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Abstract Cadmium is an environmental pollutant,
with relevant exposures at workplaces and in the
general population. The carcinogenicity has been
long established, most evident for tumors in the lung
and kidney, but with increasing evidence also for
other tumor locations. While direct interactions with
DNA appear to be of minor importance, the interfer-
ence with the cellular response to DNA damage, the
deregulation of cell growth as well as resistance to
apoptosis have been demonstrated in diverse exper-
imental systems. With respect to DNA repair pro-
cesses, cadmium has been shown to disturb
nucleotide excision repair, base excision repair and
mismatch repair; consequences are increased suscep-
tibility towards other DNA damaging agents and
endogenous mutagens. Furthermore, cadmium
induces cell proliferation, inactivates negative growth
stimuli, such as the tumor suppressor protein p53, and
provokes resistance towards apoptosis. Particularly
the combination of these multiple mechanisms may
give rise to a high degree of genomic instability in
cadmium-adapted cells, relevant not only for tumor
initiation, but also for later steps in tumor develop-
ment. Future research needs to clarify the relevance
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of these interactions for low exposure conditions in
humans.
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Introduction

Cadmium is ubiquitously distributed throughout the
environment, attributable to natural sources, agricul-
ture and manifold industrial uses. Relevant exposures
occur at workplaces mainly via inhalation, but also in
the general population predominantly via food,
tobacco smoke and ambient air. Even though the
toxicity of cadmium has been known for decades,
during recent years there has been an ongoing
discussion on cadmium-induced toxicity, even at
comparatively low exposure conditions. For example,
recently the European Food Safety Authority (EFSA)
has lowered the Provisional Tolerable Weekly Intake
(PTWI) of 7 pg/kg bw established previously by
the Joint FAO/WHO Expert Committee on Food
Additives to a TWI of 2.5 ng/kg bw based on
cadmium-induced nephrotoxicity (EFSA 2009).
Other endpoints of toxicological concern are bone
demineralization and cardiovascular diseases (see
contributions of Tim Nawrot and David Bernhard,
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this volume). In addition, human cadmium exposure
has been associated with increased incidences of lung
tumors by the International Agency for Research on
Cancer (IARC 1993, 1997) and also kidney tumors by
the German MAK Commission (DFG 2006). A recent
review of substances classified as human carcinogens
by the IARC confirmed sufficient evidence for
cadmium-induced lung tumors and limited evidence
for kidney and prostate tumors in humans (Straif et al.
2009). Furthermore, new data indicate that human
cadmium exposure may also be associated with
female breast and endometrial cancer, even though
the causalities are not definitively established (McEI-
roy et al. 2006; Akesson et al. 2008). In animals,
cadmium induces carcinomas of the lung after
inhalation and cancers of the prostate and testis after
ingestion or injection (Waalkes 2003; Goyer et al.
2004).

This raises the question about the underlying
mechanisms for tumor induction, especially those
relevant at comparatively low exposure conditions.
Current evidence suggests that no direct genotoxicity
but rather multiple indirect mechanisms are opera-
tive, including increased oxidative stress, interactions
with the cellular DNA damage response systems,
including DNA repair processes, cell cycle control
and apoptosis as well as alterations in gene expres-
sion patterns (Beyersmann and Hartwig 2008; Joseph
2009). Within this review, the different mechanisms
will be discussed, also in light of recent epidemio-
logical findings and with respect to physico-chemical
properties of cadmium ions.

DNA damage, mutagenicity and clastogenicity

In most bacterial assays soluble cadmium com-
pounds were not mutagenic, and in standard mam-
malian mutagenicity tests effects of cadmium salts
are usually weak and/or restricted to comparatively
high concentrations. In contrast, pronounced comu-
tagenic effects in combination with DNA alkylating
agents and with UVC radiation were observed both
in bacteria and in mammalian cells. In addition, in
mammalian cells cadmium compounds provoke
clastogenic effects such as chromosomal aberrations
and micronuclei (IARC 1993; Waisberg et al. 2003;
DFG 2006; Filipic et al. 2006). This was also
demonstrated by the pronounced mutagenicity of
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cadmium chloride in a modified mammalian test
system capable of detecting large multilocus dele-
tions (Filipic and Hei 2004). The clastogenic activity
of cadmium compounds is moreover evident in vivo
in exposed rodents, while evidence for chromosomal
damage in cadmium-exposed humans via environ-
mental or workplace exposure is equivocal, partly
due to simultaneous exposure to other metal com-
pounds (IARC 1993; DFG 2006; Tapisso et al.
2009). Furthermore, cadmium compounds increase
the extent of oxidative DNA damage in cultured
cells and in vivo (see below). Since cadmium salts
do not cause DNA damage in cell extracts or with
isolated DNA (Valverde et al. 2001) but rather
interact with proteins, the genotoxicity of cadmium
is likely due to indirect mechanisms. Most promis-
ing hypothesis are (1) the increased formation of
reactive oxygen species, (2) interactions with the
cellular DNA damage response system, such as
DNA repair processes, cell cycle control and apop-
tosis as well as (3) epigenetic changes in DNA
methylation patterns, leading to a high degree of
genomic instability.

