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Abstract
Mercury (Hg) is a common environmental toxicant to which humans are exposed regularly through occupational and dietary
means. Although selenium supplementation has been reported to prevent the toxic effects of Hg in animals, the mechanisms for
this prevention are not well understood. The purpose of the current study was to determine the effects of selenium on the
disposition and toxicity of Hg. Wistar rats were injected intravenously with a non-nephrotoxic dose (0.5 μmol kg−1) or a
nephrotoxic dose (2.5 μmol kg−1) of HgCl2 (containing radioactive Hg) with or without co-administration of sodium selenite
(Na2SeO3). Twenty-four hours after exposure, rats were euthanized, and organs were harvested. Co-administration of SeO3

2−

with HgCl2 reduced the renal burden of Hg and the urinary excretion of Hg while increasing the amount of Hg in blood and
spleen. We propose that Hg reacts with reduced selenite in the blood to form large Hg–Se complexes that are unable to be filtered
at the glomerulus. Consequently, these complexes remain in the blood and are able to accumulate in blood-rich organs. These
complexes, which may have fewer toxic effects than other species of Hg, may be eliminated slowly over the course of weeks to
months.

Introduction

Mercury (Hg) is recognized as a potent environmental toxicant
that leads to numerous detrimental effects in a variety of organs.
Humans are exposed to mercury and its related complexes pri-
marily via occupational and/or dietary exposure. A major
source of occupational exposure to Hg occurs during the pro-
cessing of ore in artisanal and small-scale gold mining (ASGM)
wherein miners may inhale large quantities of mercury vapor
[1]. Alternatively, dietary exposure occurs following ingestion
of fish and shellfish contaminated with methylmercury [2].

Following inhalation and/or ingestion of mercury compounds,
mercuric ions are absorbed readily by epithelial cells in the lung
and intestines [3–5]. Once taken up by target cells, mercuric
ions can produce significant detrimental effects such as oxida-
tive injury, disruption of signaling pathways and cellular ener-
getics, and cytoskeletal alterations [6].

Interestingly, the toxic effects of some heavy metals, in-
cluding Hg, appear to be lessened by supplementation with
inorganic and/or organic forms of selenium (Se). When tin
miners were given organoselenium supplements, serum
markers for oxidative stress and DNA damage were found to
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be significantly lower than those in miners without Se supple-
mentation [7]. Furthermore, selenite, an inorganic form of Se,
has also been recognized as being protective against methyl-
mercury (MeHg) intoxication [8] and cadmium-induced in-
toxication [9].

Although selenium appears to offer protection against mer-
cury intoxication [8, 10, 11], the mechanisms involved in this
process are not well understood. It has been suggested that Se
has innate antioxidant properties and is able to eliminate the
free radicals generated following exposure of cells and tissues
to mercuric ions [12, 13]. Another possibility is that selenium
ions bind to mercuric ions in a 1:1 ratio to create Hg–Se
complexes that are somewhat insoluble in biological systems.
Because of their lower solubility, these complexes have re-
duced bioavailability, which consequently lessens Hg accu-
mulation in organs and cellular intoxication [12]. Similarly,
the biomineralization of Hg with Se can lead to large inorganic
compounds that may be unable to be taken up into cells due to
their large size [12]. It is well-known that mercuric ions have a
strong affinity for thiol (-S) groups [14], and thus, it could be
argued that mercuric ions may bind preferentially to free thiols
rather than to Se. However, binding studies have shown that
mercuric ions have a much stronger affinity for Se than for
thiols. The formation constant for methylmercury-Se com-
plexes is estimated to be 0.1–1.2 log K units greater than that
of methylmercury-thiol complexes [15]. This affinity is illus-
trated by studies in rats showing that Se is able to remove
mercuric ions bound to metallothionein (MT), a major thiol-
containing molecule [16]. Based on these studies, we hypoth-
esize that, in the presence of Se, mercuric ions bind preferen-
tially to Se to form Hg–Se complexes that may lessen Hg
toxicity by reducing uptake into target cells.

