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Abstract
The discovery of the cadmium (Cd)-binding protein from horse kidney in 1957 marked the birth of
research on this low-molecular weight, cysteine-rich protein called metallothionein (MT) in Cd
toxicology. MT plays minimal roles in the gastrointestinal absorption of Cd, but MT plays important
roles in Cd retention in tissues and dramatically decreases billiary excretion of Cd. Cd-bound to MT
is responsible for Cd accumulation in tissues and the long biological half-life of Cd in the body.
Induction of MT protects against acute Cd-induced lethality, as well as acute toxicity to the liver and
lung. Intracellular MT also plays important roles in ameliorating Cd toxicity following prolonged
exposures, particularly chronic Cd-induced nephrotoxicity, osteotoxicity, and toxicity to the lung,
liver, and immune system. There is an association between human and rodent Cd exposure and
prostate cancers, especially in the portions where MT is poorly expressed. MT expression in Cd-
induced tumors varies depending on the type and the stage of tumor development. For instance, high
levels of MT are detected in Cd-induced sarcomas at the injection site, whereas the sarcoma
metastases were devoid of MT. The use of MT-transgenic and MT-null mice has greatly helped
define the role of MT in Cd toxicology, with the MT-null mice being hypersensitive and MT-
transgenic mice resistant to Cd toxicity. Thus, MT is critical for protecting human health from Cd
toxicity. There are large individual variations in MT expression, which might in turn predispose some
people to Cd toxicity.
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Introduction
Cadmium (Cd) is an environmental pollutant ranked eighth in the Top 20 Hazardous
Substances Priority List (http://www.atsdr.cdc.gov, ATSDR, 1999), and human activity has
markedly increased the distribution of Cd in the global environment. Food is the major source
of Cd exposure for the general population, and cigarette smoking significantly adds to the body
burden of Cd (Jarup et al., 1998; Klaassen et al., 1999). Occupational exposures are mainly
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from Cd fume inhalation, cadmium-nickel battery industry, electroplating, and paint pigments
(ATSDR, 1999; Liu et al., 2007).

Cd is toxic to a number of tissues. Acute Cd poisoning causes pulmonary edema, hemorrhage,
fulminate hepatitis, testicular injury, and lethality; whereas prolonged exposure to Cd produces
nephrotoxicity, osteotoxicity, and immunotoxicity (ATSDR, 1999; Liu et al., 2007). Cd is also
classified by IARC as a human carcinogen causing tumors of the lung, prostate, injection site,
and other tissues (Waalkes, 2003).

Most of Cd in the body is bound to a small, cysteine-rich, metal-binding protein called
metallothionein (MT) (Klaassen et al., 1999; Nordberg, 2004). MT was first discovered in 1957
as a Cd-binding protein in horse kidney (Margoshes and Vallee, 1957), and numerous studies
have been conducted thereafter to determine the function of MT in Cd toxicology (Klaassen
et al., 1999). MT is easily induced by Cd and various metal ions, as well as by other stimuli
(Kagi and Schaffer, 1988). Cd toxicity can be ameliorated by various MT inducers, particular
by Zn (Klaassen et al., 1999; Waalkes, 2003). The use of MT-transgenic and MT-null mouse
models greatly facilitated research on the role of MT in Cd toxicology (Klaassen and Liu,
1998).

In this mini-review, the role of MT in Cd toxicology is briefly discussed from toxicokinetics
to toxicodynamics, and from acute toxicity to carcinogenesis (Table 1). The individual human
variations in MT will also be briefly discussed, as people with low expression of MT might be
susceptible to Cd toxicity.

