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Role of metallothionein in cadmium traffic and toxicity
in kidneys and other mammalian organs

Ivan Saboli¢ - Davorka Breljak - Mario Skarica -
Carol M. Herak-Kramberger

Received: 30 November 2009/ Accepted: 28 May 2010/ Published online: 15 June 2010

© Springer Science+Business Media, LLC. 2010

Abstract Metallothioneins are cysteine-rich, small
metal-binding proteins present in various mammalian
tissues. Of the four common metallothioneins, MT-1
and MT-2 (MTs) are expressed in most tissues, MT-3
is predominantly present in brain, whereas MT-4 is
restricted to the squamous epithelia. The expression
of MT-1 and MT-2 in some organs exhibits sex, age,
and strain differences, and inducibility with a variety
of stimuli. In adult mammals, MTs have been
localized largely in the cell cytoplasm, but also in
lysosomes, mitochondria and nuclei. The major
physiological functions of MTs include homeostasis
of essential metals Zn and Cu, protection against
cytotoxicity of Cd and other toxic metals, and
scavenging free radicals generated in oxidative stress.
The role of MTs in Cd-induced acute and chronic
toxicity, particularly in liver and kidneys, is reviewed
in more details. In acute toxicity, liver is the primary
target, whereas in chronic toxicity, kidneys are major
targets of Cd. The intracellular MTs bind Cd ions and
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form CAMT. In chronic intoxication, Cd stimulates de
novo synthesis of MTs; it is assumed that toxicity in
the cells starts when loading with Cd ions exceeds the
buffering capacity of intracellular MTs. CdMT,
released from the Cd-injured organs, or when applied
parenterally for experimental purposes, reaches the
kidneys via circulation, where it is filtered, endocy-
tosed in the proximal tubule cells, and degraded in
lysosomes. Liberated Cd can immediately affect the
cell structures and functions. The resulting protein-
uria and CdMT in the urine can be used as
biomarkers of tubular injury.
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Abbreviations

Apo-MT Metallothionein protein not
complexed with metal

BBM Brush-border membrane

BLM Basolateral membrane

DMT-1 Divalent metal transporter 1

GIF Growth inhibitory factor (MT-3)

GSH Reduced glutathione

GSSG Oxidized glutathione

MT Metallothionein

MTEF-1 Metalloregulatory transcription
factor 1

MT-null mice MT-1 and MT-2 knock out mice

Oat Organic anion transporter
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PT Proximal tubules

RE Response element

RNS Reactive nitrogen species

ROS Reactive oxygen species

ZnMT CdMT or CuMT, metallothionein

complexed with Zn, Cd or Cu,
respectively

Molecular characteristics of mammalian
metallothioneins

Metallothioneins (MTs) are metal-binding proteins
found in various mammalian and non-mammalian
tissues. The first mammalian MT was isolated from
the equine kidney cortex (Kégi and Vallee 1960).
Later studies revealed in mammalian organs a whole
family of evolutionary conserved, heat-stable and low
MW (~7 kDa) single chain polypeptides, with 61—
68 amino acids that contain 20 cysteines in a reduced
form, but no aromatic amino acid and histidine
residues. The metal-free protein part of MTs (thio-
nein, apo-MT) is characterized by six C-X-C repeats
(where C is cysteine and X can be any other amino
acid; Fig. 1, red-labeled sequences) and one distinct
sequence pattern K-X(1,2)-C-C-X-C-C-P-X(2)-C
(Fig. 1, blue-labeled sequence). These specific
sequences are structurally arranged in two unique

thMT-1: MDPN CSCAT GNSCTC ASS CKCKECKCTSCKKSCCSCCPAGCTKCAOGCICKGASD

mMT-1: MDEN CSCST GESCTC ISS CACKNCKCTSCKKSCCSCCPVGESKCAOGCVCKGAAD

cbMT-2: MDPN CSCAAAGDSCTCANSCTCKACKCTSCKKSCCSCCPPGCAKCAOGCICKGASD

mMT-2: MDPN CSCAS DESCSCAGACKCKOCKCTSCKKSCCSCCPVGCAKCSOGCICKEASD

metal domains, e.g., o and f clusters, each having
different metal binding capacity (Winge and
Miklossy 1982). Due to numerous cysteines with
thiol (SH) groups, MTs exhibit high-affinity/high-
capacity binding properties for various reactive metal
ions, such as Zn, Cd, Hg, Cu, Pb, Ni, Co, Fe, Ag, and
Au; one molecule of apo-MT can bind 7-9 Zn or Cd
ions (or any combination of these two), up to 12 Cu
ions, and up to 18 Hg ions (Palumaa et al. 2002,
2003; reviewed in Stillman 1995). The reactive thiol
groups promote spontaneous oligomerization of the
thionein molecules, and such aggregates from the
rabbit liver and horse kidney can bind much more
than usual 7 g atom Cd/mol apo-MT (Zangger et al.
2001; Wilhelmsen et al. 2002). The binding affinity of
MTs for metal ions is metal-dependent, but several in
vitro studies, using rat liver common MTs, showed a
slightly different relative order of affinities for metals;
in the study by Waalkes et al. (1984), the order was
Cd > Pb > Cu > Hg > Zn > Ag > Ni > Co, in the
study by Nielson et al. (1985), the order was
Hg > Cu > Cd > Zn > Ni = Co, whereas Hamer
(1986) reported the order: Hg > Ag > > Cu >
Cd > Zn. Furthermore, the estimated stability con-
stant of MTs for Zn (10'°-10"" M™") and for Cd
(10"°-10"*M™") show that CAMT has 100-1000-fold
higher stability than ZnMT (reviewed in Romero-Isart
and Vasak 2002). These data indicate that higher
affinity metals, such as Cd, Hg, or Cu, can displace Zn
and other lower affinity metals from the metal-MT

KCSCCA 6l

KCICCA 61

KCSCCA 62

KCSCCA 61

hMT3: MDPETCPCPS GGSCTCADS CKCEGCKCTSCKKSCCSCCPAECEKCAKDCVCKGGEAAEAEAEKCSCCO 68

mMT-3: MDPETCPCPT GGSCTCSDK CKCKGUKCTNCKKSCUSC CPAGCEKCAKDCVCKGEEGAKAEAEKCSCCO 68

hMT4: MDPRECVLMS CCICMCGDNCKCTICNCKTCRKSCCPCCPPGCAKCARGCICKGGSD KCSCCP 62

mMT-4: MDPGECTCMS GGICI CGDNCKCTTC SCKTCRKSCCPCCPPGCAKCARGCICKGGSD KCSCCP 62

Fig. 1 Alignment of amino acid sequences in four common
MTs of mammalian cells; Species differences. rb rabbit, m
mouse, 7 human. Species differences of specific amino acids
are underlined. The number of amino acid residues in the
protein is indicated at the end of each sequence. The red-
labeled sequences denote C-X-C repeats (where C is cysteine
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and X can be any other amino acid), whereas the blue-labeled
sequence denotes a characteristic pattern K-X(1,2)-C-C-X-C-
C-P-X(2)-C common to all mammalian MTs. The data have
been collected from Hunziker et al. (1995), Palmiter et al.
(1992), and Quaife et al. (1994)
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complex; such pattern was indeed experimentally
proven for Cd action upon horse ZnMT in vitro (Kégi
and Vallee 1960), and for Cd and Hg actions upon
ZoMT in the rat liver in vivo (Day et al. 1984).
Furthermore, the initial in vitro study by Kigi and
Vallee (1960) showed that Zn and Cd can spontane-
ously dissociate from the metal-MT complex at low
pH, and that Cd, due to higher affinity for apo-MT,
dissociates slower than Zn. Later, more detailed in
vitro and in vivo studies showed that: (a) acidic
medium, such as present in lysosomes (pH 5.5),
promotes dissociation of the metal from the metal—
MT complex, (b) high affinity metal-MT complexes,
particularly those fully saturated with metals, exhibit
much higher resistance to degradation by lysosomal
proteases than the less saturated complexes or the apo-
MTs alone; CAMT has 2-3 times longer half life than
ZnMT, and (c) degradation of apo-MT in the acidic
(lysosomal) medium is ~ 390-fold faster than in the
neutral (cytoplasmic) medium (Feldman et al. 1978;
Choudhuri et al. 1992; Kershaw and Klaassen 1992;
McKim et al. 1992; Klaassen et al. 1994;). However,
the measurements in various tumor cells and estab-
lished cell lines (Pattanaik et al. 1994; Petering et al.
2006), and in fresh tissues from various rat organs
(Yang et al. 2001), revealed that only a part of MTs in
the cells/tissues is complexed with Zn, whereas a
significant proportion of the total MT (up to 90% in
some cell lines and tumor cells, and up to 54% in the
rat tissues) exists as the metal-free form. These studies
also showed that, unlike the situation in acidic
lysosomes, in cytoplasmic conditions (pH 7) apo-
MT is more stable than the metal-saturated MT (Yang
et al. 2001; reviewed in Petering et al. 2006).

Metallothionein genes and their products

The mammalian genome contains multiple MT
genes, which encode at least four thioneins. MTs in
rodents are controlled by four genes located on
chromosome 8 (MT-I, MT-II, MT-III and MT-IV, all
four functional, which code for apo-proteins MT-1,
MT-2, MT-3 and MT-4, respectively), whereas
human MTs are controlled by 17 genes located on
chromosome 16, of which 10 are functional
(reviewed in Miles et al. 2000). As shown by a few
examples in Fig. 1, in different species the amino
acid sequence of the common four MTs exhibits

significant polymorphism. In addition, each form
exhibits multiple isoforms which can be located in
the same or different cells/tissues/organs, but their
precise physiological roles and functional character-
istics in different localizations are largely unclear.
MT-1 and MT-2 represent the most prevalent
thionein isoforms expressed in variable abundance in
all mammalian tissues. These two isoforms have been
most extensively studied, particularly in relation to
their roles in homeostasis of essential metals (Zn, Cu)
and Cd toxicity in various organs, and will be the
major focus of interest in the following pages. The
knock-out (KO) mice for MT-1 or MT-2 (mice with
inactivated genes and nominal absence of the
respective proteins), or for both (MT-null mice)
genes, as well as transgenic (TG) mice (mice with
multiple identical MT genes and overproduction of
the respective proteins) for one or both MT genes
have been generated, and extensively exploited in
studying roles of MTs in various organs in intact and
Cd-intoxicated animals (Masters et al. 1994; Iszard
et al. 1995; Dalton et al. 1996b; Liu et al. 1996a;
reviewed in: Klassen et al. 1999, 2009; Andrews
2000; Davis and Cousins 2000; Nordberg and Nord-
berg 2000). In rabbits, rats and mice in vivo, and in
the respective cultured cells from animal or human
origin, Zn, Cd, and oxidative stress were shown to be
particularly strong inducers of both genes in liver and
kidneys, as manifested by strong enhancement of
MT-1/MT-2 content in both organs (Waalkes and
Klaassen 1985; Klaassen and Lehman-McKeeman
1989; reviewed in: Hamer 1986; Klaassen and Liu
1997; Nordberg 1998; Palmiter 1998; Klaassen et al.
1999, 2009; Davis and Cousins 2000). At least in the
rat liver, the abundance of MT-2 was found to be
higher than that of MT-1, possibly due to higher
stability of ZnMT-2 (apparent half life 21.9 h)
compared to ZnMT-1 (apparent half life 12.2 h).
The expression of these isoforms and their mRNAs
was somehow differently affected in Cd-, Zn- and
dexamethasone-treated rats; Cd and Zn induced both
isoforms to a similar extent, whereas dexamethasone
induced predominantly MT-2 (Klaassen and Lehman-
McKeeman 1989). Some additional discrepancies
were found in Cd- and Cu-treated rats for the
expression levels of MT-1 and MT-2 mRNAs and
proteins in the liver and kidneys (Vasconcetos et al.
2002). However, many studies described in the lit-
erature have been performed without discriminating
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effects on MT-1 and MT-2, and have been collec-
tively presented as “on MT”. In addition, in most
immunochemical studies the anti-MT antibodies did
not discriminate between these two isoforms. There-
fore, in further discussion the term “metallothionein
(MT)” will be used as a term common to both MTs
(MT-1 and MT-2).