A recent study in humans suggested that supplementation
with organic selenium may be protective against Hg intoxica-
tion because it enhances excretion of Hg [17]. Interestingly,
this excretion does not occur until 15–30 days following ex-
posure [17]. Little is known about how Se alters the disposi-
tion of inorganic forms of Hg within target organs during the
initial period after exposure. Additionally, previous studies
have focused on humans and animals exposed to MeHg [8].
However, it is important to note that onceMeHg is ingested, it
is gradually biotransformed to Hg2+ in blood and tissues
[18–20]. Furthermore, it should be noted that organic seleni-
um, selenite, and selenate are converted within in the body to
selenide, which may form complexes with mercuric ions. In
addition, the binding of selenium to methylmercury has been
shown to lead to demethylation, which results in the formation
of inorganic mercury complexes with Se [12, 21]. Considering
that cells are ultimately exposed to Hg2+ complexes, it is im-
portant to understand how Se alters the disposition and toxic-
ity of this form of Hg. Therefore, the present study was de-
signed to test the hypothesis that co-administration of sodium
selenite with inorganic mercury (Hg2+) significantly alters the

disposition of Hg in target organs and consequently reduces
the toxicity of Hg.

Methods

Animals

Male and female Wistar rats weighing approximately 300 g
were obtained from our breeder colony in the Mercer
University School of Medicine. All animals were provided a
commercial laboratory diet (Tekland 6% rat diet, Harlan
Laboratories) and water ad libitum throughout all aspects of
experimentation. The animal protocol for the current study
was reviewed and approved by the Institutional Animal Care
and Use Committee. Animals were handled in accordance
with the Guide for the Care and Use of Laboratory Animals
as adopted by the National Institutes of Health.

Intravenous Injections

Rats of both sexes were divided randomly into four groups,
with each group containing four rats. Rats in group A were
injected intravenously (i.v.) with a non-nephrotoxic dose of
HgCl2 (0.5 μmol kg−1 2 mL 0.9% NaCl). This group was
considered to be the “control.” Rats in group B were injected
i.v. with a mixture of 0.5 μmol kg−1 HgCl2 and 5 mg kg−1 mL
sodium selenite (Na2SeO3) [22]. Rats in group Cwere injected
with a nephrotoxic dose of HgCl2 (2.5 μmol kg−1 2 mL 0.9%
NaCl. Rats in group D were injected with a mixture of
2.5 μmol kg−1 HgCl2 and 5 mg kg−1 mL sodium selenite.
Each set of injections contained 1 μCi of radioactive mercury
([203Hg2+]) per rat. For readability, sodium selenite will be
referred to hereafter as “selenite” (SeO3

2−).
At the time of injection, each animal was anesthetized with

2–5% isoflurane, and a small incision was made in the skin in
the mid-ventral region of the thigh to expose the femoral vein
and artery. The dose of HgCl2 was administered into the fem-
oral vein, and then the wound was closed with two 9-mm
wound clips. Subsequently, animals were housed individually
in plastic metabolic cages.

Radioactive Hg [203Hg2+]

Radioactive Hg [203Hg2+] was produced by neutron activation
of mercuric oxide (enriched with Hg202) at the Missouri
University Research Reactor (MURR) facility as described
previously [23, 24]. A 3-mg sample of mercuric oxide was
irradiated for 4 weeks at MURR. Following irradiation, the
sample was dissolved in 1mL of 1 NHCl, and the activity was
measured using a Fluka ion chamber. The specific activities
ranged from 10 to 15 mCi/mg.
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Collection of Tissues and Organs

At the time of euthanasia, rats were anesthetized with an intra-
peritoneal (i.p.) injection of ketamine and xylazine (70/
30 mg kg−1). A 3-mL sample of blood was obtained from the
inferior vena cava, and a 1-mL sample was placed in a polysty-
rene tube for estimation of [203Hg2+] content. Approximately
0.5 mL of blood was placed in a blood separation tube in order
to separate plasma from the cellular contents of blood. Serum
creatinine levels were determined using the QuantiChrome assay
kit from BioAssay. Total blood volume was estimated to be 6%
of body weight [25].