MT in Cd disposition
Cd absorption from the gastrointestinal tract is the main route of Cd exposure in humans. In
laboratory animal studies, the fraction of Cd that is absorbed from the gastrointestinal tract is
low, but increases with dose. For example, Cd absorption rate increased from 0.4% to 1.65%
of the dose as the dose increased (Lehman and Klaassen, 1986). Further studies using in situ
intestinal loops confirmed these in vivo observations, as the percentage of the Cd dosage
absorbed ranged from 0.1% at 0.1 μg Cd/kg to 3.4% at 10,000 μg Cd/kg dosage (Goon and
Klaassen, 1989). Intestinal content of MT was increased 25-fold by zinc, and over 90% of Cd
in the intestinal cytosol was bound to MT. However, induction of intestinal MT by zinc does
not affect intestinal Cd absorption (Goon and Klaassen, 1989). Thus, intestinal MT does not
appear to be a major determinant for the dosage-dependent absorption of Cd. The minimal role
of MT in Cd absorption from the gastrointestinal tract was further confirmed in studies using
MT overexpressing transgenic mice (Liu and Klaassen, 1996) and with MT-null mice (Liu et
al., 2001). Whereas Cd accumulation in the duodenium of MT-null mice and rats fed high Cd
diets does not appear to be MT-dependent, it is affected by a marginal supply of iron (Park et
al., 2002). A diet low in iron increases the expression of the divalent metal transporter 1
(DMT1), which transports iron. Unfortunately, DMT1 also transports Cd.

Although MT plays a limited role in the initial distribution of Cd to various tissues (Liu et al.,
1996a; Liu et al., 2001), the retention of Cd in various tissues is MT-dependent. Cd mainly
accumulates in kidney and liver, where high MT levels are found. Induction of hepatic MT
almost abolishes biliary excretion of Cd (Klaassen, 1978), and renal Cd concentration is
proportional to renal MT levels (Liu et al., 1996a; Jarup et al., 1998). The accessibility of Cd
to brain is dependent on the age of the animal (Wong et al., 1980; Wong and Klaassen,
1982). The brain of newborn animals is permeable to Cd which decreases with age, probably
due to increased MT expression and blood brain barrier maturation (Choudhuri et al., 1996).
Nonetheless, MT plays an important role in tissue Cd retention, and is responsible for the long
biological half-life of Cd in the body.
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Cd is non-biodegradable and redox inert as compared to other transition metals, such as iron
or copper. Little is known about Cd biotransformation except its conjugation with sulfhydryl
groups, such as MT and glutathione. The Cd-MT complex is mainly formed in the liver,
released into the blood, and transported to the kidney (Klaassen et al., 1999; Nordberg,
2004). Molecules other than MT, such as albumin, cysteine, glutathione, and sulfhydryl-rich
proteins, can also form associations with Cd. Cd uptake is mediated by transport proteins such
as DMT1, metal transport protein 1, calcium channel proteins, and the 8-transmembrane zinc-
related iron-related protein (ZIP8) to reach the target tissues. Alteration of transport protein
expression can impact cellular Cd uptake and accumulation, and in turn impact Cd toxicity
(Zalups and Ahmad, 2003; Dalton et al., 2005; Leslie et al., 2006).

MT in acute Cd poisoning
The most intriguing finding of the role of MT in Cd toxicity came from the observation that
pretreatment of animals with a low dose of Cd renders animals highly tolerant to Cd-induced
lethality (Goering and Klaassen, 1983). In wild-type and MT-null mice given increasing doses
of Cd, the remarkable acquired tolerance to Cd lethality is evident in wild-type mice, with a
7-fold difference in LD50 values, but such tolerance did not happen in the MT-null mice (Park
et al., 2001), indicating the critical role for MT as a major protein in protecting acute Cd
poisoning.

Liver is the major target organ of toxicity following acute Cd poisoning, and Cd hepatotoxicity
is the major cause of acute Cd lethality (Goering and Klaassen, 1983). Acquired tolerance to
acute Cd hepatotoxicity depends on the presynthesized MT in the liver, which functions to
sequestrate Cd in the cytosol, with concomitant reduction of the amount of Cd available for
other critical organelles (Goering and Klaassen, 1984). This scenario was further confirmed
with many studies with various MT-inducers (Klaassen et al., 1999), and with MT transgenic
animals. In all of these models of MT overexpression, mice were protected against acute Cd
lethality and hepatotoxicity (Liu et al., 1995), whereas the mice deficient in MT protein shows
marked sensitivity to Cd (4.6 mg/kg)-induced liver injury (Figure 1a, Liu et al., 1996b).

