max. value)
Whole blood (ug/L) 0.32 0.24-0.51
Urine (ug/L) 0.19 0.1-0.74
Liver (ng/g) 3.56 2.97-4.51
Kidneys (ng/g) 10.1 6.04-12.37
Small intestine (ng/g) 7.58 5.77-9.74
Large intestine (ng/g) 14.2 10.26-15.43
Brain (ng/g) 2.24 1.82-2.63

Total number of animals in the control group was 12, that is, 2 pups in each
litter of the six litters in total.

results show that mercury levels decreased in blood and urine
in a time-dependent manner while mercury mass fractions
in all selected organs remained relatively constant during
six days following the parenteral exposure. The later finding
indicates slow mercury elimination from internal organs.
Other authors described similar findings obtained under
different experimental conditions following administration
of different forms of mercury to neonatal mice or infant
monkeys. In mice, after receiving a single intramuscular
injection of methylmercury or thiomersal (ethylmercury),
mercury levels decreased after seven days in the blood and
were unchanged in the brain [28]. Infant monkeys were
measured three times after exposure to either methylmercury
or thiomersal. The calculated washout (T/;) of total mercury
in the brain was significantly longer than the T/, for total
mercury in the blood, indicating slow mercury elimination
from the brain [29].

In our study, higher mercury retention in internal organs
other than brain when given in inorganic form, and higher
quantities of excreted mercury in urine and in small and large
intestine content when given in organic form of mercury,
shows higher excretion rate of inorganic form of mercury.
On the other hand, higher concentration of mercury given
in organic form in whole blood and the brain points to
higher toxic potential of organic mercury at this early age.
Although the latter results were expected, they also point
to much higher absorption rate of organic mercury and
easier transport into brain mass [30]. Significant differences
between the two mercury-exposed groups in the blood and
the brain at all collection time points (Figure 1) confirmed
our preliminary observation [31, 32] when mercury was
measured in only one sampling point and not determined
in small and large intestine.

Concentrations of mercury in small and large intestine
given as thiomersal, in spite of being lower than those
given as inorganic mercury, show significant enteral mercury
excretion. Such data in rodents have not been revealed in
the literature so far, especially not at this early age. The
latter is in line with finding of increased rate of mercury
excretion in infants’ stool after parenteral administration of
thiomersal during intramuscular vaccination, which lead to
an assumption that ethylmercury might be excreted through
gastrointestinal system [7]. Our finding of high mercury
mass fraction in the small and large intestine of pups
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Ficure 1: Concentrations in whole blood and urine and mass fractions of mercury in organs (kidneys, liver, brain, small intestine, and large
intestine) of suckling rats exposed to mercuric chloride (HgCl,; grey bars) or thiomersal (ethylmercury; white bars). Data are presented
within six days after administration of either form of mercury as means + SD; *statistically significant difference between exposed groups
(at P < 0.05).
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TaBLE 2: Descriptive characteristics and Pearson’s correlation coefficient between two experimental groups of suckling rats exposed to HgCl,
(mercuric chloride) or thiomersal (ethylmercury). Total mercury was measured in whole blood, urine, and tissues (liver, kidneys, small
intestine, large intestine, and brain). Values are presented as ug/L in whole blood and urine, and as yg/g w.w. in the liver, kidneys, small

intestine, large intestine, and brain.

Study group Samples Mean Std. dev. N P value Pearson’s r
HgClL ﬁ\lfhoée 33.2 11.0 18 0.000 0.899
Thiomersal 00 831 257 18

HeCl, Urine 159 9-10 18 0.742 0.089
Thiomersal 2.06 0.95 18

HeCl, Liver 1546 172 18 0.77 0.079
Thiomersal 1251 158 18

HeCl, Kidneys 6938 2896 18 0.746 ~0.088
Thiomersal 1818 253.5 18

HgCl, Small. 369.9 70.76 18 0,51 0.178
Thiomersal Intestine 276.9 4243 18

HgCl, Large. 471.7 134.4 18 0.026 0.554
Thiomersal Intestine 284.5 48.72 18

HgCl Brain 42.7 569 18 0.444 0.206
Thiomersal 72.0 5.48 18

N = Number of rats.

proves that endogenous faecal excretion given in the form
of ethylmercury or thiomersal is an important route of
excretion and it is probably more important than urinary
excretion. This observation was supported by the findings of
about three times lower mercury in the kidney and ten times
lower mercury in urine of thiomersal-exposed compared to
inorganic mercury-exposed pups.

The parallel downward disappearance of mercury from
blood is shown by very high correlation between these two
mercury forms given to animals (Table 2). Other tissues were
either constantly high (kidneys, liver, brain) or even with
tendency of increasing (small and large intestine) during
the six-day sampling period. Correlations between mercury
retention in two experimental groups in other tissues, apart
from blood, were mostly not significant except in large
intestine where a weak significant correlation was found
(Table 2). Such different disposition may be due to easier
transport of organic mercury through cell membranes and
to partial transformation of organic mercury form during
metabolic pathways into inorganic mercury form. It was
reported that a high percentage of total mercury in the brain
was in the form of inorganic mercury for the thiomersal-
exposed infant monkeys [29]. The latter also means that
after entering into brain, a substantial part of ethylmercury is
transformed into inorganic form. Rodrigues and coworkers
[30] recently found by speciation analysis that 48 hours after
oral thiomersal administration to adult rats the predominant
form of mercury in blood was inorganic. In the brain and in
other organs, inorganic mercury was predominant as well.
There are, however, no speciation data in the literature about
the fate of ethylmercury in the brain and other organs given
to very young and undeveloped mammals.

In conclusion, although analytical methods that we used
did not allow discerning between different mercury species,

our experimental design showed that parenterally adminis-
tered mercury in the form of thiomersal during the suckling
period underwent different distribution, retention, and elim-
ination compared to inorganic mercury given under same
experimental conditions. In the case of thiomersal exposure,
mercury retention is evidently higher in the brain, its urinary
excretion is much lower, and enteral excretion is similar
to that of inorganic mercury. Our results contribute to the
evidence on mercury disposition in the early period of life,
comparing in a simple original experimental design the
distribution and retention in the brain and other tissues,
and elimination of two types of mercury: thiomersal and
mercuric chloride mercury. Both mercury forms are present
in real life, including the most vulnerable period of growth
and development. Our findings are in line with the overall
conclusion reached so far in the research initiatives in this
area that more work is still needed to elucidate especially
neurodevelopmental toxic potential of various forms of
mercury and their fate in body in the earliest period of
human life.
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Background. Large-scale poisonings caused by methyl mercury (MeHg) have occurred in Japan (Minamata in the 1950s and Niigata
in the 1960s) and Iraq (in the 1970s). The current WHO neurological risk standard for adult exposure (hair level: 50 ug/g) was
based partly on evidence from Niigata which did not consider any cases who were diagnosed later and/or exposed to low level of
MeHg (hair mercury level less than 50 ug/g). Methods. Early in the Niigata epidemic in June 1965 there were two extensive surveys.
From these two surveys, we examined 103 adults with hair mercury measurement who consulted two medical institutions. We
compared the prevalence and the distribution of neurological signs related to MeHg poisoning between exposure categories. Result.
We found 48 subjects with neurological signs related to MeHg poisoning who had hair mercury concentration less than 50 ug/g.
Among the neurological signs, sensory disturbance of the bilateral distal extremities was observed more frequently, followed by
disequilibrium, hearing impairment, and ataxia, in groups with hair MeHg concentration both below 50 ug/g and over 50 ug/g.
Conclusion. The present study suggests the possibility that exposure to MeHg at levels below the current WHO limits could cause
neurologic signs, in particular, sensory disturbance.

1. Introduction

Large-scale poisonings caused by methyl mercury (MeHg)
have occurred in Japan (Minamata in the 1950s and Niigata
in the 1960s) and Iraq (in the 1970s) [1-3]. These poisonings
provided substantial data regarding the neurologic signs
caused by MeHg: sensory disturbance, ataxia, constriction of
the visual field, speech disturbance, and hearing impairment
[1-7]. In Minamata, the etiologic agent (MeHg) was not
acknowledged until three years after official identification
of the exposed cases (in 1956); thus, there were few
attempts to evaluate the association between MeHg exposure

and neurologic signs (i.e., dose-response relationships).
In contrast, in the settings of Niigata and Iraq, MeHg
was recognized as an etiologic agent in the early phase
of the poisonings [1, 5, 7], which provided the occasions
to examine the dose-response relationships. The findings
from these two poisonings therefore provided significant
insights for World Health Organization (WHO) conclusion
on mercury and health [1, 8].

Indeed, WHO published two reports of Environmental
Health Criteria in 1976 and 1990 based on the findings from
the Japanese and Iraqi outbreaks [1, 8-10]. Then, WHO
concluded that “Certain groups with high fish consumption



may attain a high blood methyl mercury level (about
200 pg/liter, corresponding to 50 ug/g of hair) associated
with a low (5%) risk of neurological damage to adults” [9].
The reports also mentioned that “No adverse effects have
been detected with long-term daily methyl mercury intakes
of 3-7 ug/kg body weight (hair mercury concentrations of
approximately 50-125 ug/g)” [9]. In the process of mak-
ing the conclusion, WHO reports cited publications from
Niigata which mentioned that the mercury content in hair
samples from 30 initial patients, officially certified as having
MeHg poisoning, ranged from 52 ug/g to 570 ug/g [3, 11, 12].
However, the publications did not consider any cases who
were diagnosed later and/or exposed low level of MeHg
(hair mercury level less than 50 ug/g), possibly distorting the
conclusion of WHO.

Early on in the Niigata poisoning in 1965, there were
two extensive surveys of people living along the Agano River
and the adjacent areas, which included assessment of hair
mercury concentration. In the present study, we targeted 103
adults from the surveys and examined whether neurological
signs related to MeHg exposure were observed below hair
mercury concentration of 50 ug/g as well as the distributions
of the neurological signs among the participants. Because
MeHg exposure through fish consumption has attracted
intense public health interest [13], the findings from Niigata
would be valuable.

2. Material and Methods

2.1. Study Areas and Subjects. In Niigata Japan, the first case
of MeHg poisoning was found in January, the second in
April, and the third in May, of 1965. Seven patients were
confirmed before June and all lived around the lower stream
of the Agano River. Their exposure was due to consumption
of fish and shellfish contaminated by MeHg discharged from
a chemical factory (Showa Denko Kanose Factory) located on
the upper reaches of the Agano River [3, 5, 6, 11, 12, 14]. The
total mercury content of fish samples collected in June 1965
from the Agano River was elevated (barbel, 21.0~23.6 ppm;
snakehead mullet, 12.3 ppm; chub, 4.6~8.38 ppm) and one
eel captured near Tsugawa town (a town along the Agano
River) had 41.0 ppm [7].

In June 1965, two surveys were carried out for all officially
registered inhabitants of five administrative districts located
within 15km from the mouth of the river where the seven
patients lived. The administrative districts were composed of
the parts of 2 cities, 2 towns, and one village, consisting of 65
settlements. The first survey was conducted in 6 settlements
where the first 7 patients lived between June 14, 1965 and
June 18, 1965 by medical doctors, interns, and students from
the Niigata University Medical Department. The second
survey was performed between June 21, 1965 and June 24,
1965 by the Niigata Prefecture Sanitation Department in the
remaining 59 settlements of the districts. The second survey
included public health nurses from the prefectural health
centers as well [5, 7, 15].

The sampling process of the study subjects from these
two surveys is shown in Figure 1. In the first survey, 2,813
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inhabitants were interviewed using a standardized question-
naire to determine the extent of their MeHg exposure. The
survey focused on symptoms related to MeHg exposure and
river fish consumption. Subjects with symptoms suggestive
of MeHg exposure were subsequently examined neurologi-
cally. The second survey was done in the same fashion on
19,888 inhabitants of the lower reaches of the Agano River
basin.

From these interviews, 1,386 persons were identified
as being exposed because they had symptoms or findings
suggestive of MeHg exposure; because other family members
had symptoms related to MeHg poisoning; or because they
consumed river fish in large quantities. Subsequently, their
total hair mercury concentration was measured [5, 7]. After
that, in July 1965, Niigata Prefecture restricted the taking of
fish and shellfish on the lower reaches of the Agano River.

Among 1,386 persons, 109 subjects who had symptoms
related to MeHg poisoning as chief complaints voluntarily
consulted at either (or both) of two medical institutions
(Nuttari clinic and Kido hospital) for medical care for the
first time during the period of 1965 to 1986. The two insti-
tutions are medical institutions which have followed MeHg
poisoning cases in Niigata just after the outbreak in 1965,
cooperating with Niigata University. Most of the patients still
consult at either (or both) of the two medical institutions
for medical care. In the present study, we included 103
adults (=20 years old) and considered the neurological
manifestations observed at their first consultation.

2.2. Measurement of MeHg in Hair. The subjects had their
hair collected before the restriction of fish and shellfish
(in July 1965) and were believed to be consuming the
contaminated fish and shellfish when mercury was mea-
sured. The mercury content of hair samples was measured
using 3 different techniques: the Dithizone method, Neutron
Activation Analysis, and Atomic Absorption Spectroscopy at
the Niigata University [5, 7]. We report the values without
any interpolation.

2.3. Measurement of Outcomes (Diagnosis of Neurological
Signs from MeHg Exposure). The 103 subjects were evaluated
using a standard neurological examination by at least two
well-trained physicians including two of the authors in the
present study (T. Sekikawa and H. Saito) between 1965 and
1986. In particular, one of the authors (H. Saito) has been
treating the MeHg poisoning cases since the outbreak in
1965 at the two medical institutions up to the present and
was involved in all of the neurological examinations. Thus,
neurological examination was standardized over the study
period and between the examiners. Data were collected on
neurological signs related to MeHg poisoning, namely, sen-
sory disturbance of the distal extremities, perioral area, and
whole body; ataxia; visual constriction; hearing impairment;
speech disturbance; disequilibrium. However, not all subjects
underwent all neurological tests: data on whole body sensory
disturbance, visual constriction, hearing impairment, speech
disturbance, and disequilibrium were missing for 7, 8, 9,
7, 1 study subjects, respectively. In the previous study in
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(The first survey n = 2813)
(The second survey n = 19888)

Niigata surveys in June, 1965 n = 22701

These are all of the officially registered inhabitants who lived
within about 15km from the mouth of the Agano river

Positive screening if one of the following:

consumed river fish in large quantities;

\ poisoning.
N

1386

! Measurement of hair mercury
I
I
I
I
I

\

had symptoms or findings suggestive of MeHg exposure;

other family members had symptoms related with MeHg

All hair samples were collected before the restriction on 1 *Niigata prefecture restricted the catching of
I
fish consumption from Agano river (July 1, 1965)* ! fish and shellfish from July 1, 1965

n=1277
Persons who did not consult two
medical institutions. It is unknown if
they had signs or symptoms

Subjects who voluntarily consulted

two medical institutions (Nuttari clinic

n =109

suggestive of MeHg poisoning and Kido hospital)
n =103
103 of 109 subjects were adults The present
(=20 years old) in 1965 study

FIGURE 1: Sampling process of the study subjects.

Minamata, it was noted that sensory disturbance of the
bilateral distal extremities could be used as the gold standard
for the diagnosis of Minamata Disease (methyl mercury
poisoning-related neurological disorders) in the exposed
areas [16, 17].

Tactile sensation was estimated using a small paint brush
and pain sensation was tested using a roulette wheel. Visual
fields were examined by confrontation. Hearing impairment
was examined by tuning fork of 512 Hz and a ticking watch.
Speech disturbances were examined by phonation of labial
and lingual sounds. Ataxia was determined by 3 tests; Adi-
adochokinesis, Finger-Nose, and Heel-Knee. Disequilibrium
was tested by 3 tests; Romberg test, Mann test, and standing
on one foot. Mann test is used to investigate the loss of
motor coordination. The procedure is as follows: the subject
stands with both legs on a straight line putting one toenail
behind the heel of the other foot and looks straight ahead
with eyes open and then closes both eyes. The subject repeats
the procedure reversing the positions of his feet. Mann test

is judged positive when the subject sways. For ataxia and
disequilibrium, each test was scored as positive (+), equivocal
(%), or negative (—). If one test in the group was positive that
category was classified as positive. If there were no positives
in the three tests and there was one and over (+) in the
category it was scored as equivocal. When all 3 tests were
negative, the category was classified as negative. When the
categories were classified as positive or equivocal, ataxia and
disequilibrium are scored positive in this study. The subjects
were all examined between June 1965 and July 1986. In
the present study, we examined neurological symptoms and
signs at the first consultation for the two medical institutions
(i.e., the closest findings to the hair mercury measurement of
June, 1965).

3. Analysis

First, we described the demographic characteristics of the
subjects by exposure category (0-<20ug/g, 20-50ug/g,



50-100 pg/g, and >100 pg/g). We then compared the preva-
lence proportions of neurological signs between the exposure
categories. We estimated the adjusted prevalence odds ratios
of exposure using a logistic regression model, employing
the lowest measured category as reference. We adjusted for
age and sex. We also conducted statistical tests for trend.
In a sensitivity analysis, we restricted the subjects whose
hair mercury concentration was measured by the Dithizone
method, which the previous publications from Niigata
adopted, and repeated the same analysis. All confidence
intervals were calculated at the 95% level. PASW software
version 18.0 was used for all analyses.

4. Results

The distribution of the 103 subjects among 1,386 persons
(who were measured mercury concentration) separated by
the exposure category is shown in Table 1. The persons who
had lower level of mercury concentration in hair tended
not to be consulted at the medical institutions. The char-
acteristics of the study subjects separated by the exposure
category are also shown in Table 2. The subjects in the highest
exposure category (>100 ug/g) tended to be younger in 1965,
men, and examined earlier after their signs appeared. About
seven-tenths of the samples (69.9%) were measured using
the Dithizone method, while about one-fourth (25.2%) by
Neutron Activation Analysis, and only 5 samples (4.9%) by
Atomic Absorption Spectroscopy.

Figure 2 and Table 3 show the frequency of neurological
signs related to MeHg poisoning separated by the hair
mercury content group. Distal sensory disturbance of the
bilateral extremities was most frequently detected (95.1%),
followed by disequilibrium (86.3%), hearing impairment
(75.5%), and ataxia (70.9%). Half of the subjects manifested
sensory disturbance of the perioral area (57.3%) and visual
constriction (44.2%). All of the subjects who had a perioral
sensory disturbance had a sensory disturbance of the bilateral
extremities. Even the subjects who had hair mercury levels
less than 50 ug/g had a variety of neurological signs related to
MeHg poisoning.

When we estimated the adjusted prevalence odds ratios
(Table 3), the associations between exposure and neurologi-
cal signs were not apparent because neurological sings were
detected even in the low exposure categories. Statistical dose-
response relationships were not apparent except perioral
sensory disturbance (P =0.04).

Even when we restricted the subjects whose hair mercury
concentration was measured by the Dithizone method, the
28 subjects (Table 2) with hair mercury concentration less
than 50 ug/g had the neurological signs related to MeHg
poisoning.

5. Discussion

In the present study, we examined whether neurological signs
related to MeHg exposure were observed below hair mercury
concentration of 50 ug/g as well as the distributions of the
neurological signs in Niigata, Japan. We then found that
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there were the 48 subjects with hair mercury concentration
less than 50 pg/g had the neurological signs related to MeHg
poisoning, that is, some of the subjects with the typical
neurological signs had hair mercury levels less than 50 ug/g.
Moreover, among the neurological signs, sensory disturbance
of the bilateral distal extremities, disequilibrium, hearing
impairment, and ataxia were observed more frequently.
Although the previous studies conducted in the same
exposed area (Niigata) suggested that the hair mercury
content from the initial patients ranged from 52 ug/g to
570 ug/g [11, 12, 14], the present study provided an addi-
tional finding that the subjects who had similar neurological
signs were detected even among the 48 subjects below hair
mercury concentration of 50 ug/g. Although we do not have
information about the neurological signs of 48 subjects at
survey time (in June 1965), they had a variety of neurological
signs related to MeHg poisoning when we examined. This
is probably because our study included the subjects who
manifested the signs later and who had less severe signs in
the low exposure level compared to the previous studies.
Given the sampling process of the present study (only
7.4% of the hair-mercury-measured subjects) (Figure 1 and
Table 1), there may be a question about inferring that the per-
sons who have hair mercury concentration less than 50 ug/g
really manifest the typical neurological signs induced by
MeHg exposure. However, the notion that persons with the
low level of exposure manifest such neurological signs could
be supported by the following evidence: first, the prevalence
of such typical neurological signs among unexposed popu-
lation is rare (e.g., prevalence of sensory disturbance of the
bilateral distal extremities ranged from 0 to 1.1% [18-22]).
Second, as mentioned, it was noted that sensory disturbance
of the bilateral distal extremities could be used as the gold
standard for the diagnosis of Minamata Disease (methyl
mercury poisoning-related neurological disorders) in the
exposed areas [16, 17]. This evidence was supported by the
findings that sensory disturbance had the lowest threshold
[1]; milder cases only had sensory disturbance [1, 8]; sensory
disturbance was the most persistent neurologic sign [18];
the prevalence of sensory disturbance of the bilateral distal
extremities was low (as mentioned). Therefore, it could be
considered that the subjects in the present study who had
hair mercury concentration less than 50 yg/g manifested the
typical neurological signs because of MeHg exposure.
Moreover, even if we assumed that persons who did not
consult at the medical institutions did not have any typical
neurological signs, the prevalence of the neurological signs
would be still higher than that of general population For
example, 23, 23, 20, and 32 subjects had sensory disturbance
of the bilateral distal extremities in each exposure category
(0-<20, 20-50, 50-100, and >100 ug/g) (Table 3); thus, the
prevalence of the neurological sign was 2.5, 7.5, 22.0, and
52.5% in each category assuming that persons who did not
consult at the medical institutions did not have any typical
neurological signs (Table 1). The prevalence, in particular
in the categories of hair mercury levels less than 50 ug/g, is
still higher than that of general population mentioned above
(0 to 1.1% [18-22]). The present study therefore supports
that long-term exposure to MeHg at levels below the current
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TasLE 1: Distribution of the 103 subjects among 1,386 persons (whose hair mercury concentrations were measured) separated by the
exposure category.

0-<20ug/g 20-50 ug/g 50-100 ug/g >100 pug/g Total
(n =926) (n = 308) (n=91) (n=61) (n = 1386)
Persons who did not consult two medical institutions 901 283 67 26 1277
Subjects in the present study 24+ 1*%(2.7%) 24+ 1(8.1%) 21+3(26.4%) 34+ 1(57.4%) 103+ 6(7.9%)

“Number after the plus sign shows the number of persons younger than 20 years old. Consequently, 103 subjects were included in the present study.
Source: Ministry of Health and Welfare.

TasLE 2: Characteristics of subjects by hair mercury content.

All 0-<20ug/g  20-50ug/g  50-100ug/g >100 ug/g
(n =103) (n=24) (n=24) (n=21) (n=34)
Mean age in years (1965) = SD 44.5+12.9 453 +12.9 44.8 +12.4 49.5+13.1 40.6 £ 12.4
Sex
Men 61 (59.2%) 11 (45.8%)  12(50.0%) 12 (57.1%) 26 (76.5%)
Women 42 (40.8%) 13 (54.2%)  12(50.0%) 9 (42.9%) 8 (23.5%)
Date symptoms began 1964-1973 1964-1973 1964-1970 1964-1972 1964-1971
Mean age in years (+SD) that symptoms began 45.5+12.8 46.0 +12.8  46.5+135 51.4+13.0 40.4 +=10.7
Mean age in years of assessment of neurologic signs = SD  50.7 + 13.0 53.9+124 524125 563117 43.6 + 11.7
Mean hair mercury content + SD (ug/g) 107.6 = 123.1 13.2+45 326 8.5 72.6 £13.9 2488+ 121.4
Hair mercury content (4g/g) (min-max) 4.2-570.0 4.2-19.5 20.5-46.6 56.0-100.0 104.0-570.0
Analysis method of hair mercury (1965)
Dithizone 72 (69.9%) 10 (41.7%) 18 (75.0%) 13 (61.9%) 31 (91.2%)
Neutron activation 26 (25.2%) 13 (54.2%) 6 (25.0%) 5(23.8%) 2 (5.9%)
Atomic absorption 5(4.9%) 1(4.1%) 0 (0%) 3 (14.3%) 1(2.9%)
SD: standard deviation.
100 4 ég;gg !

Frequency of signs (%)
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FIGURE 2: Hair mercury content and frequency of neurological signs. Dis.dom.bil. S.D.: distal dominant bilateral Sensory Disturbance S.D.:
sensory disturbance.



Adjusted PORs* and their 95% C.Ls between mercury content and neurological signs.
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0-<20 ug/g 20-50ug/g 50-100ug/g >100 ug/g P value for trend
(n=24) (n=24) (n=21) (n = 34)
Dis.dom.bil. S.D. 1 (%) 23 (95.8) 23 (95.8) 20 (95.2) 32 (94.1)
PORs and 95% Cls 1 1.0 (0.1, 18.1) 0.6 (0,11.7) 0.7 (0, 10.4) 0.74
Perioral S.D. n (%) 10 (41.7) 12 (50) 16 (76.2) 21 (61.8)
PORs and 95% Cls 1 1.4 (0.5, 4.5) 4.3 (1.2, 16) 2.7 (0.9, 8.3) 0.04
Whole body S.D. n (%) 0(0) 2(8.3) 0(0) 1(3)
PORs and 95% Cls 1 NE NE NE 0.98
Ataxia 1 (%) 17 (70.8) 17 (70.8) 18 (85.7) 27 (79.4)
PORs and 95% Cls 1 1.0 (0.3, 3.8) 2.2 (0.5, 10.5) 2.3 (0.6, 8.9) 0.14
Visual constriction n (%) 11 (45.8) 11 (45.8) 7 (41.2) 13 (43.3)
PORs and 95% Cls 1 1.0 (0.3, 3.5) 0.5 (0.1, 2) 1.1 (0.3, 3.6) 0.89
Hearing impairment » (%) 16 (72.7) 19 (86.4) 15 (78.9) 20 (64.5)
PORs and 95% Cls 1 2.6 (0.5, 13.2) 1.1(0.2,5.1) 0.6 (0.1,2.2) 0.25
Speech disturbance n (%) 3(13) 4(16.7) 4(23.5) 8 (25)
PORs and 95% Cls 1 1.2 (0.2, 6.9) 1.4 (0.2, 8.4) 1.8 (0.4, 8.8) 0.45
Disequilibrium 7 (%) 20 (83.3) 21 (87.5) 16 (80) 31(91.2)
PORs and 95% Cls 1 1.4(0.3,7.1) 0.7 (0.1, 3.4) 1.9 (0.3, 10) 0.66

*Prevalence odds ratios were estimated using 0-20 ppm as a reference and were adjusted for age and sex.
Abbreviations: C.L: confidence interval; Dis.dom.bil.: distal dominant bilateral; NE: not estimatable; POR: prevalence odds ratio.

WHO limits could cause neurologic signs, in particular,
sensory disturbance, which is consistent with the view of
the National Research Council (US) [23] and the previous
studies conducted in Brazil [24] and Minamata [10].

The finding that the dose-response relationship was
observed for perioral sensory disturbance (Table 3) was con-
sistent with the previous study in Minamata [10]. The reason
why the dose-response relationships were not observed for
other neurological sings could be explained by the sampling
process. It is likely that the subjects who did not have the
neurological signs in the lower level of the mercury exposure
did not consult the doctors, probably diminishing the dose-
response relationships.

There is a concern that the hair mercury level measured
in June 1965 may not reflect the peak exposure of the
subjects. However, the hair mercury concentration of the
subjects was measured at the relatively early phase of the
outbreak. In addition, all of the hair samples were collected
before the restriction of fishing; thus, the subjects were
considered to be consuming the contaminated fish (at that
time) and their hair mercury values were thought to be close
to the peak exposure value. Thus, such a concern would not
invalidate our result.

In the present study, a sensory disturbance of the bilateral
distal extremities was most frequently detected (95.1%),
followed by disequilibrium (86.3%), hearing impairment
(75.5%), and ataxia (70.9%). Half of the subjects had sensory
disturbance of the perioral area (57.3%) and visual constric-
tion (44.2%). This tendency that the sensory disturbance
was the most prevalent sign is consistent with the previous
studies in Niigata [25] and Minamata [4] which examined
the prevalence of the neurological signs among the exposed
subjects.

The possible limitation of the present study is that there
were three different methods for hair mercury measurement.

Hoshino et al. [26] measured total mercury content in hair
samples from 3 Niigata Minamata disease patients and their
17 family members by using two techniques (the Neutron
Activation Analysis and the Dithizone Method) and showed
that the values from the two methods were similar. Moreover,
Tsubaki [14] measured same samples by using the Dithizone
Method and Atomic Absorption Analysis, then they showed
that the values were the same between the two methods.
Therefore, the different methods for hair mercury mea-
surement would not explain the present results. Moreover,
restricting the subjects whose hair mercury concentration
was measured by the Dithizone Method did not alter the
results in the sensitivity analysis.

As mentioned, another limitation is the sampling process
of the present study. We could not obtain the information
about health status of the 1277 persons who did not consult
the doctors. This may affect the dose-response relationships
and the obtained prevalence of the neurological signs in
each exposure category. However, this limitation does not
affect the present finding that there were subjects with the
neurological signs related to MeHg poisoning in the exposure
category of hair mercury levels less than 50 ug/g.

6. Conclusions

The present study, conducted in Niigata Japan, showed
that the subjects with the neurological signs related to
MeHg poisoning had hair mercury levels less than 50 ug/g
and suggested the possibility that long-term exposure to
MeHg at levels below the current WHO limits could cause
neurologic signs, in particular, sensory disturbance. Among
the neurological signs, sensory disturbances of bilateral
extremities were the most common. These findings may
provide additional evidence for MeHg toxicity from contam-
inated seafood intake.
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Human oral mucosa is subjected to many noxious stimuli. One of these substances, in those who have restorations, is dental
amalgam which contains mercury. This paper focuses on the local toxic effects of amalgam and mercury from dental restorations.
Components of amalgam may, in rare instances, cause local side effects or allergic reactions referred to as oral lichenoid lesions
(OLLs). OLLs to amalgams are recognised as hypersensitivity reactions to low-level mercury exposure. The use of patch testing
to identify those susceptible from OLL is explored, and recommendations for removing amalgam fillings, when indicated are
outlined. We conclude that evidence does not show that exposure to mercury from amalgam restorations poses a serious health
risk in humans, except for an exceedingly small number of hypersensitivity reactions that are discussed.

1. Introduction

Human oral mucosa is often subjected to many noxious stim-
uli, either hot or cold, acidic or alkaline substances, spiced
or not so spicy foods. Among substance misusers, the oral
mucosa is also in constant contact with tobacco, alcohol,
or other substances taken through the mouth. In people
with restored teeth, one material that is present in signif-
icant amounts is dental amalgam. Mercury is the primary
ingredient incorporated during making an amalgam filling.
This paper focuses on the local toxic effects of amalgam and
mercury from dental restorations with particular reference
to oral lichenoid reactions (lesions) as a result of low-level
mercury exposure.

2. Dental Amalgam

Dental amalgam is an alloy composed of a mixture of
approximately equal parts of liquid mercury and a powder
consisting of silver (~22-32%), tin (~14%), copper (~8%),
and other trace metals, including zinc [1]. Elemental mer-
cury has been used in clinical dentistry since 1830s when

it began to be used in fillings. Dental amalgam now has
been used for well over one hundred and eighty years and
remains the most commonly placed filling material in the
world. Around the 1970s, approximately 22 million amalgam
restorations were placed each year in NHS treatment in
England and Wales [2], though the numbers have declined
recently. On average in a British adult about 7 amalgam
restorations can be found. Amalgam use though is declining;
the main reason is that dental caries rates among school
children and young adults are dropping. Improved alter-
native filling materials are also now available. A recent US
survey, however, showed that 48% of US dentists were using
dental amalgam [3]. Few countries like Sweden, Denmark,
and Germany have restrictions on dental amalgam use, and
Norway has completely banned amalgam. In the rest of the
globe amalgam remains popular because it is strong, durable,
and relatively inexpensive. It is considered a safe material
but despite this concerns over its use remain because of the
continuous low-level release of mercury, a substance which
is known to be toxic [4-8]. Summaries of some selected
research reports concerning amalgam fillings can be found
at http://www.yourhealthbase.com/amalgams.html.