The expression of MT-3 was initially detected in
specific structures of the mouse and human brain, such
as the Zn-rich neurons and astrocytes in the cortex,
hippocampus, and amigdala, and found to be a growth
inhibitory factor (GIF) for cultured neurons (reviewed
in: Ebadi et al. 1995; Aschner et al. 1997). The
expression of brain MT-3 in rodents in vivo was either
weakly downregulated (Zheng et al. 1995) or unre-
sponsive (Palmiter et al. 1992; reviewed in: Ebadi et al.
1995; Aschner et al. 1997; Aschner and West 2005) to
the well known inducers of MT-1/MT-2, such as Zn,
Cd, dexamethasone, and bacterial endotoxin. The roles
of MT-3 as the intracellular regulator of Zn and Cu,
scavenger of reactive oxygen species (ROS), GIF, and
neuroprotector in brain physiology, pathology and
toxicity, have been described in several reviews (Ebadi
et al. 1995; Aschner et al. 1997; Mendez-Armenta and
Rios 2007). Other studies have reported that the
Cd-insensitive MT-3 mRNA is also present in variable
amounts in male and female urogenital tracts, and in a
few other peripheral organs of rats, mice and humans
(Moffatt and Seguin 1998; Hozumi et al. 2008). In the
human kidney, MT-3 was detected in glomerular,
proximal and distal tubule cells, where it may
contribute to transport functions and mechanisms of
cell death (Hoey et al. 1997; Garrett et al. 1999; Kim
et al. 2002; Somji et al. 2004). A study in cultured
human proximal tubule (PT) cells showed that MT-3
can be induced weakly and transiently by Zn or Cd
(Garrett et al. 2002). On the other side, the expression
of MT-4 mRNA in mice and humans seems to be
exclusively present in stratified squamous epithelia
(oral cavity, upper gastrointestinal tract, skin, foot-
pads), where it may serve homeostasis of Zn and Cu
during cell differentiation (Quaife et al. 1994), but its
behavior in metal-induced toxicity is not known.

Regulation of metallothionein gene activity

MT mRNA and/or protein are highly inducible.
Besides essential (Zn, Cu) and toxic metals, a variety
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of other compounds and factors, such as hormones
and secondary messengers, growth factors, inflam-
matory and cytotoxic agents, tumor promoters and
oncogenes, antibiotics, vitamins and food compo-
nents, as well as various stress-related conditions,
upregulate the MT production, largely via generating
oxidative stress and free radicals (ROS and reactive
nitrogen species (RNS)) in the affected cells (Oh
et al. 1978; reviewed in Nordberg 1998; Nordberg
and Nordberg 2009).

The induction of MT primarily results from an
enhanced transcription of structural genes following
interaction of specific stimuli with response elements
(RE) in the gene promoter (reviewed in: Samson and
Gedamu 1998; Andrews 2000; Davis and Cousins
2000; Vasak and Hasler 2000; Haq et al. 2003;
Petering et al. 2009). The schematic representation of
REs and their activating ligands in the MT promoter
from the mouse liver is shown in Fig. 2. One or more
REs exist for glucocorticoids (GRE), metals (MRE),
cytokines and other inflammatory molecules, and for
hydrogen peroxide (H,0O,) and other free radicals
(antioxidant RE, ARE). A detailed description of the
significance and regulatory functions of various REs
in the mammalian (mouse) MT promoter was
reviewed elsewhere (Samson and Gedamu 1998;
Andrews 2000; Davis and Cousins 2000; Vasak and
Hasler 2000; Haq et al. 2003). The in vivo and in
vitro studies have shown that the metalloregulatory
transcription factor MTF-1 is the major player in
regulating MT gene expression in physiological
conditions and in response to metal ions. The data
in MTF-1 KO mice showed that this Zn-finger protein
plays a critical role in embryonic liver formation,
hematopoiesis, and in oxidative stress due to Cd
toxicity (Gunes et al. 1998; Wang et al. 2004a, b;
Wimmer et al. 2005). Zn, but not Cd and other
transition metals, can facilitate binding of MTF-1 to
MRE, and thus activate the MT gene transcription
(Bittel et al. 1998). The exact molecular mechanism
of action of MTF-1 is poorly understood. Interactions
of MTF-1 and other ligands with various REs have
been described in more detail in Fig. 2. A general
opinion is that Zn binds to an inactive cytoplasmic
apo-MTF-1 and activates it by inducing phosphory-
lation of the protein. The activated complex migrates
in the nucleus, where it binds to MRE and stimulates
the synthesis of MT mRNA (Smirnova et al. 2000;
LaRochelle et al. 2001). An alternative, but
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Fig. 2 Schematic presentation of various response elements
(RE) in the mammalian (mouse) MT-1 gene promoter and their
proposed roles in regulation of gene transcription. Some steps
in this scheme (in the light blue square) are not clearly
supported by experimental findings. GRE glucocorticoid RE,
ARE antioxidant RE, MRE metal RE, MTF-I metal-regulated
transcription factor 1, MTI MTEF-1 inhibitor, Zn zinc, Cd
cadmium, ROS reactive oxygen species (free radicals, such as
H,0,), STM signal transduction molecules, (+4) activation, (—)
inhibition. GRE can be activated by the glucocorticoid-receptor
complex (GRC), whereas cytokines can stimulate their
respective RE directly (arrow) or via some transduction
molecules (broken arrow). Apo-MTF-1 is an inactive cyto-
plasmic protein which, following activation via the Zn-induced
phosphorylation, migrates as Zn-MTF-1 into the nucleus to
associate with MRE. Cd and ROS can activate MTF-1
indirectly, by mobilizing Zn from the intracellular pool
(including from MT itself) and/or can promote activation of
MTEF-1 via signal transduction molecules (STM). The scheme
in ligh blue square: according to Palmiter (1994), MTF-1 may
exist in inactive form complexed to MTI (MTI-MTF-1); Zn
could activate MTF-1 indirectly, by binding to MTI in the
complex, and releasing MTI-Zn; the liberated apo-MTF-1
would then be further activated by Zn and bind to MRE. Cd
and ROS can activate ARE indirectly, via the ARE-binding
proteins (ARE-BP). Methylation in some fast-growing tumor
cells, that exhibit a very low content of MT, downregulates the
expression of MT-1 gene. Each apo-MT molecule, the final
product of the activated MT gene, can bind Zn (ZnMT) or Cd
(CdMT) ions, or both (Zn, Cd-MT) (adapted after Davis and
Cousins 2000, but including the additional information in the
papers by Palmiter 1994; Bittel et al. 1998; Andrews 2000;
Smirnova et al. 2000; Vasak and Hasler 2000; Haq et al. 2003)

unconfirmed data by Palmiter (1994) suggested that
MTF-1 is kept inactivated in a complex with the Zn-
sensitive MTF-1-inhibitor (MTI). Binding of Zn to
MTI would release this inhibitor, allowing MTF-1 to
be activated by Zn and bind to MRE (Fig. 2, the
scheme in the light blue square). Cd and ROS act
indirectly, by mobilizing Zn from intracellular stores
and/or by activating some other intracellular signal-
ing pathways. None of these ions/molecules are able

to activate the MT gene in MTF-1-deficient cells
(Heuchel et al. 1994; Dalton et al. 1996¢). In a cell
free assay, Zhang et al. (2003) demonstrated that apo-
MT itself can modulate formation and activity of Zn-
MTF-1. This may represent a basic feed-back mech-
anism that would control the MT production in
normal and stressful conditions, but its role in the
cells in vivo is not known. Furthermore, the MT gene
transcription via ARE can be promoted by various
ARE-binding proteins, which can be activated by Cd
and ROS. A synergistic activation of the MT gene
expression via MRE and ARE may be important in
hepatotoxicity and nephrotoxicity induced by Cd and
other toxic metals, when the intracellular high
concentrations of these metals associate with the
increased production of ROS (reviewed in Sabolic
2006).

As opposed to the activating effects of REs on the
MT gene expression, DNA methylation, induced by
various chemical agents or that occurs in some
aggressive tumors, can repress the MT gene tran-
scription by altering chromatin structure, inhibiting
binding of activating ligands to their REs, and/or
recruiting transcriptional corepressors (reviewed in
Haq et al. 2003). Some studies in rats, showing
discrepancies in the metal-induced expression of MTs
and their mRNAs in liver and kidneys, indicate that
the expression of MT can also be regulated at the
post-transcriptional level, but this important field has
not been well studied (Misra et al. 1997; Klaassen
and Lehman-McKeeman 1989; Vasconcetos et al.
2002; Haq et al. 2003).

Localization and roles of metallothionein
in intracellular compartments

The presence of MT in all types of mammalian cells
suggests that these metalloproteins should play an
important role in intracellular functions. However,
these roles are not vital for the animal survival and
reproduction; neither TG mice with MT-1/MT-2
overexpression nor MT-null mice exhibited major
phenotypic or reproductive problems (reviewed in:
Palmiter 1998; Vasak and Hasler 2000). The follow-
ing roles for MT in the mammalian cells have been
proposed: (1) homeostasis, storage and transport of
essential metals, such as Zn and Cu, (2) Zn and Cu
donation to various metalloproteins, transcription
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factors, and enzymes; chaperone-like activity for
synthesis of various metalloproteins, (3) provision of
Zn and Cu during cell differentiation and organ
development in prenatal and perinatal periods, (4)
protection against metal toxicity by binding toxic
metals (scavenging and detoxication) and thus pre-
venting them damaging cellular structures and func-
tions, (5) scavenging free radicals (ROS and RNS)
generated in normal metabolism or in oxidative stress
induced by various toxic metals and non-metal
substances, inflammation or physical injury (anti-
inflammatory, anti-oxidant, and anti-apoptotic func-
tions), (6) cell repair and regeneration following
partial removal of an organ (hepatectomy) or chem-
ical injury, (7) protection in neurodegenerative and
other diseases, and (8) contribution to genotoxicity
and carcinogenicity. Various aspects of these pro-
posed functions of MT in the mammalian cells have
been extensively discussed in previous expert reviews
(Cherian 1994; Moffatt and Denizeau 1997; Palmiter
1998; Suhy et al. 1999; Davis and Cousins 2000;
Miles et al. 2000; Nordberg and Nordberg 2000;
Vasak and Hasler 2000; Theocharis et al. 2003;
Cherian and Kang 2006; Rana 2008; Petering et al.
2009).