Right and left kidneys were then removed, and each kidney
was trimmed of fat and fascia, weighed and cut in half along the
mid-transverse plane. One-half of the right kidney was placed in
fixative (40% formaldehyde, 50% glutaraldehyde in 96.7 mM
NaH2PO4 and 67.5 mM NaOH) in preparation for histological
analyses. A 3-mm transverse slice of the left kidney was utilized
to obtain samples of cortex, outer stripe of outer medulla
(OSOM), inner stripe of outer medulla (ISOM) and inner me-
dulla. Each zone of the kidney was weighed and placed in a
separate polystyrene tube for estimation of [203Hg2+] content.
The liver was then excised, weighed, and a 1-g section was
removed for determination of [203Hg2+] content.

Urine and feces were collected 24 h after injection with
HgCl2. Urine from each animal was vortexed, and a 1-mL
sample was weighed and placed in a polystyrene tube for
estimation of [203Hg2+] content. Feces excreted by each ani-
mal were collected and counted to determine accurately the
total fecal content of [203Hg2+]. The content of [203Hg2+] in
each sample was determined by counting in aWallacWizard 3
automatic gamma counter (Perkin Elmer). Samples of a
known concentration of [203Hg2+] were counted and used to
calculate the concentration of Hg in each tissue sample.

Histological Analyses

Following fixation, kidneyswerewashed twicewith normal saline
and placed in 70% ethanol. Tissues were processed in a Tissue-
Tek VIP processor using the following sequence: 95% ethanol for
30 min (twice); 100% ethanol for 30 min (twice); 100% xylene
(twice). Tissue was subsequently embedded in POLY/Fin paraffin
(Fisher). Five-micrometer sections were cut using a Leitz 1512
microtome and were subsequently mounted on glass slides.
Sections were stained with hematoxylin and eosin (H&E) and
were viewed using an Olympus IX70 microscope. Images were
captured with a Jenoptix Progress C12 digital camera.

Data Analyses

Data were analyzed using a one-way ANOVA followed by
Tukey’s multiple comparison test. A p value of < 0.05 was

chosen a priori to represent statistical significance. Data are
presented as mean ± standard error.

Results

Amount of Hg in Kidney

When rats were exposed to HgCl2 and selenite, the amount of
Hg detected in the total renal mass was significantly lower than
that in the total renal mass of rats exposed to the corresponding
dose of HgCl2 alone (Fig. 1). In rats exposed to 0.5 μmol kg−1

HgCl2 and selenite, the amount of Hg in the total renal mass was
reduced by 80% compared with that in rats exposed to HgCl2
alone. When rats were exposed to 2.5 μmol kg−1 HgCl2 and
selenite, the amount of Hg in the total renal mass was reduced
by approximately 92% compared with that in rats exposed to
HgCl2 alone. The amount of Hg that was detected in the total
renal mass of rats exposed to a non-nephrotoxic dose of HgCl2
(0.5μmol kg−1) was significantly lower than that of rats exposed
to a nephrotoxic dose of HgCl2 (2.5 μmol kg

−1). The amount of
Hg detected in the total renal mass of rats exposed to
0.5 μmol kg−1 HgCl2 and selenite was not significantly different
than that of rats exposed to 2.5 μmol kg−1 HgCl2 and selenite.

