
Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine   988

_____________________________ _____________________________

Expressions of Mercury-Selenium 
Interaction in vitro

BY

PETER FRISK

ACTA UNIVERSITATIS UPSALIENSIS
UPPSALA 2001



Dissertation for the Degree of Doctor of Philosophy, Faculty of Medicine, in Biomedical
Radiation Sciences presented at Uppsala University in 2001

ABSTRACT
Frisk, P. 2001. Expressions of Mercury-Selenium Interaction in vitro. Acta Universitatis
Upsaliensis. Comprehensive Summaries of Uppsala Dissertations from the Faculty of Medicine
988. 62 pp. Uppsala. ISBN 91-554-4913-1.

Interaction between mercury and selenium has previously been observed both in man and in
animals. The aim of this work was to study expressions of interaction between mercury and
selenium in human K-562 cells. Inorganic and organic forms of mercury and selenium were used
and cells were either pre-treated with selenium or simultaneously exposed to selenium and
mercury. Concentrations of selenium and mercury chosen were indicated by a study of growth
inhibition in the individual compounds: a low concentration of selenium and selenomethionine
induced slight cell growth inhibition, while a high concentration resulted in a notable growth
inhibition. Two mercury concentrations were chosen: one with minimal toxicity and another with
high cell toxicity. In addition, uptake and retention patterns of selenomethionine and selenite
differed in both selenocompounds.

All simultaneous treatments with 3.5 µM methylmercury produced a reduction in
cellular mercury with increased selenium concentration. This was particularly obvious in selenite
treatments. Growth curves from the simultaneous 3.5 µM methylmercury and selenite treatments
indicated protection with increased selenite concentrations. In both exposure protocols, the 5 µM
methylmercury treatments were toxic to the cells.

In both study protocols, cells exposed to selenite and mercuric chloride manifested
increased cellular mercury uptake with increased selenium concentration. In all selenite and 35
µM mercuric chloride treatments, no inhibition of growth was observed, while the 50 µM
mercuric chloride treatments were toxic to the cells. Selenite-dependent protection was achieved
in both exposure protocols when considering the cellular uptake of mercury. With few exceptions,
selenomethionine produced similar effects as selenite on mercuric chloride uptake and growth
inhibition.
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ABBREVIATIONS
ATP adenosine triphosphate
BMS bis(methylmercuric)selenide
CAT catalase
CNS central nervous system
DNA deoxyribonucleic acid
FAD flavin adenine dinucleotide (oxidised form)
G6PD glucose-6-phosphate dehydrogenase
GSH reduced glutathione
GSSG oxidised glutathione
GSH-Px glutathione peroxidase
GS-Se-SG selenodiglutathione
ICP-MS inductively coupled plasma mass spectrometry
I-Hg inorganic mercury
MT metallothionein
MeHg methylmercury
NADPH nicotinamide adenine dinucleotide phosphate (reduced form)
PDH pyruvate dehydrogenase
RNA ribonucleic acid
ROS reactive oxygen species
SeMeth selenomethionine
SOD superoxide dismutase
tRNA transfer RNA
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INTRODUCTION

Selenium

Selenium was discovered in 1817 by the Swedish chemist Jöns Jacob Berzelius (1779-
1848). During the early part of the 20th century, selenium was considered to be highly
toxic. It was known, for example, to cause toxicity in animals grazing in seleniferous
areas (1). In 1957, the essential role of selenium was demonstrated in laboratory rats (2).
Another important episode in the history of selenium was 1973, when two bacterial
enzymes, formate dehydrogenase (3) and glycine reductase (4) together with the
mammalian enzyme glutathione peroxidase (GSH-Px) (5,6) were reported to contain
selenium. The discovery of Keshan Disease, a selenium-responsive cardiomyopathy
endemic in areas of China with low amounts of selenium in the soil, demonstrated the
importance of insufficient selenium intake in the diet (7). Epidemiological studies have
linked selenium deficiency with an increased susceptibility to certain types of cancer
(8,9) and vascular disorders including coronary heart disease, atherosclerosis and
platelet hyper-aggregability (10-12). Other diseases linked with selenium deficiency
include asthmatic inflammation (13), HIV/AIDS (14,15) and abnormalities of the
immune system (16). A recent study closely linked to possible selenium deficiency was
the Nutritional Prevention of Cancer Experiment carried out by Clark and colleagues in
the USA. This was the first double-blind, placebo-controlled experimental intervention
in a western population group aimed at testing the hypothesis that selenium
supplementation could reduce the risk of cancer. In a study comprising 1312 individuals
with a history of non-melanoma skin cancer the patients were randomised to a control
group receiving placebo and a treatment group administered 200 µg selenium per day
(as selenium yeast), there was no effect of non-melanoma skin cancer. However, patients
treated with selenium had a lower total rate of cancer mortality, together with a lower
rate of total cancer incidence, with fewer cancers of the prostate, colon or lungs (8).

Selenium toxicity (selenosis) is not a common phenomenon. In the 20th century, the
most widespread occurrence of selenium toxicity took place in Enshi County, China,
between 1961 and 1964. Local inhabitants who had eaten corn and vegetables grown in
soil with high concentrations of selenium manifested symptoms such as alterations in
skin, hair and nails as well as nervous system function (17).
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Selenium belongs to the same group as sulphur in the periodic table and may substitute
for sulphur in the sulphur-amino acids to form selenium analogues. The mentioned
selenium forms in the present study are shown in figure 1.

selenomethionine

selenite SeO3
2-

CH SeCH CH CHCOO3 2 2
-

NH3
+

selenocysteine -
2

-SeCH CHCOO
NH3

+

Figure 1. Selenium compounds. Inorganic selenium is shown in dissociated form, the other
compounds in the most abundant form at physiological pH.

Selenium carries out its principal biochemical functions as selenocysteine recognised as
the 21st amino acid (18,19). Proteins containing selenocysteine are referred to as
selenoproteins; some of the commonest are discussed below. Four glutathione
peroxidases, cellular or classical (5), plasma or extracellular (20), phospholipid
hydroperoxide (21) and gastrointestinal (22) have been identified. Their main function is
assumed to be that of antioxidant enzymes which inactivate hydrogen peroxide and lipid
and phospholipid hydroperoxides (21-27). Three selenium-dependent iodothyronine
deiodinases (type 1 (28), type 2 (29) and type 3 (30)), which produce and regulate the
level of active thyroid hormone from thyroxine (31-33), have been identified.
Selenoprotein P is found in the plasma and appears to protect endothelial cells against
damage by peroxynitrite (34-37). Selenoprotein W was first isolated in rat muscle tissue
(38) and may play a role in muscle metabolism (39,40). The selenoprotein thioredoxin
reductase contains selenocysteine and FAD and catalyses the NADPH-dependent
reduction of the redox protein thioredoxin (41,42).

Metabolism

Both organic and inorganic forms of selenium can be utilised by the body and selenium
consumed in foods and supplements exists in a number of forms, including
selenomethionine (SeMeth) and selenite. SeMeth is non-specifically incorporated into a
general tissue protein pool in place of methionine (43,44) and does not have a selenium-
related redox function in proteins as selenocysteine has (45). SeMeth has been found to
be metabolised to selenocysteine by the trans-sulphuration pathway (44,46,47). Selenite
is readily reduced to selenide, which is a precursor of selenophosphate, the universal
selenium donor in vivo (25). One of the most important differences in the metabolism of
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selenite and SeMeth is that the former cannot be stored, but is used directly in
selenoprotein synthesis (48,49). Further details of selenium metabolism and the possible
pathways involving selenium in Escherichia coli can be found in the review carried out
by Turner et al. (50).

Selenite has long been known to react with thiols. The following reaction has been
proposed by Painter (51):

4RSH + H2SeO3 → RS-Se-SR + RSSR + 3H2O

Reduced glutathione (GSH) is a prime candidate for RSH. GSH has been thought to be
the main component in a series of reactions which convert selenite by way of
selenodiglutathione (GS-Se-SG) through reduction by thiols and NADPH-dependent
reductases to selenide. In 1958, it was demonstrated that GS-Se-SG was an active
intermediate in GSH oxidation by selenite (52). GSH is known to be one of the most
important intracellular antioxidants, with various physiological functions which are
essential to maintaining normal cellular function (53,54). There are controversial reports
as to how selenite affects the content of intracellular GSH. Selenite has been shown to
increase the GSH content in canine mammary tumour cells (55,56). In contrast, selenite
treatment reduced the intracellular GSH content in certain other studies (57-60).
Furthermore, it was found that selenite decreased, while SeMeth produced no effects on
the intracellular glutathione concentration of human mammary tumour cells (61).

Toxicity

In 1968, it was suggested that selenium toxicity (selenite or selenium dioxide) was
caused by the formation of selenotrisulphides (RS-Se-SR) of proteins (62). These
selenotrisulphides have been studied and are readily reduced by excess thiol or
reductases which form a highly reactive selenopersulphide anion (RS-Se-) (63). Later
research on a cell-free system reported that superoxide anion (O2

.-) was generated by the
reaction of selenite with GSH (64). Subsequent research found that reactive oxygen
species (ROS), mainly the superoxide anion and hydrogen peroxide were produced in
selenium treated cells with the addition of exogenous GSH (65-67). The formation of
ROS, the induction of apoptosis and the concurrent reduction of intracellular GSH and
the increase of oxidised glutathione in selenite treated human hepatoma cells has
recently been demonstrated (68,69). It is believed that oxidative stress is one of the
important mechanisms responsible for the cytotoxic effects of selenite, in which GSH is
involved as a critical compound which facilitates the formation of ROS. The dual role of
GSH has been demonstrated in research into the effects of selenium on human hepatoma
cells. An increase in intracellular GSH concentration led to greater selenium toxicity,
while depletion of GSH resulted in an increase in lactate dehydrogenase leakage, cell
growth inhibition and apoptosis (70). The authors stated: (i) GSH acts as a pro-oxidant
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which induces oxidative stress and (ii) GSH acts as an antioxidant which protects
against selenium-induced oxidative stress. It is likely that the controversial results
reported earlier regarding GSH and selenium are the result of this dual role of GSH in
selenium toxicity.