Ocxidative stress

Cadmium(II) is not able to participate in redox
reactions under physiological conditions, but oxidative
stress-related reactions appear to be relevant in cad-
mium-induced carcinogenicity. Increased levels of
reactive oxygen species (ROS) have been observed
both in vitro and in vivo (Liu et al. 2009), and their
appearance is interpreted by the inhibitory effect of
cadmium on antioxidant enzymes such as catalase,
superoxide dismutase, glutathione reductase, and glu-
tathione peroxidase (Stohs et al. 2001; Valko et al.
2006). ROS may be involved in cadmium-induced
genotoxicity, but—perhaps more importantly—also in
later steps of cadmium-induced carcinogenicity. Dif-
ferent cadmium compounds have been shown to
induce DNA strand breaks and oxidative DNA base
modifications in mammalian cells, but effects were
usually small and/or restricted to comparatively high
concentrations (e.g., Dally and Hartwig 1997; Sch-
werdtle et al. 2010). Concerning the involvement of
ROS, the induction of DNA strand breaks and chro-
mosomal aberrations by cadmium in mammalian cells
were suppressed by antioxidants and antioxidative
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enzymes (Ochi and Ohsawa 1985; Stohs et al. 2001;
Valko et al. 2006). Nevertheless, oxidative DNA
damage does not appear to be sufficient to explain the
carcinogenicity of cadmium, and enhanced frequen-
cies of oxidative DNA lesions in cells and in vivo may
also be due to impaired removal of the respective
lesions (see below). Additionally, especially moder-
ately elevated levels of ROS have been implicated in
further steps related to tumor formation, such as cell
proliferation due to mitotic stimuli and the activation
of redox-sensitive transcription factors (Valko et al.
2006; Genestra 2007). Therefore, enhanced oxidative
stress may not only initiate tumor development by
mutagenesis but also deregulate cell growth and
promote tumor growth depending on dose and time
of interference.

Interactions with the DNA damage response
system

Maintenance of genetic information and thus the
correct sequence of nucleotides in DNA is essential
for replication, gene expression and protein synthesis.
However, many environmental agents as well as food
mutagens have been identified which compromise
genetic stability by inducing different types of DNA
damage. They include ionizing radiation, UV-light,
alkylating agents, polycyclic aromatic hydrocarbons
as well as heterocyclic aromatic amines. Further-
more, the DNA is also damaged by endogenous
processes, such as reactive oxygen species arising for
example due to leakage of ROS from the electron
transport chain, but also due to other sources such as
xanthine oxidase and activated macrophages (Valko
et al. 2006; Hakem 2008). DNA lesions interfere with
DNA transcription and replication; potential conse-
quences are cell cycle arrest, programmed cell death,
mutagenesis, genomic instability and cancer. To
maintain the integrity of the genome, a complex
network of different repair systems has evolved. The
major pathway eliminating DNA base damage is the
excision repair pathway, subdivided into nucleotide
excision repair (NER) and base excision repair
(BER). NER is the most versatile repair system
involved in the removal of structurally unrelated
bulky base adducts which cause significant helical
distortions. At least 30 different proteins and
enzymes are required in mammalian cells, including