Mercury vapour is released during insertion, conden-
sation, and carving of amalgam. The amount of mercury
in the restoration can be reduced by 6-10% by good
condensation. During later dental interventions such as
polishing a restoration may also result in release of further
mercury. However, for newer amalgams polishing to improve
the surface is no longer required [9], but in older adults with
corroded amalgams this may still be necessary. A similar rise
in mercury vapour occurs during removal of amalgams but
that can be minimised by the use of adequate water coolants
and high speed suction [10].

During the functional life of a restoration, chewing
during eating can release mercury as a vapour or as a salt
dissolved in saliva [11, 12], and studies have shown that
the amount released directly correlates to the amount of
amalgams present and their total surface area [12]. The daily
absorbed dose of mercury from amalgam for the average
individual is low, 1.2 yg by inhaled mercury and 1.5 ug by
ingested mercury [13]. This represents less than of the daily
amount derived from the food and nondental sources and
falls below the threshold allowable or safe intake of mercury
which has recently been reduced to 0.1 microgram/day per
kilogram of body weight [14], but note is made that this EPA
recommendation is mainly based on oral exposure to methyl
mercury [15]. There are concerns, but no current scientific
evidence, that mercury emitted from amalgam fillings may
cause or worsen degenerative diseases such as amyotrophic
lateral sclerosis (ALS), Alzheimer’s disease, multiple sclero-
sis, and Parkinson’s disease. Studies carried out regarding
elemental mercury and cancer in humans are inconclusive
due to lack of valid exposure data and confounding factors.
In summary, the current scientific evidence does not show
that exposure to mercury from amalgam restorations poses a
serious health risk in humans, except for an exceedingly small
number of hypersensitivity reactions [16] that are discussed
below.

3. Reactions of Oral Mucosa to
Mercury and Amalgam

Holmstrup [17] describes 3 distinct reactions to amalgam
fillings in susceptible patients: type IV sensitivity, toxic reac-
tions, and a much rarer phenomenon, acute or generalized
sensitivity, the management of which differs considerably.
These will be discussed separately below.

4. Delayed or Type IV
Hypersensitivity Reactions

The most common reaction to amalgam is the development
of oral lichenoid reactions/lesions (OLRs/OLLs) involv-
ing mucosae in direct contact with amalgam restorations
(Figure 1).

An OLL generally represents a type IV hypersensitivity
reaction [18, 19]. Type IV hypersensitivity is often called a
delayed type of hypersensitivity as the reaction takes a long
period to develop and, in this case, could be months to
years. Unlike the other types, it is not antibody mediated
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FIGURE 1: An oral lichenoid lesion or a toxic reaction on buccal
mucosa found close to a large amalgam restoration. A positive patch
test result to dental materials may confirm this to be an OLL.

but rather is a type of cell-mediated response. Mercury salts
that accumulate in healthy and damaged oral mucosa [20]
will cause this hypersensitivity reaction in only a susceptible
minority of the population with resulting reticular white
patches, papules, plaques, erosions, or ulceration, similar to
that found in oral lichen planus (OLP)—hence the termi-
nology lichenoid. These lesions can be asymptomatic or sore
especially with hot or spicy food. Nonspecific toxic reactions,
not as a result of hypersensitivity, can also manifest as OLL.

Hypersensitivity to dental amalgam is rare and according
to Holmstrup is due to corrosion products of amalgam
restorations, and it seems to be related to mercury in almost
all cases, with only a few cases implicating silver, copper, or
tin [21, 22].

OLLs of the oral mucosa caused by dental amalgam
represent contact allergy. Contact allergies, although a com-
mon entity in skin, are relatively rare in oral mucosa [23].
Prolonged intimate contact of the oral mucosa with amalgam
fillings over a long period, often many years, appears to be
necessary, and in one study the mean age of patients with
OLL was 54.6 years [24]. In order for a contact allergic
reaction to be established, mercury salts and other metal
ions which are leached from amalgam have to penetrate
the epithelial lining and bind with host keratinocyte surface
proteins. In susceptible individuals this results in a cell-
mediated response directed at basal keratinocytes [25-28].
Previous sensitisation of the individual must have occurred.
In the case of mercury, dental amalgam may provide the first
exposure but it may be also through other sources of mercury
including disinfectants, cosmetics, dyes, foods, and vacuum
preservatives [29]. It is possible that this is genetically deter-
mined by the HLA type but little evidence exists at present.

The pathophysiology of type 1 V hypersensitivity is com-
plex. CD8+ cytotoxic T cells and CD4+ helper T cells recog-
nize the antigen (metal elements in this case) in a complex
with either type 1 or 2 major histocompatibility complex.
The antigen-presenting cells normally are macrophages that
secrete interleukins which stimulate the proliferation of fur-
ther CD4+ T cells. These activated cells further induce the
release of other type 1 cytokines, thus mediating the immune
response.
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5. Toxic Reactions

Little is known about toxic reactions to irritants such as
dental amalgam or its constituents but it is thought they can
develop if an irritant substance is in direct contact with the
mucosa over several years. Clinically they resemble OLLs (see
Figure 1) which are caused by hypersensitivity reactions and
can only be differentiated by exclusion based on a negative
patch test [30]. Toxic reactions may be more common in
amalgams with a higher zinc content [31].

6. Clinical Features and Differential Diagnosis

The lesions of OLL resemble those of oral lichen planus
(OLP), and it is therefore necessary to exclude likely OLLs
when making a diagnosis of OLP. While some authors do
not differentiate the two [32, 33], we believe, along with
others [24, 34-37], that the two conditions are distinct. OLP
is a more widespread condition involving many anatomical
sites within the oral cavity (or elsewhere including skin and
genitalia) and distinct from OLL. Both OLP and OLL can
be considered potentially malignant [38, 39]. It is important
for subsequent management to be able to accurately diagnose
each condition.

Typically the clinical presentation in both conditions
can be reticular white patches, papules, or plaques with or
without erosions or ulcerated areas. The clinical diagnosis is
further complicated because similar oral lesions can occur as
a result of drug-related lichenoid reactions or as graft versus
host disease (GVHD), discoid lupus erythematosus (DLE),
and systemic lupus erythematosus (SLE). These conditions
too have a similar clinical appearance. Diagnosis is facilitated
by detailed history, clinical findings, and immunohistological
findings. It is beyond this paper to discuss these other
conditions.

OLLs caused by hypersensitivity to amalgam or its con-
stituents typically have a clear anatomical relationship to the
dental amalgam fillings [24], so they are usually unilateral
and not symmetrical. They are most commonly seen on
the buccal mucosae and tongue where the covering lining
mucosa comes in contact with restorations. The gingivae,
palate, or floor of mouth, being sites further away from
restorations, are rarely affected, and patients almost never
have associated cutaneous symptoms. These clinical features
help to distinguish OLL from OLP and other conditions, but
it can still be difficult for the clinician to make a clear
distinction, if amalgam restorations are widespread in the
mouth.

7. Histopathology

It is common practice to biopsy red and white lesions of
the mouth to aid diagnosis [40] and to exclude dysplasia
[41]. Classical histological features of an OLL are shown in
Figure 2.

In 1973 Pinkus [42] coined the term “lichenoid tissue
reaction” to describe the histological pattern featuring dam-
age to keratinocytes, now referred to as apoptosis, infiltrate of

FIGURE 2: A biopsy taken from a lichenoid lesion. Photomicro-
graphs show oral mucosa covered by stratified squamous epithe-
lium which is atrophic and orthokeratinized. (a) The superficial
lamina propria contains a dense and a well-demarcated lympho-
plasmacytic infiltrate. A perivascular lymphoplasmacytic infiltrate
also present in the deeper lamina propria. (b) There is thickening
of basement membrane region, loss of well-defined basal cell layer,
and frequent keratinocyte apoptosis. Photomicrographs; courtesy
of Prof Edward Odell.

inflammatory cells in the connective tissue which may extend
into the epithelium and keratosis or hyperkeratosis.

He described this histopathological pattern common to
several diseases referred to above rather than a clinical entity.
Since then, further histological features have been identified
by Schiodt to distinguish, for example, oral DLE from OLP
[43], namely, keratin plugging, atrophy of the rete processes,
a deep inflammatory infiltrate, oedema in the lamina pro-
pria, and a thick PAS deposit in the basement membrane
zone. It has also been suggested that a mixed cell subepithelial
infiltrate and a deeper diffuse distribution in lamina propria
can help to distinguish a lichenoid lesion [44].

Distinguishing between OLP and OLL remains a chal-
lenge. A study carried out by Thornhill et al. [24] confirmed
the difficulty of making the distinction between OLL and
OLP on purely histological grounds. Overall the pathologists
were able to distinguish between the two conditions only a
third of the time. Most pathologists report it is either OLP or
OLL.



FiGURE 3: Positive skin reactions in the case illustrated include Row
1: cobalt chloride and balsam of peru, Row 2: nickel sulphate, Row 3:
menthol, methyl methacrylate, palladium chloride, amalgam, and
Row 4: ammoniated mercury

8. Patch Testing

Patch testing may be useful to identify those patients with
suspected hypersensitivity reactions to amalgam or mercury
[24, 45, 46]. However, studies investigating their usefulness
have shown conflicting results [24]. It is likely that these
earlier studies may have failed to clinically distinguish OLP
from OLL when ordering patch testing. The test should be
carried out in a specialist dermatology or oral medicine
centre and is achieved by using commercially available kits
which are typically placed on the skin of the back or fore arm
in wells and held in place for 48 hours with hypoallergenic
adhesive tape. The standard tests take into account that
mercury from amalgam restorations may be in the form of
metal, organic substances, or organic salts. Few patients react
to all three forms. There is no worldwide consensus regarding
the allergens used but generally it is accepted that 5%
amalgam and 1% ammoniated mercury are suitable for
screening [45]. The tests are usually carried out with an
European series and includes other dental materials to screen
for additional allergens.

The test results are generally read at 48 and 72 hours
but evidence has shown that late readings at 10—14 days can
capture previously missed positive reactions [34, 47, 48].

A skin reaction with erythema (Figure 3) and effusion
with possible papulovesicles (eczema reaction) is considered
a positive reaction [46].

Skin testing is preferable to mucosal testing due to a
higher sensitivity and specificity and due to the simpler
procedure [17]. Furthermore, allergen concentration on
mucosa needs to be 5-12 times higher than that to develop
skin reactions [49], and toxic reactions may occur at these
high concentrations [17].

The routine use of patch testing for all patients with
lichen planus like lesions should be avoided as the test itself is
time consuming and may provoke sensitisation in the patient
[50]. Holmstrup [21] lists the basis of patients requiring
allergy testing as

(1) the presence of oral mucosal lesions as lichen planus
Oor mucositis resistant to treatment,
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(2) clear anatomical relationship between oral mucosal
lesions and the suspected restorative material,

(3) lack of symmetry of affected sites.

The anatomical relationship appears to be the most powerful
predictor of an OLL, and studies have shown that 70%
of patients who had strong physical relationship of their
mucosal lesions to amalgam tested positive to amalgam or
ammoniated mercury, contrasting with 3.9% with weakly
associated lesions. Patch tests, however, will not be 100%
reliable as false positives will arise. 3.2% of the general
population appear to be sensitised to dental amalgam or
mercury. False negatives will arise for the minority of toxic
reactions noted to mercury.

9. Resolution of OLL following Removal of
Amalgam Fillings

Although a positive patch test may facilitate diagnosis of
OLL caused by a hypersensitivity reaction, this can only
be proved if resolution occurs after the offending amalgam
has been removed. The resolution or partial resolution of
lichenoid lesions following removal of amalgam restorations
is illustrated in Figure 4. In one study lesions with direct
contact with amalgam responded better when the restoration
was removed than those exceeding the contact zone [51].
Some benefit was noted in 97% of such patients regardless
of the patch test result but complete healing was seen more
often in patients who had a positive patch test [51]. Some
authors found a good response to replacement of amalgams
in patients with the patch test reactions to mercury salts
[20, 34, 36] while others did not [52-54].

Amalgam removal had strongest effect on tongue lesions
[51]. In another study relief of symptoms as early as 2-3 days
after amalgam removal was found but this could take up to 5
weeks [55] or longer [56].

10. Recommendations for Replacement
following Detection of an OLL

(1) OLL should be suspected clinically when

(i) lesions of the buccal mucosa or tongue are unilateral
or not symmetrical,
(ii) lesions are in intimate contact with amalgam fillings,

(iii) lesions fail to heal following treatment.
They are unlikely in combination with

(i) cutaneous lesions,
(ii) desquamative gingivitis.
(2) Patch testing may help with diagnosis of OLL and is

useful to check for sensitivities to other dental materials if
amalgam fillings are to be replaced. We recommend that

(i) patch testing should be carried out in a specialist
centre,
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(b)

F1GURE 4: Illustrations showing resolution or partial resolution of lichenoid lesions following removal of amalgam restorations. All were in
close contact with an amalgam filling. Panel A at the time of detection and Panel B after removal of the offending amalgam restoration.

(ii) products should be placed on the skin rather than
mucosa,

(iii) 5% amalgam, 1% ammoniated mercury are suitable
allergens,

(iv) test results are read late, 10~14 days in addition to
usual 48 hours.

(3) Following a positive patch test, only amalgams in
close contact to OLL should be removed. Placing a rubber
dam during replacement is recommended.

(4) If the patch test is negative but there is a strong clinical
suspicion of an OLL due to amalgam, either the crown can be
covered to avoid amalgam contacting the mucosa or a single
test amalgam can be removed to check healing before other
amalgams are replaced.

11. Acute or Generalized Sensitivity Reactions

Reports on acute or generalized sensitivity reaction to amal-
gam or its constituents are rare. One report stated that
this could occur in susceptible individuals after inhalation
or absorption of mercury vapour, for example, during or
directly after placement of an amalgam filling. Symptoms
include the development of a cutaneous, erythematous,
urticarial rash affecting the face and limbs, usually on the
flexural aspect [17]. These reactions are on the same side of
the body as the dental intervention. Acute mucosal reactions
intraorally are much more rare but may present as vesicles
which rupture to form erosions [57]. Symptoms usually
appear within hours [57-62] of amalgam placement or
removal and typically are self-limiting and resolve over the
course of a few days [61].



The nature of these reactions is not fully understood
but it is thought they may represent type 1 hypersensitivity
reactions [63], and some authors recommend the use of
antihistamine therapy for relief of symptoms [60, 64].

Following an acute reaction, unlike with OLL, existing
amalgams can remain in place and need only be removed if
symptoms persist [44] but alternatives to amalgam should be
chosen for future restorations. If amalgam removal is neces-
sitated, the use of rubber dam and high speed suction and
copious water coolant is recommended and antihistamine
therapy given prior to treatment [56, 60].

For acute reactions, patch testing for amalgam is not
recommended as it is not useful in type I sensitivity.

12. Conclusions

Health policy for amalgams can be based on scientific reports
from many advisory and regulatory bodies. Based on the
guidance given by The Centre for Disease Control (May
2010) [16], at present, there is scant evidence that the health
of the vast majority of people with amalgam is compromised
nor that removing amalgam fillings has a beneficial effect on
health. There is insufficient evidence of a link between dental
mercury and health problems [65], except in rare instances of
an allergic reaction. The WHO highlights the importance of
reporting systems on adverse side effects of dental materials
during dental care [66]. This paper highlights the diagnosis
and clinical findings of contact allergic reactions to mercury
and amalgam. This update should enable dentists to under-
take appropriate measures when patients have a suspected or
proven contact allergy on their oral mucosa to mercury or
other metallic constituents of amalgam.
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Cinnabar, a naturally occurring mercuric sulfide (HgS), has long been used in Chinese mineral medicine for more than 2000
years. Although mercury is well-known for its toxicity, whether cinnabar induces neurotoxicity, especially in infants and children,
is unknown. The purpose of this study was to explore the neurotoxic effects of low-dose of cinnabar (10 mg/kg/day) on
developing mice. The results revealed neurobehavioral defects in F1-C-Cin group, which were associated with Hg accumulation,
increased NO, levels in whole blood, and Na*/K*-ATPase activities in brain tissues. F1- and F2-Cin-V groups were found to
increase brain Hg contents and prominent neurobehavioral defects compared with F1-C-V group, suggesting that the fetal brain
was more susceptible to irreversible effects for cinnabar-induced damage. Moreover, F1- and F2-Cin-Cin groups had severely
neurobehavioral dysfunctions, closely correlated with the further alteration of NO, levels and Na*/K*-ATPase activities than F1-
and F2-C-Cin groups. Effects in F2-Cin-Cin group were more significant than those in F1-Cin-Cin group. In conclusion, this
study demonstrates that exposure to low-dose of cinnabar during the perinatal and developmental stages results in irreversible and
severe injuries of the neurotoxicity in offspring, and NO, and Na*/K*-ATPase activities may exist potential and useful biomarkers

for neurotoxicity-induced by low-doses of mercuric compounds.

1. Introduction

Mercury is a toxic metal that is widespread in the environ-
ment and harmful to human and mammalian. The differ-
ent chemical forms (organic and inorganic) of mercurial
compounds exhibit different degrees of toxicity with effects
including hearing loss, vision disturbance, motor deficits,
and retarded or abnormal walking ability [1, 2]. Cinnabar
(an inorganic mercurial compound) contains more than
95% mercury sulfide (HgS) and has been used for many
thousands of years in traditional Chinese medicine (TCM)
and in Asian and Middle Eastern countries as a sedative and
hypnotic [3-6]. Although cinnabar is supposed to have many
therapeutic properties and is generally disregarded to result

in significant mercury absorption from the gastrointestinal
(G-1) tract following oral administration, its high mercury
content highlights the need for studies on its possible toxic
effects. Various reports have reported that cinnabar can
be absorbed following oral administration at high doses
and accumulated in the brain and other tissues, causing
mercury intoxication [5, 7, 8]. Many studies have reported
that the total amount of mercury accumulated in tissues from
methylmercuric chloride (MeHgCl) was about 5000-fold
higher than that from HgS [9], but that exposure to a high-
dose of cinnabar or HgS (1.0 g/kg/day, for 7 or 14 consecutive
days) was able to cause neurotoxicity, including dysfunction
of the vestibule-ocular reflex (VOR) system, an abnormal
of auditory brainstem response, learning memory deficits,



impairment of spontaneous locomotor activity, and suppres-
sion of compound muscle action potentials (CMAPs), as
has been reported for MeHg [10-12]. Recently, Huang et al.
[13] also reported that long-term exposure to low dose of
cinnabar (10 mg/kg/day, for more than 77 consecutive days)
induced neurotoxicological effects, which were associated
with significant Hg accumulation in the brain. Moreover,
cinnabar-containing TCMs, such as Ba Paul San, which is
used as a sedative and for the management of external
infections in infants and children, have been reported to
contain excess amounts of cinnabar that cause occasional
intoxication in the Chinese population [3, 9, 14]. Therefore,
expectant infants and children exposed to cinnabar may
cause toxic effects because of overdosage and long-term
administration. Nonetheless, available data on the toxicolog-
ical effects and action mechanisms of cinnabar in children at
the perinatal stage exposed to low doses are still insufficient.

Auditory brainstem response (ABR) test, a method to
provide a clear and reliable indicator of hearing function
in the central auditory system, is a useful indicator of
neurotoxicity in body burdens of toxic metals [15, 16]. It has
been demonstrated the significant correlation between the
abnormal ABR test (the hearing loss and the latency of wave
[I and V delayed) and Hg accumulation during prenatal,
postnatal, development, adult stage exposed to mercury or
existed in patients with mercury-contaminated area [2, 17—
20]. In experimental animals, the irreversible loss of hearing
after exposure to chemicals (such as MeHg or cisplatin) has
been reported to be associated with toxicity to the central
auditory system, including auditory loss or damage to the
cochlea [16, 21, 22]. However, possible ototoxic effects of low
dose of cinnabar exposure remain unclear, especially during
the perinatal or developmental periods.

On the other hand, it has been shown that chronic
mercury intoxication is characterized by inhibition of neu-
ronal Na*/K"-ATPase, which is a key enzyme for neuro-
logical function [23, 24]. Na*/K*-ATPase of the neuronal
membranes, which is responsible for the active transport of
sodium and potassium ions in the nervous system, plays a
critical role in the maintenance of cellular ionic homeostasis
and in the physiological function of the inner ear as well as
the nervous system [25, 26]. The inactivation of Na*/K"-
ATPase leads to partial membrane depolarization, which
allows excessive Ca®" entry into neurons with resultant toxic
events similar to excitotoxicity and has been implicated
in pathological and physiological abnormalities and neu-
rodegenerative diseases [26-28]. Recently, the accumulated
evidence has revealed that mercurial compounds specifically
bind to this enzyme and cause cell or organ dysfunction
(10, 21, 22, 29, 30].

Based on these findings, we attempted through this study
to clarify the toxicological effects of low dose of cinnabar
in offspring that were exposed after weaning, only during
the perinatal and weaning stages, or across all these stages.
Subsequently, we verified the working hypothesis that long-
term exposure to low dose of cinnabar induced neurobehav-
ioral abnormalities and central auditory system dysfunction
through interference with Na*/K*-ATPase activities. We,
therefore, examined a low dosage of cinnabar (10 mg/kg/day)
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and a longer duration (7 weeks) of oral application in
mice and then monitored various neurobehavioral effects
(including spontaneous locomotor activities, pentobarbital-
induced sleeping time, and motor equilibrium performance)
and hearing function (by ABR test, a useful parameter
for indicating mercuric compounds-induced oto-toxicity),
followed by analyzing changes in the Hg content and
Na't/K*-ATPase activities of the brain tissues and NO, levels
of whole blood at the end of the treatment.

2. Materials and Methods

2.1. Animal Preparation. Randomly bred, male and female
ICR mice were obtained from the Animal Center of the
College of Medical, National Taiwan University (Taipei,
Taiwan). The protocol was approved by the Institutional
Animal Care and Use Committee (IACUC), and the care
and use of laboratory animals were conducted in accordance
with the guidelines of the Animal Research Committee of
College of Medicine, National Taiwan University. Mice were
housed seven per cage under standard laboratory conditions
at a constant temperature (23 = 2°C), 50 + 20% relative
humidity, given a solid diet and tap water ad libitum
and 12 hrs for light-dark cycles. Mice were acclimatized to
the laboratory conditions prior to the experiments, and
all experiments were carried out between 8:00 AM and
05:00 PM. The adult male and female ICR mice (4~5
weeks old, 22-25g) (breeders of FO and F1 generations)
were randomly assigned to four initial dosing groups and
then were orally gavaged distilled water or 10 mg/kg/day
cinnabar for 4 consecutive weeks before mating, and then
two females were placed per cage with one male breeder
for mating. Gestational day 0 (GD 0) was confirmed by the
presence of a vaginal plug in the morning. At that time,
the female mice with vaginal plugs (dams) were placed
into individual cage form GDO to postnatal day (PND)
21 (lactation period) and then maintained exposure to
cinnabar. Thus, the exclusive route of offspring exposure to
mercury was through maternal milk [31]. At postnatal day
(PND) 0, the offspring newborn mice (pups) were recorded
the number in the litter and randomly selected from different
litters (three or four per litter) and sacrificed after deep
anesthesia by an intraperitoneal injection of pentobarbital
(80 mg/kg), and whole blood samples of the mothers were
collected to eppendorf from an eyehole vessel after light
anesthesia by an intraperitoneal injection of pentobarbital
(50 mg/kg). These samples were analyzed Hg contents. At
PND 21, offspring (pups) within the original dose group
assignment were randomly separated into two groups (seven
per cage, total numbers = 12-15/group) and then orally
gavaged with distilled water or 10 mg/kg/day cinnabar for
7 consecutive weeks, respectively. Figure 1 illustrates the
time course of administration of cinnabar (10 mg/kg/day)
to offspring and distilled water exposure during maternal
gestation and weaning or following weaning. After the end
of experiment, all experimental animals were sacrificed by
decapitation under pentobarbital anesthesia (80 mg/kg, i.p.)
after administration with the vehicle control or cinnabar fed.
Various tissues were quickly removed to liquid nitrogen and
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F1GURE 1: Schedule of oral administration of cinnabar (10 mg/kg/day) to offsprings during maternal gestation, weaning, or after weaning.

stored at —80°C until use. These tissues were analysis of
Nat/K"-ATPase activities (cerebral cortex, cerebellar cortex
and brainstem), nitric oxide levels of whole blood, and
mercury content (whole blood, cerebral cortex, cerebellar
cortex, and brainstem).

2.2. Determination of Mercury Contents. To determine the
Hg concentrations, various tissues (300 mg of whole blood,
cerebral cortex, cerebellar cortex and brainstem or offspring
newborn mice) or cinnabar sample (100 mg) were placed in
a 15 mL polyethylene tube, and 0.4 mL of a 3: 1 mixture of
hydrochloric acid (35%) and nitric acid (70%) was added.
The tubes were capped and allowed to stand overnight at
50 degree oven. After cooling, suitable dilution buffer (0.3%
nitric acid and 0.1% Triton X-100 in distilled water) was
added to the digested material, and the total mercury con-
tent was determined by Inductively Coupled Plasma Mass
Spectrometry (ICP-MS). The detection limit for mercury
was ~0.1 ppb (ug/L). The cinnabar sample used in this study
was composed: 809.3 mg/g of mercury, 1.03 mg/g of sodium,
0.12 mg/g of magnesium, 0.06 mg/g of aluminum, 4.37 mg/g
of potassium, 0.73 mg/g of calcium, 1.05mg/g of barium,
1.05mg/g of Chromium, 1.62 mg/g of iron, 0.05mg/g of
zinc, 0.04 mg/g of selenium, 0.01 mg/g of lead, 0.01 mg/g of
copper, and 0.02 mg/g nickel.

2.3. Spontaneous Locomotor Activity. The mice were orally
administered cinnabar by gavage or distilled water once
every day for 7 consecutive weeks, and the effects on the
spontaneous locomotor activity were measured at end of
7 weeks treatment. In the spontaneous locomotor activity
tests, the experiments were performed during the day (9:00—
18:00). When the drugs were administered by consecutive
oral route, the mice were individually placed in an open

field. A large colorless rectangular box with a metallic grid
floor was used (70 cm wide, 90 cm long and 60 cm high). The
photobeam activity monitors (Tru Scan coulbourn instru-
ments) were used as well as real-time for detecting track-type
plots. Overall pulses were recorded in an electromechanical
counter as a gross measure of activity. Typical application
of X-Y activity recording (floor plane activity) sensory ring
drops over the cage and rests on ring support. Movement
was detected by 16 X 16 infrared photobeam detectors and
transducers set 1.5 cm above the floor of the apparatus and
measured by a PC. Finally, the number of squares crossed
and the plots of tracking were counted during a period of
30 min for all experiments, and quantification of data was by
TruScan 99 software.

2.4. Prolongation of Pentobarbital-Induced Sleeping Time.
In order to investigate the neurotoxic effect of cinnabar-
induced sleep disorder in offspring mice, prolongation of
pentobarbital-induced sleeping time was performed [13, 32].
Briefly, the prolongation of sleeping time was induced by
an intraperitoneal injection of pentobarbital (50 mg/kg) and
recorded the sleeping time from anesthesia to awakening
at end of 7 weeks in the mice with or without cinnabar
administration.

2.5. Motor Equilibrium Performance. The motor equilibrium
performance on a rotating rod is a more complex motor skill
task, which requires both fine motor coordination and pre-
cise postural control and is an useful marker for monitoring
mercurial compounds-induced neurotoxicity [21, 33, 34].
The effect of cinnabar on motor coordination in the separate
groups of the mice was tested using an accelerating rotating
rod treadmill (Ugo Basile; Stoelting Co., Chicago, IL). The
rotating rod was set in motion at a constant speed (60 rpm),



and the mice were placed into individual sections of rotating
rod. Each time an animal fell, it was noted whether the fall
had occurred when it sat still or when it walked. The effect of
drug administration on motor equilibrium performance was
measured once every week.

2.6. Recording of Auditory Brainstem Responses (ABRs). The
mice were administered with distilled water or cinnabar once
every day for 7 consecutive weeks. ABRs were monitored
after administration with cinnabar at end of 7-week treat-
ment. The ABR recording was based on that described by
Huang et al. [21, 34]. Briefly, experimental mice were deep
anesthetized with an intraperitoneal injection of pentobar-
bital (50 mg/kg body weight), keeping the body temperature
by an electric blanket and recording the brainstem evoked
response in a sound attenuated room. Subcutaneous needle
electrodes with active electrodes placed in the vertex and
ipsilateral retro-auricular region and a ground electrode on
the neck of the animal recorded the click-evoked ABR by an
auditory evoked potential system (Nicolet, Spirit, Madison,
WI, USA). Mice were presented with a stimulus intensity
series, which was initiated at 110 dB sound pressure level
(SPL) and reached a minimum of —5 dB SPL. The intensity
of the stimulus was varied in a 5 dB stepwise decrement. Click
stimuli were calibrated with a calibrated B & K precision
sound level meter (duration 100 us, stimulation rate 57.7/s,
and frequency from 0 to 150 Hz). ABR threshold was defined
as the lowest intensity capable of eliciting replicable and
detectable waveforms. The absolute wave and interwave
latencies of ABR waveforms were also recorded at a 105dB
SPL signal intensity. ABR was evoked by clicks in this study
because the click-elicited ABR is a simplified and effective
electrophysiological test to examine the hearing loss induced
by mercurial compounds, and its hearing thresholds would
correlate with the enzyme activities of the brainstem of the
experimental mice.

2.7. Measurement of Nitric Oxide (NO,) Detection. The
quantitative nitric oxide (NOy) assay was based on that
described by Huang et al. [21, 34] and Young et al. [12].
Briefly, the whole blood samples were collected to eppendorf
from an eyehole vessel of the experimental animals after light
anesthesia by an intraperitoneal injection of pentobarbital
(50 mg/kg). To avoid total protein denatured incompletely,
we added 95% ethanol into the eppendorf at 4°C overnight
(12—-16 hrs). Next day, all samples were centrifuged at 4°C for
20 min at 12000 xg. The supernatants of these samples were
collected and assayed by the NO/ozone chemiluminescence
(NO Analyzer 280A SIEVERS) for quantitative NO, levels,
which measured the oxidation products (NO;- and NO3-)
of NO using a reaction vessel containing a reducing system
(0.1 M vanadium chloride, Aldrich Co., Germany). Detec-
tion of NOy is then completed by its reaction with ozone,
which leads to the emission of red light (NO + O3 — NO,*
+ Oy; NO»* —NO; + hv). Standard curves were made
prior to concentration (1, 5, 10, 15, and 20 uM NO), which
were prepared using freshly prepared solutions of NaNO; in
distilled water.

Journal of Biomedicine and Biotechnology

2.8. Na'/K*-ATPase Activity of Brain Tissue. The brain
tissues (cerebral cortex, cerebellar cortex and brainstem)
of the vehicle control and cinnabar treated mice were
acquired and analyzed for Na*/K*-ATPase activity after 7
weeks subsequent cinnabar fed. Membrane Na*/K*-ATPase
activities were assayed as described previously (Huang et
al. [21, 34]). The method allowed for quantification of two
distinct Na*/K*-ATPase and Mg**-ATPase activities in the
same sample. The enzymatic activities were measured in
triplicate in covered 96-well microliter plates at 37 + 0.5°C
on a shaker. Thirty microliters of assay buffer (118 mM
NaCl, 1.67mM KCI, 1.2mM MgCl,, 12.3mM NaHCO;3,
11 mM glucose, 0.5 mM EGTA, PH: 7.4) containing 2 ug of
membrane protein was added to each well. The Na*/K*-
ATPase activity was determined by subtracting the ouabain
(1.25 mM) insensitive Mg?*-ATPase activity from the overall
Na*/K*/Mg?"-ATPase and the assay was started with the
addition of 10 ul of ATP (final concentration 5 mM) making
the final reaction volume of 100 yl. The reaction was termi-
nated after preincubation at 37 + 0.5°C by the addition of
200 ul of malachite green (MG) plus ammonium molybdate
(AM) (3:1). The inorganic phosphate (Pi) released from the
substrate ATP was colorimetrically assayed by a microplate
ELISA reader (Dynatech MR7000, Ashford, Middesex, UK)
at 630 nm. The absorbance values obtained were converted
to activity values by linear regression using a standard curve
of sodium monobasic phosphate that included in the assay
procedure. The specific ATPase activities were expressed as
Pi ymole (micromoles inorganic phosphate) released per mg
protein per hr. Values reported represent mean = SE of at
least three separate experiments.