Reaction in RPMI-1640 medium of selenium compounds with GSH in presence or
absence of mammary tumour cells was studied. Selenite generated more superoxide
anions than SeMeth both with or without cells (67). Research has been carried out into
the relationship between ROS generation and cultured vascular endothelial cellular
damage caused by simultaneous exposure to selenite or SeMeth and sulph-hydryl
compounds. Selenite but not SeMeth generated ROS in the presence of clinical
concentrations of sulph-hydryl compounds (0.5 mM cysteine or 0.5 mM GSH). Further,
simultaneous exposure to 10 µM selenite and sulph-hydryl compounds was found to
result in increased cellular damage compared to when selenite alone was administered,
while exposure to 10 µM SeMeth together with sulph-hydryl compounds did not induce
cellular damage (71). Similar findings were made when the pro-oxidative effects of
selenite and SeMeth and their ability to induce apoptosis were investigated in cultured
mouse keratinocytes. Selenite generated oxidative DNA lesions, induced apoptosis and
was found to be cytotoxic in mouse keratinocytes, while SeMeth was not cytotoxic, did
not generate oxidative DNA lesions and did not induce cellular apoptosis in any of the
selenium concentrations studied (72).

Direct or indirect involvement of S-adenosylmethionine metabolism in SeMeth
cytotoxicity was suggested. Research into the effects of SeMeth in different cell lines
showed that SeMeth was metabolised to Se-adenosylmethionine as efficiently as
methionine to S-adenosylmethionine, indicating that methionine adenosyltransferase
might well use it as a substrate. Se-adenosylmethionine was further metabolised in
transmethylation reactions and in polyamine synthesis, as are sulphur metabolites of
methionine. SeMeth did not specifically block the synthesis of DNA, RNA or protein.
ATP levels remained normal and no metabolic block in transmethylation or polyamine
synthesis was observed (73,74).

Selenite or SeMeth administration (0.1 µM to 1 mM) has also been shown to inhibit
DNA/RNA synthesis in cultured lymphocytes from mice spleen (75). It might well be
that selenium indirectly modulates intracellular events through formed selenoproteins as
it has been suggested that some of these proteins are involved in DNA synthesis
inhibition (76). In addition, it has been shown that selenotrisulphide derivatives formed
by the interaction of selenite with sulph-hydryl compounds inhibit DNA/RNA
polymerases (77) and hence result in the inhibition of DNA and RNA synthesis.

An elevated concentration of selenite has been shown to create blockage of the cell
cycle at the S/G2-M phase (78). This specific blockage may well be caused by DNA
damage such as DNA strand breaks, chromosome breaks or spindle disturbances
(79,80). A link between oxidative stress and cell cycle arrest has been established in
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yeast. Hydrogen peroxide treatment was shown to cause cell cycle arrest in G2 (81).
Some selenite effects could indeed be the result of the generation of hydrogen peroxide,
as it has been reported that selenite in reaction with glutathione produces hydrogen
peroxide (82).

Mercury

The major source of mercury is the natural degassing (Hg0) of the Earth's crust,
including land areas, rivers and oceans. This is estimated to produce in the region of
2700 to 6000 tons a year. About 10 000 tons of mercury per year are mined although
this figure varies considerably. The total amount of artificially-released mercury in the
atmosphere is about 2000 to 3000 tons, although it is difficult to assess how much of this
is the result of human activity and how much is the product of natural sources. Fossil
fuel may contain as much as 1 ppm of mercury and it is estimated that about 5000 tons
of mercury per year may be produced by the combustion of coal, natural gas and the
refining of petroleum products (83).

When studying effects of mercury on humans or other mammals, it is important to
consider the bonding characteristics of its ions. Although mercuric ions will bond with
numerous nucleophilic groups in molecules, they more often do so with reduced sulphur
atoms, especially those in endogenous thiol-containing molecules such as glutathione,
cysteine, homocysteine, N-acetylcysteine, metallothionein (MT) and albumin. The
stability constant for mercury bonding with thiolate anions is in the order of 1015 to 1020.
In contrast, the stability constants for mercury bonding with oxygen or nitrogen
containing ligands are about 10 orders of magnitude smaller. Hence, it is reasonable, in
most cases to consider the biological effects of inorganic mercury (I-Hg) or organic
mercury in terms of their interaction with residues which contain sulph-hydryl (84). The
discussed mercury forms in the present work are shown in figure 2.

inorganic mercury Hg2+

methylmercury CH Hg3
+

Figure 2. Both mercury compounds are shown in dissociated form.
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Organic mercury

Metabolism

Some of the MeHg which enters the body is partly demethylated as I-Hg. It seems likely
that most of this demethylation takes place in the liver, with subsequent accumulation of
I-Hg in the kidneys (85-87). However, a variable percentage of MeHg demethylation has
been observed in several rat tissues (88-90). It has been demonstrated that the
conversion of organic mercury to its inorganic form is accelerated by mechanisms in rat
liver microsomes, phagocytic cells and intestinal microflora which probably make use of
electron transport systems and ROS (90). Yet another study of rats also indicated that
MeHg might be demethylated by the intestinal microflora after excretion in the bile (91),
but it is not known whether this occurs in humans. It has been suggested that
demethylation of MeHg may occur in the human brain (92,93). Studies of rats, mice and
squirrel monkeys exposed to MeHg showed low percentages of I-Hg in the brain
(94,95). However, demethylation of MeHg in the brain may be a slow process. A
pronounced accumulation of I-Hg in the brain was observed in long-term MeHg
exposure studies involving monkeys (96-98). However, the mechanism which controls
the demethylation of MeHg into I-Hg in the brain has not been identified.

Toxicity

It has been shown that MeHg and intracellular GSH form complexes which lower
cellular GSH concentration, thus impairing the GSH function (99-101). Studies of the
induction of apoptosis by MeHg in human T-cells showed that the primary effects of
MeHg exposure were a perturbation of the mitochondrial function and a reduction in
intracellular GSH. These changes led to the generation of ROS and the activation of
death-signalling pathways (102-104). In addition, GSH content reduction and the
inhibition of related metabolising enzymes (glutathione disulphide reductase, glutathione
peroxidase, thiol transferase, γ-glutamyl transpeptidase and glutathione s-transferase)
was observed in the brain, spinal cord, kidneys and liver of mice acutely exposed to
MeHg (105). GSH levels, however, typically display a biphasic response when exposed
to toxic stress including MeHg. This is manifested as an initial reduction followed by a
compensatory increase (106,107), which is caused by transcriptional activation of the γ-
glutamylcysteine synthetase gene expressing the first enzyme in the GSH synthesis
pathway (108). GSH perhaps represents the principal cellular defence mechanism
against electrophiles such as MeHg and may also serve as the major cellular anti-
oxidant, helping to scavenge free radicals, destroy hydrogen peroxide and maintain
protein sulph-hydryls in a reduced state (53,109).
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Several other studies have been carried out in an attempt to understand the toxic action
of MeHg. Their findings often suggest that MeHg has multiple targets within cells. It has
been suggested that oxidative reactions in the cell membranes play an important role in
MeHg toxicity, and that the hydrophobicity of MeHg permits interaction with both the
protein and lipid bilayer components of the membrane. MeHg is thus able to activate
free radical generation and peroxidation of unsaturated lipids prevalent in the nervous
system (110). MeHg has been reported to cause lipid peroxidation in the liver, kidneys
and brain of rats (111,112). MeHg-induced lipid peroxidation has also been observed in
cerebellar granule neurons in suspension (107). However, the results of other studies
suggest that MeHg penetrates with great facility the biological barriers formed by
plasma membranes. In vitro studies of lipid bilayers and cultured cells have shown that
MeHg is rapidly diffused across membranes (113,114). Furthermore, the results of
research into the effects of mercurials on cell plasma membrane indicate that MeHg can
penetrate the plasma membrane without damaging its barrier function (114). In addition,
research has been carried out on effects of MeHg on the membrane-bonded SH
enzymes, Na+, K+-ATPase and pyruvate dehydrogenase (PDH) in connection with its
effects on galactosylceramide sulphotransferase and with morphological changes in
glioma C6 cells. MeHg in fact induced morphological changes and a reduction in
galactosylceramide sulphotransferase activity, but no alteration in the activity of the SH
enzymes at a growth-inhibitory concentration. The authors concluded that interference
with Na+, K+-ATPase and PDH activities could not be a primary effect of MeHg (115).

In a study of the exposure of HeLa S3 cells to MeHg, there was a rapid reduction in
macromolecule synthesis above the 10 µM level of concentration. Gruenwedel and
Cruikshank concluded that both the DNA and RNA syntheses were more susceptible to
inhibition by MeHg than protein synthesis. However, it was not possible to decide
whether DNA synthesis is more sensitive than RNA synthesis to MeHg, or vice versa
(116). Nevertheless, since DNA synthesis has been reported as being more resistant to
MeHg than cell proliferation (117,118), DNA synthesis does not appear to be a primary
target of MeHg cytotoxicity. It has also been suggested that mitochondrial DNA is a
possible MeHg target (119,120). In a study of HeLa cells, overexpression of catalase
(CAT), GSH-Px or cytoplasmic copper,zinc-superoxide dismutase (Cu,Zn-SOD) did not
affect the sensitivity of the cells to MeHg. However, the sensitivity of HeLa cells to
MeHg was reduced by overexpression of Mn-SOD. The Mn-SOD enzyme is localised in
the mitochondria matrix and decomposes superoxide anions. The results suggest that the
formation of superoxide anions in the mitochondria might be involved in the mechanism
of MeHg cytotoxicity (121).

A great deal of research has been carried out on the action of MeHg on protein
synthesis. It would seem that MeHg directly interacts with some parts of the protein
synthesis mechanism. However, it is almost impossible to determine which process in
protein synthesis, from transcription to amino acid chain termination is most sensitive. It
has also been difficult to obtain reproducible results in different species of animals or
cell lines. MeHg has been reported to inhibit in vitro protein synthesis in cerebral and
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cerebellar slices of rats and in pinched-off nerve endings or synaptosomes (122). Yet
another study showed that the inhibition of protein synthesis by MeHg on cerebellar
perikarya appeared to be independent of the effects of RNA synthesis, mitochondrial
functions, ATP content and the intracellular levels of Na+ and K+. The authors
concluded that, at least as far as their cell model was concerned, MeHg inhibited protein
synthesis through its direct interaction with the protein synthesis (123). Studies of the
perturbation of rat brain protein synthesis by MeHg showed that MeHg exposure
induced changes in the activity of protein synthesis, although neither mercury-induced
disaggregation of brain polyribosomes nor alteration in the proportion of 80S
monoribosomes was detected. Furthermore, it was demonstrated that MeHg inhibited
phenylalanyl-tRNA synthetase activity in the brain of neonatal rats. It was concluded
from these results, that the MeHg inhibition of the translational step in the brain
observed in vivo and in vitro is caused primarily by the perturbation of the
aminoacylation of tRNA and is not associated with defects of initiation, elongation or
ribosomal functions in the process of protein biosynthesis (124,125). However, these
results contradict certain other reports (126,127).