Inside the mammalian cells, MT has been detected
in specific compartments, e.g., cytoplasm, lysosomes,
mitochondria and nuclei (Fig. 3), thus suggesting that
it may have some compartment-specific functions in
health and disease. A number of studies have
indicated a pivotal role of the cytoplasmic MT in
homeostasis (trapping, storage, distribution, and
release) of Zn and Cu (Tapia et al. 2004; reviewed
in: Bremner 1987; Vasak and Hasler 2000; Nordberg
and Nordberg 2009; Petering et al. 2009) and in
protection from/reduction of oxidative stress induced
by toxic metals and related conditions (reviewed in:
Andrews 2000; Sabolic 2006; Klassen et al. 2009;
Liu et al. 2009; Petering et al. 2009). Having high
affinity for Zn and high thermodynamic stability, the
cytoplasmic MT represents a potent Zn acceptor and
an efficient trap for Zn that enters the cell from the
extracellular space via the plasma membrane, from
lysosomes following degradation of the Zn-contain-
ing molecules, or when liberated from various
Zn-containing intracellular structures (Fig. 3A). For
this reason, the intracellular concentration of
unbound (free) Zn is present in the low picomolar
range (Simons 1991). Despite the high stability of
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Fig. 3 Roles of MT in Zn homeostasis in various intracellular
compartments. MT has been detected in the cell cytoplasm (A),
lysosomes (B), mitochondria (C) and nucleus (D). In the
cytoplasm (A), Zn transported from the extracellular space or
released from lysosomes following degradation of the endo-
cytosed ZnMT (B) binds to apo-MT, forming a pool of ZnMT
complex (green-labeled). This complex is in equilibrium with
metal-free MT (apo-MT; brown-labeled) which may represent
up to 90% of total MT. The release of Zn from ZnMT or its
binding to apo-MT depends on redox reactions, driven by the
GSH/GSSG ratio and presence of ROS (see text for details).
Liberated Zn binds to and activates (or inhibits) various Zn-
dependent enzymes and other metalloproteins. The cytoplas-
mic ZnMT can enter the mitochondrial intermembrane space
(C), where liberated Zn inhibits oxidative phosphorylation and
limits the production of ROS. The liberation of Zn may be
stimulated by ATP binding to ZnMT, but this possibility has
not been resolved. In the nucleus (D), Zn, liberated from
ZnMT, affects the activity of Zn-finger and other metallopro-
teins important for gene functions. This liberation is stimulated
by oxidative conditions, driven by GSSG, ROS and RNS. The
question marks denote the poorly known or unknown
mechanisms for Zn and ZnMT/apo-MT crossing the plasma,
mitochondrial and nuclear membranes, and for ATP and ZnMT
interactions. EI endocytic invagination, EV endocytic vesicle,
GSH reduced glutathione, GSSG oxidized glutathione, ROS
reactive oxidative species, OMM outer mitochondrial mem-
brane, IMM inner mitochondrial membrane, MIS mitochondrial
intermembrane space, RC respiratory chain, RNS reactive
nitrogen species

ZnMT complex, in the cytoplasmic medium Zn can
be released and transferred to apo-molecules, and
opposite, from the Zn-containing intracellular mole-
cules to apo-MT. This is enabled in redox reactions
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that are mediated by reduced (GSH) and oxidized
(GSSG) glutathione, and catalyzed by selenium-
containing proteins. Thus, GSSG binds to and
oxidizes ZnMT, which then enhances release of Zn
and its transfer to apo-enzymes, whereas when GSH
is prevalent, it binds to and reduces MT, and this
condition favors the Zn transfer from enzymes to apo-
MT (Jacob et al. 1998; Jiang et al. 1998b; reviewed
in: Maret 2003; Kang 2006; Petering et al. 2006).
Furthermore, Jiang et al. (1998a) reported that ATP
can also bind to MT and decrease its affinity for Zn,
thus promoting release of Zn from ZnMT and its
transfer to various apo-proteins, but these data were
later challenged by Zangger et al. 2000, so that the
possible interaction of ATP and MT, which could
represent an elegant, energy-related regulator of
intracellular MT function, is still an open question.
Therefore, the redox status seems to be the major
regulator of Zn exchange between MT and other
intracellular molecules. The cytoplasmic ZnMT plays
a crucial role in fighting oxidative stress, which is
characterized by heavily compromised redox status,
such as following Cd intoxication in the mammalian
liver and kidneys, and in various cultured cells. It has
been demonstrated that Cd in these organs/cells: (a)
directly inhibits or stimulates the activity of various
enzymes (reviewed in Vallee and Ulmer 1972), (b)
depletes intracellular anti-oxidants (largely GSH) and
free radical scavengers (vitamins E and C), and
decreases GSH/GSSG ratio, (c) inhibits the activity
of anti-oxidative enzymes (GSH-peroxidase, GSH-
reductase, GSH-transferase, catalase and superoxide
dismutase), thus shifting the cytoplasmic redox state
towards oxidation, characterized by an increased
content of ROS and RNS (reviewed in: Kang 2006;
Sabolic 2006; Liu et al. 2009; Petering et al. 2009),
(d) displaces essential metals bound to MT (Zn, Cu)
and various intracellular membranes and metallopro-
teins (Zn, Cu, Fe); whereas the liberated Cu and Fe,
being Fenton metals, promote development of oxi-
dative stress and generation of free radicals in the
cells (Casalino et al. 1997; Yiin et al. 1999; reviewed
in: Bergendi et al. 1999; Petering et al. 2009), the
liberated Zn exhibits potent antioxidative properties
by promoting synthesis of new apo-MT via activating
MTF-1 and antagonizing Cd binding and reactivity
(Andrews 2000; Powel 2000). Besides liberating Zn,
the MT molecule itself exhibits redox/antioxidative
properties, and: (a) scavenges free radicals and

diminishes their oxidizing effects in the cytoplasm,
(b) releases bound GSH (and, possibly, ATP), which
combats production of free radicals (and, possibly,
ATP depletion) in the cytoplasm, and (c) translocates
Zn into mitochondria and nucleus (vide infra)
(reviewed in: Shaikh et al. 1999; Andrews 2000;
Powel 2000; Thevenod 2003; Kang 2006; Petering
et al. 2006; Sabolic 2006; Klaassen et al. 2009; Liu
et al. 2009; Petering et al. 2009). A finding of
significant intracellular concentrations of apo-MT,
and different proportions of the metal-saturated and
metal-free MT in various cultured cells, tumors, and
tissues (Pattanaik et al. 1994; Yang et al. 2001;
reviewed in Petering et al. 2006), indicates that the
metal-free form of MT may be an important player in
various MT activities in the cell health and disease,
but these functions have yet to be defined in future
studies.

Following its internalization by endocytosis from
the extracellular space, MT finishes in lysosomes
(Fig. 3B). Inside the acidic compartment, the metal is
liberated, the apo-MT is hydrolysed (vide supra), and
the final products are then translocated into the
cytoplasm by specific transporters. A typical example
for this pathway is internalization and processing of
CdMT in the renal PT cells (vide infra). We do not
know of any specific role for MT inside the
lysosomes, although one could imagine that the
redox properties of metallo- and apo-protein, before
it becomes significantly degraded, could play a role in
modulating redox reactions in this highly catabolic
medium.

In mitochondria from liver cells (Fig. 3C), MT has
been detected in the mitochondrial intermembrane
space (Ye et al. 2001). It is assumed that MT in
mitochondria arrives from the cytoplasm in form of
ZnMT and/or CuMT that cross the outer mito-
chondrial membrane by unknown mechanism/s. By
supplying Zn and Cu, in mitochondria this metallo-
protein modulates the activity of Zn- and Cu-depen-
dent metalloenzymes and regulates the rate of
respiration. Accordingly, Zn, whose release from
ZnMT may be accelerated and enhanced by binding
ATP or GTP to the metalloprotein complex (Jiang
et al. 1998a; however, see Zangger et al. 2000),
inhibits the activity of respiratory enzymes (Jiang
et al. 1998b; Ye et al. 2001) and in this way limits
respiration and production of ROS. In Cd intoxica-
tion, however, mitochondria are direct targets for Cd.
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The metal rapidly accumulates in this organelle,
possibly via a Ca>" uniporter in the inner mitochon-
drial membrane (Lee et al. 2005), binds to the
electron transfer proteins, and uncouples oxidative
phosphorylation, causing hyperproduction of ROS
(Tang and Shaikh 2001; Wang et al. 2004a, b). In this
toxic condition, mitochondria are not only the major
producers of, but are also the major target for ROS. A
massive production of ROS compromises metal
binding and redox functions of the mitochondrial
MT, and impairs the production of ATP. At some
point, the overall energy-producing and metabolic
breakdown can activate the mitochondrial proteins-
mediated intracellular signaling cascade leading cells
to apoptosis and/or necrosis (reviewed in: Susin et al.
1998; Kourie 1998; Padanilam 2003; Turrens 2003;
Wang et al. 2004a, b; Brookes et al. 2004; Sabolic
2006; Thevenod 2009).

In the nucleus (Fig. 3D), Zn is needed for normal
function of histone- and non-histone metalloproteins,
nucleolar RNA, metalloenzymes (RNA and DNA
polymerases), growth and transcription factors, and
particulary for Zn-finger proteins that regulate the
activity of various genes; MT represents the major
supplier of this essential metal (reviewed in: Wlo-
stowski 1993; Cherian 1994; Petering et al. 2009; Xie
and Kang 2009). A recent study by Itoh et al. (2008)
revealed that some nuclear transcription factors
involved in cell proliferation are also Cu-dependent,
but the possible role of MT in transporting Cu into
the nucleus is not clear (Ogra and Suzuki 2000;
Petering et al. 2009). As found in numerous studies in
vivo and in vitro, the livers of adult animals and
humans have a very low content of nuclear MT,
whereas the fetal and neonatal livers, as well as the
differentiating and growing animal and human cells
in culture, exhibit a high content of MT in their nuclei
(Nishimura et al. 1989a; Cherian and Apostolova
2000; reviewed in Cherian 1994), thus reflecting an
increased need for essential metals in rapid cell
growth and repair processes. The nuclear MT orig-
inates from cytosol, but the exact mechanism of its
translocation from the cytosol into the nucleus (and
opposite) is not clear. With its molecular mass of
~7 kDa, MT is small enough to pass through nuclear
pores, but some studies showed that the cytoplasmic
molecule has to be activated by an un-identified
cytosolic factor, and that it needs an intact perinu-
clear cytoskeleton, ATP, a small G protein, and MT
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mRNA to be transported and retained in the nucleus
(Levadoux et al. 1999; Nagano et al. 2000; Takahashi
et al. 2005). A trigger for MT translocation may be
the general redox state in the cell; it is enhanced in
various oxidative stress-related situations with ele-
vated ROS/RNS production, whereas an increased
concentration of GSH decreases the nuclear MT. In
the nucleus, ROS, RNS, and GSSG enhance libera-
tion of Zn from ZnMT and its transfer to various
nuclear proteins that counteract oxidative conditions,
and in this way the ZnMT/apo-MT pair also contrib-
utes in regulating redox reactions (reviewed in:
Cherian 1994; Davis and Cousins 2000). In Cd
intoxication, the rate of MT mRNA transcription is
strongly enhanced, but delivery of Zn and Cu in a
complex with MT is heavily perturbed; the cytosolic
MT is preferentially occupied with Cd. In the
nucleus, Cd binds to GSH and various Zn-dependent
metalloproteins, inhibiting their anti-oxidative and
other functions, and causing other toxic events and
DNA damage, with apoptosis or cancerogenesis as
the possible final effect (vide infra).