In rats exposed to either concentration of HgCl2, the accu-
mulation of Hg (nmol g−1) in the cortex was significantly great-
er than that in corresponding rats exposed to HgCl2 and selenite
(Fig. 2a). In addition, the amount of Hg in the renal cortex of
rats exposed to 0.5 μmol kg−1 HgCl2 was significantly lower
than that of rats exposed to 2.5 μmol kg−1 HgCl2. The amount
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Fig. 1 Amount of Hg in total renal mass of Wistar rats exposed to HgCl2
or HgCl2 and selenium (Se). Rats were injected intravenously with
0.5 μmol HgCl2 kg−1 2 mL−1 or 2.5 μmol HgCl2 kg−1 2 mL−1 in the
presence or absence of 5 mg kg−1 mL sodium selenite. Asterisk symbol
indicates significantly different values (p < 0.05) from the mean of the
corresponding group of rats exposed to 0.5 μmol HgCl2. Plus symbol
indicates significantly different values (p < 0.05) from the mean of the
corresponding group of rats exposed to the same dose of HgCl2 without
Se (control)



of Hg in the renal cortex of rats exposed to 0.5 μmol kg−1

HgCl2 and selenite was not significantly different from that of
rats exposed to 2.5 μmol kg−1 HgCl2 and selenite.

When rats were exposed to either dose of HgCl2, the accu-
mulation of Hg (% administered dose g−1) in the outer stripe of
the outer medulla (OSOM) was significantly greater than that
in corresponding rats exposed to HgCl2 and selenite (Fig. 2b).
The amount of Hg in the OSOM of rats exposed to
0.5 μmol kg−1 HgCl2 was significantly lower than that of rats
exposed to 2.5 μmol kg−1 HgCl2. The amount of Hg in the
OSOM of rats exposed to 0.5 μmol kg−1 HgCl2 and selenite
was not significantly different than that of rats exposed to
2.5 μmol kg−1 HgCl2 and selenite.

The amount of Hg accumulation in the inner stripe of the
outer medulla and the inner medulla was minimal in all groups
of rats (data not shown).

Histological Analysis of Kidney

When rats were exposed to 0.5 μmol kg−1 HgCl2, there was no
detectable renal injury (Fig. 3a). Similarly, when rats were ex-
posed to 0.5 μmol kg−1 HgCl2 with SeO3

2−, abnormal histolog-
ical alterations were not detected (Fig. 3b). In contrast, when rats
were exposed to 2.5 μmol kg−1 HgCl2, significant toxicological
changes were observed histologically (Fig. 3c). These changes
were predominantly localized to the OSOM and included swell-
ing of tubular epithelial cells, sloughing of tubular epithelial cells,
occlusion of the tubular lumen, and the presence of pyknotic
nuclei in tubular epithelial cells. Interestingly, when rats were
exposed to 2.5 μmol kg−1 HgCl2 and selenite, Hg-induced his-
tological alterations were not observed (Fig. 3d).

Amount of Hg in the Spleen, Liver, and Blood

When the amount of Hg in the spleen was measured (Fig. 4), it
was found that the accumulation of Hg in rats exposed to
0.5 μmol kg−1 HgCl2 was significantly greater than those ex-
posed to 0.5 μmol kg−1 HgCl2 and selenite. When rats were
exposed to 2.5 μmol kg−1 HgCl2 and selenite, the amount of
Hg in the spleen was fourfold greater than that in spleens of rats
exposed to 2.5 μmol kg−1 HgCl2 only. The accumulation of Hg
in spleens of rats were exposed to 2.5 μmol kg−1 HgCl2 (with
andwithout selenite) was significantly greater than that in spleens
of corresponding rats exposed to the 0.5 μmol dose of HgCl2.

Interestingly, co-exposure of Hg and selenite enhanced the
accumulation of Hg in the liver (Fig. 5).When rats were exposed
to 0.5 μmol kg−1 HgCl2 and selenite, the amount of Hg in the
liver was significantly greater than that of rats exposed to
0.5 μmol kg−1 HgCl2 alone. Similarly, when rats were exposed
to 2.5 μmol kg−1 HgCl2 and selenite, the amount of Hg in the
liver was significantly greater than that of rats exposed to
2.5 μmol kg−1 HgCl2 alone. The hepatic burden of Hg was
significantly greater in rats exposed to 2.5 μmol kg−1 HgCl2
(with or without selenite) than in corresponding rats exposed to
0.5 μmol kg−1 HgCl2.