Studies of different mammalian cell lines have shown that mitotic cells were
accumulated after treatment with MeHg (117,128-130). In a study on cultured mouse
glioma cells the results certainly indicated that exposure to MeHg inhibited cell mitosis
by blocking tubulin polymerisation or by depolymerising the existing microtubules.
Since no remarkable changes in cell organelles other than microtubules were observed,
it was concluded that MeHg acted on the microtubules in mouse glioma cells in the first
instance (117). It has been shown that MeHg inhibits microtubule polymerisation in
vitro and promotes the disassembly of microtubules in cultured cells (131-137). In a
study of rats treated with MeHg the results suggested that MeHg treatment may produce
perturbation of cellular activities associated with the tubulin/microtubule system by
altering the tyrosination status of tubulin in the rat's brain (138). The disruption of
microtubules seems to be responsible for the blocking of cell growth. Flow cytometry
measurements have shown that in long term exposure to MeHg, human fibroblasts were
accumulated in the G2/M phase (139). A G2/M phase inhibition has also been
demonstrated after MeHg exposure of primary rat CNS cells (140). A recent study of
MeHg cytotoxicity showed that MeHg-induced apoptosis was preceded by the
accumulation of cells in the G2/M phase (141). These results suggest that G2/M phase
arrest caused by the disruption of microtubules is an important factor in the development
of apoptosis by MeHg.
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Inorganic mercury

Metabolism

The primary target organ for I-Hg has been found to be the kidneys (83,142,143). One
hypothesis as to how mercuric ions enter proximal tubular cells is that it takes place
through the endocytosis of filtered mercury-albumin complexes (144,145). This seems
plausible, since albumin is the most abundant protein found in plasma and has a free
sulph-hydryl group on a terminal cysteinyl residue with which mercuric ions can bond
(146). Further, previous research indicates that the largest percentage of mercury in the
plasma bonds with acid-precipitable proteins such as albumin (147-149). When
mercuric ions have entered proximal tubular cells, it would appear that they are
distributed throughout all intracellular pools (150-152). However, the subcellular
distribution of mercury was shown to increase to its greatest extent in the lysosomal
fraction when rats were made proteinuric (144) or when they were treated over a long
period of time with I-Hg (152). An increase in the lysosomal content of mercury may
reflect the fusion of primary lysosomes with endocytotic or cytosolic vesicles containing
complexes of I-Hg bonded with proteins.

Research has been carried out into the relationships between alterations in glutathione
metabolism and the disposition of I-Hg in rats. Zalups and colleagues demonstrated that
biliary ligation produced increase in renal as well as hepatic GSH content, reduction in
renal accumulation of I-Hg and increase in hepatic accumulation of I-Hg. The authors
stated that reduced renal accumulation of mercury induced by biliary ligation is linked to
increased hepatic retention of mercury (153).

Another effect of I-Hg consists of the induction of and bonding with MT (154). MTs are
a group of small intracellular proteins with an approximate molecular weight of 6000 to
7000 Dalton. The MTs contain numerous cysteinyl residues and have the capacity to
bond various metals including mercury. MT is present to a certain extent in almost all
mammalian tissues and the biological significance of MT is related to its various forms
MT-1, MT-2, MT-3 and MT-4 (155). Several studies have shown that preinduced MT in
the kidneys by treatment with cadmium or zinc compounds prevents the renal toxicity
caused by I-Hg (156,157). The administration of a single, daily, non-toxic concentration
of mercuric chloride over several days has been shown to almost double the
concentration of metallothionein in the renal cortex or outer stripe of the outer medulla
in rats (158). Recently, transgenic mice deficient in the MT-1 and MT-2 genes (MT-null
mice) have been established (159,160). Renal toxicity of I-Hg has been studied in MT-
null mice and wildtype controls. The sensitivity to the renal toxicity of I-Hg was
markedly enhanced in the MT-null mice compared with the controls. Moreover, it was
clear from the use of MT-null mice that MT plays an important role in the retention of
mercury in the kidneys but not in the uptake of mercury (161). MT does not appear to
have a significant role in the detoxification or body distribution of MeHg except to
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scavenge Hg(II) formed by the biotransformation in the body. Rats and Japanese quail
fed with toxic levels of MeHg over a long period of time were fractioned and only a
limited percentage of the total mercury was accounted for in the fractions corresponding
to MT (162).

Toxicity

It has been established that mercury can promote oxidative stress, lipid peroxidation and
mitochondrial dysfunction through alterations in intracellular thiol metabolism. In a
study of human lymphocytes and monocytes, it was shown that cells which had a high
endogenous level of GSH were relatively resistant to both the cytotoxic and the
immunotoxic effects of I-Hg. In contrast, cells with a low GSH content were sensitive to
both the cytotoxic and immunotoxic effects of I-Hg (163).

A marked reduction in the activity of SOD, CAT and GSH-Px was observed in the renal
cortex of rats after exposure to I-Hg (164). Thus, perturbation of the enzymes
responsible for the protection of cells against the peroxidative action of the superoxide
anion and hydroperoxides may be a possible reason for the nephrotoxicity induced by
mercury. Furthermore, both in vitro and in vivo studies have shown increased production
of hydrogen peroxide, depletion of glutathione, increased lipid peroxidation and
alterations in calcium homeostasis in the mitochondria of renal epithelial cells of rats
treated with I-Hg (165,166). These findings suggest that I-Hg-induced mitochondrial
oxidative stress is an important mechanism in renal tubular damage. A study of I-Hg-
induced apoptosis in human T-cells also showed that cell death was preceded by
increased ROS generation in cellular mitochondria (167). The existence of oxidative
stress-inducing mechanisms in I-Hg toxicity is supported by the fact that I-Hg has been
shown to induce lipid peroxidation (168,169), DNA damage (170), porphyrinogen
oxidation (171,172) and depletion of reduced glutathione (164,173).

It appears that I-Hg reacts with cellular membrane and it has been shown that it readily
reacts with the double bonds of fatty acid residues in phospholipids (174). In a study on
human erythrocytes exposed to I-Hg the results indicated strong interactions of Hg(II)
ions with phospholipid amino groups (175). Further, the effects of I-Hg on the barrier
function of the plasma membrane of glioma and neuroblastoma cells in mice was
determined by measuring the release of [3H]2-deoxyglucose from the cells. The presence
of I-Hg concentrations sufficient to inhibit cell proliferation, produced a significant
release of [3H]2-deoxyglucose. It would seem that I-Hg first disrupts the barrier
function of the plasma membrane before invading the cells (114).

I-Hg has been shown to inhibit both DNA and RNA synthesis in HeLa cells (176) and to
interfere with the synthesis of proteins (177,178). The interference with protein
synthesis supports the hypothesis that I-Hg-induced apoptosis is preceded, to some
extent at least, by protein synthesis (179).
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Another target of mercury toxicity appears to be the disruption of calcium homeostasis.
An increase in cytosolic Ca2+ was observed in renal tubular cells in rabbits exposed to I-
Hg (180). The study of the effect of I-Hg on intracellular calcium levels in T-
lymphocytes in rats suggests that increased I-Hg-induced calcium levels are due to Ca2+

influx from the extracellular medium (181). This agrees with a study of rat
pheochromocytoma PC12 cells that demonstrated how I-Hg exposure led to increased
intracellular calcium levels, which could be prevented by Ca2+ entry blockers, thus
suggesting Ca2+ entry via calcium channels (182). In addition, the results of exposure to
I-Hg of a human leukaemic cell line (Jurkat) suggest that I-Hg triggers a protein
phosphorylation-linked signal which provokes extensive mobilisation of free Ca2+ into
both cytoplasm and nucleus (183). The disruption of intracellular calcium homeostasis is
increasingly being recognised as an important mechanism in mercury cytotoxicity, since
calcium has the capacity to activate a large number of proteases, phospholipases and
endonucleases (184,185).

Organic mercury and selenium interaction

An important breakthrough in the interaction of selenium with MeHg was made when
mercury present in tuna fish was found to be less toxic than MeHg (186) and when
evidence was presented that this was because of the selenium content in tuna fish (187).
The counteraction by selenium of MeHg toxicity has since been confirmed by several
other researchers (188-191). It should, however, be said that selenium does not always
alleviate the MeHg toxicity. Selenium markedly enhanced MeHg depressed weight gain
in chicks, for example (192). Furthermore, a study into how selenite affects
embryotoxicity and teratogenicity caused by MeHg in mice showed that MeHg toxicity
may be either increased or decreased by selenite, depending on the combination of
MeHg and selenite concentrations (193). Considerable interspecies variation has been
observed in the MeHg metabolism and toxicity. Most of the available data, therefore,
does not permit conclusions on interaction in humans (192,194).

An observed effect of selenium on MeHg-intoxicated animals is the modification of the
pattern of mercury distribution in different organs. Often, selenium increases the
mercury levels in the brain, while it decreases mercury levels in the kidneys (195,196).
Further, the protein bonding pattern of MeHg in the soluble fraction of a variety of rat
organs was not significantly affected by selenium (195), which differs from the effects
observed when I-Hg was used (197). These findings are consistent with an in vitro study
of rat plasma which showed that hydrogen selenide altered the distribution of I-Hg but
had no effect on MeHg in plasma (198). Overall, selenium does not appear to use
similar mechanisms in counteracting inorganic and organic mercury.

Subcellular distribution of MeHg has also been studied. It was proposed that a primary
site for selenium protection might be lysosomal membranes. Selenium is thought to
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stabilise the lysosomal membranes against degenerative changes caused by MeHg
(199,200).