Metallothionein in mammalian tissues;
age, sex, and strain differences

MT has been detected in various organs in humans
and experimental animals, with highest concentra-
tions in liver, kidney, pancreas, and testis (Shimada
et al. 1997; Onosaka and Cherian 1981; Danielson
et al. 1982a; Palmiter 1987; Onosaka et al. 1988;
Nishimura et al. 1989b). The role of MT in handling
Cd (and other metals) in liver, kidneys, and in other
organs in humans and experimental animals of
different age and sex has been poorly investigated.
As mentioned previously, very high concentrations of
MT, especially in nuclei, were found in liver,
kidneys, and other organs during embryonic, fetal
and early postnatal periods in both experimental
animals and humans, in differentiating and fast
growing cells in vitro, and in various tumors
(reviewed in Cherian 1994). After birth, during
lactation, the levels of MT in major rodent organs
were found to be high (Solaiman et al. 2001), and
gradually decreased, reaching the adult values after
2-3 weeks (Andrews et al. 1984; Chan and Cherian
1993). In the adult organs, variable amounts of MT
were mainly detected in the cell cytoplasm. A high
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expression of MT in newborn rats made them tolerant
to an acute, hepatotoxic effect of Cd (Goering and
Klaassen 1984a, and references there in). However,
in the study on human kidneys from 13 weeks
gestation through adulthood, MT was detected exclu-
sively in the proximal tubule (PT) cell cytoplasm and
nuclei with variable intensity, but no correlation with
the stage of development was observed (Mididoddi
et al. 1996). Contrary to the relatively well studied
expression of MT in the liver and kidneys of prenatal,
perinatal, and young adult animals and humans, the
expression in aging animals and humans has been
poorly investigated. It is assumed that the capacity of
renal tissues to produce MT may be decreasing in old
age due to less efficient protein synthesis (reviewed in
Nordberg 1998). However, in the report by Yoshida
et al. (1998), both the liver and kidneys of Japanese
people exhibited decreasing levels of MT during
infancy and a tendency to increasing tissue content of
MT and Cd in the old age. Furthermore, in adult rats
and mice the concentration of MT in the liver and
kidneys exhibited sex and strain differences. Female
organs showed a 2-3-fold higher content of MT than
male organs, and this was associated with a signif-
icantly greater concentration of Cd in female organs,
while very young and very old animals showed no
sex differences in MT expression (Blazka et al. 1988;
Blazka and Shaikh 1991; Shaikh et al. 1993; Miles
et al. 2000). Our own preliminary data indicate that
the abundance of MT in the rat kidneys is sex-
dependent (males < females) after puberty, and
declines in old age (Sabolic et al., unpublished).
The origin of these sex differences has not been
resolved. Estradiol may stimulate the MT production,
but recent findings in isolated rat hepatocytes indi-
cated that progesterone can stimulate Cd influx via
activating the verapamil-sensitive Ca*" channels in
the hepatocyte membrane; the increased intracellular
Cd in female organs may stimulate production of MT,
which then can sequester more Cd (Baker et al.
2003). A verapamil-inhibitable uptake of Cd in the
human hepatic cell line has already been described
earlier, by Souza et al. (1997). However, the presence
of verapamil-sensitive L-type voltage operated Ca*"
channels in the mammalian liver is still controversial
(Khan et al. 1998; Okamoto et al. 2001), so that the
mechanism of verapamil action upon Cd and Ca*"
transport, and MT expression in hepatocytes, remains
to be resolved.

It is interesting that female mice, TG for MT-I,
exhibited 4-5-fold higher MT levels in the liver than
male mice (Iszard et al. 1995). Although sex differ-
ences for MT in the human kidneys have not been
documented, women exhibited higher Cd concentra-
tions in blood, kidney cortex and urine, probably due
to higher intestinal absorption of Cd, which was
inversely related to the body Fe status (Berglund et al.
1994; reviewed in: Jarup et al. 1998; Akesson et al.
2002; Vahter et al. 2007; Nordberg and Nordberg
2009). With its antioxidative activity, a higher MT
content in the female kidneys may be related to the
well known renoprotective effects of estrogens in
experimental models of acute and chronic renal
injury in rats and, possibly, in human nephropathies
associated with an increased production of ROS
(reviewed in: Dubey and Jackson 2001; Kher et al.
2005). Both mice and rats also exhibit strain differ-
ences in the liver and kidney expression of MT and
sensitivity to Cd toxicity; the strains with more MT in
their organs showed less severe CdCl,-induced
hepatotoxicity (Shaikh et al. 1993; Mesna et al.
2000; Kuester et al. 2002).

Metallothionein in Cd-induced organ toxicity

A large number of studies have described various
aspects of MT in protection from acute and chronic
Cd toxicity, and its role in these conditions. Cd is an
environmental and occupational hazard that causes
damage of the target cells, mainly in liver and
kidneys (reyiewed in: Hutton 1983; Jdrup et al. 1998;
Jarup and Akesson 2009). However, Cd is largely a
man-made occupational and environmental problem,
and it is unlikely that the cells had been evolutionary
primed to use MT in fighting Cd invasion and
toxicity. The role of MT in these actions is not Cd-
specific; it is mainly related to the ability of MT: (a)
to bind various metal ions, but Cd binds with higher
affinity and forms a relatively inert and slow-
degrading CdMT complex (vide supra), which is
sequestered in the cell cytoplasm and prevents the
immediate toxic effects of the cationic (free) Cd, and
(b) to scavenge highly reactive ROS/RNS molecules,
generated during the Cd-induced oxidative stress,
thus diminishing their cytotoxic effects. The ability of
a variety of free radical scavengers and antioxidants
to prevent, attenuate, or ameliorate the cytotoxic
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actions of Cd (and other toxic metals) in various
experimental models, indicates that the oxidative
stress and the generated ROS/RNS may be the major
mediators of cytotoxicity, and that scavenging ROS/
RNS and diminishing oxidative stress may be the
major role of MT that can be critical for cell survival
in these conditions (reviewed in: Andrews 2000;
Sabolic 2006; Klaassen et al. 2009). However, the
experimental data have indicated that, on one side,
MT plays this pivotal role in prevention and protec-
tion against Cd-induced toxic effects, but on the other
side, it can be a mediator of Cd toxicity.

Role of metallothionein in Cd absorption
and toxicity in lungs and intestine

As shown in numerous experimental and epidemio-
logical studies, the main entry pathway for Cd into
the mammalian body are lungs and gastrointestinal
tract; skin plays a minor role in this respect (reviewed
in: Jarup et al. 1998; Nordberg 2009; Jarup and
Akesson 2009). The fate of Cd in the mammalian
body following its contact with the lung and intestinal
epithelium is schematically shown in Fig. 4.

In the lungs, the source of Cd is usually the inhaled
air contaminated with dust, fumes and/or smoke
(cigarette smoke!) that contain Cd. In acute intoxi-
cation with Cd fumes or dusts with high metal
concentrations, where lungs are the primarily affected
organs and react with acute irritation, inflammation,
edema, and haemorrhage, the basal levels of MT do
not play a significant role as a protective or contrib-
uting factor. However, if rats were pre-exposed to
aerosols with low concentration of Cd, the MT
concentration in the lung tissue increased about 50-
fold, and enabled good protection from the subse-
quent cytotoxic doses of Cd (Hart et al. 1989). When
lungs are chronically exposed to low metal concen-
trations, the mechanism of Cd transport into the lung
epithelium has not been clearly demonstrated; two
transporters, ZIP-8 (Fujishiro et al. 2009) and diva-
lent metal transporter DMT-1 (Ghio et al. 2005) may
be involved, but their exact role and localization in
the lung cells have not been reported. Within the
cells, Cd can bind to the existing MT, and can induce
synthesis of new MT. Adult rats exhibit less MT in
the lung cells than mice, and this phenomenon may
explain a higher resistance of mice to toxic and
carcinogenic actions of Cd (Hart et al. 1995; Kenaga
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Fig. 4 Pathways of Cd traffic in the mammalian body. Cd can
enter the body by inhalation via the lungs or can be absorbed
via the intestine. From both organs, it enters the blood by
unresolved mechanisms (?), possibly as cationic Cd (a, c) or
bound to MT (b, d) and/or to some other binding molecules. In
the blood, Cd may exist partially as cationic (free) ion, and
largely bound to albumin (e; Cd-Alb) and other binding
proteins (not shown), and partially as CdAMT. Both Cd (f) and
Cd-Alb (g) can be internalized by hepatocytes, where Cd-Alb
is degraded. In hepatocytes, the liberated Cd stimulates
production of apo-MT and binds to it, thus forming new
CdMT in the cell cytoplasm. CAMT from the intoxicated liver
cells is released into the circulation (%), and reaches the renal
PT lumen by glomerular filtration, where it is endocytosed and
degraded in lysosomes (i). Free Cd from the blood can enter the
renal tubule cells, possibly by molecular and/or ionic mimicry,
e.g., by using specific organic ion and/or metal ion transporters
as mediators (j). In the renal epithelium, Cd that had been
transported and liberated from the degraded CAMT stimulates
production of new apo-MT and forms new CdMT, which
accumulates in the cell cytoplasm. A portion of accumulated
CdMT is continuously released into the urine by unresolved
mechanisms, and can be used as a biomarker of Cd
nephrotoxicity (k)

et al. 1996; McKenna et al. 1998). MT in the lung
cells may play a significant role as a ROS scavenger
in protection and survival from oxidative injury by
various inducers; MT-null mice exhibited much
higher senstivity to oxidative stress (Hart et al.
2001; Takano et al. 2004; Wesselkamper et al. 2006).
Possible roles of MT in Cd uptake in, and/or
extrusion from the lung cells have not been reported.
Modes of release of Cd from the apoptotic and/or
oxidative stress-damaged lung cells into the circula-
tion, in the form of cationic (free?) Cd and/or CAMT,
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are also not clear. Furthermore, the cystic fibrosis
transmembrane conductance regulator CFTR and the
multidrug resistance protein MRP-1, which are
present in the lung epithelium (Torky et al. 2005;
Regnier et al. 2008), are known to export glutathione
(GSH) (reviewed in: Cole and Deeley 2006; Childers
et al. 2007), but their possible contribution in Cd-
induced toxicity as the exporters of Cd-GSH conju-
gate into the blood, has not been studied.

In the intestine, Cd arrives via contaminated drink
and food. The usual foodstuffs, such as meat
(especially the liver and kidney tissues) and plants
can contain a variable content of the in vivo
accumulated Cd, mainly bound to various reactive
molecules, such as glutathione (GSH) and MTs in the
animal tissues, and phytochelatins in the plant tissues
(reviewed in: Jarup et al. 1998; Freisinger 2008;
Nordberg 2009; Jarup and Akesson 2009). The
intestinal absorption of Cd is relatively small, and
accounts for 5-8% of the load. Possible mechanisms
of Cd transport in the intestinal epithelium have been
recently reviewed (Zalups and Ahmad 2003; Bridges
and Zalups 2005). Cd seems to be absorbed by
enterocytes, mainly in the duodenum and proximal
jejunum. At the luminal side, Cd may cross the
epithelial cell membrane by ionic mimicry, using
several possible transporters for ions, such as the
divalent cation transporter DMT-1, Ca®" channels,
and by molecular mimicry, in a complex with thiol-
containing amino acids and small peptides (cysteine,
GSH). However, thus far only DMT-1 has been
experimentally proven to mediate active transport of
Cd across the apical membrane in duodenal entero-
cytes (Gunshin et al. 1997). A possible role of MT in
Cd absorption at the enterocyte luminal domain is
unclear. A study by Moltedo et al. (2000) in cultured
intestinal human cell line Caco-2 showed that the
cytosolic MT in these cells can be actively secreted;
the released MT can bind the ambient Zn (and
possibly, Cd), and the metal-MT complex could be
re-internalized, possibly by endocytosis, followed by
degradation in lysosomes. A contribution of such
mechanism in the in vivo intestinal absorption of Zn
and Cd, is not known. However, the intestinal
enterocytes exhibit a high turnover rate, and MT
(integral or truncated molecules) from the damaged
and degraded cells may bind Zn and Cd, and be
endocytosed by healthy epithelium. In the cells, Cd
largely binds to MT (Lehman and Klaassen 1986),

whose primary function may be to store and regulate
the intracellular Zn concentration (Szczurek et al.
2001, 2009). The mode(s) of Cd transport across the
basolateral cell membrane are unclear (reviewed in
Bridges and Zalups 2005). Besides temporarily
sequestering Cd in the cell cytoplasm, a possible role
of MT in Cd transepithelial transport in form of
CdMT, via exocytosis/transcytosis, and its delivery to
other organs via the circulation has also been
considered. Some observations indicated that, fol-
lowing oral Cd administration, Cd absorption in the
intestine, and distribution of the ingested Cd into liver
and kidneys, was independent on the intestinal MT
levels (Liu and Klaassen 1996; Liu et al. 2001a, b).
However, a few other studies in mice showed that,
following oral ingestion of CdCl, or CdMT, a
variable amount of the CAMT complex can be later
found in kidneys (Eisenhans et al. 1997; Cherian
et al. 1978; Cherian 1979, 1983; Kimura et al. 1998).
This translocated CAMT can originate from transcy-
tosis of the ingested CAMT, from an active extrusion
(exocytosis) of CAMT from the intestinal cells at their
basolateral side, and/or from release of the complex
into the circulation from the cells damaged by ROS
following internalization of Cd/CdMT. Recent find-
ings that ionic Cd can disrupt gap junctions between
hepatocytes in mice (Jeong et al. 2000), and that it
can target E-cadherins and disrupt junctional com-
plexes between epithelial cells in various cell cultures
(Prozialeck 2000) and rat PT (Prozialeck et al. 2003),
indicate that in the above-mentioned experiments a
part of the ingested CAMT may have entered the
circulation by crossing the intestinal epithelium
paracellularly.

