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Abstract

Mercury is unique among the heavy metals in that it can exist in several physical and chemical forms,
including elemental mercury, which is a liquid at room temperature. All forms of mercury have toxic effects
in a number of organs, especially in the kidneys. Within the kidney, the pars recta of the proximal tubule is
the most vulnerable segment of the nephron to the toxic effects of mercury. The biological and
toxicological activity of mercurous and mercuric ions in the kidney can be defined largely by the molecular
interactions that occur at critical nucleophilic sites in and around target cells. Because of the high bonding
affinity between mercury and sulfur, there is particular interest in the interactions that occur between
mercuric ions and the thiol group(s) of proteins, peptides and amino acids. Molecular interactions with
sulfhydryl groups in molecules of albumin, metallothionein, glutathione, and cysteine have been implicated
in mechanisms involved in the proximal tubular uptake, accumulation, transport, and toxicity of mercuric
ions. In addition, the susceptibility of target cells in the kidneys to the injurious effects of mercury is
modified by a number of intracellular and extracellular factors relating to several thiol-containing
molecules. These very factors are the theoretical basis for most of the currently employed therapeutic
strategies. This review provides an update on the current body of knowledge regarding the molecular
interactions that occur between mercury and various thiol-containing molecules with respect to the
mechanisms involved in the renal cellular uptake, accumulation, elimination, and toxicity of mercury.

l. Introduction

Among metals, mercury is unique in that it is found in the environment in several physical and chemical
forms. At room temperature, elemental (or metallic) mercury exists as a liquid. As a result of its high vapor
pressure, this form of mercury is released into the environment as mercury vapor. Mercury also exists as a
cation with an oxidation state of 1+ (mercurous) or 2+ (mercuric). In occupational and environmental
settings, the most common cationic form of mercury encountered is the mercuric form, which may have a
valence of 1+ or 2+, depending on whether the mercuric ion is covalently bonded to a carbon atom of an
organic side group, such as an alkyl group. With respect to organic forms of mercury, methylmercury is the
most frequently encountered organic mercuric compound in the environment. It forms mainly as the result
of methylation of inorganic (mercuric) forms of mercury by microorganisms in soil and water.

Due to industrialization and changes in the environment during the twentieth century, humans and animals
are exposed to numerous chemical forms of mercury, including elemental mercury vapor (Hg0), inorganic
mercurous (Hg+) and mercuric (Hg2+) compounds, and organic mercuric (R-Hg+ or R-Hg-R; where R
represents any organic ligand) compounds (Fitzgerald and Clarkson, 1991). Inasmuch as mercury is



ubiquitous in the environment, it is nearly impossible for most humans to avoid exposure to some form or
forms of mercury on a regular basis.

All forms of mercury cause toxic effects in a number of tissues and organs, depending on the chemical form
of mercury, the level of exposure, the duration of exposure, and the route of exposure. The kidneys are the
primary target organ where inorganic mercury is taken up, accumulated, and expresses toxicity. Organic
mercuric compounds are also nephrotoxic but to a lesser degree than inorganic mercurous or mercuric
compounds. Systemic distributions of organic mercury are more diffuse than inorganic forms, and they
affect other target organs, including hematopoietic and neural tissues (Clarkson, 1972;World Health
Organization, 1991; Agency for Toxic Substance and Disease Registry, 1999). Differences in the mechanisms
involved in the transport and metabolism of inorganic and organic forms of mercury (in the various
compartments of the body) are likely responsible for the disparity in their distribution in tissues and
organs, pattern of biological effect, and toxicity (Zalups and Lash, 1994).

When considering the biological activity of mercuric ions in humans or other mammals, one must take into
account the bonding characteristics of these ions. Although mercuric ions will bind to numerous
nucleophilic groups on molecules, they have a greater predilection to bond to reduced sulfur atoms,
especially those on endogenous thiol-containing molecules, such as glutathione, cysteine, homocysteine,
N-acetylcysteine, metallothionein, and albumin. The affinity constant for mercury bonding to thiolate
anions is on the order of 1015 to 1020. In contrast, the affinity constants for mercury bonding to oxygen- or
nitrogen-containing ligands (e.g., carbonyl or amino groups) are about 10 orders of magnitude lower.
Hence, it is reasonable, in most cases, to consider the biological effects of inorganic or organic mercury in
terms of their interactions with sulfhydryl-containing residues.

In the presence of an excess of a low-molecular-weight thiol-containing molecule, mercuric ions have a
high propensity toward linear Il coordination with two of these molecules. For example, in a situation in
which there are twice as many molecules of glutathione as inorganic mercuric ions in aqueous solution (at
room temperature), there will be a strong tendency for each mercuric ion to form a linear Il coordinate
covalent complex with two molecules of glutathione by bonding to the sulfur atom on the cysteinyl residue
of each of those two molecules (Fuhr and Rabenstein, 1973; Rabenstein, 1989). Organic mercurials, such as
methylmercury, tend to form 1:1 complexes with thiol-containing molecules. Despite the thermodynamic
stability of the (linear | or Il) coordinate covalent bonds formed between mercuric ions and various thiol-
containing molecules in aqueous solution, the bonding characteristics between mercuric ions and these
thiol-containing molecules appear to be more labile within the living organism (Rabenstein, 1989). Complex
factors such as thiol- and/or other nucleophilic competition and exchange are likely the most cogent
explanation for the perceived labile nature of bonding that occurs between mercuric ions and certain thiol-
containing molecules in particular tissue and cellular compartments. For example, most of the mercuric
ions present in plasma (shortly after exposure to inorganic mercury) are bound to sulfhydryl-containing
proteins, such as albumin (Friedman, 1957; Mussini, 1958; Cember et al., 1968; Lau and Sarkar, 1979).
However, these mercuric ions do not remain bound to these proteins for very long. During the initial hours
after exposure to inorganic mercury, there is a rapid decrease in the plasma burden of mercury concurrent
with a rapid rate of uptake of inorganic mercury in the kidneys and liver. Because current evidence (to be
discussed) indicates that mercuric S-conjugates of small endogenous thiols (e.g., glutathione and cysteine)



are likely the primary transportable forms of mercury in the kidneys, it must be that mercuric ions are
transferred from the plasma proteins to these low-molecular-weight thiols by some form of currently
undefined complex ligand-exchange mechanism or mechanisms. Moreover, the effectiveness of thiol-
containing pharmacological agents, such as penicillamine, N-acetylpenicillamine,meso-2,3-
dimercaptosuccinic acid (DMSA),22,3-dimercapto-1-propanesulfonic acid (DMPS), dithioerythritol, and
dithiothreitol, in reversal of or protection against toxic effects of mercury-containing compounds is
fundamentally premised on, and best explained by, the ability of these agents to remove inorganic and
organic mercuric ions from endogenous ligands via nucleophilic competition and exchange, thereby
forming new thiol-mercury complexes.

Dose-response relationships for the toxicity of inorganic mercury are extremely steep in a variety of renal
systems, including in vivo treatment of rats and rabbits (Zalups and Diamond, 1987b; Zalups et al., 1988;
Zalups and Lash, 1990; Zalups, 1991c), renal cortical slices (Ruegg et al., 1987) and isolated segments of
proximal tubules from rabbits (Barfuss et al., 1990; Zalups et al., 1993a), freshly isolated proximal tubular
cells from rats (Lash and Zalups, 1992), and primary cultures of renal cortical cells from rats (Smith et al.,
1986; Lash et al., 1999). In all of these various renal systems, a threshold effect is generally observed, in
that no cellular necrosis (death) is observed up to a certain dose. Above that dose, however, cellular death
progresses rapidly, and in some systems an all-or-none response is observed. This does not mean that
subtoxic doses of mercury do not have biochemical or physiological effects. One possible explanation for
the threshold effect and the subsequent steep dose-response curve is that endogenous ligands, such as
glutathione, bind mercury and may act as a buffer to prevent functional changes from occurring. Above a
certain dose or concentration of mercury, the buffer becomes depleted, and mercuric or mercurous ions
can bind more readily to critical nucleophilic groups in the cell, thereby causing functional impairment.
Intracellular sulfhydryl-containing proteins such as metallothionein or low-molecular-weight thiols, in
particular glutathione, likely function in such a capacity.

To understand the nephropathy induced by mercury and to find therapeutic regimens to treat this
nephropathy, it is essential to understand the mechanisms involved in the uptake, intracellular binding,
and cellular elimination of mercury in the target cells, namely the epithelial cells lining the proximal tubule.
In addition to seeking a better understanding of the chemical properties of mercury-containing compounds
and the intracellular buffering capacity of both target and nontarget organs, other factors must be
considered to define more precisely the biochemical and molecular mechanisms of action of mercury-
containing compounds in the kidney. Particular attention must be paid to the potential role of “molecular
mimicry” and the species of mercury involved in the renal (proximal) tubular uptake and transport of
mercuric ions. Susceptibility to the injurious effects of mercury may be modified by a number of
intracellular and extracellular factors. These very factors are the theoretical basis for most of the currently
used therapeutic strategies. Physiological or pathological alterations in cellular function, particularly in the
kidney and liver, may also play important roles in modifying susceptibility to mercury-induced renal injury.
Consideration of these factors can provide clues that will aid in understanding the basic mechanisms of
mercury-induced renal cellular injury.

Previous SectionNext Section
Il. Renal Disposition and Transport of Mercury

In humans and other mammals, the kidneys are the primary targets where mercuric ions accumulate after
exposure to elemental or inorganic forms of mercury (Adam, 1951; Ashe et al., 1953; Friberg, 1956,



1959;Rothstein and Hayes, 1960; Berlin and Gibson, 1963; Clarkson and Magos, 1967; Swensson and
Ulfvarson, 1968; Cherian and Clarkson, 1976;Zalups and Diamond, 1987a,b; Hahn et al., 1989, 1990; Zalups
and Barfuss, 1990; Zalups, 1991a,b,c, 1993a). Renal uptake and accumulation of mercury in vivo are very
rapid. As much as 50% of a low (0.5 umol/kg) dose of inorganic mercury has been shown to be present in
the kidneys of rats within a few hours after exposure (Zalups, 1993a). Significant amounts of mercury also
accumulate in the kidneys after exposure to organic forms of mercury (Prickett et al., 1950; Friberg, 1959;
Norseth and Clarkson, 1970a,b; Magos and Butler, 1976; Magos et al., 1981, 1985; McNeil et al., 1988;
Zalups et al., 1992). However, the level of accumulation is much less than that which occurs after exposure
to inorganic or elemental forms of mercury. For example, only about 10% of the administered dose of
mercury has been shown to be present in the combined renal mass of rats 24 h after the administration of
a non-nephrotoxic (5 mg/kg) dose of methylmercury (Zalups et al., 1992).

A. Intrarenal Distribution and Localization of Mercury

Within the kidneys, both inorganic and organic forms of mercury have been shown to accumulate primarily
in the cortex and outer stripe of the outer medulla (Friberg et al., 1957; Bergstrand et al., 1959;Berlin,
1963; Berlin and Ullberg, 1963a,b; Taugner et al., 1966; Zalups and Barfuss, 1990; Zalups and Lash, 1990;
Zalups, 1991a,b,c, 1993;Zalups and Cherian, 1992a,b). Until relatively recently, however, very little was
known about which segments of the nephron take up and accumulate the various forms of mercury. This
prompted numerous studies to determine where inorganic and organic forms of mercury are taken up and
accumulated along the nephron. Histochemical and autoradiographic data from studies in mice and rats
(Taugner et al., 1966; Hultman et al., 1985; Magos et al., 1985; Hultman and Enestrom, 1986, 1992; Rodier
et al., 1988; Zalups, 1991a) and tubular microdissection data from studies in rats and rabbits (Zalups and
Barfuss, 1990; Zalups, 1991b) indicate that the accumulation of inorganic mercury in the renal cortex and
outer stripe of the outer medulla occurs mainly along the convoluted and straight segments of the
proximal tubule. Deposits of mercury have also been localized in the renal proximal tubule of monkeys
exposed to elemental mercury from dental amalgams (Danscher et al., 1990). It should be stressed,
however, that although the segments of the proximal tubule appear to be the primary sites where mercuric
ions are taken up and accumulated, there are currently insufficient data to exclude the possibility that
other segments of the nephron and/or collecting duct may also, to a minor extent, take up, accumulate,
and transport inorganic and/or organic forms of mercury.

It is interesting that deposits of presumed inorganic mercury have also been found along segments of
proximal tubules in the kidneys of rats and mice treated with organic forms of mercury (Magos et al.,
1985;Rodier et al., 1988). Additional findings indicate that a significant fraction of the mercury in the
kidneys of animals exposed to methylmercury is in the inorganic form (Gage, 1964; Norseth and Clarkson,
1970a,b; Omata et al., 1980; Zalups et al., 1992), suggesting that organic mercury is oxidized to inorganic
mercury before and/or after it enters the renal tubular epithelial cells. Furthermore, there is evidence that
intracellular conversion of methylmercury to inorganic mercury can occur (Dunn and Clarkson, 1980).
However, the mechanism for this conversion is currently unknown.

B. Mechanisms of Proximal Tubular Uptake and Transport of Mercury

Numerous theories and postulates regarding the mechanisms by which inorganic and organic forms of
mercury gain entry into renal tubular epithelial cells have been put forth during the past two decades. In
1980, Madsen, and then later Zalups and Barfuss (1993b), put forth the hypothesis that a mechanism by
which some mercuric ions gain entry into proximal tubular cells is through endocytosis of filtered mercury-



albumin complexes. Albumin is by far the most abundant protein in plasma, and it has a free sulfhydryl
group on a terminal cysteinyl residue (Brown and Shockley, 1982), to which mercuric ions can bind.
Previous data indicate that the largest percentage of mercury in the plasma is bound to acid-precipitable
proteins, such as albumin (Friedman, 1957; Mussini, 1958; Cember et al., 1968; Lau and Sarkar, 1979).
Despite the fact that the sieving coefficient for albumin is low, significant amounts of protein, mainly
albumin, are filtered during each day. Thus, the notion of albumin-mercury complexes being filtered at the
glomerulus is a reasonable one. In fact, Madsen (1980)showed that when rats were made proteinuric by
treatment with the proximal tubular toxicant gentamicin, inorganic mercury was excreted in the urine
primarily as a conjugate of albumin. Assuming that the proteinuria (induced by gentamicin) was not due to
increased glomerular permeability, these data suggest that a significant fraction of inorganic mercury that
is filtered into the proximal tubular lumen is bound to albumin. Zalups and Barfuss (1993b) attempted to
implicate a mercuric conjugate of albumin in the luminal uptake of inorganic mercury by simultaneously
evaluating the renal disposition of inorganic mercury and albumin after administering mercuric conjugates
of albumin containing both 125I-albumin and203Hg2+. Although their data provided some interesting new
insights, there was insufficient evidence to implicate the transport of a mercuric conjugate of albumin as a
primary mechanism involved in the luminal uptake of inorganic mercury. Conversely, there were
insufficient data to exclude endocytosis of a mercuric conjugate of albumin as a minor mechanism.

A series of recent studies have provided much more definitive evidence on the mechanisms involved in the
proximal tubular uptake of mercury. Data from these studies indicate that there are at least two distinct
primary mechanisms involved in the uptake of mercuric ions by proximal tubular epithelial cells. One of the
mechanisms is localized at the luminal membrane (Zalups et al., 1991, 1998; Zalups and Barfuss,
1993a,1998b; Zalups, 1995, 1997, 1998b,c; Zalups and Minor, 1995; Zalups and Lash, 1997a) and the other
is localized at the basolateral membrane (Zalups and Barfuss, 1993a, 1995a, 1998b; Zalups, 1995, 1997,
1998b;Zalups and Minor, 1995; Zalups and Lash, 1997a).