The mechanisms of interaction between mercury and selenium are not well understood.
In a review of mercury and selenium interaction, five possible mechanisms for selenium
protection were suggested: (1) redistribution of mercury in the presence of selenium, (2)
competition between mercury and selenium for bonding sites, (3) the formation of
mercury-selenium complexes, (4) the conversion of toxic forms of mercury to other
forms and (5) the prevention of oxidative damage (201). Several in vivo studies have
shown alteration of mercury distribution in the presence of selenium. Selenite reduced
the MeHg content in the brain, heart, liver, kidneys and blood of rats one week after the
last treatment, which contrasts with an initial MeHg increase in the brain when MeHg
was administered together with selenite (190). Consistent with this, a study of guinea
pigs showed that selenite reduced the total and organic mercury concentration in the
blood, brain, liver and kidneys seven days after treatment (202). However, it was found
that excretion in the guinea pigs in the form of urine and faeces was reduced in the
presence of selenium. These results support the identification of exhalation as a
dominant elimination process in the presence of selenium (203). Selenite
supplementation of MeHg-exposed mice also enhanced the whole-body elimination of
mercury, but selenium-supplemented animals did not have lower mercury levels in the
brain and kidneys than non-supplemented animals (204). Species differences and
different experimental designs might explain the differences observed in the effects of
selenium on mercury kinetics in rats, guinea pigs and mice. Further, analysis of murine
and human blood has shown that selenite can release MeHg from its linkage with
proteins and might thus influence the distribution of mercury in the tissues (205).

MeHg and selenite have been shown to form an unstable mercury-selenium complex in
the presence of rat erythrocytes. The molar ratio of mercury to selenium was 2:1. The
same complex was formed when MeHg was treated with hydrogen selenide in the
absence of erythrocytes (206). A study of MeHg and selenite interaction in the blood of
rabbits confirmed this 2:1 molar ratio; the compound was identified as
bis(methylmercuric)selenide (BMS) (207). The BMS was probably formed in the blood
in conjunction with glutathione which is known to reduce selenite to selenide (62,63). In
addition, among various selenium compounds tested only selenide was found to react
directly in vitro with MeHg to form BMS. Either protein sulph-hydryl groups or reduced
glutathione were required to create a reaction between MeHg and the other chemical
forms of selenium (208). Characterisation of BMS revealed that the complex was
unstable and degraded quickly in mouse blood in vitro. Furthermore, BMS was detected
in negligible quantities in the tissues of mice injected with both MeHg and selenite
(209). It was suggested that the cycle of formation and decomposition of BMS may
occur repeatedly in vivo. However, a study of MeHg and selenite interaction in rats
indicated that selenite alters the distribution of MeHg by the formation of BMS. In
particular, the level of BMS in the blood increased and this increase was found to be
greatest 30 min after injection of selenite (210). Although BMS formation in various
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tissues has been suggested, the properties of BMS thus far elucidated cannot completely
account for the ability of selenite to efficiently depress MeHg toxicity. A recent study of
the inhibitory effects of selenite on biliary secretion of MeHg in rats showed that the
extent of the inhibitory effects of selenite is dependent on the concentration of selenite
and on the concentration of selenium in bile, but not on the molar ratio of MeHg and
selenite administered. It was concluded that the reduction in biliary secretion of MeHg
may be a result of the inhibition of the pathway for secretion of MeHg from liver to bile
rather than the direct formation of a MeHg and selenium complex (211).

Different forms of mercury have different toxicities. MeHg is known to be more toxic
than most other forms. The conversion of MeHg to less toxic forms may be one of the
possible mechanisms of detoxification. A study of rats showed that a small amount of
MeHg can be converted to I-Hg (212). In a study of how selenium affects the toxicity
and metabolism of MeHg in rats it was suggested that the protective effects of selenium
against MeHg may be due to an increased rate of conversion of MeHg to I-Hg (213).
However, there are several studies whose results indicate that selenium caused no
conversion of MeHg to I-Hg (205,214,215). It might well be that the biotransformation
in vivo is a slow process. In vitro experiments showed limited decomposition of MeHg
by excess of selenium in combination with reduced glutathione after 24 hours, while
75% of the MeHg had decomposed after 4 days. It was also found that hydrogen
selenide seemed to be directly involved in MeHg degradation (216). Furthermore, the
results of a study of monkeys exposed to MeHg for 6, 12 or 18 months indicated an
association between concentrations of I-Hg and selenium in both occipital pole and
thalamus (217). However, it cannot be affirmed that these results are an effect of
selenium-initiated demethylation in the brain. It might also be that long-term exposure to
MeHg causes demethylation of MeHg in the brain (96,97) and that selenium performs its
important role in the retention of I-Hg in the brain. No effects of selenite treatment on
the I-Hg concentrations in brain were observed in rats exposed to MeHg for two weeks.
However, two weeks might be too short a period of time to detect I-Hg in the rat brain
(218).

Another hypothesis is that selenium could prevent oxidative damage caused by MeHg.
The argument has been put forward that selenium, like GSH-Px, is involved in the
breakdown of peroxides to less harmful alcohols (24). Mercury was found to have an
inhibitory effect on the activity of GSH-Px in rats (219). However, there are some
studies which show that MeHg has only minor effects on GSH-Px activity in Japanese
quail and rats (220,221). In corroboration of the hypothesis, a study of rats showed that
treatment with selenium totally eliminated the inhibitory effects of MeHg on GSH-Px
(222). It has been suggested that the toxicity of MeHg may involve free radicals formed
by the breakdown of MeHg. MeHg could be taken up by membranes in target tissues, in
close proximity to lipids and then initiate a chain reaction peroxidation of various lipid
constituents as a result of the tendency of MeHg to undergo homolytic fission. Selenium,
as a component of GSH-Px, could slow the breakdown of MeHg caused by
decomposing peroxides (223).
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Inorganic mercury and selenium interaction

An early study of the effects of selenium on mercury toxicity in rats showed that selenite
gave protection against the toxic action of I-Hg. In contrast to rats treated with I-Hg, the
kidneys of selenite-treated rats showed no macroscopic changes or histologic damage
from I-Hg exposure such as necrosis of the renal tubules (224). This study led to
investigation of selenium-mercury interaction in other organisms and biological systems.
In a number of organisms which had been reported as having high mercury
concentrations with no signs of mercury poisoning, total mercury and selenium
concentrations were measured. An equimolar ratio between mercury and selenium was
found in the livers of marine mammals (225,226) and in kidneys of miners (227). In
Sweden, an accumulation of selenium and mercury at a equimolar ratio was found in
several organs of dental staff and the population at large. The highest concentrations of
these elements were found in the thyroid and the pituitary glands of dental staff and in
the renal cortex of the population as a whole (228). In addition, a study of the
correlation between mercury and selenium in human kidneys was carried out in the
cadavers of 195 persons not occupationally exposed to mercury or selenium. It was
shown that in the presence of moderate mercury concentrations  (<700 µg/kg), there is
no correlation between mercury and selenium, while with higher mercury
concentrations, the molar concentrations of selenium and mercury correlate
approximately in a 1:1 ratio (229).

Selenium has been shown to modify the distribution pattern of I-Hg in intoxicated
animals. Several studies of mice and rats have shown that selenium markedly reduced
the mercury content in the kidneys and increased it in the liver compared to when
mercury alone was administered (230-235). In other tissues such as blood, brain
(230,233-235), heart, pancreas (234), testes (189,197) and spleen (189,234) the
presence of selenium showed a general trend towards higher mercury levels. The
administration of selenite and I-Hg has also been shown to reduce urinary excretion of
mercury in rats compared to when I-Hg alone was administered (230,236).

Selenite has been shown to affect the subcellular distribution pattern of I-Hg. Crude
nuclear, mitochondrial and microsomal fraction content of mercury increased, while the
soluble fraction content decreased in the liver of rats exposed to I-Hg and selenite.
Mercury content of all fractions in the kidneys decreased (197). In addition, mercury
was shown to be increasingly incorporated into the crude nuclear and mitochondrial
fraction of liver homogenate over a period of time when I-Hg and selenium was
administered to mice. The proportion of mercury in the supernatant fraction of liver
decreased. In the kidneys, changes in crude nuclear and mitochondrial fraction of
mercury were negligible over a period of time (232). In a study on rats mercury was
deposited in lysosomes in proximal tubular cells both when treated with I-Hg or I-Hg
and selenite. Mercury deposits appeared to be lower in rats treated with I-Hg and
selenite (231). These results suggest that selenium affects the subcellular distribution of
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mercury in liver, while changes in kidneys probably should be ascribed not to change in
subcellular mercury localisation but to reduction of mercury in kidneys.

The mode of selenium administration as well as the chemical form of the selenium used
have also been shown to influence its interaction with I-Hg. In most interaction studies,
selenite and I-Hg were administered simultaneously. However, different effects were
observed when selenium was administered prior to or simultaneous with mercury. In a
study of rabbit blood, differences in gel filtration patterns for prior and simultaneous
selenite treatment were observed (237). Later, the same researchers also proved that
simultaneous selenite treatment in mice prevented acute I-Hg toxicity, while prior
treatment markedly enhanced its lethality (238). The chemical form of selenium
administered has been shown to influence the interaction with I-Hg. Simultaneous
administration of I-Hg and different selenocompounds in rats showed that selenite gave
better protection than selenomethionine against the nephrotoxicity of mercury (239,240),
in contrast to another study of rats which showed that selenomethionine was more
efficient than selenite in reducing renal mercury (234). The varying results of the
efficiency of different chemical forms of selenium in combatting mercury poisoning
might be indications of different modes of action of the different forms of selenium.
Further, selenite and selenomethionine have demonstrated differences in relative organ
deposition of mercury in mice. The authors stressed the importance of considering the
human exposure situation when planning the administration of selenium in animal
studies (241).

There are results which agree with some of the five different suggested mechanisms of
selenium protection in the interaction between I-Hg and selenium (201). It has been
supposed that it is the selenide form of selenium which diverts the bonding of metals
when selenite is used. The selenide form of selenium may bond with a sulph-hydryl
group of a pre-existing protein which in turn bonds with mercury. Another possibility is
that selenide reacts with mercury to form insoluble mercury selenides, thus reducing
mercury toxicity. A study of I-Hg and selenite administration in rat plasma supported the
hypothesis that the observed complex is a mercuric selenide colloid (242). In addition, a
study of human cadavers hypothesised the formation of mercuric selenide in the kidneys.
However, it was mentioned that the observed 1:1 Se/Hg ratio might be explained by
further adducts such as R-Se-Hg-Hg-Se-R or even more complicated structures (229).