Acute exposure to Cd fumes or aerosols produces pulmonary edema and hemorrhaging,
followed by inflammation, scarring, fibrotic changes and carcinogenesis (ATSDR, 1999;
Waalkes, 2003). Pre-exposure of rodents to low doses of Cd aerosols produced a 50-fold
increases in MT in the lungs, and protection from subsequent high doses of Cd-induced
pulmonary inflammation (Hart et al., 1989). Intratracheal instillation of Cd to mice at a dose
known to increase pulmonary MT (Prozialeck, personnel communication), decreased the
amount of E-cadherin in the alveoli epithelial cells and VE-cadherin in vascular endothelial
cells (Pearson et al., 2003). A high dose of Cd (65 nmoles in 50 μl saline) could saturate
endogenous pulmonary MT, and free Cd in turn produces the vascular damage in the lung
(Pearson et al., 2003).

Testis is a major target for acute Cd toxicity in experimental animals (ATSDR, 1999). The
onset of Cd toxicity in the testes is rapid. The testes first become swollen, followed by
congestion and edema, and extensive hemorrhage and necrosis occur within 24 hr after Cd
injection. There is a dramatic mouse strain-dependent susceptibility to Cd-induced testicular
injury (Taylor et al., 1973). In sensitive strains (e.g., 129/SVIM, AKR/J, DBA/1J, and C57BR/
J), a small dose of Cd causes testicular necrosis, even in the absence of overt toxicity to other
organs, whereas in resistant strains (e.g., Balb/C, C3H/HeJ, A/J, and C57BL/6J), Cd does not
produce visible testicular damage even at the lethal doses (Taylor et al., 1973; Liu et al.,
2001). Further studies using microarray analysis of Cd-exposed testes from Cd-sensitive/
resistant mouse strains and the MT-null mice indicates that it is the genetic background and
not the MT phenotype that dictates sensitivity to cadmium-induced testicular injury (Liu et al.,
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2001). It is proposed that the expression of the Cd transporter ZIP8, which is encoded by the
Slc39a8 gene, is responsible for the strain-difference in Cd-induced toxicity in mouse testis
(Dalton et al., 2005; Hei, et al, in this issue). The T-type calcium channel protein has also been
suggested in the transport of Cd, because MT-null cells cultured with increasing concentrations
of Cd, they also had a decreased Cd uptake and retention in the cells and decreased expression
of the calcium channel protein (Leslie et al., 2006). Thus, in contrast to other organs, MT plays
a minimal role in Cd testicular injury.

MT in chronic Cd toxicity
Kidney is a major target following chronic Cd exposure (Jarup et al., 1998). It has been long
thought that Cd-induced nephrotoxicity is mediated by the Cd-MT complex. The induction of
MT by Cd and the subsequent sequestration of Cd by MT protects tissues from Cd toxicity.
However, the Cd-MT complex is acutely nephrotoxic after i.v. injection to experimental
animals (Nordberg et al., 1975). In this scenario, Cd-MT is formed in the liver in response to
Cd exposure, and is released into the blood stream from damaged hepatocytes. Cd-MT complex
in the blood is then filtered by the kidney and taken up into proximal tubule cells, where it is
degraded, releasing locally high levels of “free” Cd to produce tubular injury. This scenario
was held for three decades, until it was recently challenged by two lines of experimental data:
first, MT-null mice, which are unable to produce MT and thus to form the Cd-MT complex,
are hypersensitive to chronic Cd nephropathy (Liu et al., 1998a), even though the accumulation
of Cd in the kidneys was only 7% of that in wild-type mice (10 vs 140 μg/g); second, kidney
pathology from a single injection of Cd-MT differs greatly from that induced by chronic oral
Cd ingestion (Liu et al., 1998b). Indeed, Cd salts are taken into the kidney from the basolateral
membrane, not only from the luminal side (Zalpus, 2000; Zalups and Ahmad, 2003) in the
absence of Cd-induced hepatotoxicity. Thus, Cd-induced nephrotoxicity is not necessarily
mediated through the Cd-MT complex. In cultured renal cells, cytotoxicity of Cd-MT is much
less than CdCl2, corresponding to less Cd uptake and accumulation from Cd-MT than from
CdCl2 (Prozialeck et al., 1993; Liu et al., 1994). In animals chronically exposed to CdCl2 or
CdMT for 10 months, CdMT showed less nephrotoxicity than CdCl2, with less renal Cd
accumulation in kidneys (Groten et al., 1994). Thus, Cd nephrotoxicity appears to have a
similar mechanism of action as Cd hepatotoxicity, that is, it is due to accumulation of inorganic
Cd, rather than CdMT.