those which are defective in patients suffering from
the DNA repair disorder Xeroderma Pigmentosum
(XP) complementation groups A through G. Most of
them are involved in the damage recognition and the
incision at both sides of the lesion, followed by the
repair polymerisation leading to the displacement of
the damaged oligonucleotide and finally the ligation
of the repair patch. Some forms of DNA base damage
are recognized by a specific class of DNA repair
enzymes called glycosylases, initiating BER. DNA
glycosylases act specifically on one or few substrates,
and BER is mainly responsible for the removal of
different types of endogenous DNA damage, includ-
ing oxidative DNA base modifications. This process
generates abasic (AP) sites, which are further
processed in a multistep process with slight differ-
ences depending on the type of damage (de Boer and
Hoeijmakers 2000; Christmann et al. 2003; Hakem
2008; Camenisch and Naegeli 2009). One other DNA
repair system essential for maintaining genomic
stability is the DNA mismatch repair system
(MMR). This evolutionary conserved system is
responsible for the repair of normal bases mismatches
after DNA replication, contributing significantly to
the extraordinary fidelity of DNA replication. Defects
in MMR are associated with an increased risk of
different types of cancer as cells deficient in MMR
exert a “mutator phenotype”, in which the rate of
spontaneous mutations is greatly elevated. The MMR
system also plays a key role in cell killing in response
to alkylating agents, and MMR deficient cells are
about 100 times more resistant to the cytotoxicity of
alkylating agents (O’Brien and Brown 2006; Hsieh
and Yamane 2008). Finally, DNA double strand
breaks (DSB) are repaired by either homologous
recombination (HR) or by nonhomologous end-join-
ing (NHEJ) (Shrivastav et al. 2008). Besides DNA
repair systems, further DNA damage responses are
operative in mammalian cells. They include cell
cycle control mechanisms, increasing the time for
DNA repair, as well as apoptosis eliminating heavily
damaged cells. The DNA damage response is strictly
coordinated, for example by the tumor suppressor
protein p53. p53 regulates cell cycle control and
apoptosis by several coordinated pathways and thus
exerts pronounced impact on the processing of DNA
damage and on genomic stability (Hainaut and
Hollstein 2000). While DNA excision repair systems
are predominantly error-free, DNA damage persisting
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at the time of DNA replication may also be converted
into mutations due to error-prone bypass mecha-
nisms. Also, DNA double strand break repair may be
highly error prone, especially NHEJ (de Boer and
Hoeijmakers 2000; Christmann et al. 2003; Came-
nisch and Naegeli 2009; Kerzendorfer and O’Driscoll
2009).

Cadmium has been shown to impair almost all
major DNA repair pathways. Multiple evidence is
available for its interference with nucleotide excision
repair, base excision repair and mismatch repair,
providing a plausible explanation for its comutage-
nicity in combination with different DNA damaging
agents, including UVC radiation and DNA alkylation
agents (reviewed in Hartwig 1994; Giaginis et al.
2006). With respect to NER, impaired removal of
UVC- and benzo[a]pyrene-induced DNA damage has
been demonstrated in intact cells and by applying
cadmium-treated cell extracts (Snyder et al. 1989;
Fatur et al. 2003; Mukherjee et al. 2004; Schwerdtle
et al. 2010). More detailed studies revealed a
disturbance of the DNA damage recognition/incision
step of the repair process (Hartmann and Hartwig
1998; Fatur et al. 2003) and an impaired assembly/
disassembly of the DNA damage recognition proteins
XPC and XPA at the repair complex after UVC
irradiation in cells (Schwerdtle et al. 2010).

Regarding BER, low concentrations of cadmium
inhibited the repair of oxidative DNA base damage as
well as DNA alkylation damage in mammalian cells
(Dally and Hartwig 1997, Fatur et al. 2003). When
compared with the induction of oxidative DNA base
modifications such as 8-oxoguanine (8-0xoG) as a
relevant and frequently determined indicator of
oxidative DNA damage, inhibitory effects on the
repair of this lesion were observed at much lower
cadmium concentrations. This has been observed by
direct comparison in HeLa cells: While the induction
of DNA strand breaks by cadmium was restricted to
10 uM and higher, the removal of oxidative DNA
base modifications induced by visible light and
recognized by the bacterial formamidopyrimidine
DNA glycosylase (FPG) was inhibited starting at
0.5 uM cadmium, yielding complete inhibition at
5 uM, a completely non-cytotoxic concentration in
this test system (Dally and Hartwig 1997). With
respect to isolated DNA repair enzymes, an inhibition
of the murine 8-oxoguanine DNA glycosylase 1
(mOggl), an enzyme that removes 8-0xoG from
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DNA, as well as of 8-0xodG 5'-triphosphate pyro-
phosphohydrolase (8-oxo-dGTPase), required for the
removal of 8-0xo0-dG from the deoxynucleotide pool,
by cadmium have been described (Bialkowski and
Kasprzak 1998; Zharkov and Rosenquist 2002).
Inhibitory effects of enzymes involved in the defence
against oxidative DNA damage are also evident in
vivo: when investigating, for example, the impact of
cadmium on rat testis, a target organ for cadmium
carcinogenesis, a gradual decrease in testicular
8-ox0-dGTPase activity was observed, accompanied
with progressive increase of 8-oxo-dG levels in
testicular DNA (Bialkowski et al. 1999). Therefore,
increases in oxidative DNA damage in vivo may at
least in part be due to the repair inhibition of
endogenously induced oxidative DNA lesions.