C. Mechanisms of Luminal Uptake of Mercury 1. Role of y-Glutamyltransferase.

There is a strong body of evidence linking the luminal uptake of inorganic mercury and, to a lesser extent,
organic forms of mercury to the activity of y-glutamyltransferase (y-GT). In the kidney, this enzyme is
localized predominantly in the luminal (brush-border) membrane of proximal tubular epithelial cells. The
function of the enzyme is to cleave the y-glutamylcysteine bond in molecules of glutathione (which are
present in the proximal tubular lumen). Much of the evidence implicating the activity of the enzyme in the
renal tubular uptake of mercury comes from in vivo experiments in which inhibition of renal (and hepatic)
v-GT, by pretreatment withl-(aS,5S)-a-amino-3-chloro-4,5-dihydro-5-isoxazoleacetic acid (acivicin), has
been shown to have profound effects on the renal disposition of administered mercury. More specifically,
pretreatment with acivicin has been shown to cause significant decreases in the renal uptake and/or
accumulation of mercury and significant increases in the urinary excretion of mercury in mice (Tanaka et
al., 1990;Tanaka-Kagawa et al., 1993) and rats (Berndt et al., 1985; de Ceaurriz et al., 1994; Zalups, 1995)
treated with inorganic mercury or in mice administered methylmercury (Tanaka-Kagawa et al., 1993) or
exposed to mercury vapor (Kim et al., 1995). Enhanced urinary excretion of glutathione has also been
documented in acivicin-pretreated rats that were subsequently injected with inorganic mercury (Berndt et
al., 1985). Cannon et al. (1998a, 2000) recently provided direct evidence, from isolated perfused S2
segments of the rabbit proximal tubule, that inhibition of y-GT (by the direct application of acivicin to the



luminal plasma membrane) causes significant reductions in the luminal uptake (disappearance flux, JD) and
cellular accumulation of mercuric ions when they are in the form of mercuric conjugates of glutathione.
Collectively, the in vivo and in vitro data described earlier indicate strongly that a significant fraction of the
mercuric ions taken up by proximal tubular epithelial cells is accomplished by a luminal absorptive
mechanism dependent on the actions of y-GT.

2. Presence and Formation of Mercuric Conjugates in Proximal Tubular Lumen.

A major implication of the data obtained during in vivo inhibition of y-GT is that some pool of mercuric ions
present in the lumen of the proximal tubule exists in the form of a mercuricS-conjugate of glutathione
before being taken up. Although it is not known exactly where these mercuric conjugates of glutathione
are formed before arriving in the lumen of the proximal tubule, one must consider the possibility that some
of them are formed outside the kidneys and then enter into the lumen of the proximal tubule via
glomerular filtration. There are a few reasons to suspect that this may occur. First, the formation of
mercuric conjugates of glutathione in the plasma (after exposure to mercuric compounds) is theoretically
possible because the concentration of this thiol-containing molecule in plasma (of rats) has been estimated
to be approximately 10 uM (Lash and Jones, 1985a), which provides a sufficiently large pool of glutathione
to form conjugates with mercuric ions in plasma. Second, the liver is a major source for glutathione in the
body, and mercuric conjugates of glutathione have been shown to form in hepatocytes. Once formed,
these conjugates may enter into systemic circulation along with glutathione, where they can then be
delivered to the kidneys. Third, the size and shape of these conjugates are such that they can, and should,
pass through the glomerular filtration barrier unimpeded.

One must also consider that a significant fraction of the pool of luminal mercuric conjugates of glutathione
is actually formed in the lumen of the proximal tubule via mechanisms of thiol competition. In support of
this notion are recent data demonstrating that approximately 75% of the glutathione synthesized de novo
in pars recta segments of proximal tubules is secreted into the tubular lumen (Parks et al., 1998), which
could theoretically provide a sufficiently high concentration of glutathione in the luminal compartment for
thiol competition to occur.

Another possibility is that mercuric conjugates of glutathione are actually secreted into the lumen from
within proximal tubular epithelial cells (after being formed intracellularly). There are data from mice that
tend to support this hypothesis (Tanaka-Kagawa et al., 1993). The recent localization of the multiple-drug
resistance glycoprotein MRP2 in the kidneys also tends to support the possibility of luminal secretion of
mercuric S-conjugates of glutathione. This protein has been localized in the brush-border membrane of the
epithelial cells lining the S1, S2, and S3 segments of the proximal tubule of the rat (Schaub et al., 1997) and
the luminal plasma membrane of human proximal tubular epithelial cells (Schaub et al., 1999). MRP2 is one
of the ATP-binding cassette transport proteins, which has been shown recently to be involved in the
intracellular to extracellular transport of glutathione S-conjugates at the canalicular membrane of
hepatocytes (Keppler et al., 1998). Based on what is currently known about the cellular location and
function of MRP2, it seems reasonable to hypothesize that intracellular mercuricS-conjugates of
glutathione are also transported (in a secretory manner) by this protein in both hepatocytes and proximal
tubular epithelial cells.



3. Cleavage Products of Mercuric Conjugates of Glutathione as Transportable Forms of Mercury at
Luminal Plasma Membrane.

Considering that luminal uptake of mercuric ions by proximal tubular cells is linked to the activity of y-GT
and the presence of mercuric S-conjugates of glutathione in the tubular lumen, the actual luminal uptake
of mercuric ions would appear to involve the transport of some product formed by the actions of the y-GT.
One such product might be a mercuric conjugate of cysteinylglycine, which could be transported
potentially by one of the small peptide transport systems in the luminal plasma membrane (Silbernagl,
1992). However, because of the high level of activity of luminal membrane dehydropeptidases (e.g.,
cysteinylglycinase), one would predict that if there is transport of this mercuric conjugate along the
proximal tubule in vivo, the rate of transport would be very low. Based on the high activities of both y-GT
and cysteinylglycinase, it is most likely that the actual, or primary, species of mercury transported at the
luminal membrane is a mercuric conjugate of |-cysteine, via one or more of the amino acid transport
systems. It should be stressed that there is in vitro evidence indicating that sequential enzymatic
degradation of glutathione to cysteinylglycine, and then to cysteine, is possible while a mercuric ion
remains bound to the cysteinyl residue (at the site of the —SH group) of the molecules of glutathione that
are being degraded (Naganuma et al. 1988).

4. Role of Cysteinylglycinase.

Potential luminal transport of mercuric conjugates of cysteinylglycine was investigated recently in isolated
perfused S2 segments of the rabbit proximal tubule by Cannon et al. (1998a, 2000). They demonstrated
that near-complete inhibition of cysteinylglycinase, with the dehydropeptidase-1 inhibitor cilastatin,
caused significant reductions in the luminal uptake of inorganic mercury when it was in the form of a
mercuricS-conjugate of cysteinylglycine. These findings support the hypothesis that when inorganic
mercury is conjugated to cysteinylglycine, much of the luminal absorption of mercury is linked to the
actions of the dehydropeptidase-1 (cysteinylglycinase) that cleaves the peptide bond in molecules of
cysteinylglycine. Cannon et al. (2000) discovered, however, that inhibition of luminal dehydropeptidases
did not completely prevent the luminal uptake of mercury when it was in the form of a mercuric conjugate
of cysteinylglycine. These findings tend to indicate that at least in isolated perfused proximal tubular
segments, some level of transport of mercuric conjugates of cysteinylglycine may actually occur at the
luminal membrane while luminal dehydropeptidases are inhibited. However, before one can make any
definitive conclusions about potential transport of mercuric conjugates of cysteinylglycine in the proximal
tubule in vivo, one needs to consider additional factors, such as potential heterogeneity in the handling of
glutathione, cysteinylglycine, and mercuric conjugates of glutathione and cysteinylglycine along the entire
proximal tubule. In fact, there are recent findings indicating there is significant heterogeneity in the
synthesis, secretion, and/or transport of glutathione along the length of the rabbit proximal tubule (Parks
et al., 1998, 2000).

5. Mercuric Conjugates of Cysteine as Primary Transportable Form of Mercury at Luminal Plasma
Membrane.

Numerous sets of recent findings indicate that mercuric conjugates of cysteine, such as the
dicysteinylmercury complex, are likely the primary species of inorganic mercury transported at the luminal
membrane of proximal tubular cells. For example, there are in vivo data showing that the renal uptake and
accumulation of inorganic mercury (Zalups and Barfuss, 1995b, 1998b) and the level of renal tubular injury
induced by inorganic mercury (Zalups and Barfuss, 1996b) were increased in animals when the inorganic



mercury was administered as a mercuric conjugate of cysteine. In addition, there are in vitro data showing
that mercuric ions gained entry into brush-border membrane vesicles far more readily when they were in
the form of mercuric conjugates of cysteine than when they were in the form of mercuric conjugates of
glutathione or even mercuric chloride (Zalups and Lash, 1997a). By far, the most convincing evidence for
the luminal transport of a mercuric conjugate of cysteine comes from the isolated perfused tubule studies
of Cannon et al. (1998a,b,1999, 2000). These investigators demonstrated that the rates of luminal uptake
(disappearance flux) of mercuric ions in isolated perfused proximal tubular segments were approximately
2-fold or more greater when mercuric conjugates of cysteine (103 = 4 fmol/min/mm tubule) were present
in the luminal compartment than when mercuric conjugates of either glutathione (39 + 1 fmol/min/mm
tubule) or cysteinylglycine (53 = 3 fmol/min/mm tubule) were present in the lumen. Their findings also
show that mercuric conjugates of cysteine, presumably in the form of a single mercuric ion bonded to the
sulfur atoms of two molecules of cysteine (in a linear Il coordinate covalent complex), are taken up at the
luminal membrane of proximal tubular cells by known amino acid transporters (Cannon et al., 1999). These
investigators also provide data indicating that the luminal uptake of these mercuric conjugates involves at
least two separate amino acid transport systems, with one being sodium-dependent and the other being
sodium-independent. Another set of their data indicates that one or more of the same transport systems
involved in the luminal uptake of the amino acid cystine may be involved in the luminal uptake of mercuric
conjugates of cysteine (Cannon et al., 2000). These data show that the addition of 3 mM I-lysine to a
perfusate containing 20 uM inorganic mercury and 80 UM cysteine caused an approximate 50% reduction
in the net rate of luminal uptake of inorganic mercury in isolated perfused S2 segments of the rabbit
proximal tubule. To put these findings into context, Schafer and Watkins (1984) had established previously
in isolated perfused S2 segments that I-lysine (3 mM) inhibits the luminal uptake of cystine (300 uM) by
approximately 50%. Their findings suggest that some component of the luminal absorption of cystine
occurs through a transporter shared by the dibasic amino acid lysine. Overall, it appears that some
fractions of the luminal uptake of both cystine and dicysteinylmercury occur via the same transport system.
A diagrammatic summary of the known and putative mechanisms involved in the luminal transport of
inorganic mercury is presented in Figs.1 and 2.
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Diagrammatic representation of mechanisms involved in the luminal uptake of inorganic mercury in
proximal tubular epithelial cells. The presented scheme is premised on having mercuric conjugates of
glutathione (gsh-Hg-gsh) and cysteine (cys-Hg-cys) present in the proximal tubular lumen. At present, it is
not clear where these conjugates form, but filtration, secretion, and/or formation in the tubular lumen all
must be considered. Experimental evidence indicates that the primary mechanism involved in the luminal
uptake of inorganic mercury along proximal tubular segments involves the actions of the brush-border
enzyme, y-GT. When there is near-complete inhibition of the enzyme (with acivicin), there are significant
decreases in the luminal uptake of inorganic mercury and enhanced urinary excretion of mercury and
glutathione (GSH). According to the scheme presented, the mechanism of action of the y-
glutamyltranspeptidase in the luminal uptake of mercury involves the catalytic cleavage of the y-
glutamylcysteine bond on molecules of GSH bonded (via the sulfur atom of the cysteinyl residue) to
mercuric ions. There also is the possibility that mixed mercuric conjugates may be present in the tubular
lumen, but these have not been included in this figure. According to the presented scheme, after y-GT has
cleaved the y-glutamylcysteine bond on molecules of GSH bonded to a mercuric ion, the resulting mercuric
conjugate of cysteinylglycine can potentially enter two pathways. The most likely pathway involves the
catalytic cleavage of the cysteinylglycinyl bond on molecules of cysteinylglycine bonded to a mercuric ion by
the dehydropeptidase-1 cysteinylglycinase located on the luminal membrane. The second pathway might
involve the transport of a mercuricS-conjugate of cysteinylglycine into the proximal tubular cell by one of
the sodium-dependent peptide transport systems. This pathway is shown as a dotted line attached to an
arrowhead, just above the depiction of cysteinylglycinase. Due to the abundance of peptidase activity on
the luminal membrane of proximal tubular epithelial cells, it seems unlikely, at present, that any
appreciable amount of transport of a mercuric conjugate of cysteinylglycine would occur under normal
circumstances. After the actions of cysteinylglycinase, a mercuric conjugate of cysteine remains,
presumably as dicysteinylmercury (cys-Hg-cys). This resulting mercuric S-conjugate of cysteine then appears
to enter proximal tubular epithelial cells via amino transporters in the luminal plasma membrane. Current
evidence indicates that there are both sodium-dependent and sodium-independent amino transport
systems involved. One cannot exclude, however, the possibility that some type of a mercuric conjugate of
GSH is also taken up intact by one of the luminal transport systems. This is shown using a dotted line
attached to an arrowhead near the top of the figure. This scheme also shows the potential for endocytosis
of a mercuric conjugate of albumin. Moreover, the scheme shows that the GSH secreted into the tubular
lumen of proximal tubular segments may preferentially compete for the mercuric ions carried into the
tubular lumen by albumin or other plasma proteins. Finally, this scheme shows that mercuric conjugates of
cysteine can be filtered into the tubular lumen, bypass the actions of y-GT and cysteinylglycinase, and enter
the proximal tubular cells via one of the amino acid transporters.
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at least one of them is a sodium-independent transporter. A likely candidate for the sodium-dependent
transporter involved in the uptake of dicysteinylmercury is System ASC. Among the transporters that are
sodium-independent, System L or b0O,+ are potential candidates. One of the current hypotheses regarding
the mechanism by which some dicysteinylmercury gains entry into the proximal tubular epithelial cells is by
a mechanism of molecular homology, which some refer to as “mimicry.” The hypothesis states that the
dicysteinylmercury complex is functionally homologous to the amino acid cystine and enters through one
the transport systems involved in the absorption of cystine. Current molecular biological evidence from
studies on the gene responsible for cystinuria indicate that System b0,+ is one transport system involved in
the luminal transport of cystine. However, there is controversy on what other systems might be involved in
the uptake of cystine along the various segments of the proximal tubule. Data fromCannon et al. (1999a)
also tend to implicate System L in the luminal uptake of dicysteinylmercury.

6. Role of Molecular Homology.

Based on experimental findings of Cannon et al. (2000) and Schafer and Watkins (1984) and the similarity
in structure of cystine and the dicysteinylmercury complex (Fig. 3), researchers at the laboratories of Zalups
and Barfuss hypothesized recently that some component of the absorptive luminal transport of
dicysteinylmercury occurs by a mechanism involving molecular homology (or “mimicry”). They postulate
that dicysteinylmercury may act as a molecular homolog, or “mimic,” of the amino acid cystine at the site
of one or more transporter responsible for the luminal uptake of cystine (Cannon et al., 2000).

Figure 3

- A three-dimensional space-fill rendering of the molecule cystine and the
_ " \ }' complex formed by two molecules of cysteine bonded to an inorganic
‘ mercuric ion. This figure shows some of the homology that exists between
these two molecules. A current hypothesis expounded to explain a significant
Dicysteinylmercury component of the luminal uptake of dicysteinylmercury (along the proximal
\ tubule) is one involving molecular homology. The dicysteinylmercury complex
i \& is thought to “mimic” or be functionally homologous to the amino acid

cystine at the site of the transporters involved in the luminal uptake of
cystine.

Molecular homology, or what some refer to as molecular mimicry, is not a novel concept. In 1993, Clarkson
discussed the concept that mercury, and other metals, form complexes with biological molecules that
mimic structurally endogenous molecules. For example, the complex formed between methylmercury and
cysteine is thought to “mimic” the amino acid methionine, as a means to gain entry into the central
nervous system via specific amino acid transporters. Evidence supporting this hypothesis comes from
studies on the uptake and/or transport of methylmercury by astrocytes (Aschner et al., 1990) and the
endothelial cells lining the blood-brain barrier (Aschner and Clarkson, 1989,Kerper et al., 1992). Another
potential transportable molecular homolog may occur when inorganic mercury or methylmercury binds to
glutathione. The complex formed when two molecules of glutathione bind to a single mercuric ion may
also prove to be a functional molecular homolog of glutathione disulfide. The implication of a



dicysteinylmercury complex being homologous to, or “mimicking,” the amino acid cystine does, however,
appear to be a novel addition to the purported species of molecules that are involved in mimicry during the
process of transporting a toxic metal into an epithelial cell.