2.9. Statistical Analysis. The results in the text are given as
mean + standard errors (SE). The significance of difference
was evaluated by the Student’s t-test. When more than
one group was compared with one control, significance
was evaluated according to one-way analysis of variance
(ANOVA) was used for analysis, and the Duncans’s post hoc
test was applied to identify group differences. The P value less
than 0.05 was considered to be significant.

3. Results

3.1. Changes in Litter Number and Levels of Mercury in
Maternal Whole Blood and Offspring at Postnatal Day (PND)
1 following Cinnabar Exposure. As shown in Figure 2, the
mean of the number of offspring per litter whose dam
exposed to low dose of cinnabar (10 mg/kg) was significantly
decreased (12.2 = 0.6 and 10.1 + 0.6 in F1 and F2 generation,
resp.) compared with F1-control group (14.4=0.4). The body
weight of the offspring in groups exposed to low dose of
cinnabar (10 mg/kg) (F1 and F2 generations) at PND 1 was
also significantly lower (1.44 + 0.02 and 1.45 = 0.02 g, resp.)
than in age-matched control (1.63 = 0.02 g). Moreover, the
Hg content of the cinnabar-exposed maternal (dams) whole
blood was 8.1 + 1.2 and 6.3 + 0.4 ppb for FO and F1 dams,
respectively, which was significantly higher than that of the
control (2.0 + 0.3 ppb) (Table 1). Likewise, the Hg content
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FIGURE 2: Decrease of litter number induced by cinnabar. Cinnabar
(10 mg/kg/day) was treated with the dams by oral gavage during
gestation period. Numbers of newborn pups were recorded at
postnatal day 1 (PND 1) as described in the section of Materials and
Methods. All data are presented as mean + S.E. (n = 12—15/group).
*P < 0.05 as compared with F1 control vehicle (F1-C-V) group.

was markedly higher in the cinnabar-exposed pups at PND 1
than in age-matched control (Table 1).

3.2. Mercury Accumulation in the Brain Tissues of Offspring
Mice following Exposure to Cinnabar. To investigate whether
the mercury within cinnabar could be absorbed by the G-
I tract, pass through the blood-brain-barrier (BBB), and
accumulate in the brain, we detected the Hg content of the
cerebral cortex, cerebellar cortex, and brainstem by ICP-MS.
As shown in Table 2, the Hg contents in the cerebral cortex,
cerebellar cortex, and brainstem were slightly increased in
F1- and F2-Cin-V groups (*P < 0.05 as compared with F1-
C-V group (age-matched control)) and markedly increased
in F1-C-Cin group, F1- and F2-Cin-Cin groups, but only
the brainstem of F1-C-Cin group significantly accumulated
Hg than FI- and F2-Cin-Cin groups. Moreover, the Hg
levels of liver and kidney, especially in the kidney, were
also significantly accumulated in F1- and F2-Cin-V groups
(*P < 0.05 as compared with F1-C-V group), and there
were gradually and significantly increased Hg levels in F1-
and F2-Cin-Cin groups more than those in F1-C-Cin group
(*P < 0.05 as compared with F1-C-Cin group).

3.3. Changes in Body Weight, Neurobehavioral
Abnormalities, and Auditory Dysfunction Induced by Low
Dose of Cinnabar in Offspring Mice

3.3.1. Altered Body Weight. As shown in Figure 3, the growth
of mice in both F1- and F2-Cin-V groups (as assessed by the
gain in body weight) was significantly decreased compared
with F1-C-V group (decreased by 12.9 + 1.6% in F1-Cin-V;
8.3 + 2.2% in F2-Cin-V, resp.). However, further decrease in
the continuing exposure to cinnabar for 7 consecutive weeks
(decreased by 12.8 + 2.2% in F1-Cin-Cin group; 10.9 = 1.4%
in F2-Cin-Cin group) was not revealed.

3.3.2. Abnormal Spontaneous Locomotor Activities, Motor
Equilibrium  Performance, and Prolonged Pentobarbital-
Induced Sleeping Time. To investigate neurotoxicity induced
by exposure to low dose of cinnabar in offspring, we
examined spontaneous locomotor activities (a useful method
for detecting the central function of neurotransmission or
motor dysfunction on mercury-induced neurotoxicity [21]
in cinnabar-treated offspring. As shown in Figures 4(a) and
4(b), F1-C-Cin group was revealed to be hypoactive in terms
of its quantitative ambulatory distances and stereotype-1
episodes following exposure to cinnabar (*P < 0.05 as
compared with F1-C-V group). However, those parameters
were significantly increased (hyperactive) in F1-, F2-Cin-
V and F1-, F2-Cin-Cin groups (*P < 0.05 as compared
with F1-C-V group; *P < 0.05 as compared with F1-C-Cin
group), and only F1-Cin-Cin group showed more severely
effects than F1-Cin-V group (¥P < 0.05). In the parameter
of jump (Figure 4(c)), a marked decrease was observed in
F1-C-Cin group (*P < 0.05 as compared with F1-C-V
group). F1- and F2-Cin-V groups were found to show slight
declines in this parameter, which were higher as in F1- and
F2-Cin-Cin groups (¥P < 0.05 as compared with F1- or
F2-Cin-V group, resp.). Meanwhile, the motor equilibrium
performance test of F1-C-Cin and F1- and F2-Cin-Cin
groups showed remarkably decreased retention times on the
rotating rod (*P < 0.05 as compared with F1-C-V group),
with the decrease being especially severe in F2-Cin-Cin group
(%P < 0.05 as compared with F2-Cin-V; P < 0.05 as
compared with F1-C-Cin group) (Figure 4(d)).

In addition, the administration of cinnabar for 7 consec-
utive weeks after weaning (F1-C-Cin group) caused a definite
prolongation of pentobarbital-induced sleeping time, which
was 33.4 + 2.4min compared with 24.4 + 1.0 min in F1-
C-V group (*P < 0.05, Figure 5). However, no significant
increase in the pentobarbital-induced sleeping time was
observed after exposure to cinnabar during the perinatal and
weaning stages (F1- and F2-Cin-C groups). A remarkable
prolongation of sleeping time by pentobarbital-induced
was, however, revealed in F1- and F2-Cin-Cin groups by
continuing exposure to cinnabar for further 7 consecutive
weeks (*P < 0.05 as compared with F1-C-V group; P < 0.05
as compared with F1- or F2-Cin-V group, respectively), and
this was even more significant than that in F1-C-Cin group
(*P < 0.05).

3.3.3. Auditory Dysfunction. To further understand whether
the low dose of cinnabar (10 mg/kg) induced ototoxicity
in offspring, the hearing thresholds were determined using
the ABR test. As shown in Figure 6, the means of hearing
threshold was significantly elevated in F1-C-Cin group
(11.67 = 2.99dB SPL in F1-C-Cin group as compared with
5.00 + 1.60dB SPL in F1-C-V group; *P < 0.05). Both F1-
and F2-Cin-V groups also had hearing thresholds (17.25 +
2.52 and 30.00 = 3.27 dB SPL respectively, as compared with
the F1-C-V group; *P < 0.05), and this effect was found to
be more severe following a further 7 consecutive weeks of
exposure (23.80 + 2.02 and 50.63 + 6.44 dB SPL in the F1-
Cin-Cin and F2-Cin-Cin groups, respectively; *P < 0.05 as
compared with the F1-C-V group; ¥P < 0.05 as compared
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TaBLE 1: Hg contents of dam’s blood and offspring (whole body at PND 1) mice after administration with low dose of cinnabar.

Dam’s (whole blood) Offspring (whole body) Generation
FO (Distilled water) 2.0+0.3 1.8 +0.1 F1-control
F0 (Cinnabar-10mg/kg/day) 8.1=x1.2* 6.3 £0.5* F1-Cinnabar
F1 (Cinnabar-10mg/kg/day)* 6.3 0.4 52+0.2% F2-Cinnabar

At postnatal day 1 (PND 1), the offspring mice (pups) were randomly selected as representatives of their respective litters (four or five per litter). Hg content

was expressed as ng/g of wet-weight and presented as mean + SE.
*P < 0.05 as compared with control group.

TasLE 2: Hg contents of whole blood and brain tissues of offspring mice treated with cinnabar.

Group Cerebral cortex Cerebellar cortex Brainstem Liver Kidney
F1-C-V 3.15+0.17 4.35+0.13 7.26 = 0.31 10.06 = 1.40 29.40 = 1.15
F1-C-Cin 17.56 + 2.10* 22.75 + 1.66* 50.06 + 4.66* 30.55 + 4.96* 99.53 + 6.04*
F1-Cin-V 8.53 +0.08* 8.59 + 0.48* 13.29 + 0.20* 14.36 + 0.98* 43.59 +2.95*
F1-Cin-Cin 19.02 + 2.27%% 34.62 + 0.51 %% 28.88 + 2.68%&% 52.44 + 4.58%&% 182.63 + 39.40%&#
F2-Cin-V 5.73 £ 1.25* 10.36 + 3.72* 8.23 +1.02 19.12 + 3.46* 74.14 = 10.97*
F2-Cin-Cin 13.01 + 0.97%% 26.26 + 2.63%& 27.56 + 3.84%&% 68.80 + 5.70%&* 369.68 + 14.61%%*

Data of Hg content in various tissues were expressed as ng/g of wet-weight and presented as mean = SE (n = 12-15/group).
*P < 0.05 as compared with F1-C-V group; P < 0.05 as compared with F1- or F2-Cin-V group; *P < 0.05 as compared with F1-C-Cin group, respectively.
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FiGure 3: Effects of cinnabar on body weight gain of offspring
mice. After weaning, the offspring mice were randomly selected as
representatives of their respective litters (n = 12—15/group), and
body weights were determined in various experimental groups after
49 consecutively treated days as described in Figure 1. Data are
presented as mean + SE. *P < 0.05 as compared with F1-C-V

group.

with F1- or F2-Cin-V group, respectively; *P < 0.05 as
compared with the F1-C-Cin group). Moreover, the extent of
the elevation of the hearing thresholds was greater in F2-Cin-
Cin group than in F1-Cin-Cin group (P < 0.05; Figure 6(a)).

The absolute wave and interwave latencies of ABR were
also observed to be significantly delayed by low dose of
cinnabar exposed (Figures 6(b) and 6(c)). The mean values
of the absolute latency of wave I and III were unaffected

as compared with the age-matched control group (F1-C-V
group), but those of wave V were increased in all exposed
groups (*P < 0.05 as compared with F1-C-V group; &P <
0.05 as compared with F1- or F2-Cin-V group, respectively),
especially in F2-Cin-Cin group (*P < 0.05 as compared with
F1-C-Cin group). In addition, the interwave latencies of I-V
and III-V, but not that of I-III, were significantly increased
in all exposed groups. In particularly, the III-V interwave of
F2-Cin-Cin group was more markedly increased than that in
F1-Cin-Cin group (P < 0.05; Figure 6(c)).

3.4. Exposure of Offspring Mice to Low Dose of Cinnabar
Caused the Alteration of Nitric Oxide (NO,) Levels in the
Whole Blood and Na*/K*-ATPase Activities in the Brain
Tissues. To examine whether changes in nitric oxide levels
and Na*/K*-ATPase activities were involved in low dose of
cinnabar-induced neurotoxicity in offspring mice, we first
analyzed the nitric oxide (NO,: nitrate plus nitrite) levels
of whole blood by the NO/ozone chemiluminescence. As
shown in Figure 7, NO, levels in the whole blood were
significantly increased in F1- and F2-Cin-V groups (28.8+1.5
and 27.4 + 1.6 uM, respectively; *P < 0.05) as compared
with F1-C-V group (19.9 = 0.8 uM) and even more markedly
increased in F1-C-Cin and F1-Cin-Cin groups (22.4+0.9 uM
and 37.5 + 0.6 uM, resp.; *P < 0.05), particularly in F1-Cin-
Cin group (¥P < 0.05 as compared with F1-Cin-V group;
#P < 0.05 as compared with F1-C-Cin group). Conversely,
there was a decrease the NOy level in F2-Cin-Cin group,
which was more intensively acted as compared with F1-Cin-
Cin group (16.4 + 1.3 mM versus 19.9 = 0.8 mM; P < 0.05;
Figure 7).

Next, we detected Na*/K*"-ATPase enzyme activities of
the brain regions in offspring mice exposed to low dose
of cinnabar for 7 consecutive weeks. As shown in Figure 8,
Na*/K*-ATPase activities in F1-C-Cin group were increased
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FIGURE 4: Changes in locomotor activities and motor equilibrium performance of offspring mice treated with cinnabar. Experimental mice
were treated with cinnabar (10 mg/kg/day) or distilled water as described in Figure 1. Spontaneous locomotor activities (ambulatory distance
(a), stereotypy-1 episodes (b) and Jump (c¢)) and motor equilibrium performance (retention times on rotating rod, 60 rpm (d)) of all groups
were recorded and analyzed as described of Materials and Methods. Data are presented as mean + SE (n = 12-15/group). *P < 0.05
as compared with F1-C-V group; ¥P < 0.05 as compared with F1- or F2-Cin-V group; *P < 0.05 as compared with F1-C-Cin group,

respectively.

in the cerebral and cerebellar cortex (*P < 0.05 as compared
with F1-C-V group). In F1- and F2-Cin-V groups, Na*/K*-
ATPase activities were significantly enhanced in the cerebral
and cerebellar cortex of F1-Cin-V group, but unaffected
that in F2-Cin-V group. In F1- and F2-Cin-Cin groups,
Na*/K*-ATPase activities were altered more intensively with
an increase in the cerebral cortex of both groups and a
decrease in the cerebellar cortex of the F1-Cin-Cin group
and, most notably, an increase in the cerebellar cortex of
the F2-Cin-Cin group (¥P < 0.05 as compared with F1-
or F2-Cin-V group, resp.; *P < 0.05 as compared with F1-
C-Cin group). In the brainstem (the main organ of central
auditory system), Na*/K"-ATPase activities were increased
in F1-C-Cin group and also changed in the mice exposed
during the perinatal and weaning stages (decreased in F1-
Cin-V group; increased in F2-Cin-V group). In F1- and
F2-Cin-Cin groups, there was a gradual but clear increase

in Na*/K*-ATPase activities of the brainstem compared
with F1-C-Cin group. Furthermore, the changes of Na*/K*-
ATPase activities of the brain in F2-Cin-Cin group were more
significant than those observed in F1-Cin-Cin group (P <
0.05; Figure 8).

4. Discussion

Cinnabar has been used as a TCM for the management of
various diseases for more than 2000 years, especially as a
tranquilizer for infants or adults, and is still used in Asia
countries [3, 5, 8]. The reputed insolubility of cinnabar, or its
counterpart HgS, has led to the assumption or disregard that
it is not significantly absorbed from the G-I tract following
oral administration, and thus it is generally considered to
have a low toxicity in vivo. However, many studies have
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FiGUure 5: Prolongation of pentobarbital-induced sleeping time
by cinnabar in offspring mice. Offspring mice were administered
with distilled water or cinnabar (10 mg/kg/day, oral application by
gavage) as described in Figure 1. Sleeping time was measured at the
end of 49 days after weaning as described in Materials and Methods.
Data are presented as mean + S.E. (n = 12-15/group). *P < 0.05
as compared with F1-C-V group; *P < 0.05 as compared with F1-
or F2-Cin-V group; ¥P < 0.05 as compared with F1-C-Cin group,
respectively.

found that mercury content of cinnabar, or HgS, can still
be significantly absorbed from G-I tract, and transported
and accumulated to various tissues after oral administration
at the high dose or sufficient levels in the experimental
animals to induce neurotoxicity [10-12, 22]. Subsequently,
it has been revealed that oral administration of cinnabar
(0.01 g/kg/day) for 11 consecutive weeks produced neurobe-
havioral abnormalities [13]. In addition, many studies have
documented that mercury could be transferred to the fetus
through the placenta and to newborn offspring through
maternal milk, which caused the high level mercury accu-
mulation in brain and the severe deficit of neurobehavioral
and learning disability in offspring [1, 31, 33, 35]. Based on
these findings, we considered that expectant women, infants,
or children might encounter overdoses of cinnabar through
long-term therapy with TCM leading to mercury poison.
Therefore, it was necessary to clarify whether a low dose (an
actual clinical dose of 5-25 mg/kg/day) of cinnabar could
be significantly absorbed from G-I tract and exert its toxic
effects by interfering with the integrity and functional perfor-
mance of the central nervous system (CNS) following expo-
sure during the perinatal and/or developmental periods. To
investigate the extent of Hg absorbed from G-I tract and the
subsequent neurobiological effects of low dose of cinnabar,
we first investigated the effects of cinnabar (10 mg/kg/day)
in offspring exposed to cinnabar during differential devel-
opmental stages. Our results showed that: (1) exposure to
low dose of cinnabar from weaning for 7 consecutive weeks
(F1-C-Cin group) induced neurotoxic responses (Figures 4,
5, and 6) and (2) exposure to cinnabar during the perinatal
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and weaning stages, and then continued exposure for a
further 7 consecutive weeks after weaning (F1- and F2-Cin-
Cin groups) caused more significant abnormalities of spon-
taneous locomotor activities (hyperactivities), disruption of
motor equilibrium performance, prolonged pentobarbital-
induced sleeping time, and dysfunction of the auditory
system (elevated hearing thresholds and delayed absolute
latency of wave V and interwave latencies of -V, III-V),
particularly in F2-Cin-Cin group more severe than F1-Cin-
Cin group, which were accompanied by significant Hg accu-
mulation in the brain regains. The cerebrum and cerebellum
offered several unique advantages as the controlled motor
coordination. If those regions were injuries by toxic insults,
it would induce neurobehavioral abnormalities, such as
hyperactivities in the ambulatory distances and stereotype-
1 episodes of the spontaneous locomotor activities and the
disruption of rotarod performance [21, 36]. Due to this,
our results not only agree with previous findings that the
exposure to low dose mercurial compounds (MeHgCl and/or
mercuric chloride (HgCl,)) for 3 to 7 consecutive weeks
caused hyperactivity and disruption of motor equilibrium
performance and auditory function [21, 34], but also verify
that offspring were much more severe and susceptible to
mercurial compounds-induced neurotoxicological injuries
during the perinatal and/or developmental periods exposed.

Furthermore, results of this study also found that
offspring treated with low dose of cinnabar (F1- and F2-
Cin-Cin groups) exhibited more abnormal prolonged wave
(V) and interwave (I-V and III-V) latencies in the ABR,
indicating an abnormality at a late phase of the ABR at
the higher center (Figure 6(b) and Figure 6(c)), which was
in accordance with the clinical effects of mercury upon the
brainstem auditory pathway of children or the occupational
workers in the mercury contaminated area with a discernible
prolongation of interwave latency I-III and III-V and the
higher levels of Hg accumulation [18, 19, 21, 22]. These
phenomena might be due to the fact that I-V and III-V
interwave latencies relate to the central auditory pathway
of the brainstem, and cinnabar (as well as MeHg) could
be absorbed and passed through the BBB, accumulate in
the brainstem, and cause central neurotoxicity. Moreover,
our results also showed that offspring that were exposed to
low dose of cinnabar only during the perinatal and weaning
stages (in F1- and F2-Cin-V groups) still revealed irreversible
neurotoxicological damage (Figures 4 and 6) despite the
finding that their brain Hg levels (about 30 ppb) were lower
than, or equal to, levels measured in brain tissue from
victims of mercury-contaminated areas or experimental
animals [37-39]. These findings indicate that exposure to
low dose of cinnabar can still be absorbed Hg from the
G-I tract, transported to brain regions where they can
cause dysfunction of the neurobehavioral abnormalities and
auditory system following a continuous long-term exposure
regime of more than 7 consecutive weeks. In addition,
exposure to cinnabar during perinatal and weaning stages
can cause irreversible impairments. It was also observed
through this work that the ABR system may provide a
sensitive and powerful tool for detecting subclinical central
hearing impairment induced by cinnabar.
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Ficure 6: Chronological change of hearing thresholds and the absolute and the interwave latencies of ABRs waveforms in offspring mice
treated with cinnabar. Offspring mice were orally gavaged with either cinnabar (10 mg/kg/day) or distilled water as described in Figure 1.
The hearing thresholds (a), absolute wave (I, III, and V) (b), and the interwave latencies (I-III, I-V, and ITI-V) (c) of ABRs waveforms were
recorded as described in Materials and Methods. Data are presented as mean + SE (n = 12-15/group). *P < 0.05 as compared with F1-C-V
group; ¥P < 0.05 as compared with F1- or F2-Cin-V group; *P < 0.05 as compared with F1-C-Cin group, respectively.

Arito et al. [32] showed that short-term exposure of adult
rat to MeHg (total doses of 10 and 30 mg/kg) led to a marked
sleep disorder (an increase in both slow-wave sleep and
paradoxical sleep in the dark phase, as well as long-lasting
sleep-waking changes) and that was accompanied by high
levels of Hg in the brain. In this study, the results showed that
offspring exposed to low dose of cinnabar (10 mg/kg/day)
for 7 consecutive weeks beginning after weaning (in F1-
C-Cin group) had a significantly prolonged pentobarbital-
induced sleeping time, and this was even more severe in
all experimental stage exposed to low dose of cinnabar,
particularly in F2-Cin-Cin group more than F1-Cin-Cin
group (P < 0.05; Figure 5). These changes were accompanied
by notable Hg accumulation in the brain (Table 2). Thus,
these results suggest that offspring exposed to low dose
of cinnabar during the prenatal and weaning stages and
followed by continued exposure for further 7 consecutive

weeks can suffer disturbances of the sleep-waking pattern (a
severe sleep disorder).

The membrane bound Na*/K*-ATPase is essential for
the generation or maintenance of basic cellular Na* and K*
ion homeostasis and the functioning of specialized tissues,
such as the nervous system. The inhibition of this enzyme
could result in membrane depolarization, leading to the
suppression of neuronal and excitatory transmission [40,
41]. It has been reported that Na'/K*-ATPase activities
are very sensitive totoxic agents, which are the signifi-
cant alteration (increase or inhibition) during mercurial
compounds-induced neurological injuries in vivo or in vitro
especially in brain regions and the cochlear lateral wall,
which is accompanying with the significant increase in
hearing loss [10, 11, 21-23, 42—44]. Furthermore, a recent
study has indicated that low dose and long-term exposure
to MeHgCl and HgCl, in offspring during the prenatal,
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FIGURE 7: Nitric oxide (NOy) levels of the whole blood of offspring
mice treated with cinnabar. Experimental mice were orally gavaged
with cinnabar (10 mg/kg/day) as described in Figure 1. Whole
blood samples were acquired, de-proteinized, and NO, levels were
determined as described in Materials and Methods. All data are
presented as mean + SE (n = 12—15/group). *P < 0.05 as compared
with compared with F1-C-V group; P < 0.05 as compared with F1-
or F2-Cin-V group; *P < 0.05 as compared with F1-C-Cin group,
respectively.

neonatal, and/or postnatal periods cause neurotoxicological
effects, which is accompanied with the marked increase
Nat/K*-ATPase activities in the cerebral cortex, cerebellar
cortex, and brainstem [34]. Nevertheless, an important
role of Na*/K"-ATPase activities in the neurotoxic effects
induced by long-term exposure to low dose of cinnabar
in differential offspring remained unclear. Moreover, nitric
oxide (NO,) is also an important signaling molecule that
not only mediates several physiological functions, including
the regulation of neurotransmission, but also regulates many
pathological processes [45, 46]. NO, plays a crucial factor
in the regulation of Na*/K*-ATPase activities in brain, and
less or excess of NO, production can result in neurotoxicity
[47, 48]. Acute exposure to high-dose of toxic metals has
been indicated to be capable of inhibiting NO, levels in vivo
and in vitro [22, 49, 50]. Recently, accumulated evidence
has reported that the chronic exposure to toxic insults
induces significant alteration of Na*/K*-ATPase activities
in brain accompanied with the whole blood and/or brain
NO, changes [12, 51, 52] and increased or decreased the
whole blood NO levels, which closely correlates with the
exposure to low dose of mercurial compounds-induced
neurotoxicity, has been revealed [13, 21, 34]. Here, our
results demonstrated that Na*/K*-ATPase activities in the
cerebral cortex, cerebellar cortex, and brainstem of offspring
were significantly increased after the administration of a
low dose of cinnabar for 7 consecutive weeks (the F1-C-
Cin group), which were related to the increase of NO,
levels in the whole blood. Furthermore, offspring that
were only exposed during the perinatal and weaning stages
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FiGUure 8: Alteration of Na*/K*-ATPase activities in the brain
tissues of offspring mice treated with cinnabar. Experimental
mice were orally administrated with distilled water or cinnabar
(10 mg/kg/day) as described in Figure 1. Na*/K*-ATPase activities
of the cerebral cortex, cerebellar cortex and brainstem were
determined as described in the section of Materials and Methods.
All data are presented as mean + S.E. (n = 12—15/group). *P < 0.05
as compared with F1-C-V group; P < 0.05 as compared with F1-
or F2-Cin-V group; *P < 0.05 as compared with F1-C-Cin group,
respectively.

(F1- and F2-Cin-V groups) had markedly altered Na*/K*-
ATPase activities in all of the three brain regions tested and
elevated NOj levels in the whole blood, which more severely
changed following further exposure to cinnabar for further
7 consecutive weeks (alterant effect: F2-Cin-Cin > F1-Cin-
Cin group; P < 0.05; Figures 7 and 8). These findings
implicate that cinnabar can alter Na*/K*-ATPase activities
of the brain and NO, levels of the whole blood, which
maybe responsible for inducing the dysfunctions of nervous
(abnormalities of locomotor activities and motor equilib-
rium performance) and central auditory system (elevation
of hearing thresholds, and delay of absolute latency and
interwave latency). In addition, recent studies have suggested
that changes in Na*/K*-ATPase activities and/or NO, levels
could be the useful biochemical markers for chemical-
induced neuronal injuries or subclinical disease, especially
in mercuric compounds-induced neurotoxicity [21, 53, 54].
Based on these suggestions and our findings, we suggest that
Na*/K*-ATPase activities and NO, levels appear to serve as
an important and useful biochemical marker of lower dose
of cinnabar-induced neurotoxicity.

5. Conclusion

In conclusion, our results provide a toxicological basis
for cinnabar-induced neurotoxic and ototoxic effects in
offspring mice, which may be extrapolated to adults and
children exposed to therapeutic dosage in TCM. Changes
in NO, levels and Na"/K"-ATPase activities appear to
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be the underlying mechanism of the toxicological effects
of cinnabar, which may supply an important and useful
biomarker in offspring exposure to low dose and long-term
mercuric compounds-induced neurotoxicity.
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Exposure to mercury is normally assessed by measuring its accumulation in hair, blood or urine. Currently, the biomarkers of
effect that have been proposed for mercurials, such as coproporphyrines or oxidative stress markers, are not sensitive enough and
lack specificity. Selenium and selenoproteins are important targets for mercury and thioredoxin reductase (TrxR) in particular
was shown to be very sensitive to mercury compounds both in vitro and in vivo. In this study we looked into the relation between
the inhibition of thioredoxin reductase (TrxR) activity and histopathological changes caused by exposure to mercurials. Juvenile
zeabra-seabreams were exposed to Hg?* or MeHg for 28 days and histopathological changes were analyzed in the liver and kidney
as well as TrxR activity. Both mercurials caused histopathological changes in liver and kidney, albeit Hg** caused more extensive
and severe lesions. Likewise, both mercurials decreased TrxR activity, being Hg?* a stronger inhibitor. Co-exposure to Hg?* and Se
fully prevented TrxR inhibition in the liver and reduced the severity of lesions in the organ. These results show that upon exposure
to mercurials, histopathological alterations correlate with the level of TrxR activity and point to the potential use of this enzyme as
a biomarker of mercury toxicity.

1. Introduction to high levels of mercurials, hepatocytes are frequently
hypertrophied with large-size vacuoles and widespread areas

Adverse health effects of mercury include neurotoxicity, of necrosis can often be observed [3, 9]. The proximal tubule

nephrotoxicity, cardiotoxicity, teratogenicity and immuno-
toxicity. However, the molecular mechanisms underlying
mercury toxicity remain unclear with detrimental conse-
quences on the development and validation of appropriate
biomarkers of predictive toxic effects. Neurotoxic symptoms
are the most visible aspect of mercury poisoning [1].
Nevertheless, the liver and kidney also accumulate high
amounts of mercurials [2—4] that may impair their regular
functioning. As happens with most xenobiotics, mercury
compounds are mainly metabolized in the liver, where
demethylathion [5, 6] and conjugation with Se [7, 8] or
glutathione can occur [1]. In the liver of animals exposed

is the kidney structure most affected by mercurials; the
cellular changes include swelling of the mitochondrial matrix
and endoplasmatic reticulum, loss of membrane integrity
and eventual cellular necrosis [10]. Nephrotoxicity caused by
to Hg?" accumulation, is well recognized but may also arise
from MeHg exposure [10, 11].

In risk assessment, biomarkers are important tools to
assess the exposure, effect or susceptibility of individuals to
a given xenobiotic. In the case of mercury compounds, only
the use of biomarkers of exposure, such as the determination
of mercury levels in hair [12, 13], blood [14, 15] and urine
[16, 17] is generalized. However, the correlation between



symptoms and Hg levels in hair, blood or urine is not always
evident due to inter-individual variability in susceptibility
to mercury [17] and to the delayed onset of effects that
characterizes mercury poisoning [1]. Mercury toxic effects
are frequently evaluated in humans and animals by conduct-
ing psychological and motor tests to assess the degree of
neurological damage [17-19] although, changes in mental
and motor skills might signify that mercury impairment
of biological functions is already established. Therefore, the
imposing challenge is still to identify a biomarker predictive
of effect for mercury. Coproporphyrines levels and their
excretion pattern in urine were proposed to evaluate early
effects of mercurials [20, 21], but they have not proven to be
a sensitive and useful indicator of mercury toxicity [19] and
its use has been quite limited.

The affinity of mercury to thiol groups (—SH) makes pep-
tides and proteins vulnerable to its presence, especially when
sulfhydryl groups are in the active site of enzymes. Changes
in the activity of several enzymes involved in antioxidant
action, such as glutathione reductase (GR) [22], superoxide
dismutase (SOD) [23], and catalase (CAT) [24] are indicative
of mercury induced oxidative stress. Glutathione depletion
[25, 26], resulting from complexation with mercurials is
also a good but unspecific indicator of mercury effects.
Metallothionine induction [27] is a biochemical change
that has been previously related to mercury exposure.
Nevertheless, these changes are not specific and do not allow
to distinguish mercury related effects in a multi-contaminant
context.

Selenols (-SeH) have a lower pKa than thiols (5.3
versus 8.5) and under physiological conditions are fully
ionized to selenolates (—Se™) and thus are more reactive
and can easily interact with mercury [28]. Selenoenzymes
such as glutathione peroxidases (GPxs) are good targets for
mercury [29-32] but, recently [28], the involvement of the
thioredoxin system-comprising thioredoxin (Trx), the sele-
noenzyme thioredoxin reductase (TrxR) and NADPH-on the
molecular mechanism of mercury toxicity was proven. The
inhibitory effects of mercurials on the thioredoxin system
have been shown both in vitro [28, 33] and in vivo [4, 34, 35].
Thioredoxin reductase is particularly sensitive to mercurials
which results from its highly nucleophylic structure. Reduced
TrxR has two active sites in each homodimer that include
a dithiol in the FAD domain and a selenolthiol in the
interface domain [34, 36]. By contrast, the homologous
enzyme GR, which differs from TrxR by lacking Se in
the C-terminal active site, is not inhibited in the presence
of mercury compounds [4, 28]. Given the importance of
the TrxR and the thioredoxin system to several cellular
functions such as protein repair and regulation of the cellular
cycle [36], we hypothesize that TrxR inhibition might be a
key mechanism by which mercury toxicity develops. Thus,
this work investigates the incidence of histopathological
changes in the liver and kidney of zeabra-seabreams and
its correlation with the decrease in TrxR activity caused by
MeHg or Hg?" exposure. The influence of Se co-exposure
and post-exposure treatment on enzyme activity and on the
alterations observed is also discussed.