Itai-Itai disease was caused by long-term exposure to Cd in the Toyama Prefecture in Japan.
Patients with Itai-Itai disease showed various symptoms, including nephropathy, osteomalacia,
anemia, and severe pain (ATSDR, 1999; Bhattachayya, this issue). Bone demineralization
begins soon after Cd exposure, well before the onset of kidney injury (Wang et al., 1994). Cd
exposure in conjunction with calcium deficiency, pregnancy, and lactation are key etiologic
factors for Itai-Itai disease (Wang et al., 1994). MT is induced in rat bones soon after Cd
exposure, mainly in osteocytes (Oda et al., 2001; Regunathan et al., 2003). MT-null mice are
hypersensitive to Cd-induced osteotoxicity, including bone mass loss, reduction in bone
calcium content, decreases in bone density, increased osteoid seams, and expansion of
hyperplastic bone marrow into metaphyseal cortical bone (Habbebu et al., 2000a; Regunathan
et al., 2003). Thus, MT plays a protective role in Cd osteotoxicity, as it does in other tissues.

Anemia and immune dysfunction seen in the Itai-Itai patients and are major toxic
manifestations following long-term exposure to Cd in humans and laboratory animals
(ATSDR, 1999). Liver, spleen, and bone are important hematopietic organs, which are also
targets of Cd exposure (Klaassen et al., 1999). Thus, it is not surprising that mice deficient in
MT are more sensitive than wild-type mice to Cd-induced anemia and immunotoxicity (Liu et
al., 1999). On the other hand, blood MT is non-protective, and may act as a “danger signal” to
cellular damage (Lynes et al., 2006). For example, blood MT has effects both on the severity
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of autoimmune disease, and on the development of adaptive immune functions (Lynes et al.,
2006). Mice deficient in MT displayed a significantly higher humoral response to challenge
with ovalbumin compared to wild-type controls. Overall circulatory immunoglobulin levels
are also substantially higher in MT-null mice than in wild-type mice (Crowthers et al., 2000).

Liver is a major target organ of Cd toxicity following acute exposure (Figure 1a), but also a
target of chronic Cd toxicity following chronic CdCl2 (0.1 mg/kg s.c. for 10 weeks, Figure 1b,
Habbebu et al., 2000b). In wild-type mice, hepatic Cd concentrations increase in a dose- and
time-dependent manner, reaching 400 μg Cd/g liver by 10 weeks of exposure to inorganic Cd,
along with a 150-fold increase in hepatic MT concentrations, whereas in MT-null mice, hepatic
Cd concentrations were less than 10 μg Cd/g liver. Despite the lower accumulation of Cd in
livers of MT-null mice, the maximum tolerated dose of Cd was only 1/8 of that for wild-type
mice, and liver injury was more pronounced. Repeated administration of CdCl2 to the MT-null
mice produced nonspecific chronic inflammation in the parenchyma and portal tracts, and
higher doses produced granulomatous inflammation and preneoplastic proliferative lesions in
MT-null mice (Figure 2, Habeebu et al., 2000b). Apoptosis and mitosis occurred concomitantly
in liver following repeated Cd exposure, and more apoptosis is seen in MT-null mice at the
dose of 0.1 mg Cd/kg for 10 weeks than wild-type mice that received the same dose of Cd
(Figure 1b, Habbebu et al., 2000b). Thus, intracellular MT is an important protein protecting
against chronic Cd-induced liver injury.