A large percentage of the administered dose of Hg was found
in the blood (Fig. 6). Co-administration of selenite with HgCl2
led to a significant increase in the amount of Hg in blood. When
rats were exposed to 0.5 μmol kg−1 HgCl2 and selenite, the
amount of Hg in blood increased 10-fold. Similarly, when rats
were exposed to 2.5 μmol kg−1 HgCl2 and selenite, the amount
of Hg in blood increased approximately 12-fold. As expected,
the amount of Hg in blood of rats exposed to 2.5 μmol kg−1

HgCl2 (with and without selenite) was greater than that in blood
of rats exposed to the 0.5 μmol dose of HgCl2.

Serum Creatinine Levels

Serum creatinine levels are shown in Table 1. Serum creatinine
was significantly greater in rats exposed to 2.5μmol HgCl2 than
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Fig. 2 Amount of Hg in the cortex (a) and outer stripe of the outer
medulla (b) of Wistar rats exposed to HgCl2 or HgCl2 and selenium
(Se). Rats were injected intravenously with 0.5 μmol HgCl2 kg−1

2 mL−1 or 2.5 μmol HgCl2 kg
−1 2 mL−1 in the presence or absence of

5 mg kg−1 mL sodium selenite. Asterisk symbol indicates significantly
different values (p < 0.05) from the mean of the corresponding group of
rats exposed to 0.5 μmol HgCl2. Plus symbol indicates significantly
different values (p < 0.05) from the mean of the corresponding group of
rats exposed to the same dose of HgCl2 without Se (control)



in corresponding rats exposed to 0.5 μmol HgCl2. There was no
significant difference in serum creatinine between rats exposed
to 0.5 μmol HgCl2 and those exposed to 0.5 μmol HgCl2 +
selenite. In contrast, serum creatinine levels were significantly
lower in rats exposed to 2.5 μmol HgCl2 + selenite than in
corresponding rats exposed to 2.5 μmol HgCl2 alone.

Amount of Hg in Urine and Feces

Interestingly, co-administration of selenite with HgCl2 did not
enhance the urinary excretion of Hg (Fig. 7a). In fact, the

urinary excretion of Hg in the presence of selenite was mini-
mal following exposure to either dose of HgCl2. The amount
of Hg in urine of rats exposed to 0.5 μmol kg−1 HgCl2 and
selenite was significantly lower than that of rats exposed to the
corresponding dose of HgCl2 alone. The amount of Hg in
urine of rats exposed to 2.5 μmol kg−1 HgCl2 and selenite
appeared to be lower than that in urine of rats exposed to the
corresponding dose of HgCl2 alone; however, the difference
observed was not statistically significant due to high variabil-
ity within the group of samples from rats exposed to
2.5 μmol kg−1 HgCl2.

Fig. 3 Histological analyses of
kidneys fromWistar rats exposed to
HgCl2 or HgCl2 and selenium (Se).
PanelA shows the corticomedullary
junction in a representative section
of kidney from rats exposed to
0.5 μmol HgCl2. Panel B shows a
section of kidney from rats injected
intravenously with 0.5 μmol kg−1

HgCl2 and 5 mg kg
−1 mL sodium

selenite. Panel C shows a section of
kidney from rats exposed to
2.5 μmol HgCl2 kg

−1. Numerous
tubules exhibited signs of injury
(asterisk symbol) including
sloughing off of tubular cells,
swelling, and pyknotic nuclei
(arrows). Panel D shows a section
of kidney from rats exposed to
2.5 μmol HgCl2 kg