Journal of Biomedicine and Biotechnology

2. Materials and Methods

2.1. In Vivo Assays. Zeabra-seabreams (Diplodus cervinus),
were used as a model. This species is easy to handle in
captivity and, since the organs of fishes are similar to those
of mammals, they constitute a good alternative to rodents
as a model [37]. A total of 63 fishes were divided into 6
experimental groups: control (C; n = 12); selenium (Se,
provided as sodium selenite; n = 9); exposure to Hg?"
(Hgll; n = 12); exposure to MeHg (MeHg; n = 12); co-
exposure to Hg?" and Se (HgSe; n = 12); co-exposure to
MeHg and Se (MeHgSe; n = 12). Juvenile zeabra-seabreams
were kept in tanks at a density of 2.5g of fish per liter.
Oxygen saturation, in water was kept close to 100% and
ammonia and pH were kept within normal limits. Exposure
concentrations were set at 2 ug L™! for both Hg?" and MeHg
and at 10ugL~! for Se. Exposure lasted 28 days and was
followed by 14 days of depuration. During the depuration,
fishes from Hgll and MeHg groups were divided into two
sub-groups, one kept in clean water and the other one kept
in water supplemented with Se (HgRSe and MeHgRSe). The
experiment was described in detail in Branco et al. [34].

2.2. Organ Collection. Sampling of fish took place at days 14,
28 and 42 (hereafter referred as d14, d28 and d42). Three
fishes were taken from each group at each sampling day.
The liver and kidney were collected and rinsed with 0.9%
NaCl. Sub-samples of these organs (were immediately fixed
in 10% neutral buffered formalin (diluted in 10% salt water)
for histopathological observation and the remaining organs
frozen at —80°C until analysis.

2.3. Histopathology Analysis. Following fixation in 10% neu-
tral buffered formalin, samples were washed with distilled
water and dehydrated in a progressive series of ethanol,
embedded in paraffin and then cut into 3 ym thick sec-
tions further stained with Harris haematoxylin (Merck)
and counterstained with Eosin (Merck) according to the
standard method described by Lillie and Fullmer [39].
Histopathological observations were carried out by using a
Olympus BX 51light microscope linked to a digital camera
(Olympus DP-20).

The Organ Damage Index (ODI) was calculated for each
exposure group at d28 and d42 according to the formula:

4
ODI = > Pi x No, (1)

n=1

where Pi is the pathological importance factor following the
proposal of Bernet et al. [38] for a given organ lesion (OL)
observed in the number of fishes (N) tested at each time-
point.

2.4. Total Protein Determination. Organ samples were ho-
mogenized with a glass mortar and Teflon pestle in TE buffer
(pH 7.5) containing a protease inhibitor cocktail (Roche),
followed by centrifugation for 7 min at 12,000 rpm and 4°C.
The pellet was discarded and supernatants used for enzyme
activity assays. The total amount of protein in samples
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FiGure 1: Histopathological observations in the liver of Diplodus cervinus after 28 days of exposure. (a) control group: section of polygonal
hepatocytes cords (bar = 50 um); (b) exposure to Hg?": extensive necrosis with congestion of sinusoids and pigment deposition (pd), nuclear
hypercromatose (nhc), picnotic nucleus (pn) and cytolysis (cy) (bar = 50 ym); (c) exposure to MeHg: extensive cytoplasmic degenerative
vacuolization (cdv) with large, smooth-edged vacuoles (v) (bar = 50 yum); (d) co-exposure to MeHg and Se: focal coagulative necrosis (cn)

associated to blood congestion (arrowhead) (bar = 200 ym).

was determined in the supernatant fraction by measuring
absorption at 595nm in a microplate reader, according to
Bradford [40], using Coomassie Brilliant Blue G-250 dye
(Bio-Rad). Concentration of protein was quantified by using
a calibration curve prepared by sequential dilution of a BSA
standard solution.

2.5. Thioredoxin Reductase Activity. The activity of TrxR was
determined using the insulin reduction endpoint assay pro-
posed by Arnér and Holmgren [41]. Samples were incubated
with TE buffer, fully reduced human Trx (3uM; IMCO
Corp. Sweden), insulin (0.3 mM), NADPH (2.5 mM), EDTA
(2.5mM) and HEPES (85 mM; pH 7.6) for 20 min at room
temperature. Control wells containing the same mixture
but without added Trx were simultaneously prepared. After
incubation, the reaction was stopped by adding 250 uL of a
1 mM DTNB solution in 6 M guanidine-HCl and absorbance
at 412 nm was measured in a microplate reader.

2.6. Glutathione Reductase Activity. For GR activity, super-
natants were incubated in 96-well plates with phosphate

buffer (100mM; pH 7.0), NADPH (1 mM), and GSSG
(200 uM). The reaction was monitored for 5min at 30°Cina
microplate reader and the decrease in absorption at 340 nm,
resulting from NADPH oxidation was registered [42].

2.7. Statistical Analysis. Differences between groups were
assessed by computing the Mann-Whitney test for indepen-
dent samples. Differences were considered significant at a P
value below 0.05 [43].

3. Results and Discussion

3.1. Liver Histopathology. Fish dissection showed that the
liver of fishes from MeHg and HglI groups had softer consis-
tency, when compared with the C group. No lesions or alter-
ations were observed in the liver of controls (Figure 1(a)).
The liver of fishes exposed for 28 days to MeHg and Hg?"
showed signs of hepatocyte alterations, namely, degenerative
cytoplasm alterations, architectural pattern changes, loss of
typical polygonal cell shape and undefined cell limits. Addi-
tionally, vacuolar degeneration with lateral migration of the
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Ficure 2: Histopathological observations in the kidney of Diplodus cervinus after 28 days of exposure to Hg?*. (a) control group: posterior
kidney section (bar = 50 um); (b) exposure to Hg?": posterior kidney section showing a massive necrosis area (nec) and cytolysis (cy) (bar =
200 ym). (c) exposure to Hg?": occlusion of the tubular lumen (otl) (bar = 50 ym).

nuclei, hydropic degeneration (Figure 1(b)), vacuolization
within the hepatocytes with lipid-type vacuoles, which can
be infiltrated fats, and appearance of some typical globular
bodies may result from an increase in the lipid, water and/or
glycogen content [3]. Hypertrophied hepatocytes were also
disseminated at the parenchyma in fish from both HglI and
MeHg groups, which is in good agreement with alterations
described in the literature [3, 44, 45]. Liver extensive focal
necrosis associated to congestion and pigments deposition
was observed in two fishes belonging to the HgII group
(Figure 1(c)). The MeHg group displayed three cases of little
focal liver necrosis. During exposure to both mercurials
the type of lesions was the same, but the necrotic lesions
observed in the liver of fishes exposed to Hg?** were more pre-
dominant and severe, leading to higher ODI values (Table 1).
Despite the fact that, the accumulation of Hg?" was lower
than MeHg (Table2), the ODI was higher. This result
contrasts with the observations by Ribeiro et al. [45] where
Hg?* failed to cause any significant liver change in the
artic charr, in comparison to MeHg. However, it should be

stressed that Ribeiro et al. [45], used oral administration of
mercurials with food and in those circumstances Hg?", is
much less absorbed in the GI tract than MeHg [1]. Although
fishes from HgSe and MeHgSe groups (Figure 1(d)) showed
at d28 the same kind of lesions observed in fish exposed only
to mercurials (i.e, focal cellular vacuolization, megalocytic
hepatocytes focal necrosis and congestion of the hepatic
parenchyma), these lesions were observed side by side with
normal cells.

After the depuration phase at d42, fish exposed to mer-
curials still exhibited extensive coagulative necrotic changes.
Hypertrophy of the hepatocytes was clear in the parenchyma
outside necrotic areas. Fishes depurating in water containing
Se presented the same type of necrotic lesion although liver
parenchyma beyond the necrotic zones appeared normal,
resulting in a lower ODI than the index attained by fishes
depurating in clean water (Table 1).

3.2. Kidney Histopathology. Kidney changes observed in
fish exposed to both mercurials at days 28 and 42 were
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Ficure 3: Enzymatic activities in liver and kidney of zeabra-seabreams exposed to mercurials and co-exposed to mercurials and Se (subset
of results from a study previously reported in Branco et al. [34]). Exposure lasted 28 days and was followed by 14 days of depuration in clean
or Se-supplemented water. (a) TrxR activity in the liver of seabreams exposed to Hg?* and co-exposed to Hg** and Se; (b) TrxR activity in
the liver of seabreams exposed to MeHg and co-exposed to MeHg and Se; (c) TrxR and GR activities in the kidney of seabreams exposed to
Hg?" and co-exposed to Hg?" and Se; (d) TrxR and GR activities in the kidney of seabreams exposed to MeHg and co-exposed to MeHg and
Se. GR activity in the liver did not show significant variation and was not represented to improve clarity.

vacuolar and hydropic degeneration of tubular epithelium
and pigment deposits around the tubules. Comparatively,
posterior kidney is quite more susceptible to Hg?* which
was evidenced by larger necrosis areas (Figure 2(b)) and
occlusion of the tubular lumen with eosinophilic material
(Figure 2(c)). Co-exposure to MeHg and Se seemed to
delay the appearance of the more severe lesions in the
kidney (Table 1). Co-exposure to Hg?* and Se decreased the
detrimental effects of mercury at the end of the depuration
period (Table 1). This decrease in renal toxicity does not
reflect a decrease in mercury concentration (Table 2) but
instead it might be related to the formation of inorganic inert
complexes.

3.3. Enzymatic Activities. The activity of TrxR in the liver
and kidney of zeabra-seabreams is shown in Figure 3. In the
liver, TrxR activity was decreased by 52% at d14 (P < 0.05;
Figure 3(a)) during Hg?" exposure, while in the case of
MeHg, the inhibition was only observed by d28 (P < 0.05;
Figure 3(b)). As previously shown and discussed [28, 34, 36]
Hg?* is a stronger inhibitor of TrxR than MeHg. Recovery

of TrxR activity was complete at the end of depuration
and was not influenced by Se supplementation during this
period (data not shown). Co-exposure to Se besides reducing
the ODI index, clearly prevented the inhibitory effect of
Hg?* over TrxR activity, that is, activity levels do not differ
significantly from the control (P > 0.05; Figure 3(a)), but was
not effective over MeHg inhibition (Figure 3(b)) whose toxic
effects seem to be increased by Se. In vitro experiments also
confirmed that the co-exposure to MeHg and Se increased
the detrimental effects over the TrxR activity [34]. At the
same time it was shown that Se can remove Hg?" bound to
the selenolthiol in the active site of TrxR restoring activity
while MeHg showed no displacement from the active site
[34]. Further studies to fully elucidate the contradictory role
of Se in the presence of different mercury species are being
conducted.

In the kidney, TrxR activity was significantly affected
(P < 0.05) both in HgII (42% inhibition) and MeHg (62%
inhibition) groups at d14 and the inhibitory effect remained
throughout the entire experiment (Figures 3(c) and 3(d)).
Selenium showed no protective effect during co-exposure or



on the recovery of TrxR activity during the depuration phase.
As we have previously suggested [36], the protective Se over
TrxR is organ specific and might be related to both the Se: Hg
ratio and the capacity of selenoenzyme expression within
the organ. In the liver, besides higher Se:Hg ratios [36] the
level of selenoenzymes expression is assumed to be higher
[44]. It should be stressed that, albeit TrxR activity did not
recover, the citotoxic effects of MeHg decreased with Se co-
administration in part due to the lower MeHg accumulation
in both organs, liver and kidney, which reflected in the
ODI values (Table 2). Since TrxR presents a high affinity for
mercurials, any available mercury will primarily bound the
selenolthiol of its active site and therefore it is normal that
the inhibition of TrxR is observed in cases where cito-/organ
toxicity is largely decreased (Table 1).

For the HgIl group possible explanations for the
decreased renal toxicity in the presence of Se include the
formation of inorganic inert complexes and the participation
of Se in antioxidant in cellular pathways. GR activity was not
inhibited in the liver (results not shown) or in the kidney
(P > 0.05; Figures 3(c) and 3(d)) in any group. On the con-
trary, the slight increase of GR activity seems to be a compen-
sation mechanism for the loss of antioxidant protection pro-
vided by TrxR. Moreover, the fact that GR is homologous to
TrxR, but lacks the Sec residue in the active site, reinforces the
importance of TrxR active site as a main target for mercurials.

4. Conclusions

Mercury effects have been evaluated using different types
of biomarkers. However, these are normally non-specific or
are not predictive of toxicity but, instead, correspond to
manifestations of toxicity itself. The thioredoxin system is
responsible for several key cellular functions that range from
anti-oxidant defense to regulation of the cellular cycle [33]
and loss of activity will result in apoptosis [46]. Mercury
(II) was shown to be a stronger inhibitor of TrxR than
MeHg and also produced the most extensive array of organ
lesions (Table 1). Also, when zeabra-seabreams were co-
exposed to Se and Hg?" the severity of the lesions in the
liver decreased while TrxR activity was kept at normal levels.
In the cases of exposure to Hg?" and MeHg, although
we observed full recovery of the activity of TrxR in the
liver following depuration, the histopathological lesions
reversion was not significant. Possibly, cellular mechanisms
downstream of the thioredoxin system were affected to such
a degree that recovery of TrxR activity does not reflect in
an immediate organ recovery and time will be needed to
replace damaged cellular structures. Overall, this work shows
that the strong inhibition of TrxR activity is related with
the histopathological alterations displayed in the liver and
kidney of seabreams indicating the potential use of TrxR as
a biomarker of effect of mercury toxicity.
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Mercury is added to the biosphere by anthropogenic activities raising the question of whether changes in the human chromatin,
induced by mercury, in a parental generation could allow adaptation of their descendants to mercury. We review the history
of Andean mining since pre-Hispanic times in Huancavelica, Peru. Despite the persistent degradation of the biosphere today,
no overt signs of mercury toxicity could be discerned in present day inhabitants. However, mercury is especially toxic to the
autonomic nervous system (ANS). We, therefore, tested ANS function and biologic rhythms, under the control of the ANS, in 5
Huancavelicans and examined the metal content in their hair. Mercury levels varied from none to 1.014 ppm, significantly less than
accepted standards. This was confirmed by microfocused synchrotron X-ray fluorescence analysis. Biologic rhythms were abnormal
and hair growth rate per year, also under ANS control, was reduced (P < 0.001). Thus, evidence of mercury’s toxicity in ANS
function was found without other signs of intoxication. Our findings are consistent with the hypothesis of partial transgenerational
inheritance of tolerance to mercury in Huancavelica, Peru. This would generally benefit survival in the Anthropocene, the man-
made world, we now live in.

1. Introduction

The largest mercury processing in the Western Hemi-
sphere was in Huancavelica in the Peruvian Andes, now
a town of 30,000 people situated at 3676 m altitude. The
extensive mercury deposits have been mined since pre-
Hispanic times, they are just above the present town at
~4000 m. Although the mine closed 30 years ago, mining
continues on small scales. The legacy of 500 years of
mercury mining is now found in the city trenches and
waterways [1], which are lined with mercury but this
legacy is less evident in today’s inhabitants of Huancavel-
ica.

2. Historical Aspects

Mining is a dangerous, unhealthy occupation but nowhere
was it more health threatening than in Colonial South
America, especially in Huancavelica.

The widespread ecological impacts of mining in the
Andes such as landscape destruction and pollution through
the introduction of mercury and other toxicants into the
biosphere were overshadowed by the population shifts to the
then sparsely inhabited highlands. There, the challenges of
survival in the ambient hypoxia of altitude, at which mining
generally occurs in the Andes, were added to the deleterious
health effects of mining.



In 1928, Carlos Monge of Lima, Peru, described chronic
mountain sickness (CMS) in a native miner from Cerro de
Pasco, a mining town in Peru situated at 4338 m above sea
level [2]. This syndrome is attributed to ambient hypoxia. It
occurs in high altitude natives (hypoxia adapted individuals)
who for, as yet, unknown reasons lose their adaptation to
their hypoxic homeland. Recently, CMS was found to be
associated with deranged expression of hypoxia-related genes
[3]. In colonial times, less so now, mining required heavy
physical labor which predisposes to CMS. The toxicity of
mercury, when added to the stress of inescapable hypoxia at
high altitude and the dangers to health and predisposition to
injury of mining in colonial Huancavelica, earned the mine
the infamous reputation as the “mina de la muerte” (the
mine of death) [4].

Because of its importance to the Spanish economy,
mercury killed thousands of Andeans. Prior to the conquest,
the locals used the Huancavelica cinnabar (mercury sulfide,
HgS) deposits for body paint and cosmetics for their women.
But, after the Spanish arrival, the lord of the local Angaraes
people betrayed the cinnabar deposits to Amador de Cabrera
in 1563. The riches of the deposits enticed newly arriving
colonists to stake claims begin mining cinnabar, and distill
mercury which they then sold to Mexico’s silver refineries.
Demand for mercury increased when the silver mines at
Potosi began using mercury to amalgamate the ores in 1570
[4].

Francisco de Toledo, a Spanish viceroy, arrived in Peru in
1569. He expropriated the Huancavelica mine. According to
the new law the subsoil now belonged to the crown which
granted its use to miners upon payment of taxes.

Under the new rules the Huancavelica treasury con-
tracted with former claim holders to keep the mine oper-
ating, setting the amount of mercury to be produced and
the price to be paid. The mercury was then resold to silver
miners, at a profit [4].

A change in the production of silver which required mer-
cury for amalgamation of the ore increased the demand for
labor in the mines. Toledo committed the colonial govern-
ment to provide adequate manpower for the mercury pro-
ducers. To do this, he copied Inca rules which required adult
males to take turns on public projects called a “mit’a” (turn)
and ordered neighboring provinces to send 900 “mitayos.”
This number was increased to 3280 in 1577 [5]. The popu-
lation in the surrounding areas decreased because of disease
and the demands of the mita. This forced the government to
reduce the size of the mita to 620 by 1645 and expand the area
from which mitayos were committed into the labor force [4].
Mitayos received a low wage but served only for 2 months at
a time, taken here as evidence for governmental awareness of
the devastating health effects of mercury mining.

Huancavelica became notorious as a dangerous work-
place by the late 16th century and the Spanish crown received
reports that the mita was abusive, unchristian, and unhealthy
[6]. The high altitude of the mine added the stresses of ambi-
ent hypoxia, extreme temperatures and harsh weather to the
hazards of mining, such as landslides and tunnel collapse. By
1600 the reputation of the Huancavelica mine as the “mine
of death” was well deserved. The Franciscan Miguel Agia, in
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favor of the continuation of the mita, admitted that work in
the mine was equivalent “to sending [Indians] to die.” And
the “protector” of Indians Damian de Jeria likened the tunnel
of the mine to a “public slaughterhouse” [7]. Luis de Velasco,
another viceroy, wrote to the king about the health aspects of
the Huancavelica mine in 1600:

These quicksilver ores, when they extract them in
the mines, they give out a dust that enters itself
into the Indians as they breath and settles in the
chest, of such evil quality, that it causes them a dry
cough and light fever and at the end death without
repair, because the doctors have it for an incurable
evil.

He wanted to close the mine but because of its economic
importance, he pleaded for guidance from the crown [8, 9].
De Jeria wrote to the viceroy that although the mitayos had
committed no crimes they were forced to endure conditions
worse than those imposed on criminals in prisons and
galleys. He argued that Huancavelica mining will eventually
cause economic collapse because its continuance, costing so
many lives of so many Indians... that which may be lost
from not producing mercury is gained in the conservation
of the Indians, for without them there will be neither
quicksilver, nor silver, nor the common good, nor Peru
[7].

By 1630, the Count of Chinchén, then viceroy, wrote to
the king about the mita:

It is a most terrible matter because a free,
innocent, defenseless, poor and afflicted people are
condemned to a notorious risk of death their fear
of the mita was such that trustworthy people who
have seen it have reported to me that they take
these miserable Indians by force against all their
will from their houses and take them in iron collars
and chains more than 100 leagues to put them
in this risk... and from this has resulted their
own mothers maiming and crippling their sons to
preserve them [10].

Pick-men and ore carriers developed silicosis (deposition
of dust and silica particles in the lungs) rapidly because
of enormous dust levels in the mine, but this also affected
work in other mines. In Huancavelica, additionally, mercury
killed by its inhalation. The miners remained in the mine
throughout the week with little opportunity to wash. After
returning to their huts, they transferred the dust to their
living quarters and contaminated their families by prolong-
ing exposure and mercury absorption through the skin and
food.

The symptoms of mercury poisoning were known to the
workers who called it the “Huancavelica sickness” or the “evil
of Huancavelica.” Although the usual treatment for poisoned
miners was bloodletting to put “their bodily humors back
into balance,” this increased their susceptibility to intercur-
rent illnesses. Eventually the graves of mitayos were said to
contain puddles of mercury after their bodies decayed [4, 7].
The threat of mercury poisoning was even greater to those
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who worked the ovens to heat the ore and extract the mer-
cury as the vapors cooled. And Indians were made to open
the ovens before they had completely cooled to increase mer-
cury extraction by reloading them with fresh ore. This prac-
tice enhanced their exposure to the toxic mercury vapors [4].

Those rendered unable to work because of mercury
poisoning were known as azogados (azogue = quicksilver).
The symptoms were easily recognized. Weight loss, tremors,
excessive salivation, ulcers of the mouth, restlessness, anemia,
and eventually severe depression which often lead to alco-
holism. Many miners had to be fed by their relatives because
of the violent tremors which could not be controlled to bring
food to their mouths.

The Prince of Santo Buono (viceroy 1716-1720) urged
the abolition of the mita. Although initially rejected by
the crown and the Council of the Indies it was finally
approved on humanitarian grounds. By 1740 the mining
guild began using blasting powder to dislodge the ore. Skilled
miners were now able to stand and swing sledge hammers
in the mining shafts which, by now, had acquired improved
ventilation.

Ulloa, governor of Huancavelica, wrote in 1760 [11] that
miners were now free of mercury intoxication because the
ore contained so little quicksilver but poisoning still occurred
at the ovens when workers failed to let them cool completely
before reloading them.

The miners had useful remedies for the symptoms of
mercury poisoning. Ulloa reported that azogados descended
to warmer lowlands, drank huge amounts of chicha, a beer
made from maize, worked very hard in the fields, and
“sweated” out the mercury. The documented improvement
was, likely, due to the diuretic effect of the beer which
expelled the mercury concentrated in the kidneys. After some
weeks of heavy drinking and hard physical labor the shakes,
excessive salivation and mouth ulcers disappeared and some
miners returned to work in the Huancavelica mine.

Although the mine was especially deadly because of
its mercury, most Spaniards at that time thought that the
Indians were destined to die anyway if this was necessary
to obtain the metal. Camargo wrote to the king in 1595
[12]:

They are barbarous people and without knowledge
of God; in their lands they are only occupied
in idolatries and drunkenness and other vices of
great filthiness. .. These people going to work the
mines first seems to me a service to God and to
your Holy Catholic Royal Majesty and for the
good of the natural Indians themselves, because
the mines they teach them doctrine and make
them hear mass and they deal with Spaniards
by which they become ladinos [Hispanicized]. . ..
losing their barbarity, and they have no place for
the idolatries of their lands by being outside of
those sites where they do them and being occupied,
which is the principal thing.

Camargo affirmed his “great desire to [also] die in the
service of Your Holy Catholic Royal Majesty” [4].

Some improvements in health occurred with new mining
methods but these failed to take into account the huge
pollution of the biosphere of Huancavelica which persists to
the present. The refining ovens were along the river where
the escaping vapors settled on the ground, in the water, and
blew across town depositing mercury on everything. These
vapors were converted into methyl mercury by bacterial
activity which then easily entered the food chain and which
is especially injurious to the nervous system.

3. Epidemics of Mercury Poisoning

Outbreaks of mercury poisoning have occurred sporadically
in more recent times. They were often associated with
industrial pollution. These outbreaks were traced to methyl
mercury, the highly toxic form of mercury [13]. The
best-described mass poisoning occurred in Minamata Bay,
Japan, in the 1950s [14]. But intoxications restricted to
single families due to ingestion of mercury with longterm
consequences have also been reported [15].

Mercury poisoning in infants (pink disease, also known
as acrodynia) associated with the use of teething powders
containing mercury, especially in England and Australia,
has been eliminated by the removal of the metal from
these remedies. Clinical features of acrodynia, were auto-
nomic “hyperactivity” characterized by acral vasodilatation,
excessive sweating and tachycardia. Pain, paresthesias, and
hypotonia allowed the assumption of characteristic postures
by the affected infants [16]. These symptoms reflect the
especially injurious effects of mercury on the autonomic
nervous system (ANS). The link between mercury and
acrodynia is complex. The syndrome has not been found
in recent epidemics of mercury poisoning in Japan, but it
reemerged in an epidemic of methyl mercury (used as a
fungicide) poisoning employed for the sterilization of diapers
in Argentinean babies (for review see [16]).

4. Mercury in Human Hair

Mercury compounds occur in the environment and their
levels are rising due to anthropogenic activities, especially the
burning of fossil fuels. Coal contains large amounts of mer-
cury, which is released into the atmosphere upon burning
and it is then transported, possibly, around the globe. Even
low concentrations of mercury can cause subclinical effects
[17], and slightly increased levels of mercury in hair are
associated with decreased academic performance [18]. The
World Health Organization (WHO) places the level at which
toxicity occurs at 50 ppm of mercury in hair and advises that
healthy people should have no more than 5 ppm of mercury
in their hair. However, normal mercury levels in hair are
difficult to come by because they are dependent on the
amount and type of fish eaten, on location (especially where
the environmental mercury burden may be high) on the
sampling methods, and on analytical methods [19]. Thus,
in populations that have been exposed to high burdens of
mercury for centuries, like those in Huancavelica, the effects
of such exposure are difficult to assess.



5. Hair: Biologic Aspects

Hair is renewed throughout life; it has a well-defined
variability in growth influenced by diet, age, blood flow
to the skin, and hormonal and metabolic signals which
are, ultimately, regulated by the ANS. But hair also reflects
biologic rhythms because of clock-like signals that affect its
growth through the intermediary of the ANS [20].

Recurrent circa-annual periods of slow and fast rhythms
in the hydrogen isotope ratios of human and animal hair
can be recognized. Using power spectral analysis of the ratios
along the length of the hairs can reveal the effects of life at
altitude and toxin accumulation on biologic rhythms [21].

Here we report a study of hydrogen isotope ratios in the
hair and of heart rate variability in the same residents of
Huancavelica, Peru, to assess their biologic rhythms and ANS
function. We carried out this study to determine whether
centuries of ancestral and present exposure to increased
mercury in the biosphere could affect ANS function and give
evidence for continuing deleterious effects on the health in
modern Huancavelica residents.

6. Results

The demographics of the 5 subjects and mercury and copper
levels in their hair are given in Table 1. Because the length
of the hair reflects the duration of the stored information
on biologic rhythms, our study was confined to women
who generally have longer hair. The mercury levels varied
from none detectable to 1.041 ppm. We confirmed these
very low levels in the hair from two Huancavelica subjects
using the X26A hard X-ray microprobe at the Brookhaven
synchrotron. No detectable mercury in single hairs from each
subject was reported by the X-ray microprobe.

To strengthen our conclusions about the surprisingly low
mercury levels in the hair in Huancavelica residents we used
a control from the USA.

In Table 1 cold vapor atomic absorption spectrometry
was used to measure total mercury (organic + inorganic) and
inductively coupled plasma-atomic emission spectrometry
for the other element (one sample was misplaced by the
analytical company performing the assays no values for Hg
are available; here labeled lost).

To assess the impact of individual metals on the hydrogen
isotope ratios of low frequency/high frequency (LF/HF)
power bands, a measure of ANS control of biologic rhythms,
we constructed “impact graphs” shown in Figure 1. These
power bands were affected by both copper and mercury levels
in the hair clearly separating the LF and HF power according
to mercury and copper levels.

The annual growth rate reported for normal human hair
is ~16 cm/year [21]. In our controls (n = 4) as determined
from the sinusoidal variation in hydrogen isotope ratios
in our samples from the USA and Europe, it was 14.2 +
3.7 SD cm/year. The growth rate of hair from Huancavelica
(n =5) was 6.4 + 1.7 SD cm/year (P < 0.001) (Figure 2).

The standard deviation of the variance of the power
spectra of the hydrogen isotope ratios between controls from
other parts of the world and that from Huancavelica is shown
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TABLE 1: Analyses of metals in hair from control and subjects in
Huancavelica, Peru.

Sample ID Cu (mg/K) Hg(ug/L) Hg (mg/Kg) (ppm)
Control age 82 3.72 0.673 0.002
Number 1 age 26 29.0 ND ND
Number 2 age 26 8.86 6.23 0.129
Number 3 age 36 9.68 90.9 1.041
Number 4 age 48 7.48 lost lost
Number 5 age 53 5.29 2.73 0.058
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FiGure 1: The high-frequency/low-frequency power bands of the
hydrogen isotope ratios along the hair reflect the control by the
autonomic nervous system (ANS) of biologic rhythms. Hg and Cu
both influence the power bands. Note that Cu is associated with
low-HF power of the spectra of the hydrogen isotope ratios along
the length of the hairs.

in Figure 3. Remarkably, this variance is significantly less in
Huancavelica residents (P = 0.01).

Pooling of hydrogen isotope power spectra from Huan-
cavelica and control hair is shown in Figure 4. The only
statistically significant difference between these spectra is in
the low-power frequencies (P < 0.05), though the power of
high frequencies appears also to be less (NS).

The annual growth rates of hair can be shown to occur
in fast and slow periods of weekly cycles (Figure 5). The
shorter fast period, and very prolonged slow period which
correspond to the rest phase of hair growth, are consistent
with the reduced annual hair growth in Huancavelica
residents.

We compared the power spectra derived from heart rate
variability with those obtained from the hydrogen isotope
ratios in the hair, in the same subjects (Figure 6). The
low- and high-power frequency bands are of comparable
length but, not surprisingly, the spectral power is different
because of the different time scales—heart rate variability in
milliseconds, hydrogen isotope ratios in days.
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FIGURE 2: Growth rates of human scalp hair from different locales
and from Huancavelica (Hg). Significantly slower yearly growth
(~6 cm/year) is evident in modern residents of Huancavelica.
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FIGURE 3: Box plots showing the variance (standard deviation;
STD) of hydrogen isotope ratios along the length of the hair
in Huancavelica residents (1) and controls (0). The statistically
significant reduced variance in Hg exposed individuals (P = 0.01)
signifies deranged biologic rhythms with significant reduction of
variance in the system’s control by the autonomic nervous system.

Because of the complexity of the interactions between
mercury and biologic rhythms as derived from hydrogen
isotope ratios along the length of the hairs we used fractal
analysis to illustrate the differences between those living in a
mercury-polluted environment and a control (Figure 7).

These results are consistent with severe dysfunction of the
ANS evidenced also by the reduced annual hair growth in
Huancavelica residents.

7. Discussion

The most famous mercury poisoned character was the
“Mad Hatter,” the one from the Mad Tea Party in Alice in
Wonderland. He was partner to the March Hare, mad as only
a March hare can be (though the hare was not poisoned by
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FIGURE 4: Pooled power spectra derived from hydrogen isotope
ratios. There is statistically significant less low power (P < 0.05) in
the mercury (Hg) spectrum (red) derived from Huancavelica hair.
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FIGURE 5: Fast and slow periods of hair growth in weekly cycles. The
hairs from Huancavelica (Hg) show a shorter fast period and very
prolonged slow period which correspond to the rest phase of hair
growth.

mercury). Lewis Carroll created the characters. However, the
phrases “mad as a hatter” and “mad as a March hare” were in
common use in 1837, well before the publication of Alice in
Wonderland in 1865.

Hatters did go mad because felt used for making hats
was cured by mercurious nitrate and the mercury vapors
inhaled by hatters gave them the characteristic symptoms
reported also by azogados (quicksilver poisoned miners
from Huancavelica) centuries earlier who noted the shakes,
hallucinations, and psychosis as found in hatters centuries
later.

Mercury was used in Europe throughout medieval times
for medicinal purposes or as mercury sulphide, an ingredient
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lengths but the spectral power appears different (NS) (“stacked”
averaged spectra from all subjects). Red line hydrogen isotope
ratios; green line heart rate variability (RR intervals). Spectral
power, on the y-axis, is hydrogen isotope ratios (right) and RR
intervals (left).

of the bright red ink used by scribes in monasteries. Increased
levels were found in medieval bones of those who had either
employed it for the treatment of leprosy or syphilis, or with
increased occupational exposure such as pharmacists [22].