The diversion of mercury observed in the presence of selenium from low to high
molecular weight proteins (197,243) in rat tissues may be one of the mechanisms
involved in selenium protection. In animals administered I-Hg and selenite, most of the
mercury and selenium distributed in plasma (244,245), erythrocytes (246,247) and liver
(244,248) was concentrated in the high molecular weight fraction at a molar ratio of
about 1. Administration of I-Hg and selenite to rabbit blood changed the gel filtration
patterns of both mercury and selenium either in stroma-free hemolysate or in plasma.
The patterns indicate the formation of high-molecular-weight complexes containing
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almost equal amounts of mercury and selenium (244,249). Adding I-Hg and selenite to
rabbit plasma did not result in the formation of any mercury-selenium complex.
However, in presence of GSH a high-molecular-weight mercury-selenium complex was
observed. Also incubation of stroma free hemolysate, which is rich in GSH, with I-Hg
and selenite yielded such complexes (250). These results indicate that GSH is essential
for the formation of complexes containing equimolar mercury and selenium amounts in
rabbit blood. In addition, the mercury-selenium complex was thought to be formed
between a protein and the two elements, since selenium and mercury were found in
smaller fragments after trypsin digestion of rabbit blood (244). Recent studies of selenite
and I-Hg interaction in rat blood have shown that selenite is reduced in the red blood
cells and exported to the plasma in the form of selenide (251-253). The selenide and
mercury remaining in the plasma are assumed to form an equimolar (Hg-Se) complex,
which bonds with a specific plasma protein to form a (Hg-Se)-plasma protein complex
(254). This specific plasma protein was identified as selenoprotein P (255,256). These
results are consistent with a study of I-Hg and selenite interaction in rabbit plasma. The
Hg-Se-S detoxification species in plasma were identified as essentially identical to a Hg-
Se-S species synthesised from I-Hg, selenite and GSH (257).

Another possible explanation of selenium protection against mercury toxicity are the
suppressive effects of selenium on I-Hg-related enzyme inhibition. The effects of the
reaction produced by I-Hg, selenite and glutathione on the enzymes glucose-6-phosphate
dehydrogenase (G6PD), CAT and trypsin have been studied in vitro. The inhibitory
effects of the mercury-selenium compound on the enzymes were markedly weaker than
those produced by I-Hg (258). Furthermore, when rats were administered selenite and I-
Hg depressions in the activities of enzymes involved in the GSH metabolism in liver and
kidneys from I-Hg exposure were blocked (173). GSH-Px activity increased in the liver
and kidneys of rats receiving selenite and I-Hg compared to when I-Hg alone was
administered (259). These results suggest that increased GSH-Px activity under
selenium treatment may in part contribute to the protection of tissues against mercury
toxicity. Efficient scavenging of the hydrogen peroxide and organic peroxide generated
in cells could be part of the mechanism.
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AIMS OF THE STUDY

The general objective of this study was to learn more about the interaction between
selenium and mercury in cultured human cells in vitro. The investigation was carried out
on a well-characterised human cell line, K-562, as a model, and can be divided in two
parts. In the first part (paper I and II), the effects of individual selenium and mercury
compounds were studied in the K-562 cell line. In the second part (paper III and IV),
the interaction of two different mercury compounds with selenium according to two
different selenium exposure protocols was examined in the K-562 cell line.

More specific aims were:

•  to investigate the effects of selenite, SeMeth, I-Hg and MeHg on growth inhibition
of cultured K-562 cells in two tissue culture media and to collect information about
Se and Hg concentration in non exposed cells and culture media (I).

•  to study the uptake and retention of selenite and SeMeth in K-562 cells using two
different exposure protocols (II).

•  to investigate expressions of selenite or SeMeth interaction with MeHg on uptake
and toxicity for K-562 cells pre-treated or simultaneously exposed to selenium (III).

•  to investigate expressions of the selenite or SeMeth interaction with I-Hg on uptake
and toxicity for K-562 cells pre-treated or simultaneously exposed to selenium (IV).
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MATERIALS AND METHODS

Human erythroleukemia K-562 cells (260,261) were used in all studies (papers I-IV).
The cells were optimally grown in Ham’s F-10 (and RPMI-1640; paper I) medium
supplemented with 10% foetal calf serum, 2 mmol/l L-glutamine, 100 µg/ml
streptomycin, 100 U/ml penicillin and 2.5 µg/ml amphotericin B, all from Biological
Industries (Beit Haemek, Israel). Sodium selenite (Na2SeO3⋅5H2O), mercuric chloride
(HgCl2) and cadmium nitrate (Cd(NO3)2⋅4H2O) were purchased from Merck, Germany.
Seleno-L-methionine (C5H11NO2Se) and methylmercuric chloride (CH3HgCl) were
obtained from (Sigma, USA) and (Alfa, Germany), respectively. Each salt was dissolved
in and diluted with purified water to a stock solution at least 100-fold the concentration
added to the cell cultures. Before use, the stock solutions were sterile filtered with a 0.2
µm filter (Gelman Sciences, USA). The final concentration was obtained by dilution in
the culture medium.

Inductively Coupled Plasma Mass Spectrometry

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) can be used to measure the
concentration of over 80 elements in the periodic table simultaneously in a variety of
sample matrices (Figure 3). A liquid sample is aspirated by pneumatic nebulisation into
the argon plasma. The nebuliser is mounted in a water-cooled spray chamber, which acts
as a particle size separator and produces a more uniform droplet distribution before the
aerosol reaches the ion plasma. Samples introduced into the plasma are efficiently
atomised and ionised by the high temperature (6000 K). The plasma is sampled through
a narrow hole in a cone behind which there is a differentially pumped region held at 2-3
mbar. Gas expanding into this region forms a supersonic jet behind the sample aperture
in which the gas cools rapidly. The supersonic jet is sampled by a sharply angled
skimmer cone and passes into a low pressure area (<5×10-4 mbar). Then, electrostatic
lenses focus the ions round a photon stop and into the quadrupole mass analyser section.
By varying the instrument settings only ions of a particular charge to mass ratio can pass
the spectrometer and the entire mass range from 1 to 270 atomic mass units may be
scanned and detected in milliseconds. In quantitative analysis an internal standard,
monitoring the instrument sensitivity, and appropriate calibration standards are required.
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A sample introduced into the ICP-MS has to be completely dissolved. Samples are
usually boiled under pressure in highly concentrated nitric acid sometimes with the
addition of hydrogen peroxide. When the sample has been dissolved and diluted, the
internal standard Indium is added. There are two criteria that determine the dilution of a
sample:
1. Obtaining optimal sensitivity by the instrument.
2. Avoiding high concentration of dry substance into the instrument.
Usually, the samples are diluted to just below the maximum solute concentration
tolerated by the instrument (<0.2% dry substance).

The advantages of the ICP-MS method are that it is able to measure most elements at
very low detection limits, measurement is rapid, sample preparation can be minimised,
the method has a multi-element capability and a broad linear dynamic range. The main
disadvantages are the high running costs and isobaric interferences at some masses. The
main interferences in biomedical applications are mass spectral overlap and matrix
effects. Typical matrix effects are viscosity and surface tension on the nebulisation
efficiency and the sample transport to the plasma. Within the plasma and the ion-
extraction interface some other interferences occur. Species alter analyte ion
concentrations by suppressing or enhancing ionisation, recombination reactions, ion-
molecule interactions and oxide formation. Most of the matrix interferences for
quantitative analysis can be controlled by optimising instrumental conditions and by
using a suitable internal standard.

In papers I-IV, cell pellets were treated with 0.5 ml 65% ultrapure nitric acid
(Promochem, Sweden), heated for 4 hours in 180°C, diluted to 10 ml before the trace
element content was assessed by ICP-MS (SCIEX Elan 6000, Perkin-Elmer
Corporation, Connecticut, USA). The internal standard Indium was purchased from
BDH Chemicals, UK. Two certified reference standards (serum standard 605 113 and
whole blood standard 404 107) from Nycomed (Norway) were used for the analytical
quality control.

Mercury and selenium exposure protocols

In paper I, the K-562 cells were exposed to different concentrations of sodium selenite
(0-500 µM), seleno-L-methionine (0-1000 µM), mercuric chloride (0-100 µM),
methylmercuric chloride (0-100 µM) and cadmium nitrate (0-100 µM). The toxicity of
the different compounds after 4 days of exposure was evaluated by growth studies. The
trace element content in non exposed cells and culture media was determined by ICP-
MS. In paper II, the uptake and retention of selenite and SeMeth during the 4 day
exposure period was investigated. In the selenium uptake investigation, the cells were
exposed to the selenium compounds for 0, 1, 8, 24, 48 and 96 hours. At the end of each
incubation, viability was checked by the trypan blue dye exclusion test (262), the cells
were washed, counted and assessed for trace element content by ICP-MS. In retention
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investigation, the cells were treated with sodium selenite or SeMeth for two hours, then
washed and observed after 0, 24, 48 and 96 hours. The remaining retention investigation
was performed as described above during the uptake study with viability testing,
washing, cell counting and ICP-MS analysis. In paper III (methylmercuric chloride) and
IV (mercuric chloride) mercury and selenium interaction were studied. The cells were
treated according to two different protocols, selenium pre-treatment or simultaneous
selenium and mercury treatment. Selenium and mercury interaction was studied as
growth curves and on cellular uptake during the exposure period. Selenium pre-
treatment was performed as follows: K-562 cells exposed to mercury were incubated for
1, 2 or 4 days after treatment with sodium selenite or selenomethionine. The cells were
first exposed to sodium selenite or selenomethionine for two hours, then washed before
being exposed to mercury. For the cells which were incubated during 4 days, half of the
30 ml medium was substituted on the second day by a fresh medium containing mercury.
At the end of each incubation period, viability was checked, and the cells washed,
counted and assessed for trace element content by ICP-MS. The cells exposed to
mercury and simultaneously treated with selenite or selenomethionine were also
incubated for 1, 2 or 4 days. The procedure was then as described above for the pre-
treated cells with viability determination, cell washing, cell counting and determination
of trace elements by ICP-MS. In addition, a medium substitution was carried out on day
2 (medium containing mercury and one of the selenocompounds) with cells incubated
during 4 days.