−1 and
5 mg kg−1 sodium selenite. Bar =
50 μm
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Fig. 5 Amount of Hg in the liver of Wistar rats exposed to HgCl2 or
HgCl2 and selenium (Se). Rats were injected intravenously with
0.5 μmol HgCl2 kg−1 2 mL−1 or 2.5 μmol HgCl2 kg−1 2 mL−1 in the
presence or absence of 5 mg kg−1 mL sodium selenite. Asterisk symbol
indicates significantly different values (p < 0.05) from the mean of the
corresponding group of rats exposed to 0.5 μmol HgCl2. Plus symbol
indicates significantly different values (p < 0.05) from the mean of the
corresponding group of rats exposed to the same dose of HgCl2 without
Se (control)

Fig. 4 Amount of Hg in the spleen of Wistar rats exposed to HgCl2 or
HgCl2 and Selenium (Se). Rats were injected intravenously with
0.5 μmol HgCl2 kg−1 2 mL−1 or 2.5 μmol HgCl2 kg−1 2 mL−1 in the
presence or absence of 5 mg kg−1 mL sodium selenite. Asterisk symbol
indicates significantly different values (p < 0.05) from the mean of the
corresponding group of rats exposed to 0.5 μmol HgCl2. Plus symbol
indicates significantly different values (p < 0.05) from the mean of the
corresponding group of rats exposed to the same dose of HgCl2 without
Se (control)
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Fecal excretion of Hg (Fig. 7b) differed from that in urine.
The amount of Hg excreted in feces of animals exposed to
0.5 μmol kg−1 HgCl2 was not significantly different from that
of animals exposed to 0.5 μmol kg−1 HgCl2 with selenite.
Similarly, the amount of Hg excreted in feces of animals ex-
posed to 2.5 μmol kg−1 HgCl2 was not significantly different
from that of animals exposed to 2.5 μmol kg−1 HgCl2 with
selenite. Due to high variability within sample sets, the fecal
excretion of Hg in rats exposed to 2.5 μmol kg−1 HgCl2 (with
or without selenite) was not significantly different than that of
rats exposed to 0.5 μmol kg−1 HgCl2.

Discussion

Published studies have suggested that dietary supplementation
with selenium may offer protection from mercury-induced
intoxication [17, 26]. One potential mechanism for this

protection relates to the role of selenium as a component of
glutathione peroxidase (GPx). Excess selenium is thought to
drive the production of GPx, which in turn could protect cells
and organs against oxidative damage [10]. Alternatively, since
selenium has a very high binding affinity for Hg, selenium
supplementation may lead to the formation of mercury-
selenide compounds. Owing to the insoluble nature of these
compounds, they tend to accumulate in the tissue or organ in
which they were formed.

In the current study, co-administration of Hg with selenite
led to a shift in the disposition of Hg. The amount of Hg
detected in blood increased by 10-fold following co-
administration with selenite. This finding suggests that sele-
nite prevents the uptake of Hg into cells and organs by trap-
ping it within the blood. Several studies have suggested that
when Se and Hg are coadministered, they react to produce a

Fig. 7 Amount of Hg in urine (a) and feces (b) of Wistar rats exposed to
HgCl2 or HgCl2 and selenium (Se). Rats were injected intravenously with
0.5 μmol HgCl2 kg−1 2 mL−1 or 2.5 μmol HgCl2 kg−1 2 mL−1 in the
presence or absence of 5 mg kg−1 mL sodium selenite. Asterisk symbol
indicates significantly different values (p < 0.05) from the mean of the
corresponding group of rats exposed to 0.5 μmol HgCl2. Plus symbol
indicates significantly different (p < 0.05) from the mean of the
corresponding group of rats exposed to the same dose of HgCl2 without
Se (control)

Fig. 6 Amount of Hg in the blood of Wistar rats exposed to HgCl2 or
HgCl2 and selenium (Se). Rats were injected intravenously with 0.5 μmol
HgCl2 kg