Mercury is a neurotoxin but its damaging effects on
humans are unpredictable and dependent, in part, on its
chemical speciation and interactions with other metals in the
environment and in the diet. Organic mercury which is the
primary source of mercury exposure is principally derived
from the diet.

Huancavelica is listed amongst the ten most polluted
places in the world [1] and despite its listing, our measure-
ment of mercury levels in the hair of current Huancavelica
residents was noticeably low (Table 1) and, clinically, Huan-
cavelica residents showed no signs of mercury poisoning as
recorded in hatters and azogados centuries earlier. However,
measurements of mercury levels in the hair are not good
indicators of mercury’s toxicity. While levels of mercury can
be accurately measured in the blood, the hair has no blood
supply and the levels derived from hair represent metabolism
over time and reflect the chronobiology of the individuals
rather than the blood levels of this metal. In modern times,
hair is also frequently washed with shampoos and dried with
hair driers; these manipulations can add or remove mercury
and thus compound the difficulties of assaying the mercury
levels in the hair [23].

Here we show that people living in a heavily mercury-
polluted environment, in Huancavelica, may have acceptable
mercury levels, by international standards, in their hair and
no overt clinical symptoms of intoxication. Nevertheless, the
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effects of mercury exposure are evident from the reduced
rate of hair growth and disturbed biologic rhythms in
these people. Taken together these findings give unequivocal
evidence of the toxicity of mercury to the human autonomic
nervous system the most vulnerable part of the nervous
system to mercury’s damage, in modern Huancavelica, Peru.

The high-frequency/low-frequency (HF/LF) ratios are
measures of the control by the autonomic nervous system
(ANS) of biologic rhythms [21]. We find that Hg and Cu
both affected the power bands of the HF and LE. Mercury
does interact with other metals to produce its effect on bio-
logic rhythms in Huancavelica and such interactions might
account for the unpredictable effects of Hg on individual
physiology in other parts of the world too (Figure 1).

The growth rate of human scalp hair is variable but
on average ~16 cm/year. The growth rate of hair in Huan-
cavelica is significantly reduced compared to our controls.
We suggest that the altered biologic rhythms in modern
Huancavelica residents may have contributed to this failure
to renew the hair at an appropriate rate (Figure 2).

The standard deviation of the variance of the power
spectra of the hydrogen isotope ratios along the length of
the hairs between our controls from other parts of the
world and that from Huancavelica is shown in Figure 3.
This variance is significantly less in Huancavelica residents
(P = 0.01). Normal rhythmic oscillations in biology are
marked by high variability (large variances); less variability
degrades performance of the system [24]. The reduction
in variance we observed is yet another expression of the
deranged biologic rhythms in our Huancavelica subjects.

The low-frequency peak of the power spectra reflects
primarily the sympathetic nervous system’s control of auto-
nomic variability. A decrease or absence of this peak in
heart rate variability and in the power spectra derived from
hydrogen isotope ratios in the hair in the same individuals is
seen in ANS diseases such as pure autonomic failure (PAF),
manifested by widespread failure of sympathetic nervous
system function [21]. Our identification of significant reduc-
tion in low-frequency power in the hydrogen isotope ratios
in Huancavelica subjects (Figure 4) further supports ANS
impairment in these individuals.

Long-term rhythms recurring at weekly, monthly, or
yearly intervals are well known in animal and human
physiology. The recurring annual fast periods reflect growth
while the slow periods reflect the rest stages in hair growth.
The shortened fast period rhythms in Huancavelica residents’
hair (Figure 5) are in keeping with the reduced hair growth
rate and further support the altered ANS function (and
biologic rhythms) in these people.

To confirm our findings from hydrogen isotope derived
biologic rhythms, we measured heart rate variability using
2 minutes of recording of cardiac action (~150 heart beats)
in the same subjects (Figure 6). Averaged power spectra
showed comparable durations of low- and high-frequency
bands and spectral power did not differ significantly. We
have previously shown that spectra obtained from human
heart rate variability were comparable to those derived from
power spectra obtained from hydrogen isotope ratios in the
hair and from growth lines from teeth [25]. Our results
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FIGURE 7: Mandelbrot sets showing the complex interactions between Hg and biologic rhythms. Notable is the lack of structural features in
the sets derived from all Huancavelica residents in keeping with the lack of variability found in the power spectra derived from the hydrogen

isotope ratios of the same individuals (see Figure 3).

confirmed that biologic rhythms as gleaned from power
spectral analysis reflected the pulsing of life, the varying
rhtymicity of physiologic functions even when the ANS
has been affected by disease or mercury as in Huancavelica
residents.

Fractals are evident throughout nature. They reflect
recurrent relations at each point in a space. They can show
complex natural phenomena in graphic form such as ice
crystals on a window pane and the intricate contours of
mountains and ridges, and river branching. In biology they
illustrate the 3/4 scaling of metabolism with body size,
the complexity of heart rate control, of blood circulation,
growth, development, and lifespan [26]. The term fractal
was introduced by Benoit Mandelbrot in 1982. Here we used
Mandelbrot fractal sets to show the complex relationships
between Hg, its effects on the ANS’s control of human
biologic rhythms, and the variability of hydrogen isotope
ratios along the length of the hair in our subjects (Figure 7).
The fractals derived from all Huancavelica subjects clearly
reflect derangement in biologic rhtymicity and the lack of
variance which characterizes their exposure to Hg, support-
ing our contention of continuing influence of this metal on
human life in modern Huancavelica.

Taken together our results show that survival in a heavily,
mercury, polluted environment is possible without overt
signs of mercury intoxications such as those found during
mercury epidemics of the past or in miners during the Span-
ish exploitation of Peru’s mineral riches. Nevertheless, careful
analyses of the function of the most mercury vulnerable part

of the nervous system gives evidence of continued effects in
contemporaneous Huancavelica residents.

How can we reconcile the clear evidence of Hg’s effects
on biologic rhythms and ANS function with the unexpected
low levels of the metal in the hair of these same individuals
and their apparent lack of overt signs of intoxication? First,
there is the fact that Hg in hair is a poor indicator of
its possible toxic effects. Secondly, we propose a parallel
between how human height and life expectancy increase in a
short span of ~300 years after the industrial revolution [27].
This well-documented phenomenon has been explained by
several contributing factors such as technological advances
and physiological adaptation [28].

The history of mining in the high Andes is replete
with anecdotes of how technical advances in the extraction
of ores improved miners’ survival [11] and at the same
time, in Huancavelica, increased the yield of Hg extraction.
While the cause of the shortened lifespan in Huancavelica
miners remained a mystery for long, nevertheless, the miners
themselves devised useful adaptations which allowed them
to return to work after total incapacitation, extending
their lifespan [11]. Just like in the early years of the
industrial revolution in Europe, improved health, better
nutrition through obtaining the means of continuing to
work, increased productivity of the mines and of the miners
themselves, implied greater resilience, increase in longevity,
and improved fertility in the high Andes. Human genetic
potentials that could produce drastic changes in the relatively
short span of 12-15 generations in Europeans during



the industrial revolution may also have been operative in the
mining towns of the high Andes for more than 500 years. The
Andean miners had the opportunity to adapt to enormous
environmental pollution and now their descendants tolerate,
relatively, but not entirely, unscathed, the persistent Hg
in the Huancavelica biosphere. Nevertheless, our multilevel
analyses clearly showed that even 21 generations is insuf-
ficient for complete adaptation to the horrendous mercury
pollution.

How could such adaptation have occurred? We pro-
pose that an experimental model may have recently been
described in fruit flies [29]. The microbiome, the symbiotic
bacteria in the gut of the flies, profoundly affected their
physiology. The molecular mechanisms that underlie the
interactions of gut bacteria with their host are beginning to
be unraveled in the flies [29].

In humans the microbiome is also closely linked to
physiology and disease. Mercury resistant bacteria have been
well recognized [30]. Since one route of entry of mercury in
humans is through the gut, the microbiome might be the first
to encounter the toxin and the bacteria adapt to increasing
levels of ingested mercury. The survival of a functioning
microbiome in the human gut like in the flies [29] is, in
turn, closely linked to the survival of the host. Adaptation
over a period of some 500 years to enormous environ-
mental mercury loads in Huancavelica may have ultimately
been the results of bacterial (microbiome) adaptation to
mercury.

For this proposal it is necessary to invoke so-called
transgenerational effects. These have been found in humans
and animals [31]. In Sweden, for example, the nutritional
and smoking habits of paternal grandparents could influ-
ence the health of their grandchildren and in Australia
the mercury sensitivity of paternal grandparents who had
pink disease as infants, affected their grandchildren [32].
This hypothesis is eminently testable in contemporaneous
Huancavelica residents.

A third possible explanation is found in the theory
of tolerance to disease or to environmental stressors such
as toxins [33]. This theory has the most support from
infectious diseases, where tolerance to bacterial invaders has
been shown to offer evolutionary advantages by avoiding
the costly means to eliminate the infectious agents. In
this setting, tolerance to invaders offers a defense strategy
that favors survival in heavily contaminated surroundings.
Similarly, cellular responses to stress can offer survival
advantages in stressful environments such as the hypoxia
of altitude or excessive heat by inducing reactive oxygen
species (ROS) or activating numerous heat-shock proteins,
respectively.

Resistance and tolerance are thought to be complimen-
tary strategies for living [33] also in heavily polluted envi-
ronments such as in Huancavelica. Analyzing the molecular
pathways which allow relatively normal survival in a heavily
mercury, polluted environment after five hundred years
of mercury exposure may offer insights into strategies of
coping with the climate and environmental changes wrought
by the anthropocene, the man-made world, we now live
in.
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8. Materials and Methods

The ethics committee of the New Mexico Health Enhance-
ment and Marathon Clinics (NMHEMC) Research Foun-
dation reviewed and approved the study. Informed written
consent was obtained from all participants.

The hair was obtained from five Huancavelica females.

8.1. Study Limitations. This was a field study, and as such
suffers from limitations common to such studies such as
small number of subjects, poor adherence to study protocols,
and low number of controls. Nevertheless, wherever statis-
tical analyses were possible these were performed and gave
clear and meaningful results. (See Text S1 in Supplementary
Material available online at doi:10.1155/2012/472858).

8.2. Microfocused Synchrotron X-Ray Fluorescence Analyses.
Microfocused synchrotron X-ray fluorescence analyses were
performed at beamline X26A at the National Synchrotron
Light Source, Brookhaven National Laboratory, Upton, NY,
USA. Beamline X26A utilizes a bending magnet source on
the NSLS 2.8 GeV electron storage ring, which operates at a
current of 300 mA. For these experiments a monochromatic
X-ray beam was used, monochromatized using a Si(111)
channel-cut monochromator and tuned to an incident beam
energy of 12.5keV. The beam was focused to a spot size
of 5um in the vertical x 8ym in the horizontal using a
pair of dynamically bent, grazing-incidence mirrors, each
100 mm long, arranged in a Kirkpatrick-Baez (KB) geometry.
X-ray fluorescence from the human hairs was measured
using a combined set of three energy dispersive detectors;
a Canberra 9-element HPGe array detector placed 90° to
the incident beam within the plane of the storage ring to
minimize backgrounds from Compton scattering. The other
two detectors are single element Radiant Vortex-EX silicon
drift diode detectors also at 90° to the incident beam, but
each sitting 45° above and below the plane of the storage
ring, respectively. The 9-element HPGe array provides an
active area of 900 mm? and each silicon drift diode detector
has an active area of 50 mm?2. All eleven detector elements
are integrated simultaneously using the XMap series of
compact PCI-based digital spectrometers produced by X-ray
Instrumentation Associates (XIA) interfaced through EPICS
and controlled through in-house client software written in
IDL. Incident beam intensity was monitored using an ion-
chamber upstream of the focusing optics and all images
were corrected for changes in incident beam flux through
normalization to the change in ion-chamber counts over
time.

8.3. Hydrogen Isotope Ratios. Hydrogen isotope ratios were
determined using the continuous-flow high-temperature-
reduction technique [34]. Hair was wrapped in silver foil and
placed into the combustion chamber of a mass spectrometer
using a Carlo Erba AS 200-LS autosampler. Three mm long
sections of hair were sampled beginning at the proximal end.
The stable isotopic compositions of low-mass elements such
as hydrogen are reported as “delta” (P) values in parts per
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thousand (%o). P values are calculated as follows: in (%o) =
(R sample/R standard — 1) 1000, where “R” is the ratio
of the heavy to the light isotope in the sample. The stable
isotope standard for hydrogen is reported relative to the
Standard Mean Ocean Water (SMOW). Isotope composition
is reported in relation to this standard which has been
defined as 0%o [33].

8.4. Heart Rate Intervals. These were obtained from 2 minute
EKG recordings using standard leads. Approximately 150
RR intervals were measured for each subject. The statistical
analysis was similar to that used for the hydrogen isotope
power spectra analysis (see below) and the frequency bands
were identical to those chosen for the hydrogen isotope bands
of the power spectra derived from the hair of the same
subject.

8.5. Mandelbrot Sets. Data derived from each hair were
entered into the Mandelbrot set-online generator by Dawid
Makiela (http://www.Mandelbrot.ovh.org/)

X,: mercury content; Y;: low-frequency/high-frequency
ratio of power spectrum; X,: elemental content (Cu); Ys:
total power of low, mid- and high frequencies; X: total
low power; Y: total high power; R: sum of low, mid, and
high frequencies of the power spectrum obtained from the
hydrogen isotope ratios along the length of each hair.

The functions were Z,41 = Z2 + Zy. Maximum number
of iterations was 100.

To strengthen our conclusions about biologic rhythms
derived from the hair in Huancavelica residents we used
an aged control from the USA. The variance of biologic
rhythms decreases with advancing age [35] thus an old
control subject, US resident, should serve better as a standard
for comparison to the biologic rhythms derived from the hair
of young mercury exposed subjects from Huancavelica.

8.6. Statistical Methods. In order to determine the relation-
ship between metals in hair and the hydrogen isotope spectra
in hair, we computed Pearson and Spearman correlations
of each metal with measures of the spectra. The log-
transformed quantities of Hg and Cu were found to be
related to the spectral power in the high-frequency band
We identify two clusters of high-frequency power (low and
high power) in the Hg-Cu scatter plot of the 5 Huancavelica
subjects (see Figure 1).

8.6.1. Growth Rate of Hair Calculations. There is a clear
annual sinusoid in hydrogen isotope ratios in hair. The fact
that periodicity of this sinusoid is 52 weeks allows us to
compute annual growth rates in centimeters. Fitting the
annual sinusoid for Huancavelica subject #3 by nonlinear
regression yielded the function of length along the hair in
cm:

Predicted dD=—-91.1315+1.5832* sin (.8850*cm+1.3243).
(1)

The frequency of the sinusoid is 0.885radians/cm.
One can use the frequency of the fitted sinusoid to esti-
mate the growth rate that matches the 0.0193 cycles/week
= lcycle/52 weeks, whose periodicity is 52 weeks. So
(freq/2m)* (growth/year)/(52 weeks/year) set equal to 1
cycle/52 weeks implies the following:

rowth 27
SO0 2)

year (frequency of fitted annual sinusoid)

Here growth/year = 27/.885 = 7.1 cm/year. The average
growth rate for the 5 Huancavelica subjects was 6.4 + 1.7 SD
cm/year. This is compared to the average growth rate of ~16
cm/year in human hair by a one-sample ¢-test (see Figure 2).

8.6.2. Spectral Variance. All power spectra were computed
using the finite Fourier transform, decomposes time series
into a sum of sine and cosine waves of different amplitudes
and wavelengths (PROC SPECTRA from SAS). The spectral
variance for a given time series of hydrogen isotope ratios in
hair is the total power (area under the periodogram). The
comparison of these standard deviations (square root of the
variance) for the 5 Huancavelica subjects to our sample of
controls are made by a two-sample ¢-test (see Figure 3).

The spectral power in the low-frequency band and their
standard errors are computed as described in Priestly [36].
These are then compared by ¢-test (see Figure 4).

8.6.3. Periodicities. Fast and slow periods of hair growth in
weekly cycles is computed from the frequencies of higher
power observed in the periodogram. The form of the
calculation is as follows:

. dt
Period = —( freq) (growth)” (3)

where dt is the increment of the series (see Figure 5).

For Figure 6, the power spectra for both heart rate inter-
val (RR) and hydrogen isotope ratio time series measured in
the same 5 Huancavelica subjects (the 5 series are stacked)
are superimposed.
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Although male infertility is well researched, the effects of inorganic mercury on male reproduction and fertility are less well
known. Studies pertaining to mercury and male fertility identified reduced concentration of testosterone in the serum of male
workers, a toxic influence on fertility of organic mercury compounds within concentrations at the workplace, and increased days
to pregnancy. We evaluated the effect of chronic mercuric chloride (HgCL,) exposure in male rats on reproductive endpoints.
Thirty-day old male Sprague Dawley rats (n = 31) were exposed to 0.0, 1.0, or 2.0 mg/kg/day of HgCl, via gavage. After 60 days
exposure, they were housed with nonexposed females for 21 days. A survivor analysis revealed the exposed animals took longer
to impregnate the females and had a lower rate of impregnation. Further statistical analysis revealed a lower correlation between
testicular testosterone levels and days to impregnate, and also lower sperm counts in the epididymis head and body of the exposed
males. The results indicate that HgCl, exposure had significant adverse effects on male rat reproduction endpoints including

fertility at a dose that was not clinically toxic.

1. Introduction

Although male infertility is well documented as a result of
exposure to numerous toxicants, the effects of inorganic
mercury on male reproduction and fertility are less well
known. A 2008 study on the outcome of various heavy
metals in relation to semen quality reported data on human
nonoccupational exposure to mercury (Hg), and its repro-
ductive outcomes are very sparse [1]. An earlier review of
the consequences of mercury exposure in the workplace on
fertility and related reproductive outcomes found only three
studies pertaining to male fertility [2], which were ambigu-
ous at best. Two studies found effects by establishing the
toxic influence on fertility of organic mercury compounds
within concentrations that can be seen at the workplace [3]
and reduced concentration of testosterone in the serum of
male workers, considered to be associated with exposure
to inorganic mercury [4]. The third study, looking directly
at mercury exposure, found no effects on male fertility;
however, the authors relied on the memory of both workers
and spouses to obtain data [5]. An additional study found

no effects on fertility when workers chronically exposed to
mercury vapor were assessed by questionnaire [3].

Studies in Hong Kong reported more than one-third of
male partners of infertile couples had elevated blood mer-
cury concentrations. Although the results were not statisti-
cally significant, a trend towards a decline in all aspects of
semen quality when the blood mercury concentration was
elevated was reported [6, 7]. Similarly, workers exposed to
Hg vapor, which frequently exceeded the maximum allow-
able concentration, had hypospermia and a considerable
increase in the number of abnormal sperm in the ejaculate
[8].

An in vivo study using adult male mice found a reduc-
tion in sperm count in the testis, vas deferens, and cauda
epididymis revealing the inhibitory effects of mercuric chlo-
ride (HgCl,), on spermatogenesis [9]. Rats exposed to HgCl,
for 81 days experienced a reduction in the weights of the
left and right testes and prostate in a high-dose group, and
the seminal vesicles weights, in mid and high-dose groups,
were significantly decreased when compared to controls [10].



Male fertility can be impaired by various toxicants
known to target Sertoli cells, which play an essential role
in spermatogenesis. Sertoli cells from male Sprague-Dawley
rats exposed in vitro to mercury had severely inhibited
inhibin production [11]. Bull spermatozoa exposed to 50—
300 umol/L concentration range of HgCl, revealed reduced
sperm membrane and DNA integrity [12]. A lipoperoxida-
tion test performed on sperm membranes from normosper-
mic individuals showed mercury in different concentrations
and induced a significant peroxidation to the human sperm
membranes in a concentration-dependent manner. Excessive
amounts of mercury in the seminal plasma appear to be
related to abnormal spermatozoal function [13]. Further-
more, epididymal spermatozoa obtained from adult rats and
incubated with HgCl, for 3 hours showed markedly reduced
motility, plus other characteristics, that point to oxidative
stress by the HgCl, in a dose-dependent manner [14].

The above-cited research demonstrates that in human
studies there is some evidence inorganic mercury has an
effect on male fertility. This is supported by both in vivo and
in vitro studies, which indicate strong evidence that HgCl,
has an effect on the development of sperm together with the
integrity of the sperm after spermogenisis [9—14]. However,
what form the effect on fertility due to inorganic mercury has
on males has not been adequately reported. The study des-
cribed here reports the effects on fertility of exposure to
mercuric chloride in male Sprague Dawley in terms of both
the reduced probability of the male to impregnate a female in
a dose-dependent fashion, plasma and testicular testosterone
levels, and the correlation between the two.

2. Method

2.1. Subjects. Thirty-one male Sprague Dawley rats, 22
days of age, were purchased from Harlan Sprague-Dawley
(Indianapolis, IN). Each subject was randomly assigned to
one of three experimental groups, control, low HgCl,, and
high HgCl,. They were housed in polycarbonate cages (two
per cage) on beta chip bedding (Northeastern Products,
Warrensburg, NY) with cage mates belonging to the same
experimental group. Subjects were given access to Purina
certified rodent chow 5001 (Purina Mills, St. Louis, MO)
and water ad libitum. Room conditions were controlled at
22°-23°C ambient temperature, 50%—-60% relative humidity,
and 12 hour light/dark cycle. All conditions conformed to the
regulations of, and were approved by, the Tuskegee University
Animal Care and Use Committee.

2.2. Preparation of HgCl, Solutions. A concentration of
1.0 mg/mL was prepared using 1 gram of mercuric chloride
(HgCl,; SIGMA-Aldrich Ing, St. Louis, MO) added to a solu-
tion of 998.5mL of de-ionized H,O and 1.5mL of nitric
acid HNOs; (to aid dilution). Similarly, a concentration of
0.5 mg/mL solution was prepared with 0.5mg of HgCl,.
added to a solution of 998.5mL of de-ionized H,O and
1.5 mL of nitric acid HNOs.

2.3. Administration of HgCL. At age 30 days, subjects in the
HgCl, groups began exposure to the solutions of mercuric
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chloride (HgCl,) in concentrations of 1.0 mg/kg/day (low
Hg) or 2.0 mg/kg/day (high Hg) via gavage. Solution admin-
istered each day ranged from 0.48 to 7.2 mL dependent on
the weight of the animal and the exposure concentration.
Controls were given an equivalent amount of de-ionized
water (with no nitric acid added) using the same administra-
tion method. The amount of HgCl, administered each day,
to each subject, was calculated based upon its weight and
exposure group. Each subject was weighed three times per
week and the dose was adjusted accordingly. The solution
was administered seven days a week via gavage until the
subjects reached 90 days of age thus, total exposure was
for 60 days. Concentration of exposure to HgCl,, route of
administration, and exposure period were selected to mimic
exposure paradigms used in previous published studies from
our lab [10, 15]. In Atkinson et al. [10], the maximum
tolerated dose (MTD) was obtained from prior studies [16,
17] and the National Toxicology Program Technical report
[18]. Based on these data concentrations of 1.0 mg/kg/day
and 2.0 mg/kg/day were used in our study on female rats
[15], the higher dose being the highest dose we found that
did not show a manifestation of physical signs of mercuric
chloride exposure. The exposure paradigm used in this study
allows us to do a direct comparison to the effects of exposure
in female rats.

2.4. Breeding Females. Thirty-one female Sprague Dawley
rats aged 80 days were purchased from the same supplier as
the males. The females were acclimated for 10 days and then
housed in the same conditions as the males, two to a cage,
and fed the same diet. None of the females were purposefully
exposed to HgCl,. No analysis of the females, other than
period from cohabitation to fertilization, was performed,
and all females were euthanized at the completion of the
study.

2.5. Breeding Protocol. At 90 days of age, exposure to HgCl,
ceased and each male was housed with an unexposed female
for 21 days. All females were at the same stage of the estrous
cycle at the beginning of their cohabitation with males. After
21 days, the breeding pairs were separated and the males were
euthanized using CO, inhalation after which necropsies were
performed. The females were observed for a further 21 days
and all pregnant females were allowed to come to term.

2.6. Plasma and Testicular Testosterone. For plasma testos-
terone, one blood sample was collected by cardiac puncture
from each animal just prior to necropsy. For intratesticular
testosterone, a part of the right testis was collected from each
animal at the time of necropsy. Both plasma and testicular
parenchyma were frozen at —20°C until assayed. Testes were
processed in accordance with the protocol described by
Park et al. [19]. Briefly, 10-30 mg of testicular tissue was
homogenized in phosphate-buffered saline (PBS; 0.01 M
phosphate, pH 7.4). Eight volumes of ether were added to the
homogenate and vortexed vigorously. The aqueous phase was
snap-frozen, and the organic supernatant was transferred to
a secondary tube and air-dried. Just prior to assay, samples
were resuspended in phosphate-buffered saline. Testosterone
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TABLE 1: Mean weights of subjects across exposure period.
Days of HgCl, exposure
1 6 13 20 27 34 41 48 55 59
Exposure Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE
0.0HgCl, 85 2.0 144 33 194 44 240 46 280 53 315 57 341 68 366 74 369 6.8 364 49
1.0HgCl, 82 23 140 3.5 187 4.2 231* 41 266° 4.1 296 58 319% 5.4 340°% 57 341%* 54 349% 54
20HgCL, 79 33 131 3.8 174* 5.0 212* 51 241* 6.4 271* 8.0 281* 7.7 307* 8.0 310* 83 319* 79

Mean columns: mean weight in grams for an exposure group on a particular day of exposure. SE: standard error of the mean. *: significant difference from
controls. *: significant difference from 2.0 mg/kg HgCl, group. Post hoc test using fisher LSD test. P < 0.05.

in plasma and testicular tissue was measured using a COAT-
A-COUNT testosterone radioimmunoassay (Diagnostic Pro-
ducts Corporation, Los Angeles, CA) according to manufac-
turer’s protocol. The sensitivity of the assay was 0.2 ng/mL.
The intra-assay and interassay coefficients of variations were
6% and 12%, respectively.

2.7. Preparation of Samples. The testes were homogenized in
50 mL PBS for 30 seconds, filtered, and 1.5 mL was placed in
a separate container. The same process was performed on the
epididymis head and body, as well as the epididymis tail.

2.8. Analysis of Samples. Samples were prepared for sperm
count by mixing 100 uL of filtered homogenate with 100 yL
of trypan blue and 50 L of saline. The sample substance was
kept overnight for better result. Eight to ten yL of the mixture
was spread on a hemocytometer and the sperm count was
conducted under a light microscope. Two samples of each
were prepared and counted to ensure accurate data.

2.9. Data Analysis. Data on when the females were impreg-
nated is incorporated in Stratified Kaplan-Meier estimates
followed by log-rank tests, which were conducted to deter-
mine the probability of an exposed male impregnating a
female. The independent variable was the period of time
that the HgCl,-exposed male cohabited with the female
before she became pregnant. The day of impregnation was
calculated by subtracting the length of pregnancy (22 days)
from the total period from the beginning of cohabitation
until birth of the offspring. Subjects were right censored if
no birth occurred. Right censoring is required in survival
analysis to indicate the subject was not in the experiment
long enough to experience the measured variable, that is, the
male did not impregnate the female.

Body weight was analyzed using repeated measures
ANOVA 3 (HgCl,) x 8 (length of exposure) factorial design,
with duration of exposure as the repeated measure. The
first weight taken and every subsequent fourth weight taken
were used as the repeated measure. Other variables were
analyzed using one-way ANOVA 3 (HgCl,) X quantity or
number of measured variable. When a significant difference
was observed, a post hoc analysis, as described below, was
performed to identify the differences between the groups. All
results were considered significant at « = 0.05. A Pearson
product-moment correlation analysis with a Bonferroni
correction for probability was performed between latency to

impregnate the female by the male and testicular testosterone
level.

3. Results

3.1. Body Weight. A repeated measures ANOVA revealed
both a main effect of HgCl, (F(2,28) = 14.07, P < 0.001) and
an interaction between HgCl, concentration and exposure
duration (F(j6252) = 14.07, P < 0.001). There was also a sig-
nificant difference in weight at necropsy between the expo-
sure groups (Fa7) = 7.193, P = 0.003). Post hoc analysis
using a Bonferroni correction revealed a significantly lower
weight for the high Hg compared to controls (P = 0.003),
and the low Hg (P = 0.045), but not between the controls
and the low Hg (P = 0.525), see Figure 1. Table 1 shows the
weights and significant difference in weights during the pro-
gression of exposure. The high Hg group was significantly
different from the control group after 13 days exposure but
remained statistically equal to the low Hg exposure group
until 20 days of exposure.

3.2. Latency to Impregnation. Within the three exposure
groups 100% (10/10), unexposed females from the control
HgCl, group gave live birth. In the low Hg and high Hg
groups, 10/11 and 7/10 unexposed females, respectively,
gave live birth. Figure 2 displays the Kaplan-Meier survival
curves showing the probability of a male impregnating an
unexposed female. Subjects were right censored if they failed
to impregnate within 21 days of mating. The control group
impregnated the females within 13 days of mating, (mean
days to impregnation 5.9). The low Hg group had an impreg-
nation rate of 91% (10/11) with one animal failing to
impregnate (mean days to impregnation 7.5). The high Hg
group had an impregnation rate of 70% (7/10), with a mean
period to impregnate of 12.5 days. A log-rank test revealed
the high Hg group had a significantly greater probability of
not impregnating a female (y(, ) = 5.29,P = 0.021) than
the control group.

3.3. Testosterone Levels

3.3.1. Testicular Testosterone. A one-way ANOVA 3 (HgCl,)
X testicular testosterone levels per gram of testes tissue
revealed a significant difference (F226) = 5.684,P = 0.009).
Post hoc analysis using the Tukey honest significance test
(Tukey’s HSD test) revealed that both exposure groups
had significantly lower levels of testicular testosterone than
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FIGURE 1: Body weight gain (a) and weight at necropsy (b) of male
rats exposed to 0, 1.0, or 2.0 mg/kg/day of HgCl, by gavage for 60
days and housed with unexposed female rats for 21 days. Data are
mean and standard error. (b) Weight at necropsy. *A significant
difference from the HgCl, group 2.0 mg/kg (P < 0.05).

controls (low Hg, P = 0.016, high Hg, P = 0.023); how-
ever, the exposure groups did not differ from each other.
Figure 3 shows the levels of testicular testosterone (a) and
the distribution across exposure levels (b). While the controls
show higher levels of testicular testosterone, both Hg groups
are similar except 30% of the subjects in the high group had
lower testicular testosterone levels than subjects in the low
Hg group.
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FiGuUre 2: Kaplan-Meier survival curves. Probability of an exposed
male impregnating an unexposed female. *Indicates a significant
difference from the control group. P < 0.05.

3.3.2. Plasma Testosterone. A one-way ANOVA conducted on
plasma testosterone levels across exposure groups revealed
no significant difference in levels at « = .05; however, P
values were approaching significance (F26) = 3.102, P =
0.062). A post hoc test using the least square difference (LSD)
method showed that the low Hg group had a significantly
lower level of plasma testosterone than controls. However,
it should be noted the LSD method is a somewhat less
conservative test of analysis. Inspection of the distribution
of plasma testosterone (see Figure 4) shows a marked higher
level of testosterone in the control group, with both exposure
groups in a similar lower range. Distribution of plasma
testosterone across the Hg groups is very similar to the
distribution of testicular testosterone.

3.4. Correlation of Testosterone and Latency to Impregnate.
Pearson correlation coefficients, with Bonferroni corrected P
values, were calculated between both testicular and plasma
testosterone levels and days required to impregnate an
unexposed female. For controls, testicular testosterone levels
were inversely correlated to latency to impregnate (r =
—0.80, P = 0.012) indicating that as testicular testosterone
levels decreased the days taken to impregnate increased.
However, for the low Hg group the Pearson coefficients were
considerable lower, positive, and not significant (r = .47, P =
0.411), while for the high Hg group, there was no correlation
(r =.07,P = 1.0), (Figure 5). A similar pattern was observed
for plasma testosterone levels except the correlation coeffi-
cients were lower than for testicular testosterone, and none of
the correlations were significant when using the Bonferroni
correction, controls (r = —.48, P = 0.32), low Hg (r =
0.29, P = 0.89), high Hg (r = .08, P = 1.0). A further
Pearson coefficient was calculated on the results of the testi-
cular testosterone and plasma testosterone against latency to
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impregnate. Results showed a high correlation (r = 0.9996,
P = 0.17) between these results.