Metallothionein in the blood and its role in Cd
traffic

In the blood of humans and experimental animals,
most of Zn and Cd is probably bound to serum
albumin (the most abundant blood protein), which
exhibits low capacity/low affinity binding sites for
these metals (Perkins 1961), whereas MT is present
only in limited concentrations. The concentration of
MT in the blood and in different organs in various
species is difficult to compare due to different
methods used for determination; a need for optimi-
zation and standardization of the relevant method(s)
has been announced (reviewed in Nordberg 1998). In
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healthy humans, not occupationally exposed to Cd or
related toxicants, the blood MT concentration ranged
between 0.01 and 1 ng/g serum (Nordberg et al.
1982; reviewed in Nordberg and Nordberg 2009) or
0.51-1.86 ng/ml plasma (Milnerwicz et al. 2009). In
healthy humans and intact animals, MT in the blood
plasma may represent a high affinity/high capacity
transporter of essential metals Zn and Cu among
organs, but recent studies have indicated possible
functions of the circulating MT in wound healing,
inflammation, and immune response (reviewed in
Lynes et al. 2006). The sources of MT in blood may
be: (a) disintegrated blood and vascular endothelial
cells due to senescence, apoptosis and/or necrosis, (b)
protein leakage through the cell membrane of cells
damaged by oxidative stress and injury, and (c)
unconventional loss of the cell content, such as
membrane blebbing and formation of exosomes, and
(d) regulated secretion of apo-MT/ZnMT, as pro-
posed for cultured human intestinal enterocytes
(Moltedo et al. 2000) and mouse adipocytes (Trayh-
urn et al. 2000).

Following absorption in the lungs and/or intestine,
it is assumed that Cd in the blood primarily binds to
albumin and other thiol-containing reactive biomol-
ecules in the plasma, whereas CdMT may be
transported unchanged. In occupationally exposed
male workers to Cd, the plasma MT was ~ 10-fold
higher (2-11 ng/g plasma) than in unexposed work-
ers (0.01-1 ng/g serum) (Nordberg et al. 1982;
reviewed in Nordberg and Nordberg 2009), whereas
in rats and rabbits chronically treated with CdCl,, the
plasma CdMT increased progressively with the
duration of treatment and in parallel with the plasma
Cd concentration, indicating that blood is the medium
that delivers CAMT from the affected organs (mainly
liver) to the kidneys (Shaik and Hirayama 1979;
Tohyama and Shaikh 1981; Nomiyama et al. 1998;
Dudley et al. 1985). However, red blood cells
(Rahman et al. 2000), lymphocytes (Lu et al. 2005),
and platelets (Sagiura and Nakamura 1994) also
contain MT, which is inducible by Cd, and may also
contribute to the distribution of CAMT via the
systemic circulation. The expression of MT-I/II
mRNA in blood and peripheral lymphocytes has
recently been used as a sensitive biomarker of
environmental and occupational exposure to Cd in
human population (Lu et al. 2005, 2007; Chang et al.
2009).
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Role of metallothionein in acute and chronic
Cd-induced hepatotoxicity

Cd circulating in blood as a cationic form (free ion?
probably at a very low concentrations) and/or largely
bound to albumin, microglobulins, o-2-macroglobu-
lin, and other SH-containing biomolecules, can enter
hepatocytes by poorly defined mechanisms (reviewed
in: Zalups and Ahmad 2003; Bridges and Zalups
2005; Watkins et al. 1977). Free Cd may cross the
sinusoidal membrane by ionic mimicry via DMT-1,
ZIP-8, and/or verapamil-sensitive Ca’* channels,
whereas Cd-albumin and similar complexes may be
internalized by endocytosis and degraded in lyso-
somes (Baker et al. 2003; Fujishiro et al. 2009; Souza
et al. 1997), but the relative contribution of these
pathways is controversial (Pham et al. 2004).
Whether CAMT can enter hepatocytes is not clear.
When male rats were injected i.v. with the radiola-
beled CdCl,, most of the Cd (~65% of the dose)
ended in the liver, and only a small percentage was
found in the kidneys (~2% of the dose) and other
organs. In rats injected with radiolabeled CAMT, the
largest portion of the dose was measured in the
kidneys (~40%), whereas the liver contained much
less (~11%) of the dose (Cherian et al. 1976). In an
in vitro study in human hepatocellular carcinoma
cells, CAMT was internalized similarly to albumin,
via lipid raft (caveolae)-dependent endocytosis (Hao
et al. 2007). However, it has never been shown
whether hepatocytes can indeed internalize CAMT in
vivo. To address this problem, we have injected
rats i.v. with CdMT, fixed their organs with 4%
p-formaldehyde by perfusion in vivo at different time
points following injection, and immunostained tissue
cryosections for MT (experimental details described
in Sabolic et al. (2002)). As shown in Fig. 5, 15 min
following CdMT injection, some hepatocytes exhib-
ited a variable amount of endogenous MT, homoge-
neously distributed in their cytoplasm and nuclei (this
pattern was also observed in tissue cryosections from
control, saline-injected animals; c.f. Fig. 6D), but
only the Kupffer cells strongly accumulated the
injected CAMT in intracellular organelles (probably
endosomes). None of the hepatocytes exhibited any
visible endosome-like staining even 2 h following the
injection of CAMT (data not shown), while in the
renal PT cells of the same animals, a time dependent
endocytosis of CAMT was dramatic (c.f., Fig. 8).
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Fig. 5 Immunolocalization of MT in the rat liver 15 min
following i.v. injection of CAMT (a single dose of 0.4 mg Cd/
kg b. m.). In hepatocytes, MT (red fluorescence) was diffusely
but heterogeneously stained in the cytoplasm and nuclei of
some cells (arrows), but most hepatocytes exhibited no visible
staining at all. This staining pattern was identical to that in the
liver of control rats, which had not been injected with CAMT
(c.f., Fig. 6D). However, the Kupffer cells, which were not
stained at all in the control liver (c.f., Fig. 6D), strongly
accumulated the injected CAMT complex in intracellular
organelles, most probably endosomes (arrowheads, and inset).
None of the hepatocytes exhibited any endosome-like staining,
indicating an absence of significant endocytosis of CAMT. The
green fluorescence denotes bile canaliculi, stained with an
antibody against cell adhesion molecule CAM-105. CV, central
vein; bar 20 pm

Therefore, unlike the situation in human hepatocel-
lular carcinoma cells in vitro, our experiment indi-
cates that CdMT is an unlikely substrate for rat
hepatocytes in vivo. Since previous studies have
shown that endocytosis of CAMT in renal PT cells
was mediated by the scavenger receptor megalin
(Klassen et al. 2004; Wolff et al. 2006), we have
applied different unmasking techniques to detect
megalin in tissue cryosections of the rat liver, but
without any success (Sabolic et al., unpublished).
Therefore, any possible uptake of CAMT in rat
hepatocytes in vivo could be very small and megalin-
independent. In the Kupffer cells, the endocytosed
complex may be degraded and Cd can be subse-
quently released and then taken up by hepatocytes via
ionic transport. Alternatively, Cd may activate the
Kupffer cells to release various inflammatory inter-
leukins, which can stimulate production of ROS and
MT in hepatocytes (reviewed in Liu et al. 2009).

In rodents, Cd is a potent hepatotoxin after acute
or chronic exposure. Inside the hepatocytes, Cd

principally binds to cytoplasmic proteins, largely
MT, and thus becomes inactivated and trapped inside
the cytoplasm. The experiments in primary cultured
rat hepatocytes have shown that about 50% of the
cellular Cd is loosely bound whereas the other 50% is
firmly bound to intracellular components (Pham et al.
2004). Due to high affinity of MT for Cd, and due to
high stability (slow degradation) of the complex at
the cytoplasmic pH, as well as due to Cd-stimulated
synthesis of new apo-MT, the cytoplasmic CdMT
accumulates with time and can reach high concen-
trations. During a short-term poisoning with high Cd
doses in experimental animals, it is assumed that the
burden with (cationic/free?) Cd eventually becomes
higher than the binding capacity of the existing MT in
hepatocytes, causing an acute and lethal liver injury
due to an extensive oxidative stress and ROS/RNS-
mediated damage of the cell structure and function,
manifested by inflammation, apoptosis and/or necro-
sis of hepatocytes. The lethality of hepatotoxic doses
of Cd was: (a) absent in immature rats, which in the
liver exhibited 10-20 times higher concentrations of
MT than the adult animals (Goering and Klaassen
1984a, b) prevented by pretreating animals with small
doses of Cd that induce synthesis of MT in hepato-
cytes (Goering and Klaassen 1984b, c) absent in mice
TG for MT-1, which exhibit 10-20-fold higher levels
of this protein in the liver (Liu et al. 1995), (d)
increased in MT-null mice (Masters et al. 1994), and
(e) diminished in rats pretreated with Zn, an approach
known to upregulate MT concentration in the liver
and other organs (Goering and Klaassen 2004c).
These data, therefore, indicate strong protective and
anti-oxidative functions of MT in acute Cd-induced
hepatotoxicity.

In chronic Cd-hepatotoxicity, which in mice, rats,
and rabbits can be induced with repeated small doses
of CdCl, for a few weeks to few months, MT and
several antioxidants were also found to protect from
the injury induced by oxidative stress and ROS
(Nomiyama et al. 1998; Shaikh et al. 1999; Habeebu
et al. 2000a). However, in various experimental
models, a clear-cut generation of oxidative stress and
ROS following long term treatment with small Cd
doses was not always observed, possibly due to slow
development of the processes and activation of
various compensatory defense antioxidative mecha-
nisms in the cells, such as a rise in MT and GSH
levels (reviewed in Liu et al. 2009). The long-term
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Fig. 6 Expression of MT in the liver and kidneys following
subchronic treatment of rats with CdCl, for two weeks.
A Accumulation of Cd in the liver (L) and kidney (K) tissue
following daily treatment of rats with CdCl, (2 mg Cd/kg body
mass, s.c.) for up to 14 days. After 2 weeks of treatment, the
concentration of Cd in the liver wet tissue (~500 pg/g) was
about twice as high as in the kidneys (~260 pg/g). B Western
blots of MT in the tissue extract (post-19,000x g supernatant
from the tissue homogenate) from the liver (L) and kidneys (K)
of vehicle-treated (control) and CdCl,-treated (Cadmium) rats.
The MT-related 7-8 kDa protein band was strongly enhanced
in rats treated with CdCl, for 2 weeks. C Densitometric
evaluation of the bands shown in (B); in CdCl,-treated rats, the
band density in the liver and kidney tissues increased ~ 135-
fold and ~95-fold, respectively (* vs. control, P < 0.001).
D Immunolocalization of MT in the liver from vehicle