D. Mechanisms of Basolateral Uptake of Mercury 1. Role of Organic Anion Transport System.

In addition to the large body of evidence indicating that mercuric ions are taken up at the luminal
membrane of proximal tubular cells, there is substantial evidence indicating that mercuric ions are also
taken up at the basolateral membrane of these cells. Approximately 40% of the dose of inorganic mercury
is normally taken by the total renal mass of rats during the initial hour after the i.v. injection of a nontoxic
dose of mercuric chloride (Zalups and Diamond, 1987a; Zalups and Lash, 1994;Zalups and Barfuss, 19953,
1998a,b; Zalups, 1996, 1997). Current evidence indicates that approximately 40 to 60% of this renal burden
of mercury can be attributed to a basolateral mechanism (Zalups, 1995,1997, 1998b,c; Zalups and Barfuss,
1995, 1998a,b; Zalups and Minor, 1995). It should be stressed that this applies only to doses of inorganic
mercury that are non-nephrotoxic. Under conditions where the dose is increased to levels that induce renal
tubular injury, the percentage of the dose found in the kidneys (at various times after exposure) decreases.
This is due in part to necrosis of tubular epithelial cells and the subsequent release and excretion of
cytosolic mercury. (Zalups and Diamond, 1987b; Zalups et al., 1988).

One of the first lines of substantial evidence implicating a basolateral mechanism in the renal tubular
uptake of inorganic mercury comes from a recent study by Zalups and Minor (1995). In this study, the
uptake and disposition of administered inorganic mercury were evaluated in rats in which glomerular
filtration had been reduced to negligible levels in one or both kidneys through pretreatment with mannitol
in combination with ureteral ligation (Zalups and Minor, 1995). It was demonstrated that induction of
“stop-flow” conditions by these pretreatments caused an approximately 40% decrease in the net uptake
and accumulation of inorganic mercury during the initial 1 h after the administration of a 0.5 umol/kg i.v.
dose of mercuric chloride. These findings indicate that a major fraction of the renal tubular uptake of
inorganic mercury occurred via a basolateral mechanism. They also demonstrated that pretreatment
withpara-aminohippurate, which is a specific competitive substrate for the renal organic anion transporter
(Shimomura et al., 1981; Ferrier et al., 1983; Ullrich et al. 1987a,b); Pritchard, 1988;Roch-Ramel et al.,
1992), caused significant reductions in the acute renal tubular uptake and accumulation of inorganic
mercury in normal animals and in animals that had one or both ureters ligated. In fact, the combination of
ureteral ligation and pretreatment withpara-aminohippurate caused an approximately 85% reduction in
the net uptake and accumulation of inorganic mercury during the first hour after the injection of mercuric
chloride. These findings suggest that the majority of the basolateral uptake of inorganic mercury was being
inhibited by para-aminohippurate, which implicates the organic anion transporter as the primary
mechanism in the basolateral uptake of inorganic mercury. Data from other recent studies have confirmed
that basolateral uptake of inorganic mercury does occur in the kidney and that the primary mechanism
involved is linked to the activity of the organic anion transport system (Zalups and Lash, 1994; Zalups, 1995,
1997, 1998a,b; Zalups and Barfuss, 1995a,1998a,b; Zalups et al., 1998).

There also are data implicating the activity of the organic anion transporter in the basolateral uptake of
organic mercuric compounds. These data show that the renal uptake and/or accumulation (Tanaka et al.,
1992) and toxicity (Ban and de Ceaurriz, 1988) of methylmercury are reduced significantly in mice
pretreated with probenecid, which is another competitive substrate and inhibitor of the organic anion
transporter in renal proximal tubules (Shimomura et al., 1981;Roch-Ramel et al., 1992).



2. Role of Dicarboxylate Transporter.

In an early study,Clarkson and Magos (1967) demonstrated that pretreatment with the dicarboxylate
maleate caused dose-dependent reductions in the net renal accumulation of inorganic mercury when it
was given as a cysteine-mercury complex (100 pg Hg/kg). Unfortunately, it is not clear from this study
whether the changes in the renal disposition of mercury were due to the inhibitory effects of maleate on
renal cellular metabolism (Rogulski and Angielski, 1963) or whether they were due to direct effects at the
site of a transporter of mercury. Interestingly, they found that fumarate (an isomer of maleate) did not
have the same effects as maleate, which suggests isomer specificity.

More recently, Zalups and Barfuss (1998b) demonstrated that pretreatment with small (four- to six-carbon)
aliphatic dicarboxylates, such as succinate, glutarate, or adipate (but not malonate), inhibited the renal
(basolateral) uptake of i.v. administered inorganic mercury in a dose-dependent manner in both normal
rats and in rats that had their ureters ligated. Putative mechanisms for the inhibitory effects of certain
dicarboxylates on the renal tubular uptake, transport, and accumulation of inorganic mercury have been
hypothesized by Zalups and Barfuss (1998b). Some of the details of these hypotheses are provided here.

Current evidence indicates that the organic anion transporter is driven by an organic anion/dicarboxylic
acid (dicarboxylate) exchange (reviewed by Pritchard and Miller, 1993, and Dantzler, 1996). It appears that
intracellular generation of a-ketoglutarate (from normal metabolic processes) contributes to the creation
of an intracellular chemical gradient favoring the movement of this dicarboxylate out of the cell. When the
gradient becomes sufficiently great, a-ketoglutarate is transported out of proximal tubular cells at the
basolateral membrane via exchange with organic anions at the site of the organic anion exchanger. There is
evidence indicating that a significant fraction of the a-ketoglutarate (and other dicarboxylic acids) that exits
proximal tubular cells at the organic exchanger enters back into the cells across the basolateral membrane
via a sodium-dicarboxylic acid cotransporter (Pritchard, 1988). This cotransport system is driven by the
sodium-gradient generated by Na+,K+-stimulated ATPase. Although it is not exactly clear via which
mechanisms succinate, glutarate, or adipate inhibits the renal tubular uptake of inorganic mercury, it
seems likely that an excess of any of these dicarboxylates in the extracellular compartment creates
competition for the sodium-dependent entry of a-ketoglutarate at the site of the dicarboxylic acid
cotransporter. Reduction in the basolateral uptake of a-ketoglutarate would likely cause a decrease in the
intracellular concentration of this dicarboxylate. This in turn would decrease the chemical gradient favoring
the movement of a-ketoglutarate out of the proximal tubular epithelial cell in exchange for the uptake of
an organic anion from the plasma. The net result would be a decreased rate of uptake of organic anions
(and presumably mercuric conjugates of cysteine and/or glutathione) that are transported at this site.
Because dicarboxylates are themselves organic anions, an excess of these molecules in the extracellular
fluid likely also creates direct competition with whatever form of mercury that is putatively transported by
the organic anion transporter and, thus, contributes to a decreased rate of uptake of mercury at the
basolateral membrane. There is evidence that both adipate and glutarate, but not succinate or malonate,
can compete with a-ketoglutarate at the site of the organic anion transport system (Ullrich et al., 1987;
Pritchard, 1988;Pritchard and Miller, 1993). Figure 4presents some of the mechanisms involved in the
basolateral uptake of inorganic mercury in proximal tubular cells.

Figure 4
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Diagram outlining the putative roles of both the organic anion and dicarboxylic acid transport systems in
the basolateral uptake of inorganic mercury along the proximal tubule. On the basis of the current line of
evidence regarding the organic anion transport system, intracellular generation of a-ketoglutarate (as a
result of normal metabolic processes) creates a chemical gradient facilitating the movement of this
dicarboxylate out of the cell. When intracellular concentrations of a-ketoglutarate are sufficiently high, it
exits proximal tubular cells at the basolateral membrane by exchanging with organic anions. After it is
transported out of proximal tubular cells, a-ketoglutarate is taken back up into the cell across the
basolateral membrane via a sym-port involving the cotransport of sodium. This sym-port is driven by the
sodium-gradient generated by the Na+,K+-ATPase localized in the basolateral membrane. According to the
scheme presented, inorganic mercury enters proximal tubular epithelial cells (presumably as a conjugate of
glutathione (GSH) and/or cysteine (CYS)) via the organic anion transport system in exchange for
intracellular a-ketoglutarate. The most likely species of inorganic mercury taken up at basolateral
membrane by the organic anion exchanger include mercuric conjugates of GSH (gsh-Hg-gsh), CYS (cys-Hg-
cys), and other small molecules possessing a negative charge (-r-Hg-r-), such as N-acetylcysteine. Support
for this notion comes from the fact that the basolateral uptake of mercury can be inhibited by para-
aminohippurate (PAH) and probenecid and dicarboxylic acids. The scheme presented also shows that
succinate, glutarate, and adipate compete with a-ketoglutarate at the site of the dicarboxylic acid
transporter. It appears that both glutarate and adipate, but not succinate, can influence the basolateral
uptake of mercury by theoretically acting at two sites. Evidence indicates that these two dicarboxylic acids
can compete for the uptake of substrates transported by the organic anion transporter and other
dicarboxylic acids (e.g., a-ketoglutarate) transported by the sodium-dicarboxylic acid sym-port system.
Succinate, on the other hand, appears to influence the basolateral uptake of mercury by competing only at
the site of the dicarboxylic acid transporter. Preferential uptake of succinate over a-ketoglutarate would
result in a decrease in the intracellular concentration of a-ketoglutarate, which would decrease the driving
force behind the activity of the organic anion transporter. The scheme also shows the transport of newly
synthesized GSH from within proximal tubular cells into the blood. There is evidence from isolated perfused
proximal tubular segments demonstrating that approximately 25 to 30% of the GSH synthesized by
proximal tubular epithelial is secreted into the basal compartment surrounding the tubule. This could
provide a substantial pool of GSH at the basolateral membrane to interact with other molecules bonded to



mercuric ions, resulting in the formation of mercuric conjugates of GSH, which could then be transported
into the proximal tubular cells.

3. Possible Ligands and Conjugates Involved in Basolateral Uptake of Mercury.

As mentioned earlier, the majority of the mercury that is present in plasma is bound to albumin and other
large proteins. It is quite certain that the organic anion transport system does not transport mercuric
conjugates of proteins into proximal tubular epithelial cells. At present, it appears that mercuric conjugates
of low-molecular-weight ligands are the most likely species of mercury taken up at the basolateral
membrane by the organic anion transporter. Two of the conjugates that have been implicated in the
basolateral transport of mercury are mercuric conjugates of glutathione and/or cysteine (Zalups, 1998b).

4. Mercuric Conjugates of Glutathione as Transportable Forms of Mercury at Basolateral Membrane.

Molecules of glutathione have a net negative charge at physiological pH. Because of this charge and its size,
glutathione has been postulated to be substrate at the site of the organic anion transporter. Support for
this comes in part from the studies of Lash and Jones (1983, 1984), who demonstrated transport of
glutathione (as an intact tripeptide) in basolateral membrane vesicles (isolated from the renal cortex of
rats) via a mechanism that was sodium-dependent and that could be blocked by probenecid. They also
demonstrated basolateral transport of certain organicS-conjugates of glutathione, such asS-(1,2-
dichlorovinyl)glutathione, into proximal tubular epithelial cells by a probenecid-sensitive mechanism (Lash
and Jones, 1985b).

Because both glutathione and certain S-conjugates of glutathione appear to be transported across the
basolateral membrane of proximal tubular cells by the organic anion transport system, it seems plausible
that mercuric S-conjugates of glutathione may also be transported across the basolateral membrane by
this same transport system. There are some findings from a recent study, in which mercuric conjugates of
glutathione were administered to rats that had undergone bilateral ureteral ligation, that support this
contention (Zalups, 1998b). The data show that the basolateral uptake of inorganic mercury was greater
when it was administered in the form of a mercuric conjugate of glutathione than when it was
administered as mercuric chloride.

5. Mercuric Conjugates of Cysteine as Transportable Forms of Mercury at Basolateral Membrane.

Despite the fact that cysteine has a net neutral charge at physiological pH, it has become highly relevant to
consider that inorganic or organic mercuric conjugates of cysteine are transportable species at the site of
the organic anion transporter. The relevance for this consideration comes from studies in which organic S-
conjugates of cysteine have been shown to be taken up at the basolateral membrane of proximal tubular
cells by a mechanism consistent with the activity of the organic anion transporter. For example, Lash and
Anders (1989) demonstrated that organic S-conjugates of cysteine [e.g.,5-(1,2-dichlorovinyl)-I-cysteine]
were taken up by isolated proximal tubular epithelial cells from rats by a sodium-dependent and
probenecid- andpara-aminohippurate-sensitive transport system. More recently, Dantzler et al. (1995),
using isolated proximal tubules from rabbits, also demonstrated that certain organic S-conjugates of
cysteine were taken up at the basolateral membrane by a probenecid- and p-aminohippurate-sensitive
transport mechanism.



Based on these aforementioned findings, it seems logical to hypothesize that mercuric conjugates of
cysteine may also be transported into proximal tubular epithelial cells at the basolateral membrane by the
organic anion transport system. Several sets of recent data tend to support this hypothesis. For example,
one set of data shows that rates of association and transport of inorganic mercury in basolateral
membrane vesicles (isolated from the kidneys of rats) tends to be greater when the vesicles are exposed to
mercuric conjugates of cysteine than when they are exposed to mercuric chloride (Zalups and Lash, 1997a).
Additional support for this hypothesis comes indirectly from a recent in vivo study (Zalups, 1998b). First,
the data from this study show that bilateral ureteral ligation caused an approximately one-half reduction in
the net renal accumulation of mercury in control rats treated with a low 0.5-umol/kg dose of mercuric
chloride and in the rats coadministered this dose of inorganic mercury with a 4-fold greater (2.0 umol/kg)
amount of |-cysteine. More importantly, the findings also show that the net renal accumulation of mercury
was greater in the animals treated with inorganic mercury plus cysteine than in the animals treated with
mercuric chloride, whereas the relative intrarenal distribution of mercury was similar in both groups of
rats. Second, pretreatment withpara-aminohippurate was shown to cause a significant decrease in the
renal uptake of mercury in the rats that had their ureters ligated and that were administered inorganic
mercury plus cysteine (Zalups, 1998c). The most reasonable explanation for these findings is that by
injecting mercuric conjugates of cysteine in animals that have had their ureters ligated, more of these
conjugates than are formed normally when inorganic mercury is administered as mercuric chloride are
made available at the site of the organic anion transporter (and possibly other basolateral transporters,
such as basolateral amino acid transporters) to promote the uptake of mercury.

6. Other Mercuric Conjugates as Transportable Forms of Mercury at Basolateral Membrane.

Although current experimental evidence tends to point to mercuric conjugates of cysteine and glutathione
being primarily involved in the luminal and basolateral uptake of inorganic mercury along the proximal
tubule (after exposure to mercuric chloride), it is clear that other thiols, especially homologues of cysteine,
such as homocysteine and N-acetylcysteine, can significantly influence the manner in which inorganic
mercury is being handled in the kidneys (Zalups, 1998c; Zalups and Barfuss, 1998b). This point is
exemplified in the recent studies of Zalups and Barfuss (1998b) and Zalups (1998c), who studied and
compared in rats the mechanisms involved in the renal tubular uptake of inorganic mercury when it was
coadministered with cysteine, homocysteine, orN-acetylcysteine. When inorganic mercury was
administered with cysteine or as mercuric chloride, the levels of luminal and basolateral uptake of mercury
in the kidneys were similar. In contrast to this pattern of uptake, when inorganic mercury was administered
with homocysteine, a much lower level of uptake of mercury occurred at the luminal membrane relative to
that which occurred at the basolateral membrane. Even greater differences in the levels of luminal uptake
versus basolateral uptake of mercury were detected when rats were treated with inorganic mercury and N-
acetylcysteine. When inorganic mercury was administered with this negatively charged molecule, virtually
all of the renal tubular uptake of mercury occurred at the basolateral membrane, and the majority of this
uptake could be inhibited by pretreatment with para-aminohippurate. In fact, regardless of how inorganic
mercury was administered, the majority of the basolateral uptake of mercury was inhibited by
pretreatment withpara-aminohippurate, which implicates the activity of the organic anion transport
system in the basolateral uptake of inorganic mercury under all of the experimental conditions studied.

In addition to the high level of basolateral uptake of mercury in the kidneys of the animals treated with
inorganic mercury andN-acetylcysteine, the amount of mercury excreted in 24 h was at least 45 to 50%
greater than that in any of the other groups of rats. The overall findings from these rats indicate that the



negative charge on N-acetylcysteine likely promotes the rapid transport of mercuric conjugates of N-
acetylcysteine into proximal tubular cells at the site of the organic anion transporter, whereas it prevents
or impedes the uptake of these mercuric conjugates at the luminal plasma membrane, which promotes the
urinary excretion of mercury.