−1 2 mL−1 or 2.5 μmol HgCl2 kg
−1 2 mL−1 in the presence or

absence of 5 mg kg−1 mL sodium selenite. Asterisk symbol indicates
significantly different values (p < 0.05) from the mean of the
corresponding group of rats exposed to 0.5 μmol HgCl2. Plus symbol
indicates significantly different values (p < 0.05) from the mean of the
corresponding group of rats exposed to the same dose of HgCl2 without
Se (control)

Table 1 Serum creatinine for each group of rats. Data shown are mean
± SE, n = 4. Asterisk symbol indicates significantly different values
(p < 0.05) from the mean of the corresponding group of rats treated
with 0.5 μmol HgCl2. Dagger symbol indicates significantly different
values from the mean of the corresponding group of rats treated with
2.5 μmol HgCl2

Group Treatment Serum creatinine (mg/dL)

1 0.5 μmol HgCl2 0.4079 ± 0.025

2 0.5 μmol HgCl2+Se 0.4488 ± 0.028

3 2.5 μmol HgCl2 0.6918 ± 0.106*

4 2.5 μmol HgCl2+Se 0.5158 ± 0.048*†



high-molecular weight complex containing 1:1 Hg:Se [16,
27]. Interestingly, when Hg and selenite are combined in the
presence of glutathione, the resulting complex is quite large
and highly water-soluble [28]. The size of the complex may
lead to its inability to be filtered at the glomerulus and excret-
ed in urine, preventing its uptake into cells regardless of
solubility.

One of the primary sites of mercury accumulation and
intoxication is the kidney. Interestingly, in the presence of
selenite, the renal accumulation of Hg was reduced by 80–
90%. In biological systems, selenite is converted to selenide;
therefore, we propose that following exposure to Hg and
selenite, Hg-selenide complexes are formed in blood. These
complexes are likely too large to be filtered at the glomerular
basement membrane and thus the uptake of mercuric ions
into renal proximal tubular cells is reduced significantly.
This idea is supported by current data showing a decrease
in the renal accumulation of Hg and a concomitant increase
in the amount of Hg in blood. In addition, previous studies
have suggested that large Hg-selenide complexes are formed
readily in biological systems [29, 30]. Analyses of muscle
from oceanic mammals exposed to MeHg found that MeHg
is demethylated in muscle and mercuric ions are bound sub-
sequently to selenium to form inert HgSe [31]. Similarly,
studies in pilot whales have shown that Hg and Se initially
form nanoparticles, which likely serve as sites of nucleation
for larger Hg-Se complexes. The large size of these com-
plexes prevents their uptake into cells [32]. Hg-selenide com-
plexes that remain in the blood may bind to selenoprotein P
(SelP) to create a high-molecular-weight complex that is un-
able to be taken up by target cells [33].

Histological analyses of the kidney show that co-
administration of selenite with HgCl2 prevented most all of
the toxic effects induced by exposure to a nephrotoxic dose of
HgCl2. In animals exposed to HgCl2 alone, significant injury
was observed in the kidney, yet in the presence of selenite,
very little renal injury was observed. These findings corre-
spond well to the amount of Hg accumulation in the kidney.
In addition, these findings also correspond to measurements of
renal function (Table 1). Plasma creatinine levels, which are
reliable indicators of renal function, were significantly greater
when rats were exposed to a nephrotoxic dose of HgCl2
(2.5 μmol) than when rats were exposed to a non-
nephrotoxic dose of HgCl2 (0.5 μmol). It is important to note
that serum creatinine levels in rats exposed to 2.5 μmol
HgCl2+selenite were significantly lower than those of rats
exposed to 2.5-μmol HgCl2 alone. These data suggest that
the addition of selenite protects the kidney from injury. Co-
administration of selenite with HgCl2 almost completely elim-
inated urinary excretion of Hg, suggesting that Hg-selenide
complexes are not filtered by the glomerulus and/or secreted
by the renal tubules. We are currently exploring potential
modes of Hg sequestration following selenite reduction.