MT in Cd carcinogenesis
Cd is classified as a human carcinogen, causing tumors of the lung, prostate, testes, and the
injection site (Waalkes, 2003). Cd-induced lung cancer in rats was first reported two decades
ago (Tanaka et al., 1983), however, the role of MT in Cd-induced lung cancer is not known.
Inhalation of an atmosphere containing 1.6 mg Cd/m3 for 4 weeks (3 hr/day, 5 days/week)
exhibited pulmonary tolerance when challenged with a single 3-hr acute exposure to 8.4 mg
Cd/m3 (Hart et al., 1989). This may be a consequence of increased thiol-containing antioxidants
including MT and glutathione and these Cd-adapted cells were less efficient at repairing
oxidative DNA damage (Hart et al., 2001). Using lesion-specific enzymes in the comet assay
(formamidopyrimidine DNA glycosylase (Fpg) for 8-oxoguanine repair and endonuclease III
for repairing oxidized pyrimidines), adaptation to Cd results in impaired repair of both Fpg-
and endonuclease III-sensitive lesions, as compared with non-adapted lung cells in response
to hydrogen peroxide exposure. Both enzyme activities in whole cell extracts were also
inhibited by Cd (Hart et al., 2001). Cd-adapted cells may escape apoptosis and proliferate with
DNA lesions, potentially leading to carcinogenesis (Waalkes et al., 2003).

An association between human and rodent Cd exposure and prostate cancer has been suspected
(Waalkes, 2003). There are indications that MT is poorly expressed in the specific lobe of the
rat prostate in which Cd induces tumors, potentially indicating a basis for regional sensitivity
(Waalkes et al., 1989). Repository injections of Cd also induces local sarcomas, and repeated
Cd injections enhance the malignant progression of ensuring sarcomas in rats (Waalkes et al.,
2000). MT expression in Cd-induced tumors varies depending on the type and the stage of
tumor development. For instance, high levels of MT are detected in Cd-induced sarcomas at
the injection site, whereas the sarcoma metastasis was devoid of MT (Waalkes et al., 2000).
Thus, poor expression of MT clearly enhances the carcinogenic potential of Cd.

Deficiency in MT predisposes the MT-null mice to Cd hepatotoxicity following chronic
exposures, including increased preneoplastic lesions in MT-null mice (Habeebu et al.,
2000b). Indeed, MT-null mice were more sensitive than wild-type mice to Cd-induced
hepatocarcinogenesis at 2 years. The liver tumor incidences are increased from 4.5% (control),
to 20% (1 μmol Cd/kg) and 40% (5 μmol or 0.92 mg Cd/kg), after a single s.c. injection
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(Waalkes and Liu, 2009), indicating a generalized protective role of MT in Cd carcinogenesis.
Figure 2 illustrates representative liver tumors produced by Cd in MT-null mice, including
hepatocellular adenoma (D), and a trabecular hepatocellular carcinoma (F) in MT-null mice 2
years after receiving a single s.c. injection of Cd.

Conclusions and perspectives
The protective role of MT against Cd toxicity has been unequivocally established, not only for
acute Cd poisoning, but also for chronic Cd toxicity, and Cd carcinogenesis. The only exception
is Cd-induced testicular injury, where the genetic factors involved in Cd transport appear to
dictate the testicular sensitivity to the metal.

MT functions in Cd detoxication primarily through the high affinity binding of the metal to
MT, thus sequestration of Cd away from critical macromolecules. Other proposed functions
of MT, such as maintaining essential metal (zinc) homeostasis, scavenging reactive oxygen
species, regulating gene expression and tissue regeneration (Cherian and Kang, 2006), could
all contribute to MT protection against Cd.