E. Role of Liver in Renal Tubular Uptake of Mercury

It appears that some aspects of hepatic function play a role in at least a component of the renal uptake and
transport of mercury. Evidence for this hypothesis comes from recent dispositional studies. In one study,
specific depletion of hepatic glutathione with 1,2-dichloro-4-nitrobenzene before the administration of
inorganic mercury was shown to cause a significant diminution in the renal uptake and/or accumulation of
inorganic mercury in mice (Tanaka et al., 1990). In other studies, it has been demonstrated that biliary
ligation or cannulation before the administration of inorganic mercury caused a decrease in the renal
tubular uptake and accumulation of inorganic mercury in rats (Zalups and Barfuss, 1996a, Zalups, 1998a;
Zalups et al., 1999a,b,c). Taken together, these findings indicate that some aspects of hepatic function are
linked to a component in the renal tubular uptake and/or accumulation of inorganic mercury. Hepatic
synthesis and secretion of glutathione represent a possible candidate. Additional studies are necessary to
better determine the role of the liver in the renal tubular uptake of mercury.

F. Intracellular Distribution of Mercury

Once inorganic mercuric ions gain entry in proximal tubular cells, it appears that they distribute throughout
all intracellular pools (Madsen, 1980; Omata et al., 1980; Baggett and Berndt, 1985; Houser and Berndt,
1988). Cellular fractionation studies using the renal cortex from rats treated acutely or chronically with
mercuric chloride indicate that mercury distributes in nuclear, lysosomal, mitochondrial, brush-border, and
supernatant fractions, with the nuclear fraction containing the greatest amount of mercury among the
organelle fractions (Madsen, 1980; Madsen and Hansen, 1980). Similar findings have also been obtained in
other studies using homogenates of the renal cortex from normal and uninephrectomized rats treated with
mercuric chloride (Baggett and Berndt, 1985; Houser and Berndt, 1988). In these studies, however, the
cytosolic fraction was found to contain the greatest content of mercury.

Interestingly, the relative specific content of mercury was shown to increase to the greatest extent in the
lysosomal fraction when rats were made proteinuric with an aminoglycoside (Madsen, 1980) or when rats
were treated chronically with mercuric chloride (Madsen and Hansen, 1980). Increases in the lysosomal
content of mercury may reflect the fusion of primary lysosomes with endocytotic or cytosolic vesicles
containing complexes of inorganic mercury bound to proteins.

Ill. Urinary Excretion of Mercury

Urinary and fecal excretion of mercury are the principal means by which humans and other mammals
eliminate the different forms of mercury from the body. Under most circumstances, a greater fraction of a
dose of mercury is excreted in the feces than in the urine early after exposure (Rothstein and Hayes, 1960;
Magos and Clarkson, 1977; Zalups et al., 1987, 1988, 1991a, 1992, 1993; World Health Organization,
1991;Zalups et al., 1987, 1988, 1991a, 1992, 1993; Zalups and Lash, 1994). In rats, it has been shown that
more than twice as much inorganic mercury is excreted in the feces than in the urine during the initial days
after exposure to a non-nephrotoxic dose of mercuric chloride (Rothstein and Hayes, 1960; Zalups et al.,



1987, 1988; Zalups and Lash, 1994). Less than 10% of the administered dose is excreted in the urine during
this time. In one study, rats injected i.v. with a non-nephrotoxic dose of mercuric chloride had excreted
about 20% of the dose in the urine and 30% of the dose in the feces during the initial 54 days after injection
(Rothstein and Hayes, 1960). The low level in the urinary excretion of mercury is due to two principal
factors, the avid uptake of mercuric ions and the retention of accumulated mercuric ions, in proximal
tubular segments.

After exposure to organic forms of mercury, even less mercury is excreted in the urine than after exposure
to inorganic mercury. For example, it was demonstrated recently that both normal and uninephrectomized
rats excreted only about 3% of the dose of mercury in the urine by the end of the initial 7 days after the i.v.
injection of a low dose (5 mg/kg) of methylmercury (Zalups et al., 1992). By contrast, more than 15% of the
administered dose was excreted in the feces during the same period of time. In a recent study in which
seven adult men received a tracer amount of203Hg-labeled methylmercury i.v., the cumulative fecal
excretion of mercury over 70 days was much greater than the cumulative urinary excretion of mercury
(Smith et al., 1994). More specifically, about 30% of the dose was excreted in the feces, whereas only
about 4% of the dose was excreted in the urine.

Early reports (Mambourg and Raynaud, 1965; Vostal, 1966) had claimed that mercury appeared in the
urine before inulin (which is filtered and not absorbed or secreted along the nephron). This was interpreted
by some (Clarkson and Magos, 1967) to indicate that urinary mercury represented a pool of mercury that
had been secreted from the blood into the tubular lumen by a transepithelial mechanism. This was a
reasonable view considering there was a published report claiming that approximately 99% of the mercury
in plasma was not filterable (Berlin and Gibson, 1963). Based on recent data, however, it appears that
much more than 1% on the mercury in plasma is filtered into the proximal tubule lumen (Madsen, 1980;
Zalups and Minor, 1995; Zalups, 1997,1998b,c; Zalups and Barfuss, 1998a,b) and that the mechanisms
involved in the urinary excretion of mercury are less clear than once thought.

It should be emphasized that although 95 to 99% (depending on animal species and experimental
conditions) of the mercury in plasma is bound to albumin (and other plasma proteins), a significant fraction
of albumin is filtered at the glomerulus. Thus, substantial amounts of mercury could theoretically gain
access to the luminal compartment of proximal tubules by filtration of a mercury-albumin complex. There
is some indirect in vivo evidence supporting this notion. Madsen (1980)demonstrated in rats made
proteinuric by gentamicin (presumably by decreasing the absorptive capacity of the proximal tubular
epithelium by cellular necrosis) that much of the administered mercury excreted in the urine was
associated with albumin. A fundamental assumption in with these findings, however, is that the
preponderance of the albumin associated with the mercury in the urine came from glomerular filtration
rather than intercellular leak. In contrast to the findings of Madsen (1980), Clarkson and Magos (1967)
found that about 70% of the mercury excreted in urine by rats treated with sodium maleate, subsequent to
the exposure of inorganic mercury, was not bound to protein. This finding is actually not that surprising,
because much of the mercury excreted in the urine probably originated from cellular stores, and thus was
likely bound to low-molecular-weight thiols, such as glutathione.

Some insight into mechanisms involved in the urinary excretion of mercury has been gained through
experimental maneuvers that cause the urinary excretion of mercury to increase. In most cases, the
increased urinary excretion of mercury is associated with decreased luminal absorption of mercury and/or



the luminal elimination or extraction of accumulated mercury along the proximal tubule (and/or other
segments of the nephron). Some examples of these maneuvers are listed below.

In an early study by Clarkson and Magos (1967), pretreatment of female rats with sodium maleate, before
the injection of a low 100 pg/kg dose of mercury in the form of mercuric chloride or a mercury-cysteine
complex, was shown to cause the urinary excretion of mercury to increase and the renal accumulation of
mercury to decrease. Sodium maleate was used because it caused “profound metabolic disturbances in
renal cells.” The authors also found that the administration of sodium maleate after treatment with
mercury caused the renal content of mercury to decrease and the urinary excretion of mercury to increase.

As mentioned earlier, the urinary excretion of mercury also increases dramatically when renal y-GT is
inhibited before the administration of inorganic mercury (Berndt et al., 1985; Zalups, 1995; Zalups et al.,
1999b,c). Much of the mercury excreted in urine after the inhibition of y-GT appears to be associated with
glutathione, which implicates the presence of mercuric conjugates of glutathione in the proximal tubular
lumen (Baggett and Berndt, 1986). Current evidence indicates that the increased urinary excretion of
mercury associated with the inhibition y-GT is due mainly to decreased luminal absorption and transport of
mercury along the proximal tubule (Berndt et al., 1985; Tanaka et al., 1990; Tanaka-Kagawa et al., 1993; de
Ceaurriz et al., 1994; Kim et al., 1995; Zalups, 1995; Cannon et al., 2000).

When inorganic mercury is applied to the luminal membrane of proximal tubular epithelial cells as a
mercuric conjugate ofN-acetylcysteine (Zalups and Barfuss, 1998b), DMPS (Zalups et al., 1998), DMSA
(zalups, 1993c), or metallothionein (Zalups et al., 1993a), urinary excretion of mercury increases greatly
due to the lack of luminal uptake of these mercuric conjugates. In general, it appears that when mercuric
ions are bound to organic ligands possessing a net negative charge, the mercuric conjugates of these
molecules are not taken up readily at the luminal membrane and in turn are excreted in the urine. When
DMPS is administered after exposure to mercury, the urinary excretion of mercury also increases greatly
(Zalups, 1993c). Recent evidence (obtained from isolated perfused proximal tubular segments) indicates
that the increased urinary excretion of mercury that occurs under these conditions results from
unidirectional extraction of mercury from within or on proximal tubular epithelial cells into the tubular
lumen (Zalups et al., 1998). It is likely that increased urinary excretion of mercury induced by treatment
with DMSA (Zalups, 1993c) occurs by a similar mechanism.

After proximal tubular necrosis is induced by mercury or other agents (Clarkson and Magos, 1967; Magos
and Stoychev, 1969; Trojanowska et al., 1971), the urinary excretion of mercury increases. This is due
largely to mercury being released from, or not being absorbed by, necrotic or degenerating proximal
tubular epithelial cells (Madsen, 1980; Zalups and Diamond, 1987b; Zalups et al., 1988). More studies are
needed to better define the factors and mechanisms involved in the urinary excretion of mercury and
mercury-containing compounds.

Despite all the studies that have been carried out to date, very little is really known about the mechanisms
involved in the urinary excretion of inorganic and organic forms of mercury. The major questions that still
need to be addressed include the following. 1) What are the magnitudes and rates at which mercury is
filtered at the glomerulus? 2) To what extent is filtered mercury taken up by proximal tubular epithelial
cells? Alternatively, to what extent is filtered mercury excreted in the urine? 3) What is the chemical form
or forms of mercury excreted in the urine? 4) Is some of the mercury that is excreted in the urine added to



the luminal fluid by a trans-epithelial secretory mechanism (as has been suggested previously by Clarkson
and Magos, 1967; Foulkes, 1974; Zalups and Barfuss, 1993a, 1995a, 1998b;Zalups, 1995, 1997, 1998b;
Zalups and Minor, 1995; Zalups and Lash, 1997a)?

Previous SectionNext Section
IV. Molecular Interactions and Effects of Mercury in Renal Epithelial Cells
A. Effects of Mercury on Intracellular Thiol Metabolism

A major intracellular effect of mercury consists of the induction of and binding to metallothionein
(Piotrowski et al., 1974). Metallothioneins are a group of small intracellular proteins with an approximate
molecular weight of 6000 to 7000 Da. They contain numerous cysteinyl residues and have the capacity to
bind various metals, including inorganic mercury, cadmium, zinc, copper, silver, and platinum. The
administration of a single, daily, nontoxic dose of mercuric chloride over several days has been shown to
cause a near doubling in the concentration of metallothionein in the renal cortex or outer stripe of the
outer medulla in rats (Zalups and Cherian, 1992a). Induction of the synthesis of metallothionein in kidney
has also been demonstrated in rats exposed to elemental mercury vapor over the course of several days
(Cherian and Clarkson, 1976). The increase appears to be tissue-selective, as changes in hepatic
metallothionein synthesis have not been demonstrated. Mercury vapor is converted into inorganic
mercury, which is recovered predominantly (approximately 98%) in the kidney, suggesting that the
induction of metallothionein in the kidneys after exposure to elemental mercury may actually be mediated
by inorganic mercury. The induction of metallothioneins in the kidney by inorganic mercury likely involves
increased transcription of metallothionein-1 (MT-1) and metallothionein-2 (MT-2) genes via the interaction
of zinc-dependent metal transcription factors and cis-acting DNA elements termed metal-responsive
elements resident in the promoter region of the metallothionein genes. Sebsequently, there is post-
transcriptional control of translation of new mRNA into metallothionein | and Il protein (Koropatnick and
Zalups, 2000).

Some new insights into the relationships between the cellular content of mercury and the expression of
metallothionein in both the kidneys and liver have been provided in a recent study by Zalups and
Koropatnick (manuscript submitted). They obtained evidence that the retention of inorganic mercury by
renal tubular epithelial cells is associated with the continual induction of metallothionein. More
specifically, their data indicate that in rats administered a single 0.5 umol/kg i.v. dose of mercuric chloride,
the rate of transcription of MT-1 and MT-2 genes was as great at 2 weeks after treatment with mercury as
it was 1 day after treatment. In addition, renal levels of metallothionein-1 and -2 protein remained
elevated throughout the 2 weeks of study, during which the renal burden of mercury decreased by only
about 26% and the cumulative urinary excretion of mercury was equal to about 24% of the dose of
mercury. By contrast, they demonstrated that hepatic levels of mercury and metallothionein protein and
rates of transcription of MT-1land MT-2 genes decreased continually over the initial 2 weeks after
treatment. It was also demonstrated that the rates of transcription of metallothionein genes in the liver
correlated highly with the amount of metallothionein protein in the liver. However, in the kidneys, there
was no correlation between the rates of transcription of metallothionein genes and metallothionein
protein, which suggests that post-transcriptional events are involved in the expression of metallothionein
protein in the kidneys after a single exposure to inorganic mercury.



Inorganic and organic forms of mercury also have a great influence on intracellular glutathione metabolism
in the kidneys. These effects are observed acutely after short-term, single treatments and are
concentration-dependent. Several sets of in vivo and in vitro data demonstrate increases in intracellular
contents of glutathione in renal tubular epithelial cells after the administration of relatively low toxic or
nontoxic doses of either methylmercury (Woods et al., 1992) or inorganic mercury (Fukino et al., 1986;
Siegers et al., 1987; Zalups and Lash, 1990; Chung et al., 1982; Lash and Zalups, 1992, 1993). At higher
doses of inorganic mercury, decreases in renal content of glutathione (which are often substantial) are
observed (Fukino et al., 1984; Zalups and Lash, 1990; Lash and Zalups, 1992, 1993).

Dose-dependent effects of inorganic mercury on renal glutathione metabolism have been demonstrated in
male Sprague-Dawley rats that received one of several nontoxic or nephrotoxic i.v. doses of mercuric
chloride (Zalups and Lash, 1990). At the level of the whole kidney or in samples derived from the renal
cortex or the outer stripe of the outer medulla, the nontoxic (0.5 umol/kg) or the moderately nephrotoxic
(2 umol/kg) dose of mercuric chloride induced significant increases in the renal concentration of
glutathione. This effect was most marked in the outer stripe of the outer medulla, where the concentration
of glutathione increased by as much as 85%. The toxicological significance of this finding relates to the fact
that the outer stripe of the outer medulla is one of the primary zones in which proximal tubular injury
induced by mercury occurs. At the highest nephrotoxic dose of mercuric chloride (3 pmol/kg), the
concentrations of glutathione in the renal cortex and outer stripe of the outer medulla were similar to
those in controls (Zalups and Lash, 1990).

Because the cellular content of glutathione is under feedback control, the large increases in the renal
content of glutathione observed after treatment with inorganic mercury suggest that subtoxic or
moderately toxic doses of inorganic mercury induce the synthesis of glutathione via y-glutamylcysteine
synthetase (GCS), which is the rate-limiting enzyme involved in the biosynthesis of glutathione. Data from
Lash and Zalups (1993) support this hypothesis. They found that the activity of y-glutamylcysteine
synthetase was increased in renal proximal tubular epithelial cells isolated from rats treated with inorganic
mercury (relative to that in proximal tubular cells isolated from control rats). Further support for the
hypothesis that mercuric ions induce GCS in renal epithelial cells comes from a study by Woods et
al.(1992). They showed that the mRNA for y-glutamylcysteine synthetase increased (by 4.4-fold) in the
kidneys of male Fischer 344 rats treated with methylmercury hydroxide for 3 weeks. Thus, at non-
nephrotoxic doses, both inorganic and organic forms of mercury appear to induce the synthesis of
glutathione via the activity of GCS.