Growth studies

In papers I, III and IV, growth curves were drawn up to investigate how cell growth was
affected by different concentrations of the mercury and selenium compounds involved
and by mercury and selenium interaction. Independent of how the cells had been treated
during the exposure period (mercury compound, selenium compound, selenium pre-
treatment or simultaneous selenium and mercury treatment), all treatments followed the
same schedule when plated for growth. On the fourth day of exposure, the cells were
washed, tested for viability, counted and plated for growth, then counted and viability
tested three times a week. When cell density reached 1×106 cells/ml, they were replated
to a density of 4×104 cells/ml. Growth studies were extended to 14 days.



28

RESULTS AND DISCUSSION

Effects of selenium and mercury on cell growth

Paper I contains information about growth inhibition in K-562 cells caused by selenium
and mercury. The growth curves reflect the results of exposure to selenite, SeMeth, I-Hg
and MeHg of cells grown in RPMI-1640 and Ham’s F-10. A wider range of
concentration of trace element exposure was used for cultures in RPMI-1640 than in
Ham’s F-10. First, the study was performed in RPMI-1640 with initial interest also in
cadmium. When cell pellets grown in RPMI-1640 showed unexpectedly high cadmium
values, a complementary study of cells grown in Ham’s F-10 was initiated. Figures 4-7
represent growth curves of K-562 cells exposed to selenite, SeMeth, I-Hg and MeHg.
Growth curves of K-562 cells cultured in RPMI-1640 or Ham’s F-10 are shown in panel
a or panel b of the respective figures.

No inhibition of growth was observed when K-562 cells grown in RPMI-1640 were
exposed to 2.5 µM of selenite (Figure 4a). When exposed to 5-10 µM of selenite, cell
growth was affected and viability was decreased until day 9 of growth. Exposure to 25
µM and 50 µM of selenite resulted in pronounced growth inhibition and a reduction in
viability throughout the growth period. Concentrations of 75-500 µM of selenite proved
toxic to the cells. No growth inhibition was observed on exposure to 5 µM of selenite of
K-562 cells cultured in Ham’s F-10 (Figure 4b). On exposure to 10 µM of selenite,
growth disturbance was observed, together with a reduction in viability until day 9 of
growth. Concentrations of 50-500 µM of selenite proved toxic to the cells. Exposure of
K-562 cells to selenite was less toxic in RPMI-1640, with inhibition of cell growth at 50
µM compared to toxic effects in Ham’s F-10. Cells which manifested growth inhibition
were also affected by reduced viability. It would seem that the cells adapted to exposure
and were thus protected and able to survive and reproduce. Selenite exposure has been
shown to inhibit the cell growth in cultured human (59,263,264) and animal (56,265)
cells. Our findings as to the toxic effects of selenite could be compared to a study of
colon cancer cells which indicated that selenite-induced growth inhibition occured at
two levels: inhibition of DNA synthesis, which did not affect cell viability at
concentrations of 0.5-10 µM, and cytotoxicity at higher concentrations (266). In
addition, 5 µM of selenite has been shown to inhibit cell growth in the mammary
epithelial cells of mice, while 50 µM was toxic to the cells (265).
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Figure 4. Effects of selenite on growth of K-562 cells. Cells were exposed to different
concentrations of selenite for 4 days before being washed and plated for growth studies in RPMI-
1640 medium (a) or Ham’s F-10 medium (b). Values represent mean ± range/2 of two
independent measurements.

No growth inhibition was observed when K-562 cells were grown in RPMI-1640 and
exposed to SeMeth 25 µM (Figure 5a). In cells exposed to 50-100 µM of SeMeth, the
population-doubling period increased but viability was high throughout the growth
period. Concentrations higher or equal to 250 µM were toxic to the cells. When the cells
were grown in Ham’s F-10 and exposed to 25 µM of SeMeth, cell growth was less rapid
but viability was high in all cultures studied (Figure 5b). Growth inhibition was
observed when cells were exposed to 50 µM of SeMeth, with reduced viability until day
9 of growth. Concentrations higher than or equal to 100 µM were toxic to the cells. The
growth of cells exposed to SeMeth (50-100 µM) decreased in RPMI-1640, while 100
µM proved toxic in Ham’s F-10. This might be explained by the difference in L-
methionine concentration in the media (3.3 times less in Ham’s F-10), since a 3-day
exposure of K-562 cells to SeMeth was 1.3-1.8 times more toxic with a methionine
concentration ten times weaker (73). Kajander and colleagues also obtained growth
inhibition findings when using SeMeth which confirm our RPMI-1640 SeMeth toxicity
results (73).

The effects on cell growth clearly differed when cells were exposed to selenite or
SeMeth. Selenite reduced cell viability and at the same time inhibited cell growth, while
SeMeth inhibited cell growth but did not reduce viability. A similar phenomenon was
observed in a study of human mammary tumour cells. Selenite affected both cell
viability and cell growth rate, while SeMeth retarded cell growth but did not affect
viability. It was also noticed that selenite inhibited cell proliferation and that this
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Figure 5. Effects of SeMeth on growth of K-562 cells. Cells were exposed to different
concentrations of SeMeth for 4 days before being washed and plated for growth studies in RPMI-
1640 medium (a) or Ham’s F-10 medium (b). Values represent mean ± range/2 of two
independent measurements.

phenomenon was associated with a loss of intracellular glutathione which was not
observed when SeMeth was used (61). Oxidative stress has been suggested as an
important mechanism, responsible for the cytotoxic effects of selenite of which GSH
constitutes a critical compound that facilitates the formation of ROS (64,65,68). In
contrast to selenite, when SeMeth was used there was almost no sign of ROS generation
in reactions with thiols and mammary tumour cells (67). Direct or indirect involvement
of S-adenosylmethionine metabolism in SeMeth cytotoxicity has been suggested (73).
The reduced population-doubling period observed with SeMeth might be caused by
perturbation of the cell cycle progression, something which has been observed in a study
of human tumour cells (267). Furthermore, our findings which indicate an absence of or
minor growth inhibition when 2.5-10 µM of selenocompounds were used would seem
reasonable if we compare them with an estimated human selenium plasma level of 0.75-
5 µM (268).

No growth inhibition was observed when K-562 cells were cultured in RPMI-1640 and
exposed to mercuric chloride 25 µM, while toxicity was present in concentrations higher
than or equal to 50 µM (Figure 6a). A similar pattern of growth inhibition was observed
when K-562 cells were grown in Ham’s F-10 (Figure 6b). K-562 cells grown in RPMI-
1640 showed no growth inhibition when exposed to 2.5 µM of MeHg, while 5 µM or
more was toxic to the cells (Figure 7a). No inhibition of growth was observed when cells
were grown in Ham’s F-10 and exposed to 1 µM of MeHg. Growth inhibition  was
observed with 2.5 µM of MeHg, but viability was  high throughout the
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Figure 6. Effects of mercuric chloride on growth of K-562 cells. Cells were exposed to different
concentrations of mercuric chloride for 4 days before being washed and plated for growth
studies in RPMI-1640 medium (a) or Ham’s F-10 medium (b). Values represent mean ± range/2
of two independent measurements.

growth period. Concentrations equal to or greater than 5 µM were toxic to the cells
(Figure 7b). The growth inhibitory effects of MeHg were greater than those of I-Hg,
which is consistent with other studies (269,270). It has been suggested that these two
mercury compounds have a wide range of toxicity targets within cells. Some of the
factors which appear to be involved in I-Hg or MeHg cytotoxicity are: GSH depletion
(102,163), blocking of tubulin polymerisation or depolymerisation of existing
microtubules (117), ROS generation (102,167) and disruption of calcium homeostasis
(181).

The concentration of selenium, mercury and certain other elements in K-562 cells grown
in the two different media and the trace element content in the media were measured to
obtain baseline information about the unexposed situation. Cell pellet measurements
showed that selenium values were higher when K-562 cells were grown in RPMI-1640,
while the mercury content of cells was higher when the latter were grown in Ham’s F-
10. Measurement of the media showed that selenium concentration was higher in RPMI-
1640, while mercury concentration was greater in Ham’s F-10. The higher amount of
selenium in RPMI-1640 and of mercury in Ham’s F-10 is a possible explanation of the
same relationship observed in cell pellets. The accumulation of cadmium, mercury and
lead in K-562 cells was efficient. A change in medium resulted in a direct response in
cellular uptake. This response was less obvious in the essential elements studied. There
are homeostatic mechanisms which balance the content of essential trace elements while
metals such as mercury are not subject to this type of control.
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Figure 7. Effects of MeHg on growth of K-562 cells. Cells were exposed to different
concentrations of MeHg for 4 days before being washed and plated for growth studies in RPMI-
1640 medium (a) or Ham’s F-10 medium (b). Values represent mean ± range/2 of two
independent measurements.

Growth inhibition studied in RPMI-1640 or Ham’s F-10 produced similar results for
mercury compounds, while inhibition differed in the case of both selenocompounds.
Since a high cadmium uptake was observed when cells were cultured in RPMI-1640,
this cell assay appears to be more reliable when performed in Ham’s F-10. From the
results obtained, the compounds used can be ranked according to decreasing toxicity as:
methylmercuric chloride > mercuric chloride, sodium selenite > SeMeth. However, one
should exercise great caution when extrapolating these results to humans.

Uptake and retention of selenite and selenomethionine

In paper II, uptake and retention of selenite and SeMeth were studied according to a
protocol designed for use in conjunction with mercury in interaction studies (paper III &
IV). Low and high concentrations of selenite and SeMeth were selected which gave
minor cell growth inhibition and pronounced growth inhibition respectively ( paper I).

Uptake of selenium in K-562 cells treated with selenite (Figure 8a) apparently reached
saturation after 8 hours in cells exposed to 5 µM, but increased once more between 48
and 96 hours after exposure. Delayed selenium uptake might be caused by cell damage,
although viability was not affected. Selenium uptake increased during the exposure
period in cells exposed to 50 µM of selenite. However, after 48 and 96 hours, cell
viability had decreased. In comparison, a study of human colon cancer cells showed that
the viability after three days of exposure to 10 µM of selenite was still
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Figure 8. Cellular selenium concentration (mol/cell) when uptake (a) or retention (b) of selenite
(5 and 50 µM) was studied. Data shown are mean ± range/2 of two independent measurements in
triplicates.

high, while it was less than 50% when the cells were exposed to 100 µM of selenite
(266). The decreased viability in the late exposure period to 50 µM of selenite seems to
indicate high selenite toxicity in K-562 cells, which agrees with the findings on the
effects of 50 µM of selenite on growth inhibition in paper I.