3.5. Sperm Count of Epididymus Head and Body. A one-way
ANOVA conducted across the sperm count of the epididymis
head and body for the three HgCl, concentrations showed
a significant reduction in the sperm count (F27) = 4.428,
P = 0.022) (Figure 6). Post hoc analysis revealed that both
the low (P = 0.048) and the high (P = 0.008) HgCl, groups
had significantly lower sperm counts than the controls.

4. Discussion

The present study was designed to address the effects on ferti-
lity of mercuric chloride (HgCl,) toxicity in growing male
rats. There were five main findings. There was an increased

latency of the exposed males to impregnate the females as
exposure concentrations increased. A decrease in the number
of females impregnated was observed as HgCl, exposure
concentrations increased. Both testicular and plasma levels
of testosterone decreased in the exposed animals. Correlation
between testicular testosterone levels and the latency to
impregnate a female decreased and lost its significance as
HgCl, exposure concentrations increased. Sperm count in
the epididymis head and body showed a significant decrease
with exposure to HgCl,.

Previous studies have reported the effects of mercury
(Hg) toxicity on fertility in the male human populations [2—
5] and in various animal populations [9-12]; however, for
inorganic mercury although the underlying mechanisms are
relatively well understood, how inorganic mercury toxicity in
male fertility manifests itself has remained relatively obscure.
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The concentrations of mercuric chloride used in this
study were selected to mirror the doses that we reported in a
similar study using female rats [15] thus giving us the oppor-
tunity to show a direct comparison in effects across the sexes.
As in the case of the females, no adverse physical signs of Hg
toxicity were observed nevertheless, there was a decrease in
weight gain in the exposed groups and significantly lower
body weights for the high HgCl, group compared to controls
at necropsy (see Table 1 and Figures 1(a) and 1(b)). This was
in contrast to the females in which both exposure groups
had significantly lower weight gains from controls [15]. Even
though no overt physical signs were observed, the exposure
concentrations used in this study cannot be construed as a
safe level of intoxication, and cannot be extrapolated to a
human population. A previous study reported that internal

damage from mercury exposure can cause increased cardi-
ovascular risk. Chronic exposure to low concentrations of
mercury (1 dose 4.6 ug/kg, subsequent doses of 0.07 ug/kg/
day for 30 days) in Wistar rats promotes endothelial dysfun-
ction as a result of the decreased nitric oxide bioavailability
induced by increases in oxidative stress [20]. However, they
do tend to support, in rats, a concentration of HgCl, that
does not convey any outward physical signs of toxicity, other
than weight change, when administered as described in this
experiment. This does not mean, however, that internal dam-
age did not occur due to HgCl, toxicity.

4.1. Increased Latency of the Exposed Males to Impregnate
the Females. Our results showed a significant increase in
the length of time needed for exposed males to impregnate
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unexposed females. Concurrently, as the exposure concen-
tration increased, a decrease was observed in the number of
females that were impregnated. These data support the find-
ings that a lower mating index was found in a dose-response
fashion in males rats exposed to HgCl, in their drinking
water [21] as well as a lower fertility index for males [10].

4.2. Changes in Levels of Testosterone. While testicular testos-
terone levels were significantly different from each other,
plasma testosterone levels were not. However, the distri-
butions for both measures were remarkably similar and
plasma testosterone levels were approaching significance (see
Figures 3(a), 3(b), 4(a), 4(b)). One of the few measures that
have been reported as an effect on the male fertility in human
populations is a reduction in circulating testosterone levels.
In male workers exposed to inorganic mercury and showing
a mean blood mercury level of 46 nmol/L, a statistically
significant positive correlation between total testosterone
and the cumulative mercury dose index was observed even
when other factors such as age and smoking were taken into
account [4]. However, in a study on subfertile men in Hong
Kong no statistical difference in circulating testosterone
levels were found for subjects with 50 nmol/L (~10 ug/L)
or higher blood Hg levels, though the authors attribute
the lack of statistical significance to a small sample size,
[7]. In a recent study, rats exposed orally to concentrations
of 50 and 100 ppm HgCl, for 90 days recorded almost
identical serum testosterone levels as our animals at 2.02,
1.72, and 1.62 ng/mL for controls, 50 and 100 ppm HgCl,,
respectively [21]. Similar results were seen in two other
studies that exposed adult male albino mice to 1.25 mg/kg
of HgCl, daily for 30 days [9] or 45 days [22] by gavage.
In the first study, serum testosterone from controls was
recorded at 4.50 ng/mL, while exposed animals had a level
of 2.6ng/mL. After a withdrawal from the HgCl, for 45
days, serum testosterone had recovered to 4.1 ng/mL [9]. In
the second study, serum testosterone levels in controls were
very similar (4.21 ng/mL), while the exposed animals showed
a level of 1.64 ng/mL. Interestingly, in this study, after 45
days of recovery the testosterone level had only recovered to
2.2ng/mL [22]. Although a different species of animal was
used in these studies, our results tend to support the find-
ings both in levels of testicular testosterone reported and in
correlation to exposure to HgCl,.

4.3. Correlation of Testosterone and Latency to Impregnate. A
unique finding in our study was the correlation between test-
icular testosterone levels and the latency to impregnate. As
far as we are aware, this is the first time this particular com-
parison has been made. For testicular testosterone, within
the control group the correlation coefficient was very high
and significant; however, as the dose of HgCl, increased the
correlation became lower and lost its statistical significance.
This is evident in the correlation of the low Hg group, which
was lower than the controls and not significant, and the
absence of any correlation in the high Hg group. Plasma
testosterone levels, although having lower correlation coef-
ficients’ which were not significant, nevertheless, followed
the same pattern as testicular testosterone results. This was

confirmed by the high correlation between the two measures
of testosterone and latency to impregnate indicating the
results were very similar. This would suggest that while testo-
sterone levels played an important factor in the time taken
for the animals to mate in the control group, it became a
less important factor as HgCl, concentrations increased. This
information presents two possibilities. Either HgCl, reduces
the amount of testosterone to the point that it no longer
influences sexual activity, or the effect of HgCl, exposure has
a large enough effect on the mechanisms of reproduction,
that is, a lowering of the sperm count, as to overcome repeat-
ed copulation. As is discussed later, it appears that morpho-
logical damage to spermatozoa is the greater factor affecting
male reproduction, when mercury exposure has occurred,
rather than a loss of libido.

4.4. Sperm Count of Epididymis Head and Body. A second
factor contributing to the lower fertility and the increase of
latency to impregnate was the lower sperm count in the epi-
didymis head and body. Both exposed groups had signifi-
cantly lower counts than the control group, (see Figure 6).
Inspection of the distribution for the three groups indi-
cates that there may be a dose-response effect, although it
should be emphasized that there was no statistical difference
between the two mercury-exposed groups. Exposure of mice
to 1.25 mg/kg of HgCl, by gavage for 45 days has been shown
to significantly reduce the epididymis sperm count compared
to controls while also reducing serum testosterone levels [22].
The same results were seen in another study administering
the same dose for 30 days [9]. In both cases, the mating rate
for the HgCl, treated mice was zero [22]. A study on the
reproductive effects of methylmercury in male rats showed
a decrease in testicular sperm count of 27% after 14 days
exposure, while also recording a decrease in testosterone
levels after 6 days [23]. These results tend to concur with our
study and support our findings.

The present study was designed to look at the effects of
HgCl, on fertility in growing male rats and not as a mech-
anistic analysis. However, close comparison with a recent
report that does speculate on the mechanisms possibly
responsible for the observed results is interesting.

Boujbiha, in his 2009 study, found very similar results to
our study [21] including decreased testosterone, a decrease
in mating index, and a lower viable implantation rate. We
report a significantly longer period to impregnate control
females by high exposure animals and a lower number of
impregnations. Thus the data from the two studies tends to
support each other even though there are significant meth-
odological differences between the studies.

Studies of human populations into the effects of inor-
ganic mercury on male fertility rates are very sparse. The
majority of such studies focus on the mechanistic effects
of mercury [4, 24, 25]; however, there is some evidence of
reduced fertility in males due to mercury intoxication. More
than one-third of male partners of infertile couples in Hong
Kong had elevated blood mercury concentrations. As the
authors of this study stated “From a public heath perspective,
these findings confirm that mercury toxicity is a poten-
tially serious problem affecting the local community,” [7].



A study that looked at the environmental contaminant levels
and fecundability on first pregnancies among nonsmoking
couples reported that the partners of males who had blood
Hg levels between 0.7-1.0 and 1.9—4.8 ug/L had a greater time
to pregnancy (TTP), 9.9 and 8.1 months, respectively, than
a reference group with blood Hg levels of 0-0.6 ug/L. Con-
versely, a group with levels of 1.1-1.8 ug/L had a mean TTP of
5.1 months [26]. The authors stated “Reduced fecundability
at levels below the mercury reference dose warrants further
research and prudent reduction in persistent toxic substances
exposure among women and men of reproductive age” [26].

The paucity of studies into the effects of male inorganic
Hg exposure and the resultant effects on male reproduction
in human populations, coupled with the results found in our
and other recent research, would suggest that a larger more
extensive study is required. Many of the studies that have
been conducted have either had a small number of subjects
[26], or the results are hard to analyze because of other con-
flicting variables [3]. Also, while some studies have reported
the mechanistic results of human male exposure [7], the
resultant effects on male reproduction in terms of fertility
were not reported. Our study tended to use lower exposure
concentrations than other recent studies [21], and found
significant effects of HgCl, exposure on male rat fertility.

The present study into the effects of HgCl, on male
reproduction in rats found there were significant effects
including greater latency to impregnate a female, lower
impregnation rates, loss of correlation between testosterone
levels and time to impregnate, and lower sperm count in the
epididymis head and body. These negative effects on male
fertility were identified in the face of doses that were too low
to be clinically toxic.
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Environmental contamination has exposed humans to various metal agents, including mercury. This exposure is more common
than expected, and the health consequences of such exposure remain unclear. For many years, mercury was used in a wide variety of
human activities, and now, exposure to this metal from both natural and artificial sources is significantly increasing. Many studies
show that high exposure to mercury induces changes in the central nervous system, potentially resulting in irritability, fatigue,
behavioral changes, tremors, headaches, hearing and cognitive loss, dysarthria, incoordination, hallucinations, and death. In the
cardiovascular system, mercury induces hypertension in humans and animals that has wide-ranging consequences, including
alterations in endothelial function. The results described in this paper indicate that mercury exposure, even at low doses, affects
endothelial and cardiovascular function. As a result, the reference values defining the limits for the absence of danger should be

reduced.

1. History

More than 2500 A.C., the prehistoric man used the cinabrio
(mercury sulfide), due to its red-gold color, to draw on cave
walls and perform face painting. Subsequently, mercury has
been used in the amalgamation (direct burning of metallic
mercury on the gravel, promoting the separation of gold), in
photography and as an antiseptic in the treatment of syphilis
(1, 2].

Exposure to mercury brought harmful effects to health
of humans, but changes resulting from human exposure to

mercury only called the attention of the scientific society
after the accidents in Japan and Iraq [3]. In Japan, a serious
accident occurred resulting from the deposition of industrial
waste with large quantities of mercury in the Minamata Bay.
Mercury was then ingested by human through fish intake,
thus triggering signs and symptoms such as ataxia, speech
impairment, visual field constriction, sensory disturbance,
deafness, blindness, tremors, involuntary movements, men-
tal retardation, coma, and death. Infants whose mothers were
infected developed mental retardation, peripheral neuropa-
thy, cerebral palsy, and blindness. These changes became



known as Minamata disease or Russell-Hunter syndrome
[4, 5]. In Iraq, mercury poisoning occurred in 1971 when
wheat grains were treated with fungicides containing organic
mercury. This poisoning killed over 500 people who ate bread
made with contaminated wheat [6, 7].

2. Mercury Characteristics

Mercury is characterized as a highly malleable liquid at
normal temperature and pressure [8]. Its name is derived
from the Latin word hydrargyrum, meaning metal that
resembles liquid silver [8]. Mercury is classified into three
main groups: elemental mercury, inorganic mercury, and
organic mercury. Mercury exists in several forms: inorganic
mercury, among which There have been the metallic mercury
and mercury vapor (Hg") and mercurous mercury (Hg") or
mercuric mercury (Hg™) salts; organic mercury, also called
organometallic, which results from a covalent bond between
mercury and a carbon atom of an organic functional group
such as a methyl, ethyl, or phenyl group. The biological
behavior, pharmacokinetics, and clinical significance of the
various forms of mercury vary according to its chemical
structure [3].

2.1. Inorganic Mercury Compounds

2.1.1. Elemental Mercury or Metalic Mercury Compounds.
In its liquid form, the elemental mercury (Hg®) is poorly
absorbed and presents little health risk. However, in the
vapor form, metallic mercury is readily absorbed through the
lungs and can produce body damage [9-11]. Because of its
soluble characteristics, elemental mercury is highly diffusible
and is able to pass through cell membranes as well as the
blood-brain and placental barriers to reach target organs.
Once in the bloodstream, mercury undergoes catalase and
peroxidase-mediated oxidation in red blood cells and tissues
and is transformed into inorganic mercuric mercury (Hg™*)
and mercurous mercury (Hg*), a process that limits its
absorption [9, 12]. Inorganic mercury has low lipophilicity
and thus has a limited ability to cross cell membranes [9].

Elemental mercury is used in thermometers and sphyg-
momanometers because of its uniform volumetric expan-
sion, high surface tension, and lack of vitreous adherence
to surfaces. Low electrical resistance and high thermal
conductivity allow metallic mercury to be used in electrical
and electronic materials. Because of its high oxidation power,
metallic mercury is used in electrochemical operations in
the chlorine and soda industries. Metallic mercury is also
used in metallurgy, mining, and dentistry because of the
easy amalgam formation with other metals. In addition, gold
extraction with archaic and dangerous methods predispose
miners to mercury poisoning. The burning of metallic
mercury on the gravel promotes the separation of gold, a
process called amalgamation, which causes emission of large
amounts of mercury vapor that is inhaled immediately by the
miner, since they do not use appropriate personal protective
equipment [13, 14].
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Occupational exposure to mercury vapor and the release
of mercury from or during removal of amalgam dental
fillings increase its blood and plasma concentration [15, 16]
After exposure, blood concentrations attain 18 nmol/L [15],
and after exposure to dental and removal of amalgam fillings
plasma concentrations attain 5nmol/L [17]. Occupational
exposure also affects central nervous system [15] and
amalgam tooth fillings impair sheep kidney function [18].
However, toxicological consequences are still a matter of
debate [3, 19-23].

2.1.2. Mercurous Mercury and Mercuric Mercury Compounds.
The mercurous mercury in the form of mercurous chloride
(HgyCl,) is little absorbed in the body. It is believed that
in the body the form of metallic mercury is changed to
elemental mercury and mercuric mercury [24].

Mercuric mercury compounds, such as mercury salts,
result from the combination of mercury with chlorine,
sulfur, or oxygen. Mercuric mercury can be found in dif-
ferent states when combined with other chemical elements,
including mercuric chloride (HgCl,), which is highly toxic
and corrosive; mercury sulfide (HgS), which is often used as
a pigment in paints due to its red color; mercury fulminate
(Hg(CNO),), which is used as an explosive detonator [8,
25]. Among the mercuric mercury compounds, mercuric
chloride (HgCly) calls the attention. It was used as a
preservative for development of photographic film and has
been ingested accidentally or as a suicide measure [26].
As elemental mercury, the mercuric mercury in the blood
stream binds to sulthydryl groups on erythrocytes, glu-
tathione, or metallothionein or is transported suspended in
plasma [27]. Mercuric mercury accumulates in placenta, fetal
tissues, and amniotic fluid, but it does not cross the blood-
brain barrier efficiently [28]. Evidence exists showing the
transport of mercuric mercury via one or more amino acid
transporters [29]. Evidence also shows that the accumulation
in the brain occurs through its binding to cysteine [24].

In the cardiovascular system, acute inorganic mercury
exposition in vivo promotes reduction of myocardial force
development [30] and inhibited myosin ATPase activity
[31]. Chronic exposure increases vascular resistance and
induces hypertension [32-34]. Numerous studies have also
revealed that mercury generates oxygen free radicals mainly
by activation of NAPHoxidase [35, 36].

2.2. Organic Mercury. Organic mercury compounds, also
called organometallic, result from a covalent bond between
mercury and the carbon [8] atom of an organic func-
tional group such as a methyl, ethyl, or phenyl group.
Methylmercury (CH3;Hg") is by far the most common
form of organic Hg to which humans and animals are
exposed. CH3Hg" in the environment is predominantly
formed by methylation of inorganic mercuric ions by
microorganisms present in soil and water [37-39]. The
expression methylmercury monomethylmercurial is used to
denote compounds that contain the cation methylmercury
(CH3Hg"). Some of these compounds were used as pesticides
and had medical applications as antiseptics and diuretics.
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The organomercury antiseptics still used are Merthiolate,
Bacteran, and Thimerosal [40].

Thimerosal is an organomercurial compound that since
1930 has been widely used as a preservative in biological
material such as vaccines and serums used to prevent
microbiological growth [41]. Thimerosal is metabolized in
the human body and degraded into ethylmercury and thios-
alicylate. The chemical difference between these compounds
is an important determinant of their toxicity [42, 43].

3. Forms of Mercury Exposure

Mercury is now considered an environmental pollutant of
high risk to public health because of its high toxicity and
mobility in ecosystems [11, 44]. Exposure to mercury can
occur from both natural and artificial sources. Human
activities that can result in mercury exposure include the
burning of fossil fuels, chlor-alkali industries, mining, the
burning of waste, and the use of coal and petroleum [10, 40,
45].

More natural sources of mercury include volcanic activ-
ity, earthquakes, erosion, and the volatilization of mercury
present in the marine environment and vegetation [10, 46—
48]. Mercury emitted both naturally or as a result of human
activity is primarily found as inorganic metal vapor (Hg")
[49]. Among the natural sources of mercury, the largest
emissions are from the degassing of the earth’s crust. More
than five tons of mercury is estimated to be released into the
sea every year as a result of erosion and geochemical cycles
[50].

Mercury contaminates the environment through a cycle
involving the initial emission, the subsequent atmospheric
circulation of the vapor form, and the eventual return of
mercury to the land and water via precipitation (Figure 3)
[46]. The emission of mercury is an important part of
this cycle of contamination and can occur through natural
processes or as a result of human activities, as mentioned
above [48].

Mercury present in seas and rivers after methylation
can contaminate fish [51, 52]. The consumption of fish
contaminated with mercury is a major source of mercury
exposure in the Amazon basin. Studies show that the
concentration of mercury in the muscles of fish that are
widely consumed in the Amazon region are greater than the
limit set by WHO (World Health Organization) as safe for
human consumption (0.5 g/kg) [4, 10].

4. Transport and Elimination of Mercury

Inhaled elemental mercury vapor, for example, is readily
absorbed through mucous membranes and the lung and
is rapidly oxidized but not as quickly as to prevent the
deposition of considerable amount in the brain [54].
Methylmercury is easily absorbed through the gut, and it
is deposited in most tissue but does not cross the blood-
brain barrier as efficiently as elemental mercury. However, to
enter the brain, it is progressively demethylated to elemental
mercury (Figure 2) [24]. Mercury salts, in contrast, tend to
be insoluble, relatively stable, and hardly absorbed.

Then, toxicity for man varies depending on the form
of mercury, dose, and rate of exposure. The target organ
for inhalted mercury vapor is primarily the brain [24].
Mercurous and mercury salts especially damage the lining
of the intestine and kidneys [5], and as methyl mercury,
it is widely distributed throughout the body (Figure 1)
[24]. Toxicity varies with dosage; a large acute exposure to
elemental mercury vapor induces severe pneumonia, which
in extreme cases can be fatal [24]. Low level of chronic
exposure to elemental or other forms of mercury induces
more subtle symptoms and clinical findings [3].

Oxidized mercury binds strongly to SH groups; this
reaction can inactivate enzymes, lead to tissue damage
and interfere with various metabolic processes [55-57].
Ingested methylmercury is almost completely absorbed
and transported into the bloodstream [10]. Methylmercury
enters cells mainly by forming a complex with L-cysteine
and homocysteine and is eliminated in conjunction with
glutathione [58]. After absorption, it is distributed primarily
to the central nervous system and kidneys. Methylmercury
elimination usually occurs in the urine and feces [59].

5. Doses of Mercury and Safety Legislation

The chemical form of mercury in the air affects its time
of permanence and its dispersion in the atmosphere. The
elemental mercury form can persist for more than four years
in the air, while its compounds are deposited in a short time
at locations near their origin. In the northern hemisphere,
their average concentration in the atmosphere is estimated
at 2ng/m’and in the southern hemisphere is less than
1 ng/m?>. In urban areas, there is a great variability of these
concentrations being found up to 67 ng/m?® with a mean of
11 ng/m?®in Japan [53]. FUNASA (Fundagio Nacional de
Sadde) standards of mercury in the air consider a mean of
1 ng/m? in the period of one year [60].

In 2004, the Joint FAO (Food and Agriculture Organi-
zation of the United National)/WHO Expert Committee on
Food Additives (JECFA) established that the safe concen-
tration of methylmercury intake, without the appearance
of neurological disorders, is 1.6 mg/kg of body weight.
However, in 2006, JECFA stated that this concentration is
not safe for intrauterine exposure, because fetuses are more
sensitive to the onset of neurological disorders after exposure
to methylmercury [61].

Currently, the general population is exposed to mercury
by the following main sources: the consumption of contam-
inated fish, the use and manipulation of dental amalgam,
thimerosal contained in vaccines, workers in industries of
chlorine, caustic soda, miners, and workers in industries of
fluorescent lamps [62, 63]. Each of these sources of exposure
contains specific toxicological characteristics [64].

In Brazil, the rules for vaccination of the Ministry of
Health, published in June 2001, shows that thimerosal is used
in many vaccines. These vaccines prevent flu (influenza vac-
cine), rabies (rabies vaccine), infection with meningococcus
serogroup b, and hepatitis B [65].

The US Environmental Protection Agency’s recom-
mended a reference blood concentration of mercury to be
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5.8 ng/mL; concentrations below this level are considered to
be safe [66, 67]. Some studies have reported that the blood
mercury concentration in the control population is approx-
imately 1 ng/mL. On the other hand, levels of 7-10 ng/mL
have been reported in workers exposed to mercury or in
residents of Guizhou (China), an area that is known to suffer
mercury contamination [68, 69]. In a recent biomonitoring
study in New York City, the blood mercury concentration
was found to be 2.73 ng/mL, and levels reached 5.65ng/mL
in adults that consumed fish regularly [70].

WHO [10] states that an allowable concentration of
mercury in human hair is less than 6 yg/g. In the Amazon
basin, where fish is the main source of dietary protein,
mercury concentrations in hair reached up to 150 ug/g.
Furthermore, only two of 40 cities studied have average
mercury concentrations below the recommended amount
[10, 71]. In individuals who have amalgam, the daily release
of mercury amalgam is approximately 4-5pug/day, and a

positive correlation exists between the blood concentration
of mercury and the number of amalgams. It is estimated that
each dental amalgam releases 3—17 g mercury vapor per day
and that the blood concentration of mercury after removal
of the restoration can reach 5nmol/L [72-74]. However,
even at concentrations below recommended levels, there is
strong evidence that exposure to ethyl mercury, the major
component of thimerosal, is associated with the onset of
neurological and heart disorders in children [75].

In the following sections, we will describe results
obtained from animals with chronic and acute exposure
to mercury. Some of these studies were performed with
mercury exposure protocols that led to blood concentrations
slightly above the reference values. Nevertheless, these con-
centrations could be easily found in exposed populations
and may even be considered low when compared with
concentrations in humans who consume large amounts of
fish or who live in areas contaminated with mercury.
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6. Effect of Mercury on the Central
Nervous System (CNS)

Among the compounds of mercury, the methylmercury is
primarily responsible for the neurological alterations present
in humans and experimental animals. It is believed that
the mechanisms are related to the toxic increase in reactive
oxygen species (ROS). Oxidative stress is associated with the
etiology of neurodegenerative diseases such as amyotrophic
lateral sclerosis, Parkinson’s disease, and Alzheimer’s disease
[54, 55], but these mechanisms have yet to be fully recog-
nized.

Reinforcing the hypothesis that the majority of injuries
caused by methylmercury (MeHg) in the central nervous
system are related to its ability to increase reactive oxygen
species, Zhang et al. (2009) [20] reported that after pre-
treatment of bovine cells with pyrroloquinoline quinone
(PQQ), an antioxidant, the cytotoxicity induced by MeHg
is significantly attenuated. PQQ reduces the percentage
of apoptotic cells, decreased significantly ROS production,
suppressed lipid peroxidation, and increased antioxidant
enzyme activity in cells exposed to MeHg. Furthermore,
the protective effects elicited by an antioxidant (ebselen)
strengthen the idea that seleno-organic compounds rep-
resent promising approaches to neutralize MeHg-induced
neurotoxicity [19].

Studies also demonstrate that mercury has the ability
to reduce the number of neuron and cytoarchitecture in
individuals with prenatal exposure to mercury [76, 77]. In
animal models, some of these symptoms are reproduced.
Low-dose prenatal exposure to methylmercury during 10
gestational days impairs motor and mnemonic function in
adult mice [23]. This hypothesis is supported by studies
that describe methylmercury inhibition of cell division and
migration both “in vive” and “in vitro” [76-78].

In addition, because of its high affinity for sulthydryl
groups in tubulin, methylmercury inhibits the organization
of microtubules that are important in CNS development
[79-81]. The binding to SH groups also interferes with the
intracellular signaling of multiple receptors (e.g., muscarinic,
nicotinic, and dopaminergic) and promotes the blockade of
Ca*" channels in neurons [82, 83]. In addition, inorganic
mercury has the ability to increase the permeability of
chloride channels of GABA A receptors in the dorsal root
ganglion, which is associated with neuronal hyperpolariza-
tion [84].

Corroborating these findings, the study conducted by
Maia et al., (2010) [21] demonstrates that the poisoning
by methylmercury changes the nitrergic activities of adult
mice, and the predominance of alterations may be related
to different locations. Besides increasing the nitrergic activ-
ity methylmercury and mercuric chloride also have the
ability to increase the release of neurotransmitters such
as acetylcholine, dopamine, norepinephrine, and serotonin.
Similar findings have also been reported to be a mechanism
implicated in the effects of methylmercury and HgCl, on the
central nervous system function [85-89].

Halbach et al. [90] studied a correlation in Iraqi children
between the level of maternal exposure to methylmercury
during pregnancy and psychomotor retardation. Sandborgh-
Englund et al. [91] corroborated this finding in children
from the Faroe Islands; they found that children exposed
to mercury in the prenatal period had defects in atten-
tion, memory, language, and motor function. In addition,
exposure to methylmercury in pregnant women or early
childhood leads to changes in the CNS development of the
fetus or child, respectively [50, 92, 93]. Thereupon, changes
caused by mercury poisoning result in significant clinical
deficit in motor skills, coordination, and general activity rate
of cognitive and psychological disorders [23].



7. Effect of Mercury on
the Cardiovascular System

For decades, the toxic effects of mercury were associated
mainly with the central nervous system; however, inorganic
mercury also produces profound cardiotoxicity [94-99].
Halbach and collaborators [100] showed that mercury
concentrations in hair reached up to 150 pg/g in populations
living in the Amazon basin. Furthermore, nearly all of the
inhabitants of 40 cities studied have blood concentrations
above the reference values. In this population, it has
been demonstrated that exposure to mercury by frequent
consumption of fish has a strong positive correlation with
increased arterial blood pressure [101]. Other studies also
correlate mercury exposure with increased risk of hyper-
tension, myocardial infarction, coronary dysfunction, and
atherosclerosis [102—-105]. Data presented by Yoshizawa et
al. [106] showed that mercury exposure was associated
with the progression of atherosclerosis and an increased
risk of developing cardiovascular disease. Houston [107]
followed patients for approximately 13.9 years and found an
association between the concentration of mercury in the hair
and the risk of developing cardiovascular events or dying
from cardiovascular disease and other causes.

Mercury levels are predictors of the levels of oxidized
low-density lipoprotein (LDL) [106]. Oxidized LDL particles
are frequently found in atherosclerotic lesions and are
associated with the development of atherosclerotic disease
[107, 108] and acute coronary insufficiency [109]. Another
mechanism by which mercury exerts toxic effects on the
cardiovascular system is through the inactivation of the
“paraoxonase” [110], an enzyme that slows the LDL oxida-
tion process and that has an important antiatherosclerotic
action [101].

The mechanism by which mercury produces toxic effects
on the cardiovascular system is not fully elucidated, but this
mechanism is believed to involve an increase in oxidative
stress. Exposure to mercury increases the production of free
radicals, potentially because of the role of mercury in the
Fenton reaction [111-113] and a reduction in the activity
of antioxidant enzymes, such as glutathione peroxidase. The
MeHg reaction with the glutathione peroxidase occurs via
thiol (-SH) and/or selenol (-SeH) groups from endogenous
molecules [114]. Even though there are 4 of glutathione
molecules containing selene in their active sites, only the
cytoplasmic glutathione peroxidase 1 (GPx 1) changes
hydrogen peroxide to water [115, 116].

The reduction in glutathione peroxidase with selenium-
dependent activity is the result of the decreased bioavailabil-
ity of selenium, a molecule that is required for enzymatic
activity [117-119]. The high affinity of mercury to the
thiol group can lead to decreased glutathione peroxidase
selenium-dependent activity. Other antioxidant enzymes
which participate against reactive oxygen species due to
mercury intoxication are catalase and superoxide dismutase.
The increment of ROS and reduction of the antioxidant
activity increase the risk of developing cardiovascular disease
[118, 120, 121].
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Sherwani et al. (2011) [122] showed that MeHg has
the capacity to induce phospholipase D (PLD) activation
through oxidative stress and thiol-redox alterations. They
investigated the mechanism of the MeHg-induced PLD acti-
vation through the upstream regulation by phospholipase A,
(PLA;) and lipid oxygenases such as cyclooxygenase (COX)
and lipoxygenase (LOX) in the bovine pulmonary artery
endothelial cells. Their results showed that MeHg signifi-
cantly activates both PLA, and PLD. MeHg also induces
the formation of COX- and LOX-catalyzed eicosanoids in
endothelial cells.

Cardiovascular changes resulting from mercury poison-
ing are also described in animal models. However, the
mechanism involved in the effects of mercury on the
cardiovascular system is not fully understood but seems
to be dependent on both the dose and time of exposure.
Raymond and Ralston [123] studied the hemodynamic
effects of an intravenous injection of HgCl, (5 mg/kg) in rats
and observed that mercury produced cardiac diastolic failure
and pulmonary hypertension. Moreover, Naganuma et al.
[124] reported that acute exposure to HgCl, (680ng/kg)
increased blood pressure, heart rate, and vascular reactivity
to phenylephrine in rats; this increased reactivity seems to
depend on an increased generation of free radicals. Perfused
hearts from animals exposed acutely to HgCl, showed a
reduction in left ventricular systolic pressure, heart rate, and
atrioventricular conduction delay [125, 126].

Our group has found that chronic exposure to low doses
of mercury (Ist dose 4.6 ug/kg followed by 0.07 ug/kg/day
for 30 days, im) attained a blood mercury concentration
of approximately 8 ng/mL, a concentration similar to the
levels found in exposed humans. This exposure produced
a negative inotropic effect in perfused hearts, although
increasing myosin ATPase activity. Invivo, arterial or ven-
tricular pressures did not change [127]. The reduction
in contractility was explained by alterations in calcium-
handling mechanisms; protein expression of SERCA, Na*
K* ATPase (NKA), and sodium/calcium exchanger (NCX)
was diminished; phospholamban (PLB) expression was
increased; the response to [-adrenergic stimulation was
reduced following mercury exposure [128, 129].