In addition to causing up-regulation of GCS, inorganic mercury also alters, in a dose-dependent manner,
the activity of other glutathione-dependent enzymes. The effects of inorganic mercury on these enzymes
differ depending on whether a nontoxic, a moderately toxic, or a highly toxic dose is administered.
Nontoxic doses of mercuric chloride apparently cause increases in activities of glutathione disulfide
reductase and glutathione peroxidase in isolated epithelial cells from both proximal tubular and distal
tubular regions of the rat nephron (Lash and Zalups, 1993). In contrast, one group of investigators (Addya
et al., 1984) observed marked decreases in the activities of renal glutathione disulfide reductase and
glutathione peroxidase in male rats treated chronically (15 days) with a relatively high dose of mercuric
chloride (5 mg HgCl2/day per os). They also found apparent adaptive increases in catalase activity.



Similarly, others have found significant decreases in the activity of glutathione disulfide reductase after the
administration of highly nephrotoxic doses of mercuric chloride [10 pmol HgCI2/kg s.c. (Chung et al., 1982);
15 umol HgCl2/kg s.c. (Fukino et al., 1984); 4 mg HgCl2/kg s.c. (Gstraunthaler et al., 1983)]. Although two
groups of investigators found small (20-35%), but statistically significant, decreases in the activity of
glutathione peroxidase (Chung et al., 1982; Gstraunthaler et al., 1983), another group did not detect any
change in the activity of this enzyme (Fukino et al., 1984). It is important to keep in mind, however, that it
becomes nearly impossible to interpret in vivo data obtained from renal tissue in which there has been
extensive cellular injury and death. When there is extensive renal tubular necrosis, decreases in the
content of an enzyme or a molecule of interest (in samples of renal tissue) can be accounted for simply by
the release and excretion of the cytoplasmic contents from dead epithelial cells.

B. Role of Lipid Peroxidation and Oxidative Stress in Mercury-Induced Renal Cellular Injury

Findings from several studies suggest that an important mechanism involved in renal cellular injury induced
by either in vivo or in vitro exposure to inorganic or organic forms of mercury involves the induction of
oxidative stress. The high affinity of mercuric ions for binding to thiols naturally suggests that the ensuing
depletion of intracellular thiols (especially glutathione) either directly causes, or predisposes, proximal
tubular cells to oxidative stress. Furthermore, other cellular antioxidants, including ascorbic acid and
vitamin E, have been reported to be depleted in the kidneys of rats treated with mercuric chloride (Fukino
et al., 1984). The activity of several antioxidant enzymes also appears to be markedly diminished after in
vivo exposure of rats to nephrotoxic doses of mercuric chloride. For example, it has been reported that the
administration of mercuric chloride to male Sprague-Dawley rats caused marked decreases in the activity
of superoxide dismutase, catalase, glutathione peroxidase, and glutathione disulfide reductase in the renal
cortex (Gstraunthaler et al., 1983).

Decreases in the activities of these protective enzymes would be expected to enhance the susceptibility of
renal epithelial cells to oxidative injury. There has been some disagreement as to whether mercury itself
causes oxidative injury or whether it merely makes renal epithelial cells more sensitive to agents that
produce oxidative stress. Fukino et al. (1984) found that thiobarbiturate reactants, which indicate
occurrence of lipid peroxidation, were markedly increased in renal cortical homogenates from rats 12 h
after a s.c. injection of a nephrotoxic (15 umol/kg) dose of mercuric chloride. Gstraunthaler et al. (1983)
observed increases in the formation of malondialdehyde in renal cortical homogenates obtained from
mercuric chloride-treated rats (relative to homogenates generated from control rats treated with only
cumene hydroperoxide). Because the two groups of rats were administered similar doses of mercuric
chloride, concentration dependence cannot be invoked to explain the difference in observed responses.
Based on these findings, it appears that inorganic mercury can enhance the ability of other agents to
induced lipid peroxidation.

There are close relationships among maintenance of normal renal function, renal cellular content of
glutathione, cellular redox status, and the generation of ATP in mitochondria. These relationships served as
an impetus for Lund et al. (1991) to investigate the role of mercury-induced oxidative stress in
mitochondria of renal epithelial cells as a mechanism for mercury-induced renal cellular injury. More
specifically, they investigated the effects of inorganic mercury on the production of hydrogen peroxide by
renal cortical mitochondria isolated from rats. Depending on the supply and coupling site specificity of
respiratory substrates, variable increases in the formation of hydrogen peroxide were observed; incubation
of isolated mitochondria with 30 nmol mercuric chloride/mg protein increased the formation of hydrogen



peroxide by 4-fold at the ubiquinone-cytochrome b region and 2-fold at the NADH dehydrogenase region.
In addition, iron-dependent lipid peroxidation was increased 3.5-fold at the NADH dehydrogenase region
and by 25% at the ubiquinone-cytochrome b region. Intramitochondrial glutathione was decreased in a
time- and concentration-dependent manner by mercuric chloride. In fact, at a concentration of 12 nmol
mercury/mg protein, the content of glutathione in mitochondria was depleted completely within 30 min,
suggesting that targeting of mitochondrial glutathione by mercury may be responsible for the
intramitochondrial oxidative stress. Lund et al. (1993) also demonstrated that production of hydrogen
peroxide, depletion of glutathione, and lipid peroxidation increased in mitochondria (isolated from renal
cortical homogenates of rats treated in vivo with mercuric chloride) after the addition of an appropriate
respiratory substrate. These findings support in vitro data and lead one to suggest that mercury-induced
oxidative stress within mitochondria is an important mechanism involved in renal tubular injury induced by
mercury.

C. Effects of Mercury on Renal Mitochondrial Function

As described earlier, Lund et al. (1991, 1993) demonstrated that inorganic mercury interferes with
mitochondrial respiratory function, causing increased production of hydrogen peroxide in the
mitochondria, particularly at coupling site Il of the electron transport chain. Their findings indicate that an
oxidative stress localized in the mitochondria may be responsible for mercury-induced inhibition of various
energy-dependent processes in renal epithelial cells.

In an earlier series of studies, Weinberg et al. (1982a,b) compared the effects of mercuric chloride on
mitochondrial function in vitro after either in vivo or in vitro treatment with mercuric chloride. When
mitochondria were isolated from male Sprague-Dawley rats and then treated in vitro with inorganic
mercury (Weinberg et al., 1982a), a marked uncoupling of respiration (i.e., increase in state 4 rate of
oxygen consumption) and a significant decrease in the rate of substrate-stimulated respiration (i.e., state 3
respiration) were observed. In addition, uptake of atractyloside-insensitive ADP and the activities of both
basal- and Mg2+-activated oligomycin-sensitive ATPase were markedly increased by inorganic mercury.
These in vitro effects occurred with a threshold concentration of mercuric chloride of 2 nmol/mg protein.
Similarly, when renal cortical mitochondria were isolated from rats treated in vivo with mercuric chloride (5
mg/kg s.c.), the most prominent effects detected were inhibition of ADP uptake and decreases in the rates
of state 3 and uncoupler-stimulated respiration (Weinberg et al., 1982b). These effects were not attributed
to interaction of mercury with mitochondria during the isolation procedure. However, with both in vivo
and in vitro treatment, inorganic mercury was not readily washed out of mitochondria, suggesting binding
between mercuric ions and thiol-containing molecules in the mitochondria.

Chavez and Holguin (1988) and Chavez et al. (1991) also reported uncoupling of mitochondrial respiration
after either in vivo or in vitro treatment of male Wistar rats with mercuric chloride. Consistent with this
finding, they found that inorganic mercury induced calcium efflux from mitochondria, oxidation of pyridine
nucleotides, and a collapse of the membrane potential. Chavez and Holguin (1988) found that inorganic
mercury bonded to mitochondrial protein in a concentration-dependent manner, with saturation at
approximately 9 nmol Hg2+/mg protein. The finding supports the notion that a mechanism by which
mercury induces mitochondrial injury is the formation of complexes between mercuric ions and
mitochondrial sulfhydryl groups.

Jung et al. (1989) used ATP depletion by different chemical agents in microdissected nephron segments to
localize the nephron site specificity of injury. They found that 1 uM mercuric chloride produced a



significant depletion of intracellular ATP exclusively in S2 segments; nephron segments derived from the
other regions of the proximal tubule (i.e., S1 or S3) or distal nephron (e.g., the distal convoluted tubule or
the medullary thick ascending limb of the loop of Henle) were not as sensitive to ATP depletion after
incubation with inorganic mercury. This pattern agrees with histopathological data, which demonstrate
that the pars recta of the proximal tubule is the primary target of inorganic mercury, although the S3
segment is also part of the pars recta and becomes intoxicated by mercury in vivo. These data tend to
support the conclusion that renal mitochondria are early intracellular targets of inorganic mercury. This is
logical considering the extremely high content of sulfhydryl-containing proteins in both the mitochondrial
matrix and the inner mitochondrial membrane.

Zalups et al. (1993b) studied the accumulation and toxicity of inorganic mercury and the effects of
inorganic mercury on mitochondrial function in suspensions of isolated segments of renal proximal tubules
from the rabbit. Incubation of proximal tubular segments with mercuric chloride, in the absence of
extracellular thiols, caused a marked time- and concentration-dependent inhibition of nystatin-stimulated
oxygen consumption, demonstrating mitochondrial toxicity in an intact in vitro renal cellular model.
Furthermore, inhibition of oxygen consumption by mercuric chloride preceded the development of
irreversible cellular injury, as assessed by the release of lactate dehydrogenase (LDH) from the tubular
segments, suggesting that inhibition of cellular energetics is a critical component of the nephrotoxic
response to inorganic mercury.

D. Effects of Mercury on Intracellular Distribution of Calcium lons

Inorganic mercury also induces the efflux of calcium ions from renal mitochondria of rats both in vivo and
in vitro (Chavez and Holguin, 1988; Chavez et al., 1991). The importance of maintaining appropriate
intracellular concentrations of calcium for proper cellular function is well documented, suggesting that the
prominent effects of mercury on mitochondrial calcium status may play an important part in the acute
nephropathy induced by mercury.

Smith et al. (1987) used primary cultures of renal tubular cells from rabbits that were mostly of proximal
tubular origin as an in vitro model system to study the effects of inorganic mercury on the intracellular
distribution of ionic calcium. They used the fluorescent dye Fura 2 to quantify the cytosolic content of free
ionized calcium. Treatment of cells with low concentrations (2.5-10 uM) of inorganic mercury produced 2-
to 10-fold increases in the intracellular content of calcium. In contrast, exposure of cells to higher
concentrations (25—-100 uM) of inorganic mercury produced an initial, rapid, 10- to 12-fold increase in
intracellular calcium, and then the levels of calcium returned quickly to about twice those in control cells.
This was followed subsequently by a second, more gradual increase in the intracellular content of calcium
that was dependent on the presence of extracellular calcium. Cytotoxicity was also associated with this
phase of increase in intracellular calcium and was similarly dependent on the presence of extracellular
calcium. The increases in cytosolic content of calcium that were independent of extracellular
concentrations of calcium were due primarily to release of intracellular calcium ions from
nonmitochondrial intracellular stores, presumably derived from the endoplasmic reticulum. The
subsequent decrease in intracellular calcium may be due to buffering processes, such as uptake, through
the microsomal Ca2+,Mg2+-ATPase or through the mitochondrial uniporter. The dependence of the slow,
late-phase increase in cytosolic calcium on extracellular calcium associated with higher concentrations of
inorganic mercury suggests that nonlethal effects of inorganic mercury in renal cells are associated with



redistribution of intracellular stores of calcium. However, the toxic effects of inorganic mercury are
associated with changes in permeability of the plasma membrane.

E. Alterations in Plasma Membrane (Na++K+)-Stimulated ATPase Induced by Mercury

Cellular plasma membranes contain a large number of proteins possessing sulfhydryl groups that are
critical for enzymatic activity and membrane structure (Rothstein, 1970). Among these is the (Na++K+)-
stimulated ATPase located on the basolateral membrane of epithelial cells in both the proximal and distal
regions of the nephron, which is inhibited markedly by alkylation or oxidation of its sulfhydryl group. Anner
and colleagues (Anner and Moosmayer, 1982; Anner et al., 1992; Imesch et al., 1992) conducted a detailed
series of studies on the interaction between mercury-containing compounds and purified and
reconstituted ATPase protein from the renal outer medulla of the rat, rabbit, and sheep. To determine the
molecular details of the interaction between mercury-containing compounds and the (Na++K+)-stimulated
ATPase, studies had to be performed with purified and reconstituted enzyme rather than intact renal
epithelial cells or renal tubules.

Anner et al. (1992) showed that a number of mercury-containing compounds, including mercuric chloride,
mersalyl, andp-mercuribenzene-sulfonic acid, potently inhibited the activity of the ATPase by binding to a
site distinct from that at which the cardiac glycosides (e.g., digoxin and ouabain) bind. The binding of
inorganic mercury was concentration-dependent and was modulated by the addition of chelators of heavy
metal ions, such as EDTA or DMPS, indicating that the binding of inorganic mercury to the enzyme is
reversible.

Imesch et al. (1992) showed that inactivation of the (Na++K+)-stimulated ATPase by mercuric chloride (0.1-
100 uM) apparently loosens the interaction between the a- and B-subunits of the ATPase molecule,
thereby altering the sensitivity of the enzyme to extracellular drugs, hormones, and antibodies.

Moreover, Anner and Moosmayer (1992) showed that the binding of inorganic mercury to the (Na++K+)-
stimulated ATPase molecule occurs primarily at the cytosolic surface. Binding of mercury was closely
correlated with inhibition of uptake of86Rb, indicating that the metal-binding site is critical to the active
transport function of the ATPase.

An important extension of these studies will be to design experiments to investigate the effects of mercury
on (Na++K+)-stimulated ATPase function in more intact renal systems, such as isolated perfused tubular
segments or isolated cells. Considering the potency of the interaction and the fact that the plasma
membrane is a very early target site for mercury, it is likely that this interaction will be important in the
mechanism of mercury-induced renal cellular injury. It is also likely that sulfhydryl groups on other
membrane proteins, particularly those in the epithelial cells lining the proximal tubule, interact with
mercury and may play a role in the nephropathy induced by mercury.

F. Molecular Interactions between Mercuric lons and Aquaporins (Water Channels)

Of the aquaporins found in mammals, all except AQP4 have been shown to be sensitive to the actions of
mercury (Verkman, 1992). AQP1 is present in the proximal tubule, thin descending limb of the loop of
Henle and vasa recta; AQP2 (which is the vasopressin-regulated water channel), AQP3, and AQP4 are found
in the collecting duct; AQP6 is found in the papilla; and AQP7 is found in the proximal tubule (Verkman,



1999). The binding of mercuric ions to these aquaporins results in the blockade of their function. This
blockade is likely one of the mechanisms by which mercuric compounds, including mercurial diuretics,
induce polyurea or diuresis. It had been hypothesized byLevy et al. (1958) that mercurial diuretics
functioned by having the mercuric ion in the diuretic molecule bond to critical sulfhydryl and other
nucleophilic groups on the tubular epithelial cells after the cleavage of the mercury-carbon bond in the
diuretic molecule. A likely target is one of the cysteinyl residues in one or more of the different types of
aquaporin molecules.

It is currently thought that the blockade of water channel function is indeed due to a critical change in the
conformation of the protein, which results after the binding of mercury to the sulfhydryl group of one or
more cysteinyl residues in that protein. Recent data collected using site-directed mutagenesis in Xenopus
oocytes provide evidence that cysteine-11 is the mercury-sensitive residue in AQP3 (Kuwahara et al., 1997),
which is found in the basolateral membrane of the collecting duct, and is involved in the transport of water
and small molecules like urea. The effects of mercury on water channel function has been shown to be
reversible using chelators such as 2-mercaptoethanol (Verkman, 1992). It is currently unclear, however,
whether the molecular interactions that occur between mercuric ions and aquaporins play a mechanistic
role in the nephropathy induced by mercury-containing compounds.

G. Influence of Mercury on Heme Metabolism

Exposure to mercury in vivo has also been shown to induce porphyrinuria (Woods et al., 1990a). The
porphyrinogenic properties of mercury-containing compounds were initially attributed to metal-induced
alterations in the regulation of enzymes involved in heme biosynthesis or degradation in target cells.
However, because the magnitude of porphyrin excretion during prolonged exposure to either
methylmercury or inorganic mercury is greater than can be accounted for by changes in heme metabolism
alone, Woods et al. (1990a,b) invoked alternative biochemical mechanisms to explain their findings. They
showed that mercuric ions promoted free radical-mediated oxidation of reduced porphyrins. The
mechanism involved the depletion or interference of normal antioxidants in renal epithelial cells, such as
endogenous thiols like glutathione. Furthermore, the ability of inorganic mercury and glutathione to react
with endogenously produced reactive oxygen metabolites, from both hepatic and renal mitochondria of
rats, was correlated with porphyrinogen oxidation.