Interestingly, co-administration of selenite with HgCl2 en-
hanced uptake of mercuric ions in the spleen. This finding is
likely related to the open circulatory system that exits in the
mammalian spleen [34, 35]. Considering that Hg-selenide
complexes remain in blood, they can be delivered to other
organs, particularly those with high blood flow. Splenic blood
flow is approximately 0.71 mL min−1 g−1 [36], and given the
estimated blood volume of the rats used in this study, we
predict that the entire volume of blood circulated through the
spleen approximately every 25–30 min. The repeated circula-
tion through the spleen facilitates delivery of Hg-selenide
complexes into the red pulp of the spleen via open circulation.
We suggest that once these complexes enter the red pulp, they
are unable (due to their size) to re-enter the splenic sinuses for
exit from the spleen. It should also be considered that accu-
mulation of Hg-selenide complexes may lead to nucleation
and subsequent enhanced accumulation of Hg.

In the liver, co-administration of selenite with HgCl2 en-
hanced the accumulation of Hg. The hepatic accumulation is
likely related directly to the concentration of the Hg-selenide
complex in the blood. Venous blood flow to the liver in rats has
been reported to be approximately 1.5 ± 0.09 mLmin−1 g−1 liv-
er [37], indicating that large amounts of Hg-selenide complexes
may be delivered to the liver in a short period of time. It is
important to note that sinusoids within the liver have a discon-
tinuous endothelium, meaning that there are fenestrae in the
endothelium to allow large molecules, such as albumin, to eas-
ily cross the sinusoidal wall [38]. Once Hg-Se complexes exit
the sinusoid, they are presented to the plasma membrane of the
hepatocyte, where they may be taken up by hepatocytes.
Endocytosis along the sinusoidal membrane of hepatocytes oc-
curs frequently [39], and thus, this mechanism is a probable
route of Hg-Se uptake into cells. It is unclear if Hg is able to
be removed from the Hg-Se complex within the intracellular
compartment of hepatocytes; however, it is important to recog-
nize that hepatocytes contain high intracellular concentrations
of glutathione (GSH) [40] and metallothionein (MT) [41]. In
addition, exposure to Hg has been shown to increase MT levels
in hepatocytes [42]. The high intracellular concentrations of
GSH and MT may drive the binding of Hg toward GSH and
MT rather than Se. Binding of Hg to GSH or MTwould facil-
itate the transport of mercuric ions out of hepatocytes over time
for subsequent excretion. Hg complexes exported out of hepa-
tocytes at the canalicular membrane would be exported into bile
for fecal excretion. However, since fecal excretion of Hg was
not altered significantly following co-administration with sele-
nite, we propose that fecal elimination is not a major route of
Hg excretion under these conditions. The role of hepatoenteral
circulation should also be considered as a possible mechanism
for movement of Hg–Se complexes. We currently do not have
evidence that this pathway plays a role in the intestinal handling
of Hg–Se complexes. Therefore, we propose that Hg-selenide
complexes taken up by hepatocytes are converted slowly to Hg-
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thiol complexes (e.g., Hg-GSH2) that can be transported out of
hepatocytes at the sinusoidal membrane into blood for eventual
filtration and elimination by the kidney.

In summary, the current study shows that co-administration
of selenite with HgCl2 in an experimental mammalian model
reduces mercury toxicity by altering the disposition of Hg in
the body. Moreover, the current study also shows that this re-
distribution of mercuric ions reduces intoxication of target
organs, such as the kidney. Selenite appears to form large
complexes with Hg in blood. These complexes may remain
in blood due to low solubility and bioavailability, or they may
bind to the plasma protein, selenoprotein P to create a larger,
less available complex. The resulting high-molecular-weight
complex is renoprotective because it is unable to be filtered at
the glomerulus and taken up by renal tubules. Consequently,
Hg-selenide complexes remain in blood and accumulate in
organs, such as the spleen and liver, with high blood flow.
Future studies assessing mechanisms of elimination are clear-
ly needed to understand fully how selenium reduces mercury
toxicity.
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