Cd treatment in experimental animals results in a
time- and dose-dependent accumulation of Cd and
increase in MT content in the liver. Thus, while the
liver MT concentration in control rats was 18-30 pg/
g tissue (Onosaka and Cherian 1981; Chan et al.
1993; reviewed in: Webb 1986; Klaassen et al. 1999;
Nordberg 1998; Nordberg 2009), following 16-days
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Control

(control)- and CdCl,-treated (Cadmium) rats. In control rats,
the individual or grouped cells were weakly (arrowhead) or
strongly (arrows) stained, while most of other cells remained
virtually unstained. In Cd-treated animals, all the cells were
strongly stained. CV, central vein; bar = 20 pm. E Immuno-
localization of MT in the kidneys of vehicle (control)- and
CdCl,-treated (Cadmium) rats. In control rats, MT was
heterogeneously stained in the PT segments in the cortex
(CO) and outer stripe (OS) (arrows), whereas the nephron
segment in the inner stripe (IS) and inner medulla (IM) were
not significantly stained. In Cd-treated rats, the nephron
segments in all tissue zones were strongly stained (arrows).
In the CO and OS, many tubules were heavily damaged,
exhibiting irregular morphology and the presence of cell debris
in their lumen. G glomerulus; bar 20 pm

treatment with different doses of CdCl,, the MT
increase was Cd dose-dependent and rose up to 240-
fold (Webb 1986). A dramatic effect was also
observed in the liver of WT mice acutely treated
with CdCl,, when MT from control values (~4 pg/g
tissue) increased ~ 60-fold after 24 h, whereas in
MT-null mice, the liver MT was very low and not
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upregulated by Cd treatment (Liu et al. 1996a). Our
comparable findings by Western blotting in tissue
extract, and by immunocytochemistry in tissue cryo-
sections, in rats treated subchronically with CdCl,
(Sabolic et al., unpublished data), are summarized in
Fig. 6. This, in vivo model of Cd-toxicity was
described by us in details previously (Sabolic et al.
2001, 2006). Accordingly, male rats were treated
with either saline (controls) or CdCl, (2 mg Cd/kg
body mass/day) for 2 weeks, and Cd accumulation
and expression of MT in the liver tissue were studied
(Fig. 6A-D). We measured a time-dependent accu-
mulation of Cd in the tissue (Fig. 6A), and after
14-day-treatment, Western blotting of proteins in the
tissue extract revealed a weak protein band of MT in
control rats, and ~135-fold stronger band in
Cd-treated rats (Fig. 6B, C). By immunocytochemis-
try (Fig. 6D), many cells in tissue cryosections from
control livers were weakly positive for MT, while
some individual cells or aggregates of a few cells,
exhibited stronger MT expression in both cytoplasm
and nuclei. After 14-day-treatment with CdCl,, all
hepatocytes were heavily positive for MT.

An important pathophysiological result of either
acute or chronic Cd-induced hepatotoxicity is a
release of CAMT from the damaged hepatocytes into
the blood (Dudley et al. 1985; Nomiyama et al. 1998)
and its arrival in the kidneys, where it is filtered and
further processed by the PT epithelium.

Role of metallothionein in Cd-induced
nephrotoxicity

The long term environmental and/or occupational
exposure to small Cd concentrations in humans and
animals targets the kidney structure and function,
causing defects in reabsorptive and secretory func-
tions with urinary symptoms resembling the acquired
Fanconi syndrome. These symptoms indicate that the
PT is the major target of Cd. Indeed, in various
animal models of chronic Cd-induced nephrotoxicity,
either parenteral or oral treatment with various doses
of CdCl, for a few days to few years resulted in a
variety of functional defects and structural damage to
the brush-border (BBM) and basolateral (BLM)
membrane, cytoskeleton, and intracellular organelles
of the PT epithelium (reviewed in: Nomiyama 1980;
Jarup et al. 1998; Sabolic et al. 2006; Jarup and
Akesson 2009; Nordberg 2009). Such a treatment has

been associated with the upregulation of MT content
in the kidney tissue; whereas in intact rats the
measured tissue content of MT was 30-60 ng/g wet
tissue, in rats treated with different CdCl, doses for
up to 16 days the kidney MT concentration increased
dose-dependently, up to 23-fold (Onosaka and Che-
rian 1981; Chan et al. 1993; reviewed in: Webb
1986). Furthermore, an acute CdCl,-treatment in WT
mice resulted in ~ 12-fold increase in renal MT, from
2.4 pg/g in controls to ~28 pg/g 24 h following
treatment, whereas in MT-null mice, the tissue MT
was negligible and Cd treatment-insensitive (Liu
et al. 1996). To support these observations, we
recently used the rat model of subchronic
Cd-nephrotoxicity, induced with daily injections of
CdCl, s.c. for 2 weeks (methods described in Sabolic
et al. 2001, 2006), and correlated the accumulation of
Cd with the expression of MT by Western blotting
and immunocytochemistry of the kidney tissue
(Fig. 6; our unpublished data). As shown in Fig. 6A,
the kidneys exhibited a time-dependent accumulation
of Cd in their cortex; after 2 weeks, the concentration
became higher than the previously defined “critical”
concentration for the visible onset of nephrotoxic
symptoms in rats (150-250 pg Cd/g wet mass;
reviewed in Nomiyama 1980). Furthermore, this
treatment strongly upregulated the MT concentration
in the renal cortex; after 14-day-treatment, the MT
protein band in the tissue extract was weak in saline-
treated rats, and increased ~95-fold in density in
CdCl,-treated rats (Fig. 6B, C). By immunocyto-
chemistry in tissue cryosections (Fig. 6E), MT in the
control kidneys was stained with variable intensity
nearly exclusively in the PT segments of the cortex
and outer stripe, whereas in the CdCl,-treated rats
(Cadmium), the nephron segments in all tissue zones
were strongly stained. In the cortex and outer stripe,
the lumen of many PT was distended and filled with
cell debris, largely due to desquamation of BBM
from heavily injured epithelial cells.

Although during Cd intoxication a variety of cells
in the body can produce and release CAMT, there is a
general view that Cd-nephrotoxicity is primarily
induced by the CAMT complex, which is formed in,
and released from the Cd-injured liver, and which
then reaches the kidney via the circulation (Dudley
et al. 1985; Nomiyama et al. 1998; Klaassen et al.
2009; Nordberg 2009). The mechanism of CAMT
release from the intoxicated hepatocytes has not been
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resolved; the complex may originate from necrotic
and/or apoptotic cells, but some kind of regulated
secretion, similar to that proposed for apo-MT/ZnMT
in cultured human intestinal enterocytes (Moltedo
et al. 2000) and mouse adipocytes (Trayhurn et al.
2000), may also be involved. A direct connection of
the liver CAMT and kidney injury was observed
following transplantation of the Cd-intoxicated rat
liver into an healthy rat; CAMT, derived from the
donor liver, was released into the circulation and
transferred to the acceptor’s kidneys, where it
induced damage to the previously healthy PT (Chan
et al. 1993). However, recent findings indicate that
some heavy metals, such as Hg, may enter PT cells
by mechanisms that include transports via ionic and/
or molecular mimicry across both BBM and BLM, as
recently reviewed by Zalups and Ahmad (2003) and
Bridges and Zalups (2005), but these mechanisms
have been poorly studied, and for Cd are rather
hypothetical. The scheme in Fig. 7 shows that in rats
the Cd transport via ionic mimicry may include
DMT-1 and Ca** channels in the BBM, whereas in
the BLM, Cd bound to N-acetylcysteine and/or GSH
may cross the membrane by molecular mimicry via
organic anion transporters, such as Oat-1 and/or Oat-
3. However, localization of DMT-1 in the mamma-
lian proximal tubule BBM is still controversial
(reviewed in: Smith and Thevenod 2009), whereas
the basolateral transport of Cd via Oats is only an
assumption, based on the observation that in the rat
renal BLM organic Hg (methyl-Hg) can be trans-
ported in a complex with N-acetylcysteine by Oat-1
(Koh et al. 2002), and that GSH is a substrate for Oat-
3 (Lash et al. 2007). Further studies are needed to
resolve these problems. Moreover, in chronic expo-
sure to Cd salts in humans, or in CdCl,-treated
experimental animals, a relative contribution to
nephrotoxicity of Cd that enters the renal cells as a
free cation, as Cd complexed with non-MT mole-
cules, and as the CAMT complex can not be estimated
with certainty. This contribution may depend on the
experimental model; in intact animals, the parenter-
ally applied CAMT was more nephrotoxic than CdCl,
in spite of higher tissue accumulation of Cd following
injection of CdCl, (Dorian et al. 1995), while the
cultured rat PT cells and LLC-PK1 cells exhibited
more rapid and much higher uptake and cytotoxicity
of Cd from the medium containing radiolabeled
CdCl, than CAMT (Prozialeck et al. 1993; Liu et al.
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Fig. 7 Fate of CAMT and Cd in the renal PT cell. CAMT
reaches the tubular fluid by glomerular filtration (GF), binds to
megalin (MEG) at the brush-border bottom, where it is
internalized in endocytic vesicles (EV). The endocytic process
depends on the vacuolar H-ATPase-mediated intravesicular
acidification and intact cytoskeleton, and is regulated by small
G-proteins (Wolff et al. 2008; reviewed in: Marshansky et al.
1997; Verroust and Kozyraki 2001). The MEG-bound CdMT
in EV is delivered to the recycling compartment (compartment
for uncoupling receptor and ligand; CURL), where CAMT is
released from its receptor. MEG recycles back to the brush-
border membrane (BBM) by recycling vesicles (RV), whereas
CdMT is delivered to lysosomes (LYS) by an another type of
vesicles (not shown). In the lysosomal acidic medium, Cd is
liberated, and apo-MT is degraded to amino acids (aa), whereas
liberated Cd is transported by the divalent metal transporter
DMT-1 into the cell cytoplasm. Since megalin is also a
receptor for albumin (reviewed in Christensen et al. 2009), the
filtered Cd-albumin may follow the same pattern. Free Cd may
cross both cell membrane domains via ionic/molecular
mimicry, by exploiting the existing transporting mechanisms
for other inorganic ions, such as for Fe*™ and Ca®", or organic
anions, such as for N-acetylcysteine or glutathione. At the
apical/BBM side, the ways of transport of the filtered Cd may
be via DMT-1 and/or Ca>* channels, whereas at the basolateral
side (BLM), Cd may bind to organic anions (OA™)
N-acetylcysteine and/or glutathione, and these complexes
(Cd-OA™) may be translocated into the cell by organic anion
exchangers Oat-1 and Oat-3, respectively. The internalized and
liberated Cd indirectly stimulates production of MT mRNA
and apo-MT, which in the cytoplasm binds Cd (CdMT) and
neutralizes its toxic effects. If the Cd load in the cytoplasm is
too fast and/or too high, the unbound Cd binds to various
bioactive proteins, and causes oxidative stress and other toxic
effects. It should be noted, however, that whereas the CdAMT-
related (endocytic) pathway has been well documented, the
other pathways of Cd transport have not been experimentally
confirmed. Various modes of Cd transport across the cell
membrane have been reviewed in more detail by Thevenod
(2010). N nucleus

1994). On the other side, in MT-null mice, an s.c.
treatment with CdCl, for 10 weeks resulted in much
worse nephrotoxicity than in similarly treated WT
mice (Liu et al. 1998). These data thus indicate that in
vivo, circulating CAMT may be a major mediator of
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nephrotoxicity in humans and animals chronically
intoxicated with Cd salts, but cytosolic Cd liberated
from CdMT may be the active component in causing
cytotoxicity, while newly synthesized MT can protect
from the toxic actions of liberated Cd.