An important clinical application of this effect of mercury is illustrated in a study by Bowers et al. (1992),
who evaluated patterns of urinary excretion of porphyrin in male Fischer 344 rats as a diagnostic tool to
assess exposure to inorganic mercury or methyl mercury. Evaluation of the urinary excretion of porphyrins
is a noninvasive method that can be applied to human populations suspected of being exposed to mercury-
containing compounds (Woods et al., 1993).

H. Expression of Stress Proteins after Exposure to Mercury

Various environmental stimuli, including toxic chemicals, increase the synthesis of a class of proteins
known as stress proteins. Goering et al. (1992) evaluated the effect of a nephrotoxic dose of mercuric
chloride (1 mg/kg) on patterns of protein synthesis in the kidneys of male Sprague-Dawley rats. Enhanced
de novo synthesis of 70- and 90-kDa molecular mass proteins were detected as early as 2 h after exposure
to inorganic mercury, and maximal increases in protein levels were observed at 4 to 8 h post-treatment. By



16 h postinjection, rates of synthesis of the stress proteins decreased back toward basal levels. Changes in
protein expression also occurred in liver but were of smaller magnitudes and were not observed until 16 to
24 h postinjection.

Goering et al. (1992) concluded that alterations in expression of stress proteins precede overt renal injury
and are target organ-specific, suggesting that they may serve as biomarkers of renal injury. Furthermore,
once the biological functions of these proteins are identified, a more complete understanding of the early
effects of mercury can be obtained.

More recently, Hernandez-Pando et al. (1995) provided data on the localization of 65- and 70-kDa heat
shock proteins in the kidneys of rats in which acute tubular necrosis had been induced by mercuric
chloride. In control rats, they found that the 65-kDa heat shock proteins were present in the cytoplasm of
podocytes and proximal convoluted tubules, and the 70-kDa heat shock proteins were found in the
cytoplasm and nuclei of podocytes, cortical convoluted tubules, and collecting ducts. They demonstrated,
using immunoelectron microscopy, increased expression of the 65-kDa protein in mitochondria, nuclear
chromatin, and nucleoli and an overexpression of 70-kDa heat shock proteins in the cytoplasm,
mitochondria, lysosomes, cytoskeleton, nuclear chromatin, and nucleoli in cortical tubular epithelial cells.
During the postregenerative phase, the level of expression of the 65- and 70-kDa heat shock proteins was
similar to that found in control animals. These findings indicate the induction of 65- and 70-kDa heat shock
proteins are a significant component of the nephropathy induced by inorganic mercury.

I. Interactions Between Mercury and Cytoskeleton

Very little is known about the interactions between inorganic or organic mercuric ions and the cytoskeleton
in renal epithelial cells. However, there are data from nonrenal cells indicating that mercury can have a
significant effect on the cytoskeleton. Miura et al. (1984)demonstrated that inorganic mercury and
methylmercury inhibit in vitro polymerization of tubulin. They have also demonstrated, in mouse glioma
cells, that methylmercury disrupts the microtubular network at an early stage of growth inhibition. Sager
and Syversen (1984) also demonstrated that disruption of microtubules occurs in the neuroblastoma,
glioma, and fibroblast cell lines when they are exposed to methylmercury. Neuroblastoma cells appear to
be particularly sensitive to the microtubular disruption induced by methylmercury. Microtubular damage
has also been reported in lymphocytes exposed to methylmercury (Brown et al., 1988). It was suggested by
Vogel et al. (1985) that methylmercury inhibits microtubular assembly by binding to free sulfhydryl groups
on the ends and surface of the microtubules. The addition of the chelator DMSA appears to promote
reassembly of microtubules in cells exposed to methylmercury (Sager and Syversen, 1984), presumably be
removing mercuric ions from critical sulfhydryl groups.

The potential for the various forms of mercury mediating some form of toxic effect in renal epithelial cells
via interactions with cytoskeletal elements remains a possibility. Inasmuch as there are numerous
homeostatic functions, in addition to providing structural integrity to cells, that are carried out by various
cytoskeletal components, one must consider the potential effects of mercury on the cytoskeleton when
evaluating the mechanisms involved in the nephropathy induced by mercury.

V. Renal Toxicity of Mercury



All forms of mercury are nephrotoxic (Cuppage and Tate, 1967;Gritzka and Trump, 1968; Fowler, 1972;
Klein et al., 1973; Ganote et al., 1974; McDowell et al., 1976; Zalme et al., 1976; Magos and Clarkson, 1977,
Zalups and Diamond, 1987a; Zalups et al., 1988, 1991b;Zalups and Lash, 1990, 1994; Zalups, 1991b; Zalups
and Barfuss, 1996b), although the inorganic forms of mercury are far more acutely nephrotoxic. With
organic mercuric compounds, multiple exposures to relatively large doses are generally required to induce
renal injury (Chang et al., 1973; Magos et al., 1985; McNeil et al., 1988). Renal injury induced by inorganic
mercury is generally expressed fully during the initial 24 h after exposure and can be induced in rats with a
single dose as low as 1.5 umol Hg/kg (Zalups and Diamond, 1987b;Zalups et al., 1988). It should be pointed
out, however, that rats tend to be more vulnerable to the nephrotoxic effects of inorganic mercury than
New Zealand White rabbits or several strains of mice (R. K. Zalups, unpublished observations). Some strain
differences in the severity of the nephropathy induced by inorganic mercury in rats also appear to exist (R.
K. Zalups, unpublished observations).

In rats, the oral LD50 for inorganic mercury, in the form of mercuric chloride, has been reported to be in
the range of 25.9 to 77.7 mg/kg (Kostial et al., 1978). A lower range of doses of inorganic mercury (10-42
mg/kg), in the form of mercuric chloride, has been estimated to be fatal in humans (Gleason et al., 1957).
In one study of human poisoning with mercuric chloride, nine patients died after ingesting a single dose of
inorganic mercury ranging from 29 to more than 50 mg/kg (Troen et al., 1951; World Health Organization,
1991). It should be pointed out that death due to the ingestion of a single dose of inorganic mercury is
generally due to multiple effects. In addition to acute renal failure, cardiovascular collapse, shock, and
severe gastrointestinal damage and bleeding are contributing causes of death.

A. Site of Tubular Injury Induced by Mercury

It is well established that the pars recta (straight segment) of the proximal tubule (particularly the portion
at the junction of the cortex and outer medulla) is the segment of the nephron that is most vulnerable to
the toxic effects of both inorganic and organic forms of mercury (Rodin and Crowson, 1962; Cuppage and
Tate, 1967; Gritzka and Trump, 1968; Verity and Brown, 1970; Cuppage et al., 1972; Fowler, 1972; Klein et
al., 1973; Ganote et al., 1974; McDowell et al., 1976;Zalme et al., 1976; Zalups and Diamond 1987a,b;
Zalups et al., 1988,1991b; Zalups and Lash, 1990; Zalups, 1991b; Zalups and Barfuss, 1996b). Depending on
the severity of the nephropathy induced by mercury, cellular injury and necrosis can occur along the entire
length of the pars recta, from just underneath the capsule to the junction of the outer and inner stripes of
the outer medulla.

The toxic effects of inorganic forms of mercury are elicited very rapidly in the kidneys. Degenerative
changes have been detected along portions of the proximal tubule of rats as early as 1 h after exposure to
a very high (100 mg HgCl2/kg) dose of mercuric chloride (Rodin and Crowson, 1962). At lower doses of
inorganic mercury (1-5 mg HgCl2/kg), significant pathological changes are generally not detected with light
microscopy until about 6 to 8 h after exposure (Rodin and Crowson, 1962;Ganote et al., 1975). At the
electron microscopic level, however, cellular pathology in proximal straight tubules has been observed in
rats in as little as 3 h after s.c. treatment with a 4-mg/kg dose of mercuric chloride (Gritzka and Trump,
1968). Some of the pathological features detected include mitochondrial matrix swelling with loss of matrix
granules, dilation of cisternae of rough endoplasmic reticulum, loss of ribosomes from the rough
endoplasmic reticulum, dispersion of ribosomes, increase in number and size of the cisternae of the
smooth endoplasmic reticulum, and single membrane-limited inclusion bodies. By the end of the initial 12



h after exposure to nephrotoxic doses of inorganic mercury, cellular necrosis along the pars recta of the
proximal tubule is prominent at both light and electron microscopic levels (Rodin and Crowley,
1962;Gritzka and Trump, 1968).

Convoluted portions of proximal tubules and sometimes distal segments of the nephron can be involved
when the nephropathy is very severe (Rodin and Crowson, 1962; Gritzka and Trump, 1968). The
involvement of segments of the nephron distal to the proximal tubule may represent secondary effects
elicited by the severe damage to the pars recta of proximal tubules. However, until there are more
definitive data on the direct, in vivo, toxic effects of mercuric compounds on segments of the nephron
distal to the proximal tubule, the cause of distal injury in the nephron remains speculative.

If the exposure to a nephrotoxic dose of inorganic mercury is not fatal, the proximal tubular epithelium
usually regenerates completely during the initial 2 weeks after the induction of tubular pathology. For
example, complete relining of the proximal tubular epithelium has been demonstrated in rats as early as 4
days after receiving a 1.5 mg/kg i.v. dose of mercuric chloride (Cuppage et al., 1972).

It is interesting that in contrast to the effects of mercury in vivo, all three segments (S1, S2, and S3) of the
proximal tubule (of the rabbit) become intoxicated with either inorganic mercury or methylmercury when
the mercury-containing compounds are perfused through the lumen of these segments in vitro (Barfuss et
al., 1990;Zalups et al., 1991a; Zalups and Barfuss, 1993a). The differences between the in vivo and in vitro
findings are somewhat perplexing because all segments of the proximal tubule accumulate mercury under
both experimental conditions. Another interesting difference between the in vivo and in vitro situation is
that in vitro, organic mercury (specifically methylmercury) is more toxic to proximal tubular epithelial cells
than inorganic mercury. This has been demonstrated in primary cultures of proximal tubular epithelial cells
(Aleo et al., 1987; 1992) and in isolated perfused segments of the proximal tubule (Zalups and Barfuss,
1993a).

B. Markers of Renal Cellular Injury and Impaired Renal Function Induced by Mercury

A number of methods have been used to detect renal tubular injury induced by mercury. One noninvasive
method that has been used frequently is to measure the urinary excretion of a number of cellular enzymes
(Ellis et al., 1973; Planas-Bohne, 1977; Stroo and Hook, 1977;Kirschbaum, 1979; Buchet et al., 1980; Price,
1982; Stonard et al., 1983; Gottelli et al., 1985; Zalups and Diamond, 1987b). The rationale for using the
urinary excretion of cellular enzymes as an indicator of renal tubular injury is based on the close association
between renal cellular necrosis and enzymuria. After renal epithelial cells have undergone cellular necrosis,
most, if not all, of the contents of the necrotic epithelial cells, including numerous cellular enzymes, are
released into the tubular lumen and are excreted in the urine. The usefulness of any particular cellular
enzyme as a marker of renal cellular injury or necrosis depends on the stability of the enzyme in urine,
whether the enzyme or the activity of the enzyme is greatly influenced by the toxicant that is being
studied, and the subcellular localization of the enzyme relative to the subcellular site of injury.

During the early stages of the nephropathy induced by mercury, before tubular necrosis, cells along the
proximal tubule undergo a number of degenerative changes and begin to lose some of their luminal (brush-
border) membrane (Zalme et al., 1976). Evidence from several studies shows that the urinary excretion of
the brush-border enzymes, alkaline phosphatase and y-GT, increases during the nephropathy induced by
mercury-containing compounds (Price, 1982; Gotelli et al., 1985; Zalups et al., 1988, 1991b). When tubular
injury becomes severe and necrosis of tubular epithelial cells is apparent, the urinary excretion of a



number of intracellular enzymes, such as LDH, aspartate aminotransferase, alanine aminotransferase,
andN-acetyl-B-d-glucosaminidase, increases (Planas-Bohne, 1977; Zalups and Diamond, 1987b; Zalups et
al., 1988, 1991b; World Health Organization, 1991; Agency for Toxic Substance and Disease Registry, 1994).

After a significant number of proximal tubules have become functionally compromised by the toxic effects
of mercury, the capacity for the reabsorption of filtered plasma solutes and water is greatly diminished. As
a consequence of this diminished absorptive capacity, there is increased urinary excretion of both water
and a number of plasma solutes, such as glucose, amino acids, albumin, and other plasma proteins (Price,
1982; Zalups and Diamond, 1987b; Diamond, 1988; Zalups et al., 1988). In a recent study of workers
exposed to mercury vapor, it was demonstrated that increased urinary excretion of Tamm-Horsfall
glycoprotein and tubular antigens and decreased urinary excretion of prostaglandins E2 and F2aand
thromboxane B2 can also be used as indices of renal pathology induced by mercury (Cardenas et al., 1993).

In two reports, the urinary excretion of mercury (factored by the total renal mass) was demonstrated (in
normal and uninephrectomized rats) to correlate very closely with the level of injury in pars recta segments
of proximal tubules during the acute nephropathy induced by low toxic doses of inorganic mercury (Zalups
and Diamond, 1987b; Zalups et al., 1988). In these reports, the urinary excretion of mercury was shown to
correlate with the histopathological scoring of injury to the pars recta of proximal tubules and increased
urinary excretion of albumin, total protein, and the cellular enzymes LDH, y-GT, andN-acetyl-p-d-
glucosaminidase (Zalups and Diamond, 1987b; Zalups et al., 1988). Overall, it appears that as the level of
renal injury increases in the kidneys, there is a corresponding increase in the urinary excretion of mercury.
Other nephrotoxic agents have also been shown to decrease the retention of mercury in the kidney and to
increase the excretion of mercury in the urine (Clarkson and Magos, 1967; Magos and Stoychev, 1969;
Trojanowska et al., 1971), presumably by causing the release of mercury from, and decreased luminal
uptake by, renal epithelial cells undergoing necrosis. Although the urinary excretion of mercury appears to
correlate well with the level of acute renal injury induced by mercuric chloride, there does not appear to be
a close correlation between the severity of renal injury and the renal concentration or content of mercury
(zalups and Diamond, 1987b; Zalups et al., 1988).

When renal tubular injury becomes severe during the nephropathy induced by mercury, the concentration
of creatinine in plasma increases due to a decrease in glomerular filtration rate (GFR) (Barenberg et al.,
1968;McDowell et al., 1976; Zalups et al., 1991b). The mechanisms responsible for the decreased GFR are
not known at the present but are likely complex and involve a number of factors. In addition to causing
decreases in GFR, mercury causes the fractional excretion of sodium and potassium to increase (McDowell
et al., 1976). These functional changes likely reflect a significant decrease in the number of functioning
nephrons, inasmuch as similar changes occur in rats and mice when their total renal mass has been
reduced surgically by approximately 75% (Zalups et al., 1985; Zalups, 1989; Zalups and Henderson, 1992).
As part of the severe nephropathy induced by mercury, blood urea nitrogen (BUN) also increases as plasma
creatinine increases, due to the significant decreases in GFR. Thus, the measure of plasma creatinine
and/or BUN may be used as an indicator of impaired renal function induced by mercury (McDowell et al.,
1976). However, it is preferable to use the clearance of creatinine or inulin over the measurement of BUN
as an index of renal function. BUN can be elevated by more nonrenal causes than creatinine and therefore
is not as sensitive an indicator of renal function. After exposure to high doses of mercury, an oliguric or



anuric acute renal failure ensues. The factors that lead to acute renal failure are complex, involving
multiple systems. Clearly, further research is needed to better understand the mechanisms involved in the
induction of acute renal failure induced by exposure to mercury.