Selenium retention in K-562 cells differed in both concentrations of selenite. The higher
concentration produced a more rapid reduction in cellular selenium up to 48 hours after
exposure (Figure 8b). It might be that the gradient between intracellular selenium and
extracellular selenium is initially much steeper in cells treated with a high selenium
concentration. In all observations, viability was high (>95%). Cell retention of selenium
might depend on how selenite bonds with proteins in the cell. In a study of canine
mammary tumour cells, about 90% of accumulated selenite was observed in association
with cytoplasmic macromolecules. Non-specific bonding of selenium with several
cytosolic proteins was detected, which might be explained by the ability of selenite to
react with free cysteine residues of proteins by means of a sulph-hydryl-
selenotrisulphide exchange reaction (271,272).

In cells exposed to 10 µM or 50 µM of SeMeth, there was no increase in selenium
uptake after 24 hours and 48 hours respectively (Figure 9a). Viability was high in all
observations except in those cells exposed to 50 µM after 96 hours (86%). The high
level of viability observed would seem reasonable if we compare it with the results of a
study of K-562 cells where a 72-hour exposure to 93 µM of SeMeth resulted in 50%
growth inhibition (73). Several other studies indicate a close relationship between
SeMeth and methionine, which might explain the high uptake of SeMeth. SeMeth
metabolises to a selenium analogue of S-adenosylmethionine. This selenium analogue
has been shown to metabolise in transmethylation reactions and in polyamine synthesis,
similarly to the corresponding sulphur metabolites of methionine (74). Furthermore,
decreased cellular incorporation of SeMeth (273) and reduced SeMeth toxicity (73)
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Figure 9. Cellular selenium concentration (mol/cell) when uptake (a) or retention (b) of SeMeth
(10 and 50 µM) was studied. Data shown are mean ± range/2 of two independent measurements
in triplicates.

have been observed after increased methionine administration. In the retention study,
both SeMeth concentrations manifested a similar cellular selenium reduction pattern
(Figure 9b). Viability was high in all observations.

Selenite and SeMeth revealed different patterns of uptake kinetics. Selenite uptake
saturated quickly, but at the end of the observation period a notable increase in selenium
uptake together with a decrease in cell viability was observed. SeMeth uptake was
initially high but saturated over a period of time without any remarkable change in
viability. A clear differentiation between the uptake patterns of selenite and SeMeth
became obvious when data were compared with regression models (paper II). A
comparison of selenium uptake with selenite and SeMeth when viability was still high
showed much greater selenium uptake when SeMeth was used. Similar results have been
observed in a number of cultured cells (273,274). This difference in uptake might be
accounted for by the differing metabolic routes used by selenite and SeMeth. Both
selenocompounds can be incorporated into glutathione peroxidase and SeMeth can also
be incorporated in substitution for methionine in other proteins (275,276). Although the
mechanism employed by selenium in creating toxicity remains to be elucidated, these
uptake results, together with the growth inhibition findings in paper I suggest that
toxicity may depend not only on cellular concentration but also on the processing of
selenium within cells. In spite of a greater increase in selenium uptake with SeMeth, we
did not observe severe damaging effects on the cells expressed in the viability. It could
be that selenium taken up as SeMeth is sequestered in a non-active intracellular pool
where selenium is slowly converted into a more available form, while selenite might
enter as selenocysteine into specific selenoproteins directly and become more rapidly
available, thus exerting its toxic effects earlier.

Retention data of 5 µM of selenite and both concentrations of SeMeth coincided with an
exponential decrease in selenium, while 50 µM of selenite appeared to express a
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biphasic exponential decrease. Thus, cells exposed to SeMeth developed a more
controlled retention pattern with similar effects in both concentrations, in contrast to the
differences observed when selenite was used. However, the factor of both SeMeth
concentrations was 5, in comparison with a factor of 10 for the selenite concentrations.
This might contribute to the difference in retention of the selenite concentrations.

Although the difference between selenite and SeMeth in cellular uptake and retention
remains to be explained, this study (II) was useful when interpreting mercury-selenium
interaction in papers III and IV.

Selenite or selenomethionine interaction with methylmercury

Paper III looks at the interaction of MeHg and selenium. Two concentrations of MeHg
were selected: one with minimal cell toxicity and the other with high toxicity. Two
concentrations of selenite and SeMeth, low and high, were employed, resulting in minor
cell growth inhibition and pronounced growth inhibition ( paper I), respectively.

Both selenite and MeHg 3.5 µM treatments, particularly the simultaneous treatment
(Figure 10a), produced a reduction in cellular mercury when an increased concentration
of selenite was used. Selenite might, therefore, interfere with mercury transport into the
cell. A study of rat erythrocytes showed that the administration of selenite inhibits
mercury uptake (203). In addition, when comparing growth curves, more pronounced
selenium-mercury interaction was observed in the simultaneous treatment. This
treatment resulted in an increase in the number of viable cells in the higher selenite
concentration, while no such difference was observed in the pre-treatment protocol
(Figure 11). MeHg 5 µM treatments produced minimal changes in cellular mercury
concentration. It might be that the selenium concentrations were too low to counteract
MeHg 5 µM toxicity, as evidenced by the growth curves.

Cells pre-treated with selenite and combined with MeHg displayed similar selenium
concentration patterns in both MeHg concentrations. In contrast, simultaneously treated
cells showed higher selenium concentrations in the combinations of selenite 50 µM with
MeHg 5 µM compared to those with 3.5 µM. The concentration of selenium decreased
more slowly in cells pre-treated with selenite and exposed to MeHg than when selenite
alone was administered (Figure 8b). MeHg might well inhibit selenite metabolism.
Lower selenium uptake was observed in the simultaneous MeHg and selenite 50 µM
treatments (Figure 10b) than when selenite 50 µM alone was employed (Figure 8a). This
might be explained by interaction between selenite and MeHg in the medium to form a
selenium-mercury complex which impairs cellular uptake.
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Figure 10. Mercury concentration in cells simultaneously exposed to selenite and MeHg (a).
Selenium concentration in cells simultaneously exposed to selenite and MeHg (b). Data shown
are mean ± range/2 of two independent measurements in triplicates.
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Figure 11. Effects of selenite and MeHg interaction on growth of K-562 cells. Cells were treated
for 4 days before being washed and plated for growth studies in Ham’s F-10 medium. Time zero
in the figure corresponds to the point directly after the 4 days of exposure. (a) treatment with
selenite before being exposed to MeHg (b) simultaneous selenite and MeHg treatment. Values
represent mean ± range/2 of three independent measurements.

Cellular mercury also decreased in SeMeth and MeHg 3.5 µM treatments (Figure 12)
which might be caused by interference of SeMeth in MeHg transport into the cells or by
the fact that intracellular formation of complexes facilitates transport out of the cell. In
all MeHg 5 µM treatments, minimal changes in cellular mercury concentration were
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Figure 12. Cellular mercury concentration when K-562 cells were exposed to different
concentrations of SeMeth and MeHg at different times. (a) mercury concentration in cells treated
with SeMeth before being exposed to MeHg (b) mercury concentration in cells simultaneously
exposed to SeMeth and MeHg. Data shown are mean ± range/2 of two independent
measurements in triplicates.
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Figure 13. Effects of SeMeth and MeHg interaction on growth of K-562 cells. Cells were treated
for 4 days before being washed and plated for growth studies in Ham’s F-10 medium. Time zero
in the figure corresponds to the point directly after the 4 days of exposure. (a) treatment with
SeMeth before being exposed to MeHg (b) simultaneous SeMeth and MeHg treatment. Values
represent mean ± range/2 of three independent measurements.

observed. MeHg 5 µM might be so toxic that none of the selenium treatments is
efficient, something which the growth curves also indicated (Figure 13).
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Selenium concentration gradually decreased in cells pre-treated with SeMeth in
combination with MeHg. When we compared selenium release in cells pre-treated with
SeMeth and exposed to MeHg with retention of SeMeth administered on its own (Figure
9b) it was observed that selenium concentration decreased more slowly in cells exposed
to mercury. It might be that MeHg disturbs SeMeth metabolism, especially as both
concentrations of MeHg displayed different selenium reduction patterns. Cells
simultaneously treated with MeHg and SeMeth revealed marked differences in cellular
selenium concentration, depending on the concentration of MeHg. MeHg 3.5 µM
combinations gave higher cellular selenium concentrations compared to combinations
with 5 µM. This was particularly evident with SeMeth 50 µM (Figure 14). When
comparing these results with the uptake of SeMeth administrated on its own (Figure 9a)
simultaneous 3.5 µM MeHg results showed greatest similarity. The toxic effects of
MeHg 5 µM might explain the low selenium concentrations observed in these
treatments.
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Figure 14. Selenium concentration in K-562 cells simultaneously exposed to SeMeth and MeHg.
Data shown are mean ± range/2 of two independent measurements in triplicates.

No inhibition of cell growth was observed in the MeHg 3.5 µM treatments except for the
simultaneous SeMeth 50 µM treatment. All MeHg 5 µM treatments were toxic to the
cells (Figure 13). In the simultaneous MeHg 3.5 µM and selenite 50 µM treatment the
cell growth was less affected than in the simultaneous treatment with SeMeth 50 µM. In
addition, simultaneous selenite treatments produced higher viability on day 2 of
exposure compared with SeMeth treatments. However, it was observed (paper I) that
selenite 50 µM administrated on its own was toxic to the cells, while SeMeth 50 µM
resulted in growth inhibition (Figure 4b and 5b). In addition, in a number of studies,
selenite has been shown to be more toxic than SeMeth (61,72). The present study
indicates greater interaction between MeHg and selenite than between MeHg and
SeMeth.

Selenite reduced cellular mercury uptake. Further, the number of viable cells in
simultaneous growth studies increased when selenite concentration was augmented.
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MeHg and SeMeth treatments gave higher viability with increased SeMeth
concentration during the exposure period, but no SeMeth protection was observed in the
growth curves. One possible reason for the poor selenium protection observed in this
study is that in vitro conditions differ from in vivo situations where selenium protection
was observed (223,277). Another possibility is that interspecies differences might affect
the efficiency of selenium protection against MeHg toxicity. This was shown in a study
of cultured rat and human cells where selenium protection was observed only in the rat
cells (278).

Selenite or selenomethionine interaction with inorganic mercury

Paper IV deals with the interaction of I-Hg and selenium. Two contrasting I-Hg
concentrations were selected: one with minimal cell toxicity and the other with high cell
toxicity. Selenite and SeMeth concentrations were low and high resulting in minor
growth inhibition and pronounced growth inhibition (paper I), respectively.