According to the present model for chronic
Cd-induced neophrotoxicity (Fig. 7), the circulating
CdMT reaches the PT lumen by ultrafiltration in
glomeruli. The complex is then internalized by
megalin-dependent endocytosis at the bottom of
BBM, and delivered to the endo/lysosomal compart-
ment for degradation, whereas megalin recycles back
to the BBM (Klassen et al. 2004; Wolff et al. 20006,
2008; reviewed in Thevenod 2010). A relatively fast
(in matter of hours) degradation of the i.v. injected
CdMT was reported in the mouse kidney in vivo, but
the liberated Cd stayed in the cells (Dorian et al.
1992, and references there in). Following degradation
in lysosomes, the liberated Cd is transported into the
cell cytoplasm, probably via DMT-1 localized in the
limiting lysosomal membrane (Abouhamed et al.
2006), where it primarily binds to endogenous
cytoplasmic MT and indirectly generates conditions
for activation of MTF-1, which then stimulates de
novo production of apo-MT (vide supra). It is
assumed that in overloading conditions, Cd can bind
to other intracellular molecules, induce a significant
oxidative stress, with further development of toxic
conditions that can end in apoptosis or necrosis
(Erfurt et al. 2003; reviewed in: Thevenod 2003;
Sabolic 2006). In the cells treated with CAMT, in
which the expression of DMT-1 was attenuated by
gene silencing, the exit of Cd out of lysosomes was
diminished, and the cytotoxicity and apoptosis were
decreased, thus supporting the view that the liberated
Cd, not CdMT, is the active toxic agent in the PT
cells (Abouhamed et al. 2007). In this game, MT
protein itself is not nephrotoxic; ZnMT did not
produce kidney damage, and was rather protective in
nephrotoxicity induced with CdMT (Dorian and
Klaassen 1995).

To illustrate the fate of CAMT following its
filtration in the kidneys, in rats injected i.v. with this
complex we followed the initial, time-related events
in endocytosis of CAMT in the PT in vivo, and their
relation with megalin. Using specific antibodies
(Sabolic et al. 2002, 2006), colocalization of MT
and megalin in PT was studied by immunocytochem-
istry in tissue cryosections (previously unpublished

data). As shown in Fig. 8, in the cortical PT, already
5 min following injection, MT (CdMT, red staining)
was localized in numerous endosomes beneath the
BBM, whereas at later time points, it was found in
larger intracellular organelles (lysosomes) deeper in
the cell cytoplasm. At 5 and 15 min, the yellow-
staining indicated colocalization of both MT (red)
and megalin (green) in the same organelles (endo-
somes), whereas at later time points (at 30 and
60 min), the brightly red-stained large organelles
(Iysosomes) were full of MT and devoid of megalin.
However, at 120 min, in many cortical tubules the
clear distinction between intracellular organelles and
BBM was lost due to appearance of necrosis in the
cells. In the outer stripe, the PT straight segments
exhibited overall weaker endocytosis, with the
pattern similar to that in the cortical tubules, but
without visible cell necrosis at 120 min. Similar
pattern of events we also observed in rats treated with
CdMT s.c., except that the whole process of endo-
cytosis, accumulation of MT in lysosomes, and
related injury in the cortical PT developed later, in
the range of hours (Sabolic et al. 2002, 2006). These
data led us to assume that the acute and massive
accumulation of CdMT in lysosomes following i.v.
injection of CAMT has not only one (Cd-induced
generation of oxidative stress in the cell cytoplasm),
but several immediate deleterious effects on the cell
structure and function, which can result in the cell
injury and necrosis in a short time, even before
generating oxidative stress. These effects are: (a)
overloading of the endo/lysosomal system in the PT
with the endocytosed proteins, which is known for
itself to be inhibitory/toxic to the intracellular vesicle
recycling and cell function (reviewed in D’Amico
and Bazzi 2003), (b) already small concentrations of
liberated Cd can inhibit vacuolar HT-ATPase (which
is important also for acidification and function of
lysosomes) and depolymerize microtubules; these
effects can diminish the lysosomal function and block
the intracellular vesicle recycling and other, acidifi-
cation-dependent cellular functions (Herak-Kramber-
ger et al. 1998; Sabolic et al. 2002, 2006), and (c)
liberated Cd can directly affect and damage the
integrity of cell membranes and intracellular organ-
elles (Herak-Kramberger et al. 1998, 2001); the
damaged lysosomal membrane can result in leakage
of proteolytic enzymes into the cytoplasm and the
enzymes can immediately start digesting the cell
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CdMT

Control 5 min

15 min

Outer stripe

Fig. 8 Time course of endocytosis of CAMT, injected i.v. into
rats in vivo (a single dose of 0.4 mg Cd in form of CdMT/kg
body mass), in the PT segments of the cortex (proximal
convoluted (S1/52) segments) and outer stripe (S3 segments);
double staining of MT (red) and megalin (green). Control
animals were injected with vehicle (saline), and were sacrificed
after 120 min. In the tubules of control rats, MT was largely
detected as a smooth cytoplasmic staining of heterogeneous
intensity in individual cells of both tissue zones, whereas
megalin was exclusively localized to the brush-border mem-
brane (BBM). As shown for cortical tubules (Cortex, larger
pictures and insets), already 5 min after i.v. injection of CAMT,
the yellow spikes at the bottom of BBM indicated formation of
endocytic invaginations containing both red CAMT and green

content. These immediate effects of Cd, liberated
following degradation of CAMT in lysosomes, could
readily interrupt reabsorption of the filtered proteins
(manifested by tubular-type proteinuria), and could
lead to the fast-developing functional and metabolic
breakdown, and cell death. These immediate phe-
nomena have not been sufficiently considered in
previous studies of the acute, CdMT-induced
nephrotoxicity.

Contrary to its role in the endocytosed CdMT
complex as a carrier for toxic Cd (MT as a mediator
of Cd-nephrotoxicity), MT present in the cell cyto-
plasm has beneficial effects on Cd-induced nephro-
toxicity. MT in the PT cell cytoplasm seems to be
important for sequestration and accumulation of the
liberated Cd, and in this way it protects from, and
ameliorates the toxic Cd actions (ROS/RNS scaven-
ger). This is indicated by the following findings: (a)
in MT-null mice, the absence of MT did not affect the
initial accumulation of Cd following CdCl, treat-
ment, but the rate of Cd elimination was faster. This
means that the cytosolic MT is necessary to bind and
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megalin. With time (at 15, 30, and 60 min following injection),
the increasingly more red-stained organelles with CAMT, but
with less green-stained megalin, accumulated in the cell
interior. After 60 min, the cells were heavily filled with
organelles loaded with CAMT (probably lysosomes), whereas
megalin was strictly apical. At 120 min, many tubule profiles
showed disappearance of granular and appearance of diffuse
intracellular staining, and various kinds of necrotic damage,
such as the loss of BBM and tubular structure, which were
similar to those observed 12 h after injecting the same dose of
CdMT s.c. (Sabolic et al. 2002). In the outer stripe tubules, the
pattern of events was similar, except that the abundance of
CdMT-positive organelles was at any time smaller, and the
tubule damage at 120 min was not observed. Bar 25 pm

sequester/buffer Cd (Liu et al. 1996a). (b). Pretreat-
ment of rats and mice with small doses of ZnCl, and
CdCl; in order to upregulate MT, protected from the
acute nephrotoxicity induced by CAMT (Jin et al.
1987; Min et al. 1987). The Zn ion, however, also
exhibited some other, MT-independent protective
actions, possibly by stabilizing cellular (and lyso-
somal?) membranes and tight junctional complexes,
by increasing the level of heat shock proteins, and by
supplying Zn-finger proteins, including MTF-1, with
Zn (Liu et al. 1996b; Jacquilet et al. 2006). (c) MT-
null mice were more sensitive to chronic CdCl,-
induced nephrotoxicity than the corresponding WT
mice (Liu et al. 1998, 1999a, b). However, MT-1 TG
mice, which have 10-fold more renal concentration of
MT-1 than the WT animals, were not protected from
the nephrotoxic effects of acute, i.v. injection of
CdMT (Liu et al. 1996b). These controversial obser-
vations have not been resolved.

Previous studies in humans and experimental
animals showed that the initial symptoms of nephro-
toxicity following chronic Cd exposure, with



Biometals (2010) 23:897-926

915

dysfunction of PT, such as tubular (low MW)
proteinuria, aminoaciduria, and glucosuria, occur
when the level of accumulated Cd in the renal tissue
reaches a “critical” concentration. This concentration
seems to be species-dependent; for humans, it is
estimated at ~200 pg Cd/g tissue, and for rats and
mice at 150-250 pg/g tissue (reviewed in Nomiyama
1980). However, a comparison between the three
different models of Cd-induced nephrotoxicity in
rats, e.g. a chronic treatment with CdCl,, a chronic
treatment with small doses of CAMT, and an acute
treatment with a high dose of CdMT, revealed that
the symptoms of renal injury in chronic models
appeared at high concentration of both Cd (85-
110 pg/g) and MT (400-600 pg/g) in the renal tissue,
whereas in the acute model, it appeared at very low
Cd (5-7 pg/g) and MT (40 pg/g) (Liu et al. 1998).
Using these data, one can easily calculate that in the
chronic model, the concentration of free Cd equiv-
alents exceeds the concentration of Cd bound to MT
molecules by ~ 80%, whereas in the acute model, the
concentration of free Cd equivalents exceeds the
concentration of Cd bound to MT by only ~35%.
These data clearly support the sequestering and
protective role of the newly synthesized MT during
chronic Cd intoxication, and that Cd may become
toxic in overloading conditions only, e.g., after a
certain amount of free Cd overcomes the buffering
capacity of cytoplasmic MT. Further Cd-related
developments of oxidative stress and intracellular
events in the mammalian kidneys have been reviewed
in more detail previously (Shaikh et al. 1999;
Thevenod 2003; Sabolic 2006; Klaassen et al. 2009;
Liu et al. 2009; Thevenod 2009).

Metallothionein in the urine

MT in the urine is closely linked to urine Cd which
exists mainly as CAMT. Again, different methods of
determination and quantification in different studies
gave very different levels of urinary MT. When
measured by the same laboratory with a RIA assay, in
non-smoking humans, Cd in the urine seems to be
related to Cd intake, age and sex (Tohyama et al.
1981a; Olsson et al. 2002; Omarova and Phillips
2007). Thus, the control middle-aged human males
had urine MT of ~ 150 pg/g creatinine; this param-
eter was ~ 1.2-fold higher in the long-term smelter

workers (Tohyama et al. 1981a), and ~2.6-fold
higher in an older female population living in a non-
polluted area (Tohyama et al. 1981b). However,
much higher values of urine MT were found in a
population living in a Cd-polluted area and in Cd-
intoxicated patients with “itai-itai” disease (Tohyama
et al. 1981b; reviewed in Nordberg and Nordberg
2009).

Some studies in experimental animals and humans
have suggested that urine Cd might represent a
marker for total Cd body burden. However, recent
studies in mice chronically treated with low, envi-
ronmentally relevant concentrations of Cd in drinking
water, showed that the urinary Cd levels can not be
correlated with either blood, liver or kidney Cd
content; rather, the kidney Cd content may be a
reliable indicator of the total body burden in chronic
Cd exposure (Thijssen et al. 2007). On the other side,
recent studies in humans have indicated urine MT as
a more perspective indicator/biomarker for monitor-
ing environmental and/or occupational Cd-exposure
and associated kidney damage. In some studies, urine
MT correlated well with the Cd concentration in the
kidney tissue but not with that in the blood (Tohyama
et al. 1981b; Nordberg et al. 1982; Roels et al. 1983).
Moreover, urine MT in humans exhibited sex differ-
ences (females > males), which also correlated with
the urine concentrations of Cd and Zn (Folch et al.
1998). However, a more recent study in a Chinese
population by Chen et al. (2006a, b, c) showed an
excellent correlation of urine MT with blood and
urine Cd in non-smokers and cigarette-smokers in
occupationally non-exposed and exposed groups,
which suggests that urinary MT could reflect the
increase of Cd body burden, and that MT can be a
better indicator/biomarker of renal dysfunction than
commonly used urinary beta-2-microglobulin (Chen
et al. 2006b).