The chronic exposure to low concentrations of mer-
cury was also able to induce endothelial dysfunction in
resistance and conductance vessels, most likely because
of the decreased nitric oxide (NO) bioavailability due to
the increased superoxide anion (O,°”) production from
NADPH oxidase [36, 130, 131]. This study was evidenced by
the following effects of mercury treatment observed in aorta,
coronary, and mesenteric arteries: (1) the endothelium-
dependent vasodilator response induced by acetylcholine
(ACh) was decreased [36, 130]; (2) vasoconstrictor responses
to phenylephrine or serotonin were increased, and NO
endothelial modulation of these responses was decreased
[36, 130, 131]; (3) vascular superoxide anion produc-
tion, the expression of SOD-2, NOX-1, and NOX-4 (two
main isoforms of NADPH oxidase), plasmatic malondi-
aldehyde levels, and plasmatic antioxidant status were all
increased [36, 130]; (4) both the superoxide anion scavenger
SOD and the NADPH oxidase inhibitor apocynin restored
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the NO endothelial modulation of vasoconstrictor responses
and the impaired ACh-induced vasodilatation in vessels
from the mercury-treated rats [36, 130]. We also observed
that mercury treatment increased the participation of COX-
2-derived vasoconstrictor prostanoids in vasoconstrictor
responses [132]. Other researchers have also observed a
selective loss of NO-mediated vasodilatation with no effect
on the EDHF-mediated component of relaxation, implying
that chronic mercury exposure selectively impairs the NO
pathway as a consequence of oxidative stress, while EDHF
is able to maintain endothelium-dependent relaxation at a
reduced level [133]. On the other hand, using this low dose
of mercury, Blanco-Rivero et al. [134] observed an increase
in vasoconstriction responses to electrical field stimulation
mediated by alterations of adrenergic and nitrergic function
in rat mesenteric arteries. HgCl, reduced neuronal NO
bioavailability, most likely as a result of reduced nNOS
(neuronal nitric oxide synthase) activity and increased O,
production as well as increased noradrenaline release and
vasoconstrictor response. It is important to emphasize,
regarding chronic low-dose exposure to mercury for 30
days, that although rats grow normally and have no changes
in arterial blood pressure, endothelial function is already
blunted affecting vascular reactivity [36, 131].

Taken together, these data show that chronic low doses
of mercury have an important and deleterious effect on
vascular function by reducing NO bioavailability. The degree
of severity of mercury exposure is comparable to traditional
cardiovascular risk factors, such as hypertension diabetes or
hypercholesterolemia. Therefore, mercury could be consid-
ered an important risk factor for cardiovascular disease that
could play a role in the development of cardiovascular events.
The association between mercury exposure and an increased
risk of developing cardiovascular and neurological diseases
is apparent. Thus, continuous exposure to mercury can be
dangerous, and current reference values, once considered to
be without risk, should be reevaluated and reduced.
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Methylmercury (MeHg) is a ubiquitous environmental contaminant which bioaccumulates in marine biota. Fish constitute an
important part of a balanced human diet contributing with health beneficial nutrients but may also contain contaminants such as
MeHg. Interactions between the marine n-3 fatty acids eicosapentaenoic acid (20:5n-3, EPA) and docosahexaenoic acid (22:6n-3,
DHA) with MeHg-induced toxicity were investigated. Different toxic and metabolic responses were studied in Atlantic salmon
kidney (ASK) cell line and the mammalian kidney-derived HEK293 cell line. Both cell lines were preincubated with DHA or EPA
prior to MeHg-exposure, and cell toxicity was assessed differently in the cell lines by MeHg-uptake in cells (ASK and HEK293),
proliferation (HEK293 and ASK), apoptosis (ASK), oxidation of the red-ox probe roGFP (HEK293), and regulation of selected tox-
icological and metabolic transcriptional markers (ASK). DHA was observed to decrease the uptake of MeHg in HEK293, but not in
ASK cells. DHA also increased, while EPA decreased, MeHg-induced apoptosis in ASK. MeHg exposure induced changes in selected
metabolic and known MeHg biomarkers in ASK cells. Both DHA and MeHg, but not EPA, oxidized roGFP in HEK293 cells. In con-
clusion, marine n-3 fatty acids may ameliorate MeHg toxicity, either by decreasing apoptosis (EPA) or by reducing MeHg uptake
(DHA). However, DHA can also augment MeHg toxicity by increasing oxidative stress and apoptosis when combined with MeHg.

1. Introduction

Methylmercury (MeHg) is an environmental contaminant
produced from natural or anthropogenic sources of mercury
by methylation in widespread sulphate reducing bacteria [1].
MeHg enters the aquatic food chain and accumulates to
become a threat for higher-order aquatic mammals and fish,
but also to human health through consumption of contam-
inated fish [2]. MeHg has been shown to be detrimental for
human health [3], with many studies emphasizing its neuro-
logical toxicity [4, 5]. The molecular pathway by which
MeHg exerts its toxicity has been the issue for extensive
research. Although MeHg seems to induce specific cytotoxic
symptoms, one main route for MeHg molecular toxicity has
yet to be elucidated [6, 7]. However, MeHg has a strong affin-
ity for thiol groups, making every cysteine-containing pro-
tein a potential target for MeHg-binding and disruption,
meaning that there may not exist one specific route of toxicity

[8]. In the search for a specific molecular mechanism of
MeHg-cytotoxicity, several mechanisms have been suggested
for example, oxidative stress [9, 10], excito-toxicological
effects [7], microtubule and cell-structural damage [11],
genotoxic effects [12], and elevated intracellular Ca®* leading
to apoptosis [11, 13].

The occurrence of MeHg in seafood has led to a debate
regarding health promoting nutrients through fish consump-
tion, versus the risk for contaminant exposure [14-16]. Fish
serve as an important source of nutrients, vitamins, and
minerals and constitute an important part of a balanced diet.
Some of the beneficial nutrients in fish are the long chained
marine n-3 fatty acids eicosapentaenoic acid (EPA, 20:5n-3)
and docosahexaenoic acid (DHA, 22:6n-3), which has shown
to be important for optimal cognitive health and neuronal
development [17]. But in addition to its nutritional benefits,
fish may also accumulate heavy metals and other environ-
mental contaminants in edible parts, posing an exposure risk



for higher-order mammals. Many epidemiological studies
have investigated the effects of chronic low-dose fetal expo-
sure of MeHg in different geographical locations [6]. Some of
these studies report no adverse effects [18, 19], while other
studies have reported adverse effects [20]. Myers et al. [21]
suggest that dietary effects may be responsible for the dis-
crepancies in MeHg toxicity between different geographical
localities. They argue that a study [18, 19], performed at
the Seychelles which showed no adverse effects, is based on
a mainly fish consuming population, while another, per-
formed at the Pharoe island [20] which shows adverse effects,
was based on populations consuming mainly whale meat.
Following this argumentation, a fish-based diet may contain
certain ameliorating nutrients that will reduce the toxicity of
MeHg.

Recently there has been increasing focus on interactions
between nutrients and toxicants and how nutrients and the
nutrient composition of organisms may affect the toxicity of
different environmental contaminants. Reviews have pointed
to the lack of research on nutrient-MeHg interactions and
suggest that an increased focus on nutrient-MeHg inter-
action may increase understanding of MeHg toxicological
mechanisms [6]. Nutrients can affect MeHg toxicity and
retention in fish, as shown by Bjerregaard et al. [22] who
demonstrated that dietary selenite decreased MeHg retention
in rainbow trout (Oncorhynchus mykiss). Marine n-3 fatty
acids, in particular DHA, have also been shown to modulate
MeHg-toxicity in rats [23], and to possibly modulate MeHg
neurotoxicity, as demonstrated by in vitro studies [24].

The aim of this study was to elucidate possible interven-
ing effects of n-3 marine PUFA (DHA and EPA) compared to
the n-6 fatty acid arachidonic acid (ARA, 20:4n-6) on MeHg
cytotoxicity in Atlantic salmon kidney (ASK) cells. Human
embryonic kidney (HEK293) cells were included in certain
aspects of the study, and MeHg-induced toxicity was com-
pared between the two cell types by assessing effects on
cell proliferation and death using the xCELLigence system.
Interaction effects caused by fatty acids on MeHg toxicity
were screened by investigating known mechanistic effects of
MeHg, such as uptake of MeHg in both cell lines, apoptosis
in ASK cells, and oxidation of roGFP in HEK293 cells. Addi-
tionally, we investigated the regulation of transcriptional
markers for MeHg toxicity and fatty acids metabolism and
how DHA, EPA, and MeHg affected these in ASK cells.

2. Materials and Methods

2.1. General Methodology

2.1.1. Cell Culture. ASK cells (CRL-2643) were purchased
from ATCC (London, UK). The cells were grown in Lei-
bowitz L15 media with 20% FBS and 1 X Penicillin/Strep-
tavidin/Amphotericin (all from Sigma, St. Louis, MO, USA)
at 20°C without adding CO,. The cells were passaged when a
confluence of almost 100% was reached.

HEK?293 cells were a gift from Marc Niere (University of
Bergen, Norway). The cells were grown in DMEM (Sig-
ma-Aldrich, St. Louis, MO, USA) supplemented with 10%
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FBS, 1 x L-glutamine, and 1 X Penicillin/Streptavidin/Am-
photericin at 37°C with 5% CO,. The cells were passaged
when reaching confluence of almost 100%.

2.1.2. Coupling of Fatty Acids (FAs) to Bovine Serum Albumin
(BSA). Fatty acids were coupled to fatty-acid-free BSA (FAF-
BSA) (PAA, Pasching, Austria) as described by [26]. Briefly,
the fatty acids were weighed and 0.04 mL chloroform per
mg FA was added. The chloroform was evaporated under
N,. Furthermore, Potassium hydroxide (KOH) was added
in a 1:3 relationship and the vial shaken in a whirl mixer
for ten minutes. FAF-BSA was added in a 2.5:1 ratio to FA.
The solution was then shaken 45 minutes, sterile-filtered, and
stored anoxic at —80°C until use.

2.1.3. Basic Experimental Design. ASK cells were seeded in
concentrations of 24 000 cells per cm?. After 24 hours the
cells were preincubated with 300 uM DHA, 300 yuM EPA, or
300 uM ARA, all purchased from Sigma, St. Louis, MO, USA.
The controls were preincubated with equivalent amounts
of BSA as would be found together with fatty acids at
concentrations of 300 uM. The cells were preincubated with
fatty acids or BSA for 72 hours, and the media were removed
before MeHg, diluted in media, or control, just fresh media,
was added. Several endpoints were subsequently measured
within a time frame of 48 hours.

HEK?293 cells were seeded, and similar to ASK they were
preincubated with the same fatty acids; however, the incuba-
tion time was reduced to 24 hours due to a more rapid cell
growth of HEK293 compared to ASK. MeHg, or control, was
added and endpoint measurements were performed within a
time frame of 48 hours.

2.2. Comparing ASK and HEK293

2.2.1. Uptake of MeHg in FA Preincubated Cells. ASK cells
were seeded at a concentration of 24 000 cells per cm?. Cells
were treated as described in basic experimental design. 48
hours after MeHg addition, the cells were scraped off using
a rubber policeman and washed 3 times in 1 X PBS. The cells
were further divided into two aliquots, where one was added
to a DMA 80 mercury analyzer. The other half of the cells
were lyzed, and total protein was measured using the BCA
protein assay (Thermo Scientific Pierce, Rockford, IL, USA)
on a Labsystems iEMS Reader (Thermo Fisher Scientific Inc.,
Waltham, MA, USA).

HEK?293 cells were seeded at a concentration of 15000
cells per cm?. Cells were treated as described in basic ex-
perimental design. 24 hours after MeHg addition, cells were
harvested and analyzed as described previously for ASK cells.

2.2.2. Cell Toxicity/Impedance Assay. In order to investigate
the effect of MeHg on cell viability and proliferation, we
implemented the xCELLigence RTCA SP impedance assay
from Roche Diagnostics (Mannerheim, Germany) where cell
adherence is measured in real time. The instrument was used
according to the manufacturer’s instructions [27]. The base
of the xCELLigence technology is the disposable E-plates,
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which are similar to normal 96-well microtiter plates. These
plates are connected to an RTCA analyzer and computer with
RTCA-associated software. The E-plates contain gold-plated
sensor electrodes in the bottom of each well, which enables
impedance readings from a small current emitted into the
system. The distance from one electrode to the next in the
xCELLigence system is possibly obstructed by cell media and
cells adhering to the electrodes. Cells will act as insulators at
the electrodes and will alter impedance measurement based
on cell density and cell adherence. Hence, this impedance
measurement will correspond to cell growth, cell toxicity,
and adherence qualities (morphology) of the cells. A broader
introduction of the xCELLigence system and software has
previously been presented in [27, 28].

ASK cells were seeded at a concentration of 24 000 cells
per cm? in a 96-well E-plate. Fresh media containing BSA
were added 24 hours after seeding, at a concentration of
150 uM (equivalent to the amount incorporated in FA). The
cells were incubated another 72 hours, before they were
washed twice in fresh media and MeHg was added in con-
centrations from 1 to 4 uM MeHg dispersed in fresh media.
Impedance measurement was recorded every 30 minutes
throughout the analysis and up to 48 hours after addition
of MeHg.

HEK?293 cells were seeded at a concentration of 15000
cells per cm? in a 96-well E-plate. Fresh media containing
BSA were added, similarly as in ASK cells. The cells were
incubated for another 24 hours, before they were washed
twice in media, and MeHg dispersed in media was added
in concentrations of 1-7 yM. Impedance measurement was
recorded every 30 minutes, with the exception of the first
hour after any modification to the cells, where it was meas-
ured every 15 minutes. Impedance measurements were per-
formed throughout the analysis and up to 48 hours after
addition of MeHg.

After addition of MeHg to both ASK and HEK293, the
xCELLigence plot showed a pronounced increase in cell
adherence. Since this also occurred in the control, it was
deemed likely that this specific effect was due to the washing
of the cells with the resulting loss of cell adherence and
increase in floating cells. When these cells adhered during
the next couple of hours, a pseudoincrease in growth curve
would be expected. Moreover, the renewal of the media with
fresh nutrient was also likely to impose a sudden increase
in growth of the cells. In order to focus on the more long-
term effects of MeHg, it was chosen to normalize cells when
the growth curve stabilized. In order to standardize this nor-
malization, growth curve of control cells in both ASK and
HEK cells was smoothed using the Prism 5.04 (Graphpad
software Inc., San Diego, CA, USA), to get more continuous
curves. After smoothing, the first derivate of the curve was
calculated in order to investigate the slope of the curve. At the
time point where the first-derivative first approached zero
(where cell growth stabilized), the curve was normalized in
all treatments for the respective cell type.

2.3. Analyses of ASK Cells

2.3.1. Apoptosis Assay. ASK cells were seeded at a concen-
tration of 24 000 cells per cm? in 24-well culture plates and

further treated as described in basic experimental design.
After 48-hour exposure to MeHg, the cells were fixed with
4% Para formaldehyde (Chemi Teknik, Oslo, Norway) and
stained with 4 yg mL™! bisbenzimide H 33342 (Sigma, St.
Louis, MO, USA). The percentage apoptosis was counted
based on cell morphology in a Nikon fluorescence micro-
scope. The fluorescent imaging was performed at the Molec-
ular Imaging Center (FUGE, Norwegian Research Council),
University of Bergen.

2.3.2. Real Time RT-PCR. ASK cells were preincubated with
the different FA and exposed to MeHg in 6-well plates at a cell
density of 24 000 cells/cm?, as previously described. All treat-
ments were performed in triplicates. After exposure to MeHg
for 48 hours, the cells were harvested using a rubber police-
man. Cells were lysed, and total RNA was extracted using
RNeasy columns (Qiagen, Oslo, Norway). The quantity and
quality of the RNA were assessed with the NanoDrop ND-
1000 UV-Vis Spectrophotometer (NanoDrop Technologies,
Wilmington, DE, USA). The concentration of RNA in one
well of a 6-well plate containing 24 000 cells per cm? was
approximately 50 ng uL~!.

The expression of 11 target genes and two reference genes
in ASK cells after FA and MeHg exposure (Table 1), was ana-
lyzed using a two-step real-time RT-PCR protocol [29]. The
RT reactions were run in triplicates in a 96-well plate, with
250ng RNA in each sample. For PCR efficiency calculations
a 6-fold serial dilution (1000-31 ng) in triplicates was made
from a pooled RNA sample. Template controls (ntc) and RT
enzyme control (nac) were included in each 96-well plate.
The RT reaction was performed according to manufacturer’s
instructions using TagMan Reverse Transcription Reagents
(Applied biosystems, Foster City, CA, USA) on a GeneAmp
PCR 9700 machine (Applied Biosystems, Foster City, CA,
USA). Reverse transcription was performed at 48°C for
60 min by using oligo dT primers (2.5uM) for all genes
in 30 uL total volume. The final concentration of the other
chemicals in each RT reaction was MgCl, (5.5mM), dANTP
(500 mM of each), 10X TagMan RT buffer (1X), RNase
inhibitor (0.4 U/uL), and Multiscribe reverse transcriptase
(1.67U/uL) (Applied Biosystems). Diluted cDNA (1:2)
(2.0 uL cDNA from each RT reaction) was transferred to a
new 96-well reaction plate and the qPCR run in 10 4L reac-
tions on the LightCycler 480 Real-Time PCR System (Roche
Applied Sciences, Basel, Switzerland). Real-time PCR was
performed by using SYBR Green Master Mix (LightCycler
480 SYBR Green master mix kit, Roche Applied Sciences,),
which contains FastStart DNA polymerase and gene-specific
primers (500 nM). PCR was achieved with a 5 min activation
and denaturizing step at 95°C, followed by 45 cycles of a
15s denaturing step at 95°C, a 60s annealing step and a
30s synthesis step, at 72°C. Target gene mean-normalized
expression (MNE) was determined using a normalization
factor calculated by the geNorm software [30] based on two
selected reference genes, eflag and arp. geNorm determines
the individual stability of a gene within a pool of genes and
calculates the stability according to the similarity of their ex-
pression profile by pairwise comparison, using the geometric
mean as a normalizing factor. The gene with the highest M,
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TABLE 1: Primer data.
Gene Accession number Fwd primer (5'-3") Rev. primer (5'-3") Ams;i)ilecon . ﬁ:i (i:eIr{lcy
arp (ref. gen) AY255630 GAAAATCATCCAATTGCTGGATG  CTTCCCACGCAAGGACAGA 101 1,813
eflab (ref. gene) BG933853 TGCCCCTCCAGGATGTCTAC CACGGCCCACAGGTACTG 59 2,013
fatp CA373015/AF023258 TGGGAGCTTGTGGGTTCAA ACTTTCATGAGGCGGATTGG 64 2,243
actb BG933897 CCAAAGCCAACAGGGAGAAG AGGGACAACACTGCCTGGAT 92 2,007
gst BQ036247 ATTTTGGGACGGGCTGACA CCTGGTGCTCTGCTCCAGTT 81 2,07
tuba BT049768 GAGCCAGCCAATCAGATGGT TGCGCTTGGTCTTGATTGTG 110 2,009
gpx BQ036408 TTCTCCACCACACTGGGATCA GGAAATGGCATCAAGTGGAATT 101 2,011
hsp-70 BG933934 CCCCTGTCCCTGGCTATTG CACCAGGCTGGTTGTCTGAGT 121 1,895
cox2 AJ238307 CGTCCTGAGGCAGGAGCAT TGAGGCGTGTGGTCTGGAA 62 2,18
cptl AM230810 CTTTGGGAAGGGCCTGATC CATGGACGCCTCGTACGTTA 121 1,917
bel-x NM_001141086 GCCTGGACGCAGTGAAAGAG GGACGGCGTGATGTGTAGCT 107 2,127

Full gene names: acidic ribosomal protein (arp), elongation factor 1 alpha b (eflab), fatty acid transport protein (fatp), f-actin (actb), glutathione-s-transferase
(gst), tubulin « (tuba), glutathione peroxidase (gpx), heat shock protein 70 (hsp-70), cyclooxygenase 2 (cox2), carnitine palmitoyltransferase 1 (cptl), and

B-cell lymphoma x (bcl-x).

that is, the least stabile gene, is then excluded in a stepwise
fashion until the most stabile genes are determined. Here, a
normalizing factor based on two examined reference genes
was used to calculate the MNE.

2.4. Analysis of HEK293 Cells

2.4.1. Red-ox Sensitive GFP (roGFP). In the fluorescent vec-
tor pEGFP-N, already containing a C48S mutation, serine
and glutamine at positions 147 and 204 have been replaced
by two cysteines to create the roGFP2 C485/5147C/Q204C
[25]. The thiol group in these cysteines reacts to changes in
the red-ox environment of the cell, altering the conformation
of the roGFP-protein, and subsequently its conformation and
fluorescent properties. The roGFP has two emission peaks
(Figure 1(a)), which vary in intensity according to red-ox
status in the cell. By measuring the emission of the roGFP
at these two different excitation wavelengths, a ratiometric
value representing the red-ox status in the cell can be ob-
tained [25].

The plasmid pEGFP-N1/roGFP was purchased from Uni-

versity of Oregon. A stable cell line expressing roGFP (Figure

1(b)) was made by transfecting HEK293 using Fugene HD
transfection reagent (Roche diagnostics, Mannheim, Ger-
many) according to manufacturer instructions, and then
the cells were selected using 400 g mL™! Geneticin (G418)
(Invitrogen, By land). After selection, the cells were grown in
media containing 200 ug mL~! Geneticin.

Cells containing roGFP were excited at 400 and 488 nm,
and emission at the two different excitation points was mea-
sured at 510nm using a Optima FLUOstar plate reader
(BMG labtech, Offenburg, Germany). The emission-ratio
between the two excitation points was calculated. A ratiomet-
ric value from the emission at the two excitation points was
obtained by

emission at excitation point 488 nm
emission at excitation point 405 nm

= Red/ox ratio.

(1)

When roGFP positive cells grow, the total signal will increase,
and since the two peaks measured have different emission
maxima, a general increase in signal leads to a small change
in the ratio. In order to adjust for this every treated sample
was normalized to control at each time point:

red ox ratio

— = relative red/ox ratio.
average control red ox ratio

(2)

In order to reduce systematic errors in the assay, the relative
red-ox ratios were also normalized to their relative red-ox
ratio at the start of the experiment (fo):

relative red ox ratio

- = normalized red ox ratio.
red ox ratio at t

(3)

To compare red-ox ratio of fatty acids and MeHg to a known
oxidative inducer, a titration curve using H,O, was run
and a standard curve was calculated using linear curve
fitting (Figure 1(c)) of the log-transformed H,O, concentra-
tion. Oxidative effects of fatty acids and MeHg were then
calculated into corresponding concentrations of H,O,, to
visualize oxidative effect.

2.5. Statistical Analyses. All statistic analysis was performed
using Statistica 9 (StatSoft Inc., Tulsa, USA) and Graphpad
Prism 5.04 (Graphpad software Inc., San Diego, CA, USA).
xCELLingence data were processed using regression analysis.
Uptake data, apoptosis count, and red-ox measurement were
processed using one-way ANOVA followed by post hoc
Dunnett’s test. Real-time RT-PCR data were processed using
the nonparametric Kruskal-Willis with post hoc paired
comparisons. Differences were regarded as significant when
P < 0.05 with both statistical analysis.
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Figure 1: Different aspects of roGFP as marker for oxidative
changes in cells. (a) Emission intensity of roGFP measured at serial
excitation points. The flat line represents reductive conditions while
the semidotted line represents oxidative conditions. The lines in
between are different levels of red-ox conditions (image modified
from Hanson et al. [25]) (b) Image of HEK293 cells stably trans-
fected with roGFP. (c) Linear regression of log-transformed con-
centration of H,O; in roGFP cells. Slope is —0.02617 + 0.004004, Y
intercept when X = 0 is 1.027 + 0.008649, and R? is 0.8104.

3. Results

3.1. Comparisons between ASK and HEK293

3.1.1. DHA Decrease Uptake of MeHg in HEK293 Cells.
Uptake of MeHg was investigated in cells treated with the
different fatty acids. Cells were preincubated with the marine
fatty acids: DHA or EPA, the n-6 polyunsaturated fatty acid
ARA, or BSA as control, before addition of MeHg. ASK cells
preincubated with DHA, EPA, or ARA showed no difference
in uptake of MeHg compared to MeHg-control (Figure 2(a)).
In HEK293 cells, however, DHA significantly decreased the
uptake of MeHg (Figure 2(b)).

3.1.2. MeHg Affects Cell Viability Similarly in ASK and
HEK293 Cells. Cell toxicity of MeHg in both ASK and
HEK?293 cells was investigated using xCELLigence impe-
dance measurement. Both cell lines showed a clear dose-
response curve after titration versus MeHg (Figure 3). In
HEK293, impedance measurements were stabilized at a
concentration of 5uM MeHg, where no further decrease
was measured. Therefore, concentrations above 5uM were
considered as too high to be statistically relevant, and only
data from 0-5 M MeHg were used in regression analysis of
dose response. Impedance measurement of ASK cells also
seemed to reach a plateau as the MeHg concentration in-
creased similar to HEK293, but more noticeable was the early
onset of toxicity from control to 1 uM MeHg (Figure 3). Area
under curve (AUC) was calculated in ASK cells from time
point 102h-144h after seeding, as a measurement of cell
toxicity, and used in regression analysis. This dose-response
curve of ASK AUC followed a nonlinear regression curve
with r2 = 0.9824 (Figure 3(c)). AUC was also calculated from
HEK cells from time point 53-96 h. The dose-response curve
of HEK AUC followed a linear curve fitting with 2 = 0.9491
(Figure 3(d)).

3.2. ASK Cells

3.2.1. Fatty Acids Affect MeHg-Induced Apoptosis. Apoptosis
was measured using morphological analysis of ASK cells after
fatty acid preincubation and MeHg exposure. A dose-res-
ponse curve of MeHg was investigated by preincubating cells
with BSA, instead of fatty acids, followed by a titration to dif-
ferent MeHg concentrations. Apoptosis count was plotted,
and curve fitting was performed (Figure 4(a)). The dose res-
ponse followed a nonlinear regression curve (r> = 0.9564).
From the dose response curve we chose a concentration of
2.5 uM MeHg to test the effect of fatty acid preincubation on
MeHg-induced apoptosis, since this particular concentration
of MeHg induced a level of apoptosis which can be remedied
by molecular intervention. Cells preincubated with different
fatty acids were compared to control cells preincubated with
BSA and exposed to MeHg using one-way ANOVA and post
hoc Dunnett’s test. Preincubating DHA significantly (P =
0.000014) increased while EPA significantly (P = 0.043948)
decreased apoptosis induced by 2.5 yM MeHg. ARA showed
no effects on apoptosis (Figure 4(b)).
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Ficure 2: Uptake of MeHg after FA preincubation in ASK cells (a) and HEK cells (b). Results are presented as mean = SD. Statistical
differences are revealed by one-way ANOVA and post hoc Dunnett’s test where n = 4, except for Hg- where n = 3. Significant differences

compared to 2.5 M MeHg (P < 0.05) are indicated by asterix.

3.2.2. MeHg Severely Affected, While Fatty Acids Only Induced,
Minor Changes in Gene Expression. Total RNA from ASK
cells, preincubated with the different fatty acids and exposed
to MeHg, was extracted and the gene expression of selected
markers was investigated. When comparing all groups
exposed to MeHg versus control (MeHg main effect), the
B-cell lymphoma 2 (bcl2) like protein (bclX), heat shock
protein 70 (hsp70), and cyclooxygenase 2 (cox2) were all
upregulated by MeHg (Figures 5 and 6). Fatty acid transport
protein (fatp), carnitine-palmitoyl transferase (cptl), and
tubulin & (tuba) were downregulated by MeHg (Figures 5
and 6). When comparing the different fatty acids (fatty acid
main effect) versus control, no effects were observed. When
comparing all groups, hsp70 was significantly upregulated in
ARA- and MeHg-treated cells compared to control. fatp was
significantly downregulated in cells preincubated with DHA
compared to the control, while tuba was significantly down-
regulated in cells preincubated with EPA and exposed to
MeHg compared to the control. No significant effects of the
treatments were observed in glutathione peroxidase 2 (gpx2)
or glutathione-S-transferase (gst) (Figures 5 and 6).

3.3. HEK293 Cells

3.3.1. DHA and MeHg Alter Red-Ox Status in HEK293 Cells.
HEK293 cells were stably transfected with roGFP plasmid
and showed a clear fluorescence after G418-selection (Figure
1(b)). These cells were used to investigate effects of fatty
acids and MeHg on oxidative status in cells. Oxidative stress
caused by fatty acids and MeHg treatment was compared to
equivalent signals generated by the known oxidative inducer
HzOz (Table 2)
Incubating HEK293 cells with EPA and ARA did not
induce any change in oxidative status However, both DHA
and MeHg significantly induced an oxidative state in the cells

after 5 minutes of incubation (Figure 7(a)). DHA steadily
kept cells in a state of oxidative stress during its preincuba-
tion, but after addition of fresh media a normal oxidative sta-
tus was recovered (Figure 7(b)). MeHg also rapidly induced
oxidation in the cells, but cells recovered their original oxi-
dative status within approximately 1 hour (Figure 7(c)). Pre-
incubating cells with fatty acids did not affect the change in
the oxidative status caused by later MeHg exposure (Figure

7(a)).

4. Discussion

In this study, the mediating effects of the marine n-3 fatty
acids DHA and EPA on MeHg toxicity were studied. EPA
ameliorated the apoptotic response of ASK to MeHg, while
DHA reduced the uptake of MeHg into HEK293 cells. These
results indicate that the metabolism of marine n-3 fatty acids
may ameliorate MeHg toxicity at the molecular level and
that the nutrient content of a diet may affect the potential
negative effect of MeHg-contaminated fish. However, DHA
also augmented the MeHg-induced apoptosis in ASK cells,
indicating potential potentiating effects of DHA on MeHg
toxicity.

4.1. MeHg Affects FA Metabolism in ASK Cells. The meta-
bolism of nutrients into applicable energy for the cell is a vital
part in maintaining cell survival. In different exploratory
studies performed on fish exposed to MeHg, changes in
metabolic genes or proteins have been reported [8, 31]. In
our study we found a significant decrease in cptl and fatp
gene expression as a result of MeHg exposure. cptl is res-
ponsible for a rate limiting step in mitochondrial -oxidation
of fatty acids: the transport of fatty acids into mitochondria
for catabolism [32]. The regulation of this protein is mainly
based on its gene transcription [33]. Fatp is a membrane
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FiGure 3: Titration of MeHg in ASK and HEK293 cell culture. (a) Growth pattern of ASK in xCELLigence after normalization. (b) Growth
pattern of HEK293 in xCELLigence after normalization. (c) Area under curve from (timespan = 48 h after MeHg exposure), representing
loss of adherent cells or decreased growth in ASK cells. The dose response showed a nonlinear curve (> = 0.9824). (d) Area under curve
(timespan = 48 h after MeHg exposure), representing loss of adherent cells or decreased growth in HEK 293 cells. The dose response showed
a linear curve (r? = 0.9491).

TasLE 2: Comparison of relative red-ox ratio to the known oxidative inducer H,O, in HEK293.

DHA EPA ARA MeHg  DHA and MeHg  EPAand MeHg  ARA and MeHg
Average of relative red-ox ratio 0.971 0.993 1.002 0.952 0.954 0.951 0.939
Equiv. [H,0,] 142 ~0 =0 710 606 811 >1000

Values below 12 are not significantly different from control, and oxidative stress is assumed almost zero. Calculations are made based on exponential curve

fitting and its formula.
“>1000” represents a value that exceeds the standard made from H,O.

bound protein involved in uptake of fatty acids into cells [34].
The regulation of fatp is thought to be governed through
peroxisome proliferator receptors (PPARs) [35], hence being
dependent on induction of PPAR through ligand-binding.
fatp is also, in part, responsible for the import of fatty acids
into mitochondria by interacting with cptl [36]. When
transcription of both cptl and fatp is decreased in our cell
system, this may signify a decrease in the availability of fatty
acids as substrate for energy metabolism in the mitochondria
and a subsequent reduced metabolic throughput. This could

be a direct effect of MeHg on the proteins themselves or
their regulatory mechanisms, or alternatively it could be that
the transcriptional expression of these genes is downregu-
lated as a secondary response to metabolic shutdown after
MeHg-induced apoptosis is initiated. Disruption of mito-
chondrial metabolism by MeHg has previously been re-
ported. Studies have shown that MeHg can disrupt the mito-
chondrial energy metabolism more directly, possibly through
inhibiting phosphorylation of ADP to ATP [37], or depolar-
izing the mitochondria [10]. The detrimental effect of MeHg
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FIGURE 4: Apoptosis count of ASK cells after treatment with FA and
MeHg. (a) MeHg dose-response with curve following a logarithmic
nonlinear curve disposition (r? = 0.9564); from this curve a con-
centration which gave 40% apoptosis (approx. 2.5 yM MeHg) was
used in assay including fatty acids. (b) Apoptosis count after prein-
cubation of cells with fatty acids. Results are presented as mean =+
SD. Statistical differences are revealed by one-way ANOVA and post
hoc Dunnett’s test where n = 4. Significant differences compared to
2.5uM MeHg (P < 0.05) are indicated by asterix.

on mitochondrial metabolism in the cell may also increase
leakage of reactive oxygen species from mitochondria and
thereby increasing ROS [38].