The results of both study protocols showed increased mercury concentration with
increased selenite concentration. Increased mercury uptake upon treatment with selenite
has been observed in other studies (246,250,279). However, our pre-treatment results
(Figure 15a) differed from a study of rabbit erytrocytes where cellular incorporation of
mercury was reduced by selenite pre-treatment, compared with simultaneous
administration of selenite and I-Hg (237). Simultaneous selenite and I-Hg studies carried
out on rats indicate that selenite is effluxed from red blood cells and then forms an
equimolar (Hg-Se) complex with mercury in the plasma (254,255). Selenium-mercury
complexes, however, have been observed to form in plasma and in red blood cells (250).

Independent of the concentration of I-Hg employed, pre-treated cells manifested similar
selenium reduction patterns over a period of time (Figure 15b). Selenium reduction was
less rapid than in cells exposed to selenite alone (Figure 8b), suggesting the formation of
a selenium-mercury complex within the cells which affected selenite metabolism. In
contrast to increased cellular selenium and mercury in other in vitro studies (246,250),
our results showed much lower cellular selenium concentrations in simultaneous selenite
and I-Hg treatments compared to when selenite alone was administrated. A possible
explanation of this is the production of an extracellular selenium-mercury complex
which is not readily taken up by the cells. This might also explain the observation of an
absence of growth inhibition in simultaneous I-Hg 35 µM and selenite 50 µM treatment
(Figure 16) compared with the toxic effects observed when selenite 50 µM was
administered on its own (Figure 4b).

Both exposure protocols resulted in higher viability on day 2 of exposure in comparison
with exposure to I-Hg alone. This selenite protection, however, was not evident on day 4
of exposure or in cellular growth, which might be due to the high toxicity of I-Hg 50
µM. However, when cellular uptake of mercury was taken into consideration, selenite
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Figure 15. Mercury concentration in cells treated with selenite before exposed to I-Hg (a)
Selenium concentration in cells treated with selenite before exposed to I-Hg (b). Data shown are
mean ± range/2 of two independent measurements in triplicates.
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Figure 16. Effects of selenite and I-Hg interaction on growth of K-562 cells. Cells were treated
for 4 days before being washed and plated for growth studies in Ham’s F-10 medium. Time zero
in the figure corresponds to the point directly after the 4 days of exposure. The results showed
similar growth independent of selenium treatment and is illustrated with the growth curve for
cells pre-treated with selenite and exposed to I-Hg. Values represent mean ± range/2 of three
independent measurements.

dependent protection was demonstrated. Cells exposed only to mercury (Hg50) died
when accumulation on day 4 exceeded 0.8×10-15 mol mercury per cell, while pre-treated
cells (Hg35 & Se50) and simultaneously treated cells (Hg35 & Se50) survived 1.0×10-15

and 1.9×10-15 mol mercury per cell. In contrast to these results, simultaneous selenite



RESULTS AND DISCUSSION 41

treatment has been shown to prevent acute I-Hg toxicity, while pre-treatment markedly
enhanced the lethality of I-Hg in mice (238).

In cells which were pre-treated and simultaneously treated with SeMeth (Figure 17a),
SeMeth concentration dependent cellular increase in mercury was observed. In K-562
cells pre-treated with SeMeth, similar selenium reduction over a period of time was
observed in both concentrations of I-Hg. In both cases, cellular selenium concentration
decreased more slowly over a period of time than when SeMeth alone was administered.
This might be explained by the formation of a mercury-selenium complex within the
cells.
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Figure 17. Cellular concentration of mercury and selenium when K-562 cells were exposed to
different concentrations of SeMeth and I-Hg at different times. (a) mercury concentration in cells
simultaneously exposed to SeMeth and I-Hg. (b) selenium concentration in cells simultaneously
exposed to SeMeth and I-Hg. Data shown are mean ± range/2 of two independent measurements
in triplicates.

Independent of the concentration of I-Hg, cells simultaneously treated with SeMeth
exhibited similar selenium accumulation patterns over a period of time. Simultaneous
SeMeth 10 µM treatments saturated at about 0.7×10-14 mol/cell (Figure 17b), which is
about the same level as when SeMeth 10 µM alone was used (Figure 9a). In SeMeth 50
µM treatments, however, selenium uptake in both mercury concentrations differed. Most
similarities to the uptake of SeMeth 50 µM given on its own (Figure 9a) were observed
in simultaneous treatments with I-Hg 35 µM. The low selenium uptake in I-Hg 50 µM
treatments might be due to formation of an extracellular complex which is not easily
taken up by the cells. In contrast to selenite results, this change in selenium uptake did
not affect cell growth (Figure 18) compared to when SeMeth 50 µM alone was
administered (Figure 5b). There was no sign of selenium protection in viability during
the exposure period or in the following growth studies. SeMeth dependent protection,
however, was obtained if we take cellular mercury uptake into consideration. Cells
exposed only to mercury (Hg50) died  when the accumulation on
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Figure 18. Effects of SeMeth and I-Hg interaction on growth of K-562 cells. Cells were treated
for 4 days before being washed and plated for growth studies in Ham’s F-10 medium. Time zero
in the figure corresponds to the point directly after the 4 days of exposure. (a) treatment with
SeMeth before being exposed to I-Hg (b) simultaneous SeMeth and I-Hg treatment. Values
represent mean ± range/2 of three independent measurements.

day 4 exceeded 0.8×10-15 mol mercury per cell, while simultaneously treated cells (Hg35
& Se50) survived 3.5×10-15 mol mercury per cell.

Selenite and SeMeth gave protection against I-Hg toxicity when the cellular
concentration of mercury was taken into consideration. Cellular mercury content was
selected as a more suitable estimate of concentration than the corresponding medium
concentration. Selenite produced protection in both exposure protocols, while when
SeMeth was used only the simultaneous treatment gave protection from toxicity. A
number of in vivo studies have been made of the interaction of SeMeth and I-Hg, but
very few in vitro studies. A study of simultaneous administration of I-Hg and a variety
of selenocompounds in rats has indicated greater selenite than SeMeth protection against
the nephrotoxicity of mercury (239,240). In contrast, a study of rats demonstrated that
renal mercury reduction in order of efficiency was SeMeth > selenocystine > selenate >
selenite (234). The variation observed in the degree of protection afforded by different
chemical forms of selenium might be explained by the different modes of action of the
selenocompounds involved.

Both exposure protocols with selenite resulted in increased mercury uptake and selenite
dependent protection when we considered cellular uptake of mercury. With SeMeth,
both exposure protocols exhibited increased cellular uptake of mercury while only
simultaneous treatment led to protection when cellular mercury uptake was taken into
consideration. Cellular mercury concentration was not very different in these
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experiments, while there was a 10-fold difference in selenium concentration between
both exposure protocols as well as among the selenocompounds used. Protection was
claimed to be optimum when selenium was administered in an equimolar ratio to
mercury (280). Satisfactory protection, however, has been observed with lower and
higher selenium levels (281,282). Our results showed greater protection against I-Hg
with selenite rather than SeMeth, in spite of lower cellular selenium concentration in
cells treated with selenite. A partial reason for this could be that a considerable amount
of SeMeth uptake is incorporated into the methionine pool.
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GENERAL SUMMARY

When the effects on growth and viability of selenocompounds in K-562 cells in vitro
were compared, three categories of responses were distinguished: a) unaffected growth
and viability b) inhibition of cell growth with or without reduction in cell viability or c)
toxicity to the cells. Mercury compounds only produced a response of type a) and type
c). In addition, both selenocompounds were more toxic to the cells when grown in
Ham’s F-10 than in RPMI-1640, while a similar degree of growth inhibition was
observed in mercury compounds in both media. Although it is difficult to assess which
of these two media best reflects the human plasma situation, the cell assay employed in
the present study was more reliable when performed in Ham’s F-10.

Investigation of selenite and SeMeth uptake and retention showed a more controlled
uptake and retention pattern for SeMeth in K-562 cells. With both concentrations of
SeMeth, pronounced selenium uptake, saturated over a period of time was observed. In
contrast, only the high concentration of selenite produced high selenium uptake. Low
viability was noted, however, in the high selenite concentration. Furthermore, both
concentrations of SeMeth reflected a similar retention pattern compatible with an
exponential decrease in selenium, whereas only the low selenite concentration was
compatible with an exponential decrease in selenium.

Selenium-mercury interaction was detected in the study in which MeHg was used. A
pronounced reduction in cellular mercury concentration was observed in simultaneous
MeHg 3.5 µM treatments and increased selenite concentrations. In both study protocols,
higher cell viability was observed when the selenite concentration was increased on day
2 of the exposure period. In addition, simultaneous selenite and MeHg 3.5 µM
treatments resulted in growth curves which displayed an increasing number of viable
cells when the concentration of selenite was increased. Cellular mercury concentration
in cells exposed to SeMeth also decreased with increased SeMeth concentration. Cells
pre-treated with selenium displayed the most marked increase in viability when the
concentration of SeMeth was increased on day 2 of the exposure period.

In the study in which I-Hg was used, too, there were interaction between selenium and
mercury, although these differed from those associated with MeHg. In both treatments
and with both concentrations of I-Hg, increased selenite concentration resulted in
increase of mercury concentration in the cells. In addition, selenite dependent protection
was evident in both exposure protocols when mercury uptake was taken into
consideration together with inhibition of growth. With few exceptions, SeMeth produced
similar effects to selenite in I-Hg uptake and growth inhibition.
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Although several signs of interaction between selenium and mercury were observed
during the present study, selenium protection against mercury toxicity was not as
obvious as found in earlier studies performed mainly in animals. Thus, this controlled in
vitro study gave indications of a more complex process than a direct selenium-mercury
interaction. The interaction might be both tissue and species dependent. Another
important factor to be taken into consideration is whether or not the K-562 cells,
representing a hematopoietic stem cell with restricted potency, respond similarly to more
differentiated cells on exposure. It might be that stem cells are less vulnerable to toxicity
than mature cells because new cells are produced continuously. In addition to this work
it would be of value to investigate early events during the mercury-selenium interaction
such as induction of apoptosis. Yet another route to acquire more information would be
to study interaction phenomena in differentiated K-562 cells. Results from such an
investigation would probably add to the understanding of the protection.
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