C. Mercury-Induced Renal Autoimmunity

There is evidence from studies with rabbits (Roman-Franco et al., 1978), inbred Brown-Norway rats (Druet
et al., 1978), and a cross between Brown-Norway and Lewis rats (Bigazzi, 1988, 1992) that multiple
exposures to inorganic mercury can lead to the production of antibodies against the glomerular basement
membrane and results in an immunologically mediated membranous glomerular nephritis. This glomerular
nephropathy is characterized by the binding of antibodies to the glomerular basement membrane,
followed by the deposition of immune complexes in the glomerulus (Sapin et al., 1977; Druet et al.,
1978;Roman-Franco et al., 1978). There also is evidence from studies implementing several strains of both
mice and rats that repeated exposures to inorganic mercury can lead to the deposition of immune
complexes in the mesangium and glomerular basal lamina, which leads to an immune complex
glomerulonephritis (Weening et al., 1981;Enestrom and Hultman, 1984; Bigazzi, 1988; Hultman and
Enestrom, 1992). Whether mercury can induce an autoimmune glomerulonephritis in humans is not clear
at the present. It should be pointed out that a majority of the cases of glomerulonephritis (of an
immunological origin) in humans is classified as idiopathic. Thus, until research proves otherwise, it
remains possible that some forms of glomerulonephritis could be induced by exposure to mercury or other
environmental or occupational toxicants.

The autoimmunity induced by mercury likely reflects some complex effects of mercuric ions on cell-
signaling and gene expression events in immune cells, such as in monocytes and lymphocytes. For
example,Koropatnick and Zalups (1997) recently demonstrated that the exposure of human monocytes to
low, nontoxic doses of the inorganic mercury causes a rapid suppression of activation signaling events that
are normally induced in these cells by lipopolysaccharide or phorbol ester.

VI. Factors that Modify Renal Toxicity of Mercury
A. Influence of Intracellular Thiols on Renal Accumulation and Toxicity of Mercury

Two major intracellular thiols, glutathione and metallothionein, appear to be important in regulating the
renal accumulation of mercury and, ultimately, the susceptibility to mercury-induced renal cellular injury. It
is likely that other molecules within cells, including the large supply of nonmetallothionein, protein
sulfhydryls, play some role in the renal cellular accumulation and toxicity of mercury.

Intracellular concentrations of glutathione can be manipulated readily within a relatively brief period in
time. Several investigators have used diethyl maleate to conjugate glutathione, thereby lowering the
amount of intracellular glutathione available to interact with mercuric ions. Johnson (1982), Berndt et al.
(1985), Baggett and Berndt (1986),Zalups and Lash (1997), and Zalups et al. (1999a,b,c) demonstrated that
the depletion of intracellular glutathione or nonprotein thiols is accompanied by decreases in the renal
accumulation of inorganic mercury in animals treated with mercuric chloride. In the studies by Berndt and
colleagues (Berndt et al., 1985; Baggett and Berndt, 1986), the depletion of intracellular glutathione
appeared to increase the severity of renal injury induced by treatment with mercuric chloride.Zalups and
Lash (1990) also found a close correlation between intrarenal concentrations of glutathione and the
accumulation of inorganic mercury. There are some conflicting findings on the effects of diethyl maleate



from the laboratory of Girardi and Elias (1991), who reported increases in renal accumulation of inorganic
mercury in mice treated with this compound. Recently, Zalups and Lash (1997b) andZalups et al.
(1999a,b,c) demonstrated in rats that the acute depletion of glutathione in the kidneys and liver by
treatment with diethyl maleate caused significant decreases in the renal uptake and accumulation of
mercury during the initial hour after the administration of low nontoxic dose of mercuric chloride.
Interestingly, although the renal accumulation of mercury decreased after treatment with diethyl maleate,
the net hepatic accumulation of mercury increased. Thus, the depletion of renal and hepatic glutathione
has mixed effects on the disposition of mercury.

In other experiments, Tanaka-Kagawa et al. (1993) lowered the intracellular content of glutathione in the
kidneys of mice by administering buthionine sulfoximine (which is a potent inhibitor of y-GCS, which is the
rate-limiting enzyme in the intracellular synthesis of glutathione), and then inhibited extracellular
degradation of glutathione by y-GT using acivicin. They observed no changes in the accumulation of either
inorganic mercury or methylmercury compared with control animals. Zalups and Lash (1997b) and Zalups
et al. (1999a)have also shown in rats that the acute depletion of renal glutathione with buthionine
sulfoximine does not affect the early aspects of the accumulation of inorganic mercury in the kidneys. By
contrast, Zalups et al. (1999b,c) demonstrated that pretreatment with buthionine sulfoximine did cause
significant decreases in the net renal content of mercury 24 h after treatment with inorganic mercury
(Zalups et al., 1999b,c). These findings indicate that there are significant temporal factors with respect to
the effects of buthionine sulfoximine on the renal disposition of mercury.

In studies in which acivicin was used to inhibit y-GT, Berndt et al. (1985) and Zalups (1995) showed in rats
and Tanaka et al. (1990) showed in mice that the urinary excretion of glutathione and inorganic mercury
increased after the inhibition of glutathione degradation.Tanaka-Kagawa et al. (1993) also found that the
urinary excretion of inorganic mercury increased, whereas the renal accumulation of either inorganic
mercury or methylmercury decreased.

Tanaka et al. (1990) also found that when mice were pretreated with 1,2-dichloro-4-nitrobenzene, to
deplete the hepatic content of glutathione (before injection of mercuric chloride), there was a marked
reduction in the renal accumulation of mercury and a significant decrease in the level of renal cellular
injury induced by inorganic mercury. These findings tend to suggest that hepatically synthesized
glutathione and the activity of y-GT are involved in the renal uptake of mercury. Additional findings from a
set of recent studies in which bile flow was either diverted or prevented from entering the small intestine
of rats demonstrate that some aspect of hepatic function is linked to a component of the renal uptake and
accumulation of mercury (Zalups and Barfuss, 1996a; Zalups, 1998a).

Increases in the intracellular contents of glutathione and other nonprotein thiols can be achieved by
several means. Girardi and Elias (1991, 1993) reported that the treatment of mice withN-acetylcysteine
caused decreased intracellular accumulation of inorganic mercury in both the kidneys and liver. Inasmuch
as hepatic transport of inorganic mercury with glutathione has been established in liver, higher intracellular
contents of glutathione would be expected to provide increased numbers of ligands for binding to
inorganic mercury. The seemingly paradoxical results of Girardi and Elias (1991)and the discrepancies
described earlier suggest that the intrarenal disposition of mercury-containing compounds must be
regulated by a more complex array of factors than the availability of reduced glutathione.

Acute biliary ligation has also been shown to cause significant increases in the renal and hepatic content of
glutathione in rats (Zalups et al., 1999c). Zalups et al. (1999c) suggested that the observed increased renal



concentration of glutathione induced by biliary ligation was due to a hepatic mechanism. They believed
that as the concentration of glutathione in the biliary canaliculi increased (after biliary ligation), the
transport of glutathione out of the hepatocytes was redirected down a concentration gradient into the
sinusoidal blood. They also believed that as glutathione was continually added to the blood, plasma
concentrations of this thiol increased, which provided more glutathione to be taken up at the luminal and
basolateral membranes of proximal tubular epithelial cells in the kidneys. Interestingly, biliary ligation was
shown to cause the net accumulation of mercury in the liver to increase and the net accumulation of
mercury in the kidneys to decrease during the initial 24 h after the i.v. injection of 0.5 pmol HgCl2/kg. What
makes these findings interesting is that the renal accumulation of mercury was decreased despite an
increased renal cellular content of glutathione, which is contrary to what one might expect. It was
postulated that the decreased renal accumulation of mercury in animals that had undergone biliary ligation
was not due to the content of glutathione in the kidney but rather the content of glutathione in the liver,
where the accumulation of mercury had increased. These findings also confirm that some aspects of
hepatic function play a role in the renal disposition of mercury.

Additional experiments by Tanaka-Kagawa et al. (1993), in which intracellular levels of metallothionein
were modulated, may provide some clarification of the contradictory reports on the effects of glutathione
depletion on the renal accumulation of mercury. These investigators found that induction of renal
metallothionein with Bi(NO3)3 diminished the ability of acivicin to decrease intrarenal accumulation of
either inorganic mercury or methylmercury. They interpreted this as indicating that inorganic mercury or
methylmercury that is bound to ligands other than metallothionein in renal cells can be secreted readily
into the tubular lumen with intracellular glutathione. Other studies (Fukino et al., 1984, 1986; Zalups and
Cherian, 1992a,b) documented that the induction of renal metallothionein is associated with increased
intrarenal accumulation of mercury and decreased severity of the nephropathy induced by either organic
or inorganic mercury. Thus, it appears there is a complex interplay between protein and nonprotein thiols
in the renal disposition mercury.

B. Modulation of Renal Accumulation and Toxicity of Mercury by Extracellular Thiols

Although manipulation of intracellular thiols is sometimes used therapeutically to alter the accumulation of
mercury and to modulate effects of mercury once it enters target sites, the administration of thiol-
containing compounds can be applied before or simultaneously with mercury-containing compounds to
alter the pharmacokinetics and pharmacodynamics of mercury. Both DMPS and DMSA are becoming two
of the metal chelators more commonly used as antidotes for mercury poisoning, and their chemical and
pharmacological properties have been reviewed byAposhian (1983) and Aposhian and Aposhian (1990).
Examples of some of their most distinguishing features are that in contrast to the earlier chelator
dimercaprol (also known as British Anti-Lewisite), DMPS and DMSA are fairly nontoxic, are very water
soluble, are not very lipid soluble, and are effective if administered orally. The two compounds are quite
versatile, being capable of chelating arsenic, lead, cadmium, and mercury. However, they differ in potency
and specificity; for example, DMPS is generally more effective of the two in chelating inorganic forms of
mercury (Planas-Bohne, 1981; Zalups, 1993b). Additional extracellular thiol reagents that have been used
clinically for the removal of methylmercury ared-penicillamine andN-acetyl-dl-penicillamine (Aposhian,
1983). Some of the reported variability in effectiveness and potency of the various chelators of mercury
may be attributed to species differences, routes of administration, and doses of chelators given.



Zalups et al. (1991b) demonstrated dose-dependent protection with DMPS in rats from the nephropathy
induced by inorganic mercury. Their data suggest that the protective effects of DMPS are attributed to
decreases in the renal burden of mercury and increases in the urinary excretion of mercury. Furthermore,
Maiorino et al. (1991) demonstrated a high correlation between the effectiveness of DMPS and urinary
excretion of both inorganic mercury and DMPS in humans. In a recent study (Zalups, 1993b), the same dose
of DMPS or DMSA, when administered to rats 24 h after the animals had received an i.v. nontoxic dose of
mercuric chloride, was shown to reduce the renal burden of mercury significantly during the subsequent 24
h after treatment with the respective chelator. Treatment with DMPS caused a reduction in the renal
burden of mercury by more than 80%, whereas DMSA caused a reduction in the renal burden of mercury
by about 50%. These findings indicate that DMPS is more effective (on a per-mole basis) in reducing the
renal burden of mercury when administered after an exposure to inorganic mercury. The kinetics involved
in the rapid reduction of the renal burden of mercury, after treatment with DMPS or DMSA, appear to
indicate that transport of both of these chelating agents by the epithelial cells along the proximal tubule is
involved in the reduction in the renal tubular burden of mercury. It is well established that both organic
anions, such as sulfonates, and dicarboxylic acids, such as succinic acid, are transported by proximal tubular
epithelial cells.

In a recent mechanistic study using isolated perfused proximal tubular segments, Zalups et al. (1998)
provide data indicating that DMPS is taken up rapidly at the basolateral membrane by thepara-
aminohippurate-dependent organic anion transport system. The findings also show that once inorganic
mercury binds to DMPS, the mercuric conjugates are not taken up readily at either the luminal or
basolateral membranes. These particular findings are contrary to the commonly held presumption that
mercuric conjugates of DMPS might be transported by the organic anion transport system (Zalups, 1993b).
Perhaps the most important findings from this study are those indicating that DMPS can extract
accumulated inorganic mercury from proximal tubular cells while it is being transported in a secretory
manner from the basolateral to the luminal side of proximal tubular epithelial cells. Figure 5illustrates the
mechanisms involved in the renal cellular transport of DMPS and the mechanisms by which DMPS reduces
the renal tubular burden of mercury.

Figure 5
oMPs-H DMIFS- .
i % Lumen DMPS i tive chelati t
Fitorod v /m—mq is a very effe.c ive ¢ .e ating agen
7 \_/’I — for the removal of inorganic mercury
| Proximal Tubular Cell | owrs g gﬂ”‘gﬁ: from the kidneys. What is of interest is

[20mes-2 Hg] ‘\RTR that the primary sight of action of DMPS

§

uKntoglutarate
‘““"‘““‘“"Q r_\ [E%PE] . [Tig - Protein is also the primary sight where both

K+ 3Ma* Na*

Hg - w7 . . .
G5H-Hg-GsH inorganic and organic forms of mercury

a-Kotoglutarate
e Cys-Hg-Cys

e-Hetoglutarate

R-HgR accumulate, namely along the proximal
Organic Anions tubule. However, the mechanisms by
...... (PAH o Probanecid) and
a-Ketoglutarate  a-Ketoglutarate ¥ < mca:;axyﬂce.iﬂ;s

2K INa*  Na* e/ - (Adipate and Glanrale)
S

i i
Dicarbroxylic Aclds

i
[Aipata, Gufarate and oMPrs-H
P, & — m-m =——=> Blood




which DMPS reduces the renal tubular burden of mercury has been elucidated only recently. After systemic
treatment with DMPS, both DMPS and mercuric conjugates of DMPS (DMPS-Hg, 2 DMPS-2 Hg, and/or other
forms) are present in the blood. These compounds are filtered readily at the glomerulus and delivered to the
luminal compartment of proximal tubules. They are also delivered to the basal compartment of proximal
tubules via blood flow. Because of the polar negative charge associated with the sulfonate group of DMPS,
it appears that neither DMPS nor mercuric conjugates of DMPS are transported readily at either the luminal
or basolateral plasma membrane of proximal tubular cells. It is not surprising that mercuric conjugates of
DMPS are not transported at the luminal plasma membrane because of their negative charge. However, it
is surprising that mercuric conjugates of DMPS are not readily transported by the organic anion transporter,
despite the fact that DMPS itself is readily transported into proximal tubular cells by this transport system
(details of which are described in the legend for Fig.4). Current evidence indicates that the therapeutic
actions of DMPS involves the following steps: 1) DMPS (in a reduced and/or oxidized state) is taken up
avidly at the basolateral membrane by the organic anion transporter. 2) The reduced form of DMPS
interacts with, competes for, and then removes mercuric ions bonded to a host of potential molecules,
which include proteins, metallothioneins (mt), glutathione (gsh), cysteine (Cys), and others (r-Hg-r). 3) Once
a mercuric ion becomes bonded to DMPS and a sufficient intracellular concentration of mercuric conjugates
of DMPS have formed to generate a gradient favoring the outward movement of these complexes, the
conjugate is transported, likely in a facilitative manner, into the proximal tubular lumen (perhaps by MRP2).
4) Finally, the conjugates are excreted into the urine because they cannot be taken up by any segment of
the nephron or collecting duct.

Additional support for the hypothesis that transport of DMPS and intracellular chelation of mercury occur
along segments of the proximal tubule after treatment with DMPS comes from the study by Klotzbach and
Diamond (1988). Using isolated perfused kidneys from male Long-Evans rats, they showed that DMPS
undergoes net tubular secretion by a kinetically saturable process that is inhibited bypara-aminohippurate
and probenecid. They also found that DMPS produced a dose-dependent decrease in the retention of
inorganic mercury and an increase in urinary excretion of inorganic mercury. Furthermore, both effects
were blocked by probenecid, suggesting that the mechanism of protection by DMPS is via chelation of
inorganic mercury within proximal tubular cells. Many investigators have observed that DMPS is readily
oxidized in perfusates or in plasma to the disulfide form. To enable interaction with metals, DMPS is
reduced back to the dithiol form within proximal tubular cells by a glutathione-dependent thiol-disulfide
exchange reaction (Klotzbach and Diamond, 1988; Stewart and Diamond, 1988).