An important metabolic pathway for 20 carbon poly-
unsaturated fatty acids (EPA and ARA) is the eicosanoid
pathway, where activation of cytosolic phospholipase A,
(cPLA2) catalyzes the breakdown of membrane phospho-
lipids and releases ARA for subsequent metabolite forma-
tion. cPLA?2 activity has been shown to be increased by MeHg
[39]. An important enzyme in this pathway is cyclooxygenase
2 (cox2), which we showed to be upregulated in response
to MeHg exposure. This may be a secondary response to
MeHg-induced oxidative stress since cox2 expression has
been shown to increase in response to oxidative stress [40,
41]. Cox2 is responsible for the conversion of ARA into

Journal of Biomedicine and Biotechnology

prostanoids, such as the prostaglandins. An increase in pro-
duction of prostaglandins may increase the inflammatory
response in the cell, meaning that MeHg may induce pro-
inflammatory metabolites of ARA. Metabolites derived from
ARA such as the prostaglandin E, have also shown to increase
intracellular Ca?* in osteoblast-like cells [42]. Increase of
intracellular Ca" is also a known toxic effect of MeHg [43],
meaning that increased cox 2 leading to increased production
of prostaglandins may be part of the underlying cause of
MeHg-induced Ca?" influx, with consequent increase in
apoptosis.

4.2. EPA Reduces MeHg-Induced Apoptosis. The enzymes in
the eicosanoid pathway have the ability to utilize both ARA
and EPA as substrate for production of different metabolites
[44]. However, ARA- and EPA-induced eicosanoids exhibit
different molecular effects in the cell [45]. In our study, EPA
ameliorated the apoptotic effect of MeHg in the ASK cells,
while ARA did not. If excess EPA out competes ARA in the
eicosanoid pathway, the resulting metabolites show more
anti-inflammatory effects than the respective ARA metabo-
lites [45]. EPA might even reduce the inflammatory effects
of ARA-metabolites created in the same system [46]. The
abandoning of ARAs proinflammatory and possible Ca?*
releasing effects could be part of the explanation why EPA
reduces MeHg-induced apoptosis in ASK cells. ARA sup-
plementation did not augment the toxicity of MeHg, which
one might expect if the proinflammatory ARA-derived
eicosanoids are damaging to the cell. However, the FBS added
to the cell media in the MeHg-control probably already con-
tains relatively high ARA-to-EPA ratio, making the pro-
duction of ARA-derived metabolites saturated, and not de-
pendent on cox2 or the availability of substrate.

Another side of the story is that by replacing ARA with
EPA in the eicosanoid system, more EPA-derived eicosanoids
will be produced, which could reduce inflammation and
affect MeHg toxicity directly, or through apoptosis signaling
pathways. The effect of EPA-derived eicosanoids on MeHg
toxicity generally, and apoptosis specifically, is not yet
known, and further investigations are necessary to elucidate
this.

Oxidative effects of fatty acids with and without MeHg
were investigated using roGFP-HEK293 cells, and as opposed
to DHA, EPA and ARA did not affect the oxidation of roGFP
in the cells. These results are consistent with the lack of
antioxidant protection against MeHg of fish oil, shown in
previous studies [47]. There are, however, studies showing
that EPA can cause oxidative stress in muscle and liver cells
of Atlantic salmon [48, 49]. However, since we did not see
any indications of this, there could be other molecular mech-
anisms explaining the antioxidant effects noted elsewhere in
the literature [50].

EPA, unlike DHA, did not affect the uptake of MeHg
into HEK293 cells, suggesting that there must be intracellular
molecular mechanisms responsible for EPA’s ameliorating
effects on MeHg-induced apoptosis.

4.3. DHA Modulates MeHg Uptake and Toxicity. DHA pre-
incubation significantly decreased the uptake of MeHg in
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FIGURE 5: Mean-normalized expression (MNE) of (a) bclx, (b) gst, (c) gpx2, (d) tuba, and (e) hsp70 in ASK cells. Data are represented by
median, with error bars representing interquartile range. Data are treated through factorial design, where n = 3 for all groups (columns
shown), and significant differences (P < 0.05) are indicated by asterix. MeHg and FA effects were calculated across groups where n = 12
and n = 6, respectively. Significant effects (P < 0.05) of MeHg are shown using bracket lines. No fatty acid effect compared to control was
observed. Statistical analysis was performed using nonparametric Kruskal Willis with post hoc paired comparisons.

HEK?293 cells, which is consistent with other studies using  than HEK293 cells. Given that uptake of MeHg is an active
human cerebellar astrocytes and cerebellar neurons [51]. No ~ metabolic process linked to carrier mediated processes [52],
significant difference in uptake of MeHg due to DHA was  the effect of DHA on MeHg uptake may be disguised in our
observed in the ASK cells. However, ASK cells were grown at  experimental settings. Unfortunately, this leaves our results
lower temperature and displayed much lower metabolic rate  in ASK cells indicative instead of conclusive, and further
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Statistical analysis was performed using nonparametric Kruskal Willis with post hoc paired comparisons.

research of uptake mechanisms affected by DHA, in different
cell types, is needed.

The amended uptake of MeHg observed in the HEK293
cells may be due to altered membrane properties after DHA
preincubation. PUFAs are important constituents in cell
membranes, where they affect several functions such as
membrane organization, elasticity, microdomain formation,
and permeability of the lipid bilayer. However, due to the
difference in chain length and the number of double bonds,
DHA is thought to differ in flexibility and conformational
freedom compared to EPA and hence will cause different
structure disorganization [53]. By changing physical prop-
erties of cell membranes, DHA may affect uptake of extracel-
lular compounds, such as MeHg, into cells.

Although DHA decreased the uptake of MeHg in the
HEK?293 cells, we observed an increase in apoptosis of ASK

cells after DHA preincubation and MeHg exposure. This
increase was profound, and real-time RT-PCR analysis of
the apoptotic regulator bclx in ASK cells suggested a similar
effect, though not significant compared to cells only exposed
to MeHg. The apoptotic effect seems to be triggered by
the addition of MeHg, since DHA treatment alone did not
induce increase in apoptosis (results not shown). A possible
explanation for the severe apoptotic effect of DHA together
with MeHg may be due to changes in the red-ox status in the
cells. Although some literature reports DHA as an inhibitor
of oxidative stress in certain cells [54], DHA has also been
reported to induce oxidative stress and production of ROS
[48, 55]. MeHg is known to be a pro-oxidant [56], so the
observation can be explained by a potential effect of the com-
pounds. Another possible explanation could be that DHA
has inhibited the cells innate antioxidant defense system over
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FIGURE 7: Fatty acid and MeHg effect on red/ox balance in HEK293 cells. (a) Relative fluorescent value of the cells 5 minutes after exposure
to the different compounds. Data are treated by two-way ANOVA and main effects analyzed by post hoc Fischer’s test. Significant differences
(P < 0.05) due to MeHg exposure (MeHg main effect) are represented using lettering. Significant differences (P < 0.05) due to fatty acid
treatment (fatty acid main effect) are represented using large letters. Interaction effects were analyzed using post hoc Dunnett’s test where
significant differences (P < 0.05) compared to control are visualized by small letter a, while significant differences (P < 0.05) compared
to MeHg are visualized using small letter b. Dotted line represents normalized control values. (b) Relative fluorescent ratio of fatty acids
compared to control over time. Circles represent DHA, squares represent EPA, and triangles represent ARA. The dotted line represents
normalized control values. Data are treated with one-way ANOVA followed by a post hoc Dunnett’s test; lines significantly different (P <
0.05) from control are marked with *. (c) Relative fluorescent ratio of MeHg compared to control over time. Black dots represent MeHg,
while the dotted line represents normalized control values. Error margins are signified using standard deviation.

time [24]. When we investigated oxidation of roGFP in the
HEK293 cells, both MeHg and DHA were observed to oxidize
roGFP. DHA kept roGFP in a continuous oxidative state,
whilst MeHg affected the oxidation of roGFP moretemporar-
ily. EPA and ARA did not oxidize roGFP in the cells, indi-
cating that the pro-oxidative effect of these fatty acids, com-
pared to DHA, has been obliterated or kept under control
in the cells. Conversely, no significant effects of DHA were
noted on the transcriptional regulation of the two antioxi-
dant enzymes gpx2 and gst in ASK cells. However, this may
be due to normalization of these levels after replenishing con-
trol cells with fresh media after the fatty acid preincubation.

5. Conclusion

In this study we have shown that the marine n-3 fatty acid
DHA can decrease MeHg uptake in HEK293 cells as well as
increase MeHg-induced apoptosis in ASK cells. Furthermore,
the proapoptotic effect of DHA may depend on its ability to
induce changes in the red-ox environment in the cell. To our
knowledge, this is the first time that ameliorating effects of
the marine fatty acid EPA on MeHg-induced apoptosis are
reported. Taken together, the effects shown by DHA and EPA

on MeHg-induced toxicity, in this study, may help explain
the differing toxicity observed in response to type of dietary
MeHg source [21].
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Neurodevelopment as Gesell development scores (GDSs) in relation to mercury exposure in infants (<6 months of age) of one
urban center and two rural villages, respectively, of fisherman and cassiterite miners. Mean total hair-Hg (HHg) concentrations
of infants from Itapua (3.95 + 1.8 ppm) were statistically (P = 0.0001) different from those of infants from Porto Velho (3.84 +
5.5ppm) and Bom Futuro (1.85 + 0.9 ppm). Differences in vaccine coverage among these populations resulted in significantly
higher (P = 0.0001) mean ethylmercury (EtHg) exposure in urban infants (150 yg) than in infants from either village (41.67 pg,
Itapua; 42.39 pg, Bom Futuro). There was an inverse significant (Spearman r = —0.2300; P = 0.0376) correlation between HHg
and GDS for infants from Porto Velho, but not for the rural infants from Bom Futuro (Spearman r = 0.1336; P = 0.0862) and
Itapua (Spearman r = 0.1666; P = 0.5182). Logistic regression applied to variables above or below the median GDS showed
that EtHg exposure (estimated probability = —0.0157; P = 0.0070) and breastfeeding score (estimated probability = —0.0066;
P = 0.0536) score were significantly associated with GDS. Conclusion. In nurslings whose mothers are exposed to different levels of
fish-MeHg (HHg), a higher score of neurological development at six months was negatively associated with exposure to additional

TCV-EtHg. Results should be interpreted with caution because of unaccounted variables.

1. Introduction

The first years are critical for children’s future health and
development. A healthy infanthood can be monitored by
physical growth and neurodevelopment (social, emotional,
language, and cognitive domains). There are sufficient stud-
ies documenting the vulnerability of the developing central
nervous system (CNS) to adverse effects of neurotoxicants
[1], and mercury is the most prevalent of these among fish-
eating populations. Among high consumers of seafood it
has been shown that maternal exposure to methylmercury
(MeHg) during pregnancy can affect neurodevelopment of
children [2]. Indeed, Bjornberg et al. [3] have shown that
infant exposure to mercury is higher before birth than during
the breastfeeding period.

Nutrition, toxic, and stimulatory events in this early
phase can influence neurobehavioral scores in childhood
[4, 5] by interfering with the neural programming of the

CNS. During critical periods of early CNS development,
depending on the neurotoxic insult, neurological delays can
have an indelible effect. Indeed, the developmental origin of
neurological diseases/dysfunction is a concept supported by
current epidemiological studies [1]. However, it is recognized
that, in most circumstances, exposure occurs to more than
one neurotoxic substance. In this regard, Stewart et al. [6]
have shown negative association between prenatal MeHg
exposure and neurocognitive tests at 38 months to be
higher in preschoolers with higher levels of other neurotoxic
substances.

The traditional Amazon lifestyle has been characterized
by consumption of abundant fish during pregnancy and
breastfeeding [7]. However, the growing human occupation
and development of the Western Amazon has brought
deforestation by fire (for agriculture) and open-cast mining,
both of which cause environmental degradation and pol-
lution. Additionally hydroelectric reservoirs have displaced
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traditional living [8]. It is also amply recognized that in
mining areas there are elevated risks of coexposure to
neurotoxic elements resulting from ore extraction and metal
processing activities [9]. In new agricultural frontiers of
the Amazon there is evidence that anthropogenic activities
have contributed to the release of naturally accumulated Hg
[10] and have also increased organochlorine residues in the
aquatic ecosystem. Rabitto et al. [11] found that fish from the
Samuel reservoir are contaminated with DDT residues and
also with high Hg concentrations.

For mothers eating fish there is attendant exposure to
MeHg [8, 9, 12]. However, not only do other neurotoxicants
reach the Amazonian aquatic food web, but there is also
iatrogenic exposure to ethylmercury (EtHg) in thimerosal-
containing vaccines (TCVs) which are the norm in Brazil’s
successful immunization program [13]. Despite early-life
exposures to preservative (thimerosal) and adjuvant (alu-
minum) in TCV given to pregnant mothers and babies [14,
15], studies assessing the neurological status of Amazonian
children have only considered fish-MeHg [16], missing
differences in TCV-EtHg exposure [17].

In this transitioning demography of the Western Amazon
we have shown different levels of environmental Hg exposure
attendant on variations in maternal fish consumption in
children. In these studies we addressed preschool (under
five years of age) children’s growth and neurodevelopment
for urban children [13] and for the families of fishermen
[8] and tin miners [9]. In the present work we studied
environmental differences (due to maternal fish-MeHg)
coupled with variations in postnatal TCV coverage between
urban and rural infants. In order to capture early effects
of pre- and postnatal Hg exposure, we compared only
six-month-old infants’ neurodevelopment in three distinct
sociocultural situations in urban (Porto Velho) and rural
(fishing village and mining settlement) environments.

2. Methods

2.1. Background. We have been studying nutritional status,
growth, and neurodevelopment, as well as health of Amazo-
nian children since the late 1990s. In the state of Rondania
we have been able to address growth and development
in the city of Porto Velho and in impacted rural areas.
Results of a longitudinal cohort of 5 years in urban children
have appeared in several publications [13]. A second (cross-
sectional) study started in 2007, aimed at all children under 5
years of age in rural communities formed after displacement
of traditional families by the flooding of a hydroelectric
reservoir (Itapud) and new settlers (Bom Futuro) attracted
by cassiterite mining [8, 9]. The protocol of these studies
followed ethical recommendations and received approval
from the Ethics Committee for Studies in Humans of the
Universidade Federal de Rondania [8, 9, 12]; these publi-
cations carry maps showing the geographic location of the
city of Porto Velho (capital of the state of Rondania) and the
studied communities. Written consent was always obtained
from the volunteering mother with assured confidentiality.
Mothers could withdraw from the study at any time.
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2.2. Exposure Assessment and Neurological Tests. The data
presented in this paper comprise a specific subset of children
1 to 6 months of age (281) representing all infants surveyed
in the two rural communities of Itapua (n = 33; former
subsistence fisherman families) and Bom Futuro (n = 166;
families of cassiterite mining settlers) and the first part of
the study with a sample of urban infants of Porto Velho
(n = 82); respective publications on linear growth and
neurodevelopment for preschool children (1 to 60 months
of age) have appeared elsewhere [8, 9, 12]. We made
anthropometric measurements and collected hair for all
infants.

Briefly, during home visits we also applied a question-
naire to the mothers to collect information on breastfeeding
duration and immunization records. Because of easy access
to health facilities the children of Porto Velho received
the full immunization scheme. As for the rural villagers,
vaccination coverage experiences a number of difficulties
and is not always followed as recommended; however, all
vaccines applied had been recorded and this information was
acquired from the vaccination cards. The total amount of
EtHg was computed from information on the TCV (hepatitis
B and DTP) given during the first six months; because all
these TCVs are formulated to contain aluminum salts as
adjuvant, total amount of adjuvant-Al was also estimated for
the vaccinated infant.

During visits, trained professionals conducted interviews
and applied the Gesell neurodevelopment tests. The neuro-
development of infants was assessed by trained professionals
using the Gesell Developmental Schedules (GDSs) [18,
19]. The GDSs include reflexes and reactions (voluntary,
spontaneous, or learned) as well as postural reactions,
hand pressure, locomotion and coordination, constructive
ability (which is influenced by motor development), and
visible and audible communication; individual reactions
regarding people and stimulations (depending mainly on
the temperament of the child and the surroundings) were
also evaluated [12]. The results were expressed as scores for
the assessed domains (motor skills, language development,
adaptive behavior, and personal social behaviors).

Breastfeeding for the infants of Porto Velho lasted for
six months or more [13], whereas for the rural infants we
estimated a breastfeeding score based on the information
given at the time of the GDS testing. A score was calculated
in relation to the day of the visit and age of the infant
(breastfeeding score = age of infant in days/breastfeeding
days x 100). The published parent publications [8, 9,
12] describe the protocol and methods for anthropometry
and hair-Hg determinations. Strands of hair were collected
from the children and were stored, processed, and analyzed
according to our routine laboratory protocol after washing
with detergents and digesting with acid [8, 9, 12].

2.3. Statistical Analysis. Data summarization (means, stan-
dard deviation) and correlation analysis were done by the
statistical packages; Prism software (Prism, version 10IC;
GraphPad Software Inc., San Diego, CA, USA) was used to
generate graphs and determine Spearman’s (P) correlation
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TaBLE 1: General characteristics of families and respective infants in the study.
Mean (SD) p
Communities Ttapua Bom Futuro Porto Velho
Family
Fish meal, week® 2.63 (2.70) 2.4(1.4) 1.97 (2.8) <0.000
Family income US$ 227.93 (193.9) 225.2 (146.1) 247.30 (301.8) 0.4771
Maternal education, y 6.56 (3.49) 6(2.7) 8.7 (3.5) <0.000
Children
n 33 166 82
Birth
Weight (g) 3445.0 (510.9) 3278.5 (462.8) 3233.2 (421.6) 0.0787
Length (cm) 50.7 (2.7) 50.8 (2.6) 49.8 (2.4) <0.000
Age at visit, months 3.7 (1.7) 2.8 (1.5) 6 N.T.c
Breastfeeding score %" 96.1 (16.9) 81.0 (32.6) 100 <0.000
W/H Z-scores 0.16 (1.3) 0.03 (1.4) ~122(1.2) <0.000
H/A Z-scores ~0.27 (1.5) 0.52 (0.8) 0.38 (1.3) 0.001
W/A Z-scores -0.22 (1.2) 0.22 (0.9) —-0.77 (0.7) <0.000
TCV-Hg, ug 41.7 (29.8) 42.4 (24.5) 150 <0.000
Infant’s hair Hg, ug-g™! 3.95(1.8) 1.85 (0.9) 3.84 (5.5) <0.000

“Number of fish meals a week; Pbreastfeeding score = age of infant in days/breastfeeding days x 100; °N.T., not tested per se but as age-dependent variable for
anthropometry and breastfeeding scores; W/H: weight for height; H/A: height for age, W/A: weight for age; TCV: uptake of mercury in thimerosal-containing

vaccines.

between the variables of interest. A logistic regression
analysis was used to test the effect of chosen variables on
children’s GDS by SAS (SAS Institute, Cary, NC, USA)
statistical package.

2.4. Controlling for Confounders. Potential confounders
known to interfere with neurodevelopment that were part of
the study were considered in the logistic regression model.
The rationale behind the choice of covariate variables was
based on published literature that includes our own work.
The frequency of family fish consumption is associated
with total mercury concentrations in infants” hair [20, 21].
Breastfeeding is known to modulate neurobehavior [22]
and also to counteract negative effects of maternal exposure
to neurotoxic substances [23]. TCV is the only source of
EtHg which is a relevant neurotoxic per se and, in the
case of vaccines, because of its obligatory association with
adjuvant-Al salts [15], it actually represents a combination
of thimerosal and aluminum salts sufficiently defined (and
constant) for it to be treated as a unit here.

3. Results

3.1. General Characteristics and Mercury Exposure. The
general characteristics of mothers and infants in the three
settings are summarized in Table 1; for all parameters, except
family income, there were statistically significant differences.
Only breastfeeding score and EtHg exposure showed a
similar pattern distinguishing urban from rural settings.
In the urban sample, the infants had a full TCV schedule
and breastfed for at least six months. Infants’ exposure to
mercury from maternal fish consumption is represented

as HHg while iatrogenic sources such as EtHg from TCV
were estimated from vaccination cards and represent a
combination of EtHg and attendant adjuvant-Al As a result,
a more precise (in time, quantity, and route) measure of
exposure to EtHg was assessed from vaccine cards, showing
a statistically significant difference between groups (Table 1).
While infants from Porto Velho had received the full vaccine
schedule (150 ug of EtHg), rural infants were less exposed
(by approximately one-third) to this mercury source because
of age variation, less effective vaccine coverage, and schedule
adherence; the overall exposure to EtHg in the rural settings
was 42.4ug and 41.7pug of EtHg for Bom Futuro and
Itapua villages, respectively. For statistical modeling and
interpretation of the GDS responses, the EtHg exposure
actually represents a combination of two neurotoxicants
(thimerosal and adjuvant-Al salts); they are an integral part
of the vaccine formulation.

Except for the children of Porto Velho who were exclu-
sively breastfed for at least six months (breastfeeding score
of 100%), breastfeeding for the other groups (Itapua and
Bom Futuro) showed lower scores (Table 1). In order to
adjust for these differences at the time of the neurobehavioral
testing, this variable is presented as “breastfeeding score”
(estimated at the day of the visit). At six months, when
the Porto Velho infants were tested, all of them (100%)
were still breastfeeding, whereas the mean lactation score
was relatively less (96.0, Itapua; 81.0, Bom Futuro) for rural
infants (Table 1).

In Figure 1 the cumulative distribution of HHg indicated
different patterns of maternal fish consumption in the
three settings. The HHg concentrations of the Porto Velho
infants showed the highest proportion of low values in
sharp contrast with fisherman infants (Itapua) who showed
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FiGure 1: Cumulative percent distribution of total hair Hg
concentrations in infants from different localities and maternal fish-
eating habits; a, b, c are off-chart values of Porto Velho infants’ HHg
concentrations, respectively, of 18.3, 26.8, 32.9 ppm.

the highest proportion of high values. In fact, the median
HHg of fisherman infants (3.7 ppm) was more than twice the
median found in urban infants from Porto Velho (1.8 ppm)
and that of the cassiterite mining settlements (1.6 ppm). At
this early age, infants’ HHg reflects in utero exposure as well
as maternal milk (mostly breastfeeding) exposure; both types
of exposure are influenced by maternal fish-eating habits.
Indeed, correlation between infants’ HHg and family fish
consumption (Figure 2) was statistically significant for each
of the three settings: Porto Velho (Spearman r = 0.489, P =
0.0001), Bom Futuro (Spearman r = 0.1531, P = 0.0489),
and Itapua (Spearman r = 0.3763, P = 0.0309).

3.2. Neurodevelopment Scores. The cumulative distribution
of the neurodevelopment scores (GDS) is illustrated in
Figure 3. A greater proportion of low GDS occurred in
infants from Porto Velho, in contrast with a greater pro-
portion of higher scores that occurred in infants from the
fishing villages—Itapua families (Figure 3). It is important
to notice that proportionately more infants (95%) from
the Itapua families showed HHg above 1.5ppm; in this
regard there were far more infants from Bom Futuro (35%)
and Porto Velho (40%) with HHg concentrations lower
than 1.5 ppm (Figure 1). The box plot in Figure 4 illustrates
the general GDS and specific domains tested; collectively,
the infants of Itapua seemed to have a more homogenous
neurodevelopment than infants from the other study sites.
Thus the pattern of distribution of GDS shows an opposite
trend compared with the HHg distribution (Figures 1 and
3).

Because of the differences in mercury exposure (maternal
fish consumption and TCV-EtHg) and GDS we tested for
correlation between these variables in the three settings.
The Spearman correlation analyses of HHg and GDS
are illustrated in Figure 5. While correlation of HHg and
GDS in infants from Porto Velho (Spearman r = —0.2300;

Journal of Biomedicine and Biotechnology

P = 0.0376) was statistically significant, in infants from Bom
Futuro (Spearman r = 0.1336; P = 0.0862) and in infants
from Itapua (Spearman r = 0.1666; P = 0.5182) these
correlations did not reach statistical significance.

A multivariate model (logistic regression) tested the
probability of a child showing a GDS above the median,
and results are summarized in Table 2. Among the variables
tested, exposure to EtHg and breastfeeding score showed
negative associations that were statistically significant (EtHg
exposure: estimate = —0.0157, P = 0.0070; “breastfeeding
score”: estimate = —0.0065, P = 0.0536).

4. Discussion

This paper shows differences in pre- and postnatal exposure
to organic mercury, revealing negative associations with
neurodevelopment in six-month-old infants. Overall, most
infants had HHg above 1.5 ppm, but the group from Porto
Velho with the lowest median HHg concentration had
a higher frequency of low GDS. Curiously, these infants
had the highest exposure to vaccine-EtHg. Although the
measured delays were overcome by 36 months [13], these
findings are nevertheless important to show that researchers
should consider all sources of Hg in populations using
TCVs. Indeed, when vaccine-EtHg exposures are included
in statistical model measuring neurological outcome of
children there are indications concurring with our results.
In South Korea, Lee and Ha [24] observed a marginal
level of significance in mental development index related
to maternal smoking when considering vaccination history.
Also in Poland, Jedrychowski [25] informs that TCV effects
on psychomotor development appeared to be significant,
although very weak.

Chronic neurotoxic sequelae attributed only to the high
burden of MeHg resulting from subsistence fish eating
in the Amazon were found by some but not by others.
Neurobehavioral studies in Amazonian children of high
fish consumers (mean HHg concentration >10 ppm) tended
to show a significant decrease in tested neurobehavioral
functions [26, 27], while in other studies (with mean HHg
<5ppm) children showed no such significant effects [28].
Although differences in Hg exposure may seem to explain
differences in study results, the neurodevelopment status of
rural Amazonian children is not an exclusive function of
the assessed fish-Hg exposure. Fonseca et al. [29] showed
that low results in neurofunctional testing among children
from isolated communities are related to causes other than
MeHg derived from fish consumption; subsistence riverine
children with hair-Hg concentrations 66 times higher than
those found in non-Amazonian agrarian communities had
comparably poor neurofunctional outcomes.

Grandjean et al. [2] noticed that prenatal low levels of
MeHg exposure that may affect brain function can only be
detected after the child is old enough to be tested in cognitive
domains. However, addressing neurological development as
a function of breastfeeding, Grandjean et al. [30] reported
that infants with higher HHg at 12 months of age reached the
milestone criteria earlier and attributed this to breastfeeding
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FiGure 3: Cumulative percent distribution of infants’ neurological
test at 6 months; Gesell total development quotient.

duration. In the infants of Porto Velho neurodevelopmental
delays (attributed to Hg that included TCV) were inversely
correlated with length of breastfeeding and were overcome
by age of 5yrs [13]. At six months, however, comparing
groups of infants with different Hg exposure (chemical forms
and time) it was possible to reveal significant associations
with neurobehavioral testing. In this logistic regression
breastfeeding seemed less than that associated with TCV-
EtHg (Table 2).

There are few publications reporting HHg concentra-
tions in infants who are still under the influence of maternal
Hg exposure. As an exposure marker, HHg has been reported
for babies in Italy [31], in Surinam [32] and in the Faroe
Islands [20]. In Italy mean HHg was 1.22 ppm, while in Suri-
nam there was a median of 1.6 ppm, and in the Faroe Islands
the interquartile range was from 0.46 to 2.04 ppm. Babies in
the present study showed higher HHg concentrations than
in other countries but lower than previously (>15yrs ago)
found in traditional riverine communities of the Rio Madeira
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TaBLE 2: Results of the logistic regression of a child showing a
score above the median; a negative sign demonstrates a diminished
probability.

Parameter Coefficient ~ Standard Wald 2 Pr>y?
(B) error
Intercept —1.5406 3.4667 0.1975 0.6568
Sex 0.1659 0.2940 0.3184  0.5726
Age 0.0639 0.2216 0.0832 0.7731
Birth weight —0.00010  0.000286  0.1169  0.7325
W/H-Z score 0.2268 0.1457 2.4229  0.1196
W/A-Z score —0.2695 0.2180 1.5295 0.2162
TCV-EtHg —-0.0157 0.00583 7.2714  0.0070
HHg —0.0694 0.0537 1.6691 0.1964
Breastfeeding score  —0.00655  0.00339  3.7265  0.0536

W/H: weight for height; W/A: weight for age; VCT-EtHg: thimerosal-
containing vaccine-ethylmercury; HHg: hair mercury; breastfeeding score =
age of infant in days/breastfeeding days x 100.

(9.8 ppm—([33]). During breastfeeding, a slow elimination
of body Hg has been linked to continuous exposure of
the nursling to Hg in maternal milk [20]. Indeed, we have
also observed that postnatal HHg increases in breastfed

infants [34]. However, despite the increased exposure to
EtHg derived from TCV, this source of organic Hg is captured
by babies’ hair in very small concentrations [35, 36]; due to
the acute nature of TCV exposure, specific EtHg in baby’s
hair is only correlated with time of last TCV [36]. Therefore,
at this early age infants’ HHg showed to be significantly
correlated to maternal fish consumption (Figure 2). This
is in agreement with previous observations for Amazonian
riverine populations [33].

The present study can only suggest association of Hg
exposure from different sources (MeHg assessed from
HHg and EtHg assessed from vaccination cards) and
neurobehavioral outcomes. In such observational studies
it is difficult to establish a reliable association between
markers of exposure and corresponding neurologic effects.
While HHg in infants (still breastfeeding and most certainly
not eating fish) can be a good indicator of maternal Hg
transferred from fish consumption [33] EtHg could be
tracked from vaccination cards. Of the many types of
exposure occurring before birth and continuing during the
immediate perinatal period, we were able to account for
postnatal TCV and breastfeeding. Other aspects related to
nutrition and stimulatory factors are complex to tackle in
such circumstances. However, the strength of the study is
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FIGURE 5: Scatter plots of total hair-Hg concentrations and Gesell development scores in the 3 settings of tested infants.

that we could compare urban and rural settings accounting
indirectly for maternal fish consumption (HHg) and,
directly, for exposure to TCV-EtHg. Because Amazonian
children are exposed perinatally to TCV-EtHg, neurological
assessment at such early ages has to be interpreted with
caution. Another weakness relates to the limitation in
capturing the many potential confounding variables that can
influence experience-dependent synapse formation in such
diverse environments (urban and rural settings).

Evidence from animal studies demonstrates the neurode-
velopmental impact of prenatal [37, 38] and perinatal expo-
sure to vaccine-EtHg [39, 40]; these studies included infants
of several species (mice, rats, and macaques) and suggest that
the cumulative effects of TCV-Hg could lead to cognitive and
social deficits and delayed acquisition of reflexes. Because this
literature is very recent, it has not yet modeled the wide spec-
trum of human infant diversity and the full interaction with
other neurotoxicants [41]. Perinatal TCV-EtHg exposure
occurs worldwide, with a wide variation in dose, interval, and
postnatal time, in accordance with countries’ immunization
schedules. Furthermore, nutritional status, degree of poverty,

and dispossession attendant on large massed populations in
developing countries mean that millions of young children
may experience coexposures with other toxic substances that
could be more common and more severe.

5. Conclusions

For Amazonian infants, not only exposure to environmental
fish-MeHg (in maternal diets) but also the additional burden
of iatrogenic EtHg (in TCV) is relevant to neurobehavioral
testing. In the present case, infants from Porto Velho are
exposed to city pollution, Itapua villagers to more fish-
MeHg, and Bom Futuro to open-mining operations. How-
ever, the neurotoxic effects associated with the combined
chemical forms of Hg seemed sensitive for infants exposed
to additional TCV-Hg.
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