In humans, for reasons that are not fully understood, there are large individual variations in
MT expression (Onosaka et al., 1986; Allan et al., 2000; Wu et al., 2000; Liu et al., 2007). For
example, MT protein levels in human liver without any pathology varied from 1 to 104 μg/g
tissue, and a 100-fold difference in the mRNA levels has been reported (Wu et al., 2000; Liu
et al., 2007). Polymorphisms in the human MT-2A gene can limit MT expression (Kita et al.,
2006). Low MT expression theoretically would predispose people to Cd toxicity (Nordberg,
2004). The susceptible population of Guizhou, China to arsenic exposure were shown to have
reduced MT expression (Liu et al., 2007). Thus, inter-individual differences in MT could alter
the susceptibility of humans to the toxicity of Cd. More research is required to test this important
hypothesis.
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Figure 1.
Susceptibility of MT-null mice to Cd liver injury and hepatocarcinogenesis. A: Wild-type and
MT-null mice were given a s.c. injection of CdCl2 at the dose of 25 μmol (4.6 mg) Cd/kg, and
liver injury was evidenced 24 hr later by increased serum ALT activity (modified from Liu et
al., 1996); B: Wild-type and MT-null mice were given repeated s.c. injections of CdCl2 at the
dose of 0.1 mg/kg for 10 weeks, and liver injury was evidenced by increased liver parenchyma
cell apoptosis; C: Wild-type and MT-null mice were given a single s.c. injection of CdCl2 at
the dose 5 μmol (0.92 mg) Cd/kg, and increased liver tumor incidence was only evident in MT-
null mice after 2 years (modified from Waalkes and Liu, 2009).
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Figure 2.
Representative photographs of Cd-induced preneoplastic and neoplastic lesions in MT-null
mice. The granuloma (A) and bizarre multinucleate giant cells (B–C) from the liver of the MT-
null mice received null mice were given repeated s.c. injections of CdCl2 at the dose of 0.1
mg/kg for 10 weeks (Modified from Habbebu et al., 2000); A hepatocellular adenoma(D),
right-light color and normal liver on left -dark color) and a trabecular hepatocellular carcinoma
(E) in MT-null mice received a single s.c. injection of CdCl2 at the dose 5 μmol (0.92 mg) Cd/
kg for 2 years.
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Table 1
A brief summary on the role of metallothionein in cadmium toxicology

Biological function Experimental system Major observation parameters Role of MT Representative references

Disposition

 Aborption Rats and in situ intestinal
loop

Dose-dependent Cd absortion 0 - + Lehman and Klaassen,
1986; Goon and Klaassen,
1989

MT-TG and MT-null
mice

Dose-dependent Cd absortion 0 - + Liu and Klaassen, 1996; Liu
et al., 2001

 Retention MT-null mice Accumulation in kidney, liver ++++ Liu et al., 1996; Klaassen et
al., 1999

 Excretion Rat bile-duct cannulation Cd biliary excretion ++++ Klaassen, 1978

 Conjugation In vivo and in vitro Cd-MT, Cd-Cys, Cd-GSH for
transport

++ Norbderg, 2004; Zalups and
Ahmad, 2003

Acute Toxicity

 Lethality Rats and MT-null mice Pretreatment and/or repeated dose ++++ Goering and Klaassen,
1983; Park et al., 2001

 Hepatotoxicity Rats and MT-transgenic
mice

ALT and histology ++++ Goering and Klaassen,
1984; Liu et al., 1995, 1996

 Pulmonary toxicity Intact animals Histology and biochemistry +++ Hart et al., 1995; Pearson et
al., 2003

 Testicular toxicity Rat and MT-null mice/
cells

Histology and biochemistry 0 - + Waalkes et al., 1988; Liu et
al., 2001; Leslie et al., 2006

Chronic Toxicity

 Nephrotoxicity Rats and MT-null mice Histology and biochemistry ++++ Liu et al., 1998a;1998b

Renal cells and intact
animals

CdMT is less toxic than CdCl2 ++ Prozialeck et al., 1993;
Groten et al., 1994

 Osteotoxicity Rats and MT-null mice Bone mass and calcium ++++ Wang et al., 1994; Habeebu
et al., 2001

 Immunotoxicity MT-null mice Histology and biochemistry ++++ Liu et al., 1999

Extracellular CdMT T-cell and antibody production ++ Lynes et al.,
2006;Growthers et al., 2000

 Liver injury MT-null mice Inflammation, apoptosis, proliferation +++ Habeebu et al., 2000b

Carcinogenecity

 Prostrate Cancers Rats and mice Susceptibility and regional MT +++ Waalkes et al., 1989; 2004

 Lung cancer Rats, mice and human Histology and MT detection +++ Tenaka et al., 1993; Hart et
al., 1989

 Liver Cancer MT-null mice Histology +++ Waalkes and Liu, 2009

Symbols for roles of MT: 0, no effect; +, minimal; ++, mild; +++, significant; ++++, dramatic
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