Other low-molecular-weight thiols have been used experimentally to modulate the nephrotoxicity of
mercury. Because of its prominence as the primary intracellular, nonprotein thiol, exogenous glutathione is
a logical choice to try as a modulatory agent. Work by Jones and colleagues (Aw et al., 1991) demonstrated
that the oral administration of glutathione can significantly increase the content of glutathione in the lung,
kidney, heart, brain, small intestine, and skin, but not in liver under conditions where glutathione is
depleted. This suggests that glutathione taken orally may supplement cellular glutathione in some tissues
under certain toxicological or pathological conditions. A large body of data from both in vivo and in vitro
systems indicate that exogenous glutathione can protect against mercury-induced renal injury.Zalups et al.
(1991a) perfused isolated rabbit proximal tubules with 18.4 uM mercuric chloride and various thiols,
including glutathione or cysteine. Both thiols, when present in the perfusate at a 4-fold higher
concentration than inorganic mercury, either prevented or significantly decreased the extent of acute



tubular injury induced by unbound mercuric ions. An ultrafiltrate of rabbit plasma was similarly protective.
The mechanism of protection by glutathione, cysteine, or plasma ultrafiltrate appeared to involve
decreased uptake of inorganic mercury across the luminal membrane and subsequent accumulation.
Houser and Berndt (1988) administered glutathione monoethyl ester to rats and found that both renal
cortical accumulation of inorganic mercury and the severity of mercury-induced renal injury were
diminished.

The protective effects of exogenous glutathione and DMPS have also been demonstrated in suspensions of
isolated proximal tubular cells from rats (Lash and Zalups, 1992). Proximal tubular cells were first incubated
for 15 min in an extracellular buffer containing bovine serum albumin and various concentrations of
glutathione or DMPS. They were then incubated for an additional 1 h in the presence of 250 uM mercuric
chloride, which was found to be the threshold concentration of inorganic mercury that produced cellular
injury under the incubation conditions being studied. Glutathione provided concentration-dependent
protection from mercury-induced cytotoxicity, as assessed by decreases in the activity of total cellular
lactate dehydrogenase. A glutathione concentration of 500 uM, or twice that of inorganic mercury, was
required to completely protect proximal tubular epithelial cells. DMPS, in contrast, provided complete
protection against 250 uM mercuric chloride at a concentration (175 uM) that was less than that of
inorganic mercury. Differences in the level of protection afforded by glutathione and DMPS likely arise
from differences in the chemistry and renal handling of the two compounds. Additional findings obtained
from isolated proximal tubular epithelial cells from both normal and uninephrectomized rats have recently
confirmed the protective effects of both glutathione and DMPS against the cytotoxic effects of inorganic
mercury in vitro (Lash et al., 1999).

In contrast to the in vitro data described above, Tanaka et al. (1990)found that the coadministration of
glutathione and mercuric chloride to mice caused the renal content of mercury to increase relative to that
in mice that received mercuric chloride alone. These investigators concluded that the transport of inorganic
mercury to the kidney may occur as a mercury-glutathione complex and that the simultaneous presence of
glutathione enhances uptake of mercury. Zalups and Barfuss (1995b,c) observed similar effects in rats
coadministered a nontoxic dose of inorganic mercury with glutathione or cysteine. Consistent with these
findings, Miller and Woods (1993) showed recently that complexes of glutathione and Hg2+ or glutathione
disulfide and Hg+ promoted uroporphyrinogen oxidation and catalyzed decomposition of hydrogen
peroxide, indicating that mercury-glutathione (or other thiol) complexes likely contribute to mercury-
induced toxicity. Some of these results have also been confirmed in rats by R. K. Zalups (unpublished
observations).Zalups and Barfuss (1996b) have very recent data from work on rats indicating that when a
toxic 2.0 umol/kg dose of mercuric chloride is coadministered with cysteine, the nephropathy induced by
the inorganic mercury is made more severe. Resolution of the marked contrast between these findings and
in vitro findings described earlier will require a detailed mechanistic description of the renal transport of
inorganic mercury. Although advances have been made in the understanding of mechanisms of renal
transport of mercury, the role of thiols in the renal cellular uptake of mercury is still somewhat unclear.



In contrast to the highly effective protective effects of DMPS and DMSA against mercury-induced renal
cellular injury, less definitive results have been obtained with two other dithiols, such dithioerythritol and
dithiothreitol. On the one hand, Barnes et al. (1980) observed, in rats, evidence of protection against
morphological lesions and losses of activities of key marker enzymes for plasma membrane and
mitochondria induced by mercury with dithiothreitol. Weinberg et al. (1982a) provided evidence of
protection for isolated renal mitochondria from mercuric chloride-induced dysfunction by dithioerythritol
but only if the dithiol was added in vitro simultaneously with mercuric chloride; when the dithiol agent was
added in vitro after the rats had been treated with mercuric chloride in vivo, no protection or reversal of
toxicity was observed. To complicate further the understanding of how dithiols interact with mercury-
containing compounds in biological systems, Chavez and Holguin (1988) reported that the addition of
dithiothreitol to renal mitochondria isolated from the rat that had been treated with inorganic mercury
actually increased the degree of mitochondrial injury induced by mercury. They suggested that the dithiol
made additional sulfhydryl-sensitive sites available for interaction with mercury, thereby enhancing the
toxic response. In the same study, the investigators also reported that the monothiol 2-mercaptoethanol
also enhanced mercuric chloride-induced mitochondrial injury, although higher concentrations than those
of the dithiol were required to reproduce the effect.

Chavez et al. (1991) also reported that the angiotensin-converting enzyme inhibitor captopril [1-(3-
mercapto-2-methyl-1-oxopropyl)-1-proline] was an effective protective agent both in vivo and in vitro
against mercuric chloride-induced mitochondrial injury and morphological damage.

Although the administration of inorganic mercury complexed to the small sulfhydryl-containing protein
metallothionein has not been shown to provide protection against the toxicity induced by inorganic
mercury, it has been shown to alter the renal site of injury (Chan et al., 1992). The primary target of renal
injury induced by mercuric chloride is the pars recta (S2 and S3 segments) of the proximal tubule, but the
primary target of renal injury induced by mercury-metallothionein appears to be the pars convoluta and
early pars recta (S1 and S2 segments) of the proximal tubule. Intrarenal accumulation and urinary excretion
of inorganic mercury in rats has also been demonstrated to be greater when mercury was administered
with metallothionein than when mercury was administered alone (Zalups et al., 1993a).

C. Effects of Reduced Nephron Number and Compensatory Tubular Hypertrophy on Renal Disposition
and Toxicity of Mercury

Reduction in the number of functioning nephrons, which can occur as a consequence of aging, renal
disease, or surgical removal of renal tissue, has profound effects on renal cellular function and
consequently, on the renal handling of exogenous chemicals, and on the susceptibility of renal tissue to
chemically induced injury (Meyer et al., 1991). After a significant loss of renal mass, the remnant renal
tissue undergoes compensatory growth, which is due predominantly (i.e., >85%) to cellular hypertrophy
(rather than cellular hyperplasia), particularly in segments of the proximal tubule. One of the more
prominent changes in renal function that occur as a result of compensatory renal growth includes marked
increases in mitochondrial metabolism, which may lead to an enhanced susceptibility of renal tissue to
oxidative stress (Nath et al., 1990).



Numerous animal studies have shown that rats that have undergone a significant reduction in renal mass,
such as unilateral nephrectomy, are more susceptible to the nephropathy induced by inorganic mercury
than are rats with two normal kidneys (Houser and Berndt, 1986, 1988;Zalups et al., 1988; Zalups and Lash,
1990; Lash and Zalups, 1992,1994). The biochemical changes that occur as a consequence of reduced renal
mass and compensatory renal growth are retained in vitro when proximal tubular cells are isolated from
rats (Lash and Zalups, 1992, 1993). Furthermore, the enhanced susceptibility of hypertrophied proximal
tubular cells to the toxic effects of inorganic mercury is also retained in vitro. In the absence of exogenous
thiols in the extracellular incubation medium, proximal tubular cells isolated from unilaterally
nephrectomized (NPX) rats, in which compensatory renal growth had occurred, exhibited irreversible
cellular injury at significantly lower concentrations of mercuric chloride than proximal tubular cells isolated
from sham-operated rats.

Although the mechanism or mechanisms for the enhanced susceptibility of proximal tubular cells from NPX
rats to injury induced by mercury are not well characterized, it appears that enhanced accumulation of
mercury is a contributing factor. Findings from studies with both mercuric chloride (Zalups and Diamond,
1987b; Zalups et al., 1988;Zalups and Lash, 1990; Zalups, 1991c) and methylmercuric chloride (Zalups et al.,
1992) indicate that greater amounts of mercury, on a per-gram tissue basis, accumulate in the remnant
kidney of NPX rats than in the kidneys of sham-operated or control rats. Moreover, the findings indicate
that greatest increase in the accumulation of mercury occurs in the outer stripe of the outer medulla,
specifically in pars recta segments of proximal tubules (Zalups, 1991b), which coincides with the site at
which the toxicity of mercury is expressed in the kidney. Other factors, such as changes in intrarenal
handling of mercury, are also probably involved in changing the cellular response to mercury exposure.
Some of the altered accumulation of mercury that occurs in the remnant kidney is probably related to
alteration in the renal concentrations of intracellular thiols. Recent findings show that the intracellular
metabolism of both glutathione (Zalups and Veltman, 1988; Zalups and Lash, 1990) and metallothionein
(Zalups and Cherian, 1992a,b; Zalups et al., 1995) are altered significantly after renal mass is reduced after
unilateral nephrectomy and compensatory renal growth. Zalups and Lash (1990) have shown that the
cellular content of glutathione in the remnant kidney increases after uninephrectomy, especially in the
outer stripe of the outer medulla. This increase in renal cellular glutathione has been shown recently to be
linked to increased activity of y-GCS (Lash and Zalups, 1994), which is the rate-limiting enzyme involved in
the intracellular synthesis of glutathione. With respect to metallothionein, recent molecular biological data
indicate clearly that the increased renal cellular contents of metallothionein that occur after
uninephrectomy are linked directly to increased transcription of the genes for metallothionein-1 and -2
(Zalups et al., 1995).

Despite the significant progress that has been made in defining the biochemical and physiological changes
that occur during compensatory renal growth, much more research is needed to understand the precise
mechanisms responsible for the increased proximal tubular uptake of, and susceptibility of renal injury to,
inorganic mercury that occur when renal mass has been reduced significantly.

VII. Summary

Toxicology of heavy metals encompasses a large field of research and is of interest to many because of the
widespread environmental distribution of these toxicants. This is particularly true of mercury-containing
compounds. Significant advances have been made during the past decade, in part due to the development



and validation of various in vitro biological preparations, including isolated and perfused microdissected
segments of the nephron and isolated cellular suspensions and culture techniques. Principal areas that
were discussed include renal accumulation and transport of mercury, molecular interaction of mercury in
renal epithelial cells, renal excretion and toxicity of mercury, and factors that influence the renal toxicity of
mercury.

A. Renal Accumulation and Transport of Mercury

In summary, the kidneys are one of the primary sites for the accumulation of various forms of mercury.
Inorganic and organic forms of mercury accumulate primarily in the renal cortex and outer stripe of the
outer medulla. Most of the accumulation of mercury in the cortex and outer stripe of the outer medulla
occurs mainly along the three segments (S1, S2, and S3) of the proximal tubule. At present, there appears
to be at least two primary mechanisms involved in the uptake of mercuric ions by proximal tubular
epithelial cells. One of the mechanisms is localized on the luminal plasma membrane and involves the
activity of the y-GT. Mercuric conjugates of cysteine, in particular dicysteinylmercury, appear to be the
primary species of mercury that are taken up most avidly at the luminal plasma membrane. It appears that
at least two amino acids transport systems are involved in the luminal uptake of mercuric conjugates of
cysteine: one is a sodium-dependent transport system, and the other is a sodium-independent system. At
least some component of the luminal uptake of dicysteinylmercury appears to occur through the
transporter or transporters involved in the luminal absorption of cystine, via a mechanism involving
molecular homology. At the basolateral membrane, uptake of mercury involves the dicarboxylate and
organic anion transport systems. Likely species of mercury that are transported at the basolateral
membrane include mercuric conjugates of glutathione, cysteine, homocysteine, and N-acetylcysteine. It is
not known at the present whether other segments of the nephron and collecting duct play a significant role
in the renal uptake, transport, accumulation, and excretion of mercury.

To understand the mechanisms involved in the tubular uptake of mercury, one must consider and
understand the molecular interactions that occur between the various forms of mercury and sulfhydryl-
containing molecules that are present in various compartments in the body. To further emphasize this
point, one only needs to view the current body of evidence on the renal tubular transport of mercury,
which shows overwhelmingly that mercury is likely cotransported into renal tubular (proximal) epithelial
cells with thiol-containing compounds. However, further work is needed to establish the relationship
between the renal cellular uptake of mercury and the interactions and relationships between mercurous
and mercuric ions and cysteine, glutathione, metallothioneins, albumin, and other ligands (containing
sulfhydryl groups) in the different compartments of the body.

B. Molecular Interactions with Mercury in Renal Epithelial Cells

Although many of the biological effects of mercury-containing compounds in renal tissues can be
attributed to the binding of mercury to plasma membrane or intracellular thiols, many findings are
inconsistent with this being the sole mechanism of action. It has been established that through alterations
in intracellular thiol metabolism, mercury can promote oxidative stress, lipid peroxidation, mitochondrial
dysfunction, and changes in heme metabolism.



Conner and Fowler (1993) attempted to explain some of the biological effects of mercury-containing
compounds in renal tissue. In their scheme, after mercuric or methylmercuric ions enter proximal tubular
epithelial cells via transport across either the brush-border or basolateral membrane or membranes, or
both, they interact with thiol-containing compounds, principally glutathione and metallothionein. They
proposed that the early effects of mercury include alterations in membrane permeability to calcium ions
and inhibition of mitochondrial function. Moreover, they propose that through unknown signaling
mechanisms, mercury induces the synthesis of glutathione, various glutathione-dependent enzymes,
metallothionein, and several stress proteins (in kidneys and liver). It is important to realize that the
inductive effects of mercuric or methylmercuric ions occur primarily at nontoxic to moderately toxic doses
of mercury; at higher doses, cellular injury occurs and biosynthetic processes are inhibited. Although this
model accounts for some of the data in the literature, little information regarding the mechanisms of
transport of mercury across luminal and basolateral membranes of renal tubular epithelial cells or certain
biochemical effects of mercury in renal tubular epithelial cells, such as oxidative stress, is provided. Hence,
although this model explains some effects of mercury and illustrates how some of these processes may
interact to produce renal cellular injury, a more thorough integrated model is needed to explain the
biochemical mechanisms involved in mercury-induced renal cellular injury.

C. Renal Toxicity of Mercury

Despite compelling histopathological data implicating the pars recta of the proximal tubule as the primary
target site that is adversely affected by mercury, other segments of the nephron may also be involved in
the nephropathy induced by mercurials. To date, however, little work has been performed on in vitro
systems derived from nephron segments other than the proximal tubules, so it is not clear how susceptible
other renal tubular cell populations are to direct exposure to mercury or what role injury in these segments
plays in the overall toxic response in the kidney.

Although intrarenal accumulation of mercury per se would logically seem to be the parameter that one
would characterize and expect to correlate with the severity of renal injury induced by mercury, it appears
that urinary excretion of mercury correlates much more closely to the severity of renal injury. This is an
important observation because it can potentially provide a noninvasive means for assessment of the
severity of the acute nephropathy induced by mercury. An additional noninvasive mechanism to monitor
exposure to mercury and severity of renal injury induced by mercury is measurement of the urinary
excretion of a number of plasma solutes and renal cellular enzymes.

D. Factors That Influence Renal Toxicity of Mercury

As a means to both better understand the mechanism of action of mercury-containing compounds and
develop antidotes and treatments for mercury-poisoning, factors, both intracellular and extracellular, have
been investigated as tools to alter the disposition and metabolism of mercury. The intracellular content of
glutathione or metallothionein can be manipulated by a number of techniques to alter the intracellular
distribution of mercury-containing compounds. Similarly, exogenous glutathione or metallothionein can
influence the renal accumulation and toxicity of mercury. In addition, therapeutic metal chelators, most
notably DMPS and DMSA, have been used clinically as antidotes to either reverse or prevent the toxic
effects of mercury-containing compounds.



Physiological or pathological processes can dramatically alter the renal handling of, and cellular responses
to, mercury. One such process that has received considerable attention is reduced renal mass and
compensatory renal growth. Justification for the study of this model lies in the fact that there is a large
population of individuals in our society who have reduced renal mass (caused by a whole host of factors)
and these individuals may be at a greater risk of becoming intoxicated by mercury-containing or other
nephrotoxic agents. Hence, an understanding of how compensatory renal growth and progressive losses in
the number of functioning nephrons modify the handling and toxicity of mercury in the remnant renal
tissue is a very relevant and important issue.
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