The experiments in Cd-treated rats showed that the
urine MT gradually increased with the duration of
treatment (Shaikh and Hirayama 1979; Tohyama and
Shaikh 1981; Tohyama et al. 1981a; Sugihira et al.
1986). However, while the urine CdAMT in Cd-treated
animals and environmentally or occupationally Cd-
exposed humans may originate from the damaged
tubule epithelium (that underwent apoptosis and/or
necrosis), the source of MT in non-exposed animals
and people is less clear. This source may be MT
complexes with Zn, Cu, or Cd that are: (a) filtered
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from the blood, but escaped endocytosis along the
nephron, (b) released from tubule cells due to higher
membrane permeability caused by ROS generated
during normal metabolism, (c) released from tubule
cells that underwent apoptosis driven by the normal
cell cycle (senescent cells?), (d) released during
shedding of the cell membrane as a result of a
continuous membrane remodeling, and (e) released
by one of the nonclassical modes of protein secretion,
such as membrane blebbing and formation of
exosomes (reviewed in: Nickel 2003; Lynes et al.
2006; Knepper and Pisitkun 2007). None of these
potential sources of urine MT have been studied in
more detail. As mentioned previously (c.f. Fig. 6),
PT cells in adult rats were stained for MT with
heterogeneous intensity, and many cells or whole
tubule profiles showed no staining at all. However,
our unpublished immunocytochemical study of MT
in cryosections of adult rat kidneys detected in the
lumen of some MT-rich convoluted PT distinct,
droplet-like formations that were strongly positive
for MT (Fig. 9). These MT droplets were variable in
size (diameter 0.5-5 pm), and seemed to be extruded
from the cell apical domain; some droplets were
detached (arrowheads), and some were still connected
to the cell (arrows) (Fig. 9A, B). A similar MT-positive
material in the PT lumen was previously described in
rats (Danielson et al. 1982a, b; Tohyama et al. 1988),
but the phenomenon has attracted no further atten-
tion. The fixation and staining techniques in our
(p-formaldehyde-lysine-periodate (PLP) fixation in

vivo and indirect immunofluorescence staining in
frozen tissue sections) and in previous studies
(fixation in Bouin’s or 10% buffered formalin fixative
by immersion and staining by immunoperoxidase
method in paraffin sections) were different, thus
indicating that the MT-positive material in the PT
lumen was not related to specific fixation and/or
staining artefacts. Furthermore, in our studies, in the
Iumen of lower nephron segments, MT droplets were
absent (not shown). These data thus indicate that the
MT droplets may have been extruded from the
MT-rich cells of the cortical PT (c.f., Fig. 6E), and
became more fragmented/dissolved during the pas-
sage through more distal nephron segments. We thus
assume that in intact animals these MT droplets
(exovesicles) may form and are released during
constitutive remodelling of the cell apical membrane,
and may be precursors of some exosomes and source
of MT in the urine. The phenomenon, that the MT
droplet formation may be associated only with the
cells that exhibited a high content of cytoplasmic MT,
indicates that the process may be somehow regulated,
and possibly induced in order to remove/secrete a
part of the over-accumulated MT (as apo-MT, ZnMT,
CdMT, or some other complex with toxic metals).
This kind of MT secretion may resemble that
described in the cell lines of human intestinal
enterocytes (Moltedo et al. 2000) and mouse adipo-
cytes (Trayhurn et al. 2000). In the tubule fluid along
the nephron, apo-MT may play a protective role as a
metal and ROS scavenger.

Fig. 9 MT droplets in some PT profiles of the rat kidney
cortex. MT-rich droplets appear as free formations in the tubule
lumen (A and B, arrowheads) or as formations still connected
to the tubule cell apical domain (A and B, arrows). According
to the immunocytochemical presentation in (B), where the PT
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were double stained for MT (red fluorescence) and megalin
(green fluorescence in brush-border membrane), the MT
droplets may be formed by expulsion (exocytosis) of the
MT-rich content from the cells that contained a high amount of
MT in their cytoplasm (arrows)
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Metallothionein in Cd-induced toxicity in male
and female reproductive tracts

In adult male rats, acute or chronic treatment with
CdCl, induces toxic effects on reproductive organs,
such as a reduction in size and mass of the testes,
epididymides and seminal vesicles, and loss of
reproductive potency; Cd causes vascular damage
and necrosis of seminiferous tubules, and directly
interferes with specific secretory functions in the
reproductive tract epithelium (Nordberg 1975; Las-
key et al. 1984; Herak-Kramberger et al. 2000, and
references there in; Siu et al. 2009). The role of MT
in Cd-induced damage of the male reproductive
organs is, however, questionable. In a few in vitro
studies, in an established Leydig cell line treated with
Zn or Cd (Shiraishi et al. 1995) and in freshly isolated
testicular interstitial, Sertoli and spermatogenic cells
from Cd-treated rats (McKenna et al. 1996; Ren et al.
2003a, b), no significant upregulation of MT and its
mRNA synthesis was observed. Furthermore, the
overexpression of MT-1 in TG mice did not protect
from Cd-induced testicular necrosis and reduced
fertility (Dalton et al. 1996a). Rather, Cd effects in
mice were largely strain-dependent due to genetically
determined expression of the Cd transporter ZIP-8,
and not due to the MT phenotype (Taylor et al. 1973;
Liu et al. 2001; Dalton et al. 2005). In the female
reproductive tract, however, Cd treatment in rats
resulted in estrogen-like, proliferative effects (John-
son et al. 2003), whereas in rabbits and mice, it
caused degenerative changes in various parts of the
reproductive tract and reduced pregnancy rate (Dal-
ton et al. 1996a; Massany et al. 2007). The impaired
reproduction was present also in Cd-treated TG, MT-
1-overexpressing female mice (Dalton et al. 1996a).
Therefore, it seems that in both male and female
reproductive tracts MT plays no significant role in
fighting Cd-induced injury, but this problem needs
further testing.

Metallothionein in other Cd toxicity-related
diseases in mammalian organs

Long-term exposure to Cd in humans and experi-
mental animals leads to accumulation of the metal in
bones, more prominently in females, and accelerates
loss of Ca®" from the bones and its excretion in the

urine, thus increasing the risk of kidney stones,
osteomalacia and osteoporosis (reviewed in: Nomiy-
ama 1980; Jiarup et al. 1998; Kazantzis 2004;
Bhattacharyya 2009; Nordberg 2009). Cd-treatment
of rats was shown to upregulate MT-1/MT-2 proteins
and mRNA in bone cells (Oda et al. 2001). Other
studies have shown that MT plays an important
protective, anti-osteoporotic role in Cd intoxication,
as confirmed in Cd-treated MT-null mice, in which
the bone density strongly decreased due to acceler-
ated release of Ca>* (Habeebu et al. 2000b; reviewed
in Bhattacharyya 2009). This contemporary health
problem in human society, especially among women,
requires highest attention. Furthermore, chronic envi-
ronmental or experimental exposure to Cd in humans
and animals is manifested by anemia and impaired
immunity (reviewed in: Nomiyama 1980; Klaassen
et al. 2009). In causing these symptoms, Cd can affect
the hematopoietic cells directly or their production.
The mammalian red blood cells, lymphocytes, and
platelets contain a limited amount of Cd-inducible
MT (Sagiura and Nakamura 1994; Rahman et al.
2000; Lu et al. 2005); in Cd-treated rats, a parallel
accumulation of Cd and MT was observed in
hematopoietic cells in bone marrow, thymus and
spleen (Yamano et al. 1998). The hematotoxic and
immunotoxic effects of Cd were much worse in MT-
I/MT-2-null mice than in WT mice, indicating that
MT in hematopoietic tissues plays a role similar to
that in the liver and kidneys, e.g., protection from
oxidative stress (Liu et al. 1999a, b).

As found by Chen et al. (2001), TG mice with
overexpression of MT in pancreatic beta-cells exhibit
less severe streptozotocin-induced diabetes, and
reduced DNA damage. However, epidemiological
surveys in humans, and experimental studies in
rodents, have shown that patients with type 2 diabetes
and streptozotocin-induced diabetic rats develop
more severe Cd-induced nephropathy than the non-
diabetic patients or animals (reviewed in: Jarup et al.
1998; Edwards and Prozialeck 2009). On the other
side, treatment of rats with streptozotocin resulted in
an increased MT synthesis in the liver and kidneys,
which gave a significant protection against acute
CdMT-induced nephrotoxicity (Jin et al. 1996).

Recent epidemiological studies in humans showed
that Cd-exposed patients with a higher prevalence of
kidney dysfunction contain anti-MT antibodies in
their blood plasma, and that these antibodies could be
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used as a biomarker for severity of this condition
(Chen et al. 2006a, c¢). The anti-MT antibodies in the
diabetic plasma could diminish the antioxidative
function of MT in blood and other organs, including
kidneys, by an unknown mechanism.

MT plays a major protective role in ischemia—
reperfusion injury of the heart; the postischemic
recovery of functional characteristics in isolated heart
from MT-TG animals was increased compared to that
from non-TG animals (Kang et al. 1999). Moreover,
Cd administration in rats caused an upregulation of
the MT content in the heart (Bobillier-Chaumont
et al. 2006), and this condition also provided
cardioprotection against ischemia—reperfusion injury
(Devaux et al. 2009). The studies indicate that
upregulation of MT in the heart may be an important
protective mechanism against ROS-mediated cell
damage in Cd intoxication and ischemia—reperfusion.
This, potentially important role of MT in the
pathophysiology of ischemic heart disease in humans,
has not been sufficiently studied.

A number of epidemiological and experimental
data indicate that chronic exposure to Cd in humans
and animals can be associated with cancerogenesis,
primarily in the lung, but possibly also in the prostate,
kidneys, breast, urinary bladder, testis, pancreas,
stomach and hematopoietic system (reviewed in:
Waalkes 2000; Huff et al. 2007). The cellular and
molecular mechanisms of Cd-induced carcinogenesis
have been reviewed elsewhere (Waisberg et al. 2003;
Liu et al. 2009; Joseph 2009). As already mentioned,
mice having a higher content of MT in the lungs
exhibited less Cd-induced toxicity and a lower
incidence of lung cancer than rats expressing less
MT (Kenaga et al. 1996; McKenna et al. 1998),
whereas Cd-treated MT-null mice exhibited an
increased incidence of hepatic carcinoma in compar-
ison with WT mice (Habeebu et al. 2000a; reviewed in
Klaassen et al. 2009). In these cases, sequestering Cd
and scavenging ROS during Cd-induced oxidative
stress may be the major role of MT, and these
functions protect from triggering further events, such
as activation of oncogenes, stress-response genes and
transcription factors, and inhibition of DNA damage
repair, which finally lead to apoptosis (programmed
cell death) or uncontrolled cell proliferation (reviewed
in: Waisberg et al. 2003; Liu et al. 2009; Joseph
2009). However, various human tumors (not associ-
ated with Cd-exposure), particularly their metastases,

@ Springer

frequently exhibit over-expression of MT, but the
underlying mechanisms for this phenomenon are not
known. The upregulation of MT in cancer cells may
be a compensatory mechanism in combating oxidative
stress, which is usually present in this fast-growing
and hypoxic tissue, and which can make the cells
apoptosis-resistant (Qu et al. 2006; Somji et al. 2006,
and references therein). Yet, in different studies very
different findings for the relative number of MT-
positive and MT-negative (unstained) cells were
reported even in the same types of cancers, and the
correlation between the levels of MT expression in
cancer tissues and the degree of malignancy or drug
and radiation resistance, was also contradictory
(Theocharis et al. 2003). For humans, this very
important field of medicine should be studied with
the innovative experimental approaches.
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