In addition to excision repair, cadmium has been
shown to impair DNA mismatch repair in different
systems. It was first reported by Jin and co-workers
that exposure towards low concentrations of cad-
mium resulted in pronounced hypermutability in
yeast, and the mutation specificity along with
responses in proofreading-deficient and MMR-defi-
cient mutants indicated a reduced capacity for MMR
of small misalignments and base—base mismatches
upon cadmium exposure. Furthermore, in extracts of
human cells, cadmium inhibited at least one step
leading to mismatch repair (Jin et al. 2003). Since
then, different studies demonstrated the interference
by cadmium with proteins involved in the initial step
of MMR, i.e. damage recognition by MSH2-MSH6
and MSH2-MSH3. Even though the exact mecha-
nism is still not known at present, cadmium affected
ATP binding and hydrolysis of MMR enzymes,
reducing their DNA binding activity and their ability
to discriminate between mismatched and matched
DNA base pairing in isolated systems and in mam-
malian cells in culture (Lutzen et al. 2004; Giaginis
et al. 2006; Wieland et al. 2009). In addition to
manifold interference with DNA repair systems,
cadmium has also been shown to disrupt the DNA
damage response system in further aspects. Thus,
cadmium disturbs the function of the tumor suppres-
sor protein p53 and thus interferes with cell cycle
control in response to DNA damage (Meplan et al.
1999). Furthermore, cadmium-induced malignant
transformation of human prostate epithelial cells
acquired resistance to apoptosis (Qu et al. 2007).
As a consequence, damaged cells could escape from
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elimination by apoptosis, allowing them to replicate
damaged DNA with high frequency of mutations,
which may play an important role in cadmium-
induced carcinogenicity (see below).

Impact on gene expression and deregulation of cell
proliferation

Cadmium interacts with the expression of a large
number of genes, including stress response genes,
immediate early response genes, transcription factors
and translation factors. Major stress response genes
induced by cadmium are those involved in the
synthesis of metallothionein (MT), as well as those
encoding heat shock proteins, glutathione (GSH)
synthesis and homeostasis and oxidative stress
response (Hart et al. 2001; Waisberg et al. 2003;
Joseph 2009). Immediate early response genes
induced by cadmium include protooncogenes like
c-fos, c-jun and c-myc activated in response to mitotic
stimuli and frequently found overexpressed in
tumors. With respect to transcription factors, cad-
mium exposure may lead to activation or inactivation,
depending on the actual transcription factor under
investigation. Thus, c-fos and c-jun constitute the
AP-1 transcription factor, activating several genes
involved in cell growth and division. Other transcrip-
tion factors activated by cadmium are nuclear factor
kB (NFxB) and NF-E2-related factor (NRF2). On the
other hand, a suppression of the transcription factor
SP1 has been observed in cadmium-treated cells
(Joseph 2009). In addition to directly stimulating
mitogenic signals, cadmium also inhibits negative
controls of cell proliferation, for example by inacti-
vation of p53 (Meplan et al. 1999).

Molecular mechanisms

Independent of the actual cadmium compound
applied, Cd** appears to be the ultimate damaging
species. Even though most mechanistic studies have
been conducted with water soluble cadmium com-
pounds, some investigations are available comparing
water soluble and largely water insoluble, particulate
cadmium compounds. In a recent study, both cad-
mium chloride and largely water insoluble cadmium
oxide induced oxidative DNA lesions and inhibited

the removal of benzo[a]pyren-induced DNA lesions.
Furthermore, = cadmium-induced conformational
changes of p53 were comparable when applying
cadmium chloride or cadmium oxide. Repair inhib-
itory effects were strongly correlated with cadmium
levels in the nuclei, indicating the bioavailability of
both compounds (Schwerdtle et al. 2010). While
water soluble cadmium compounds are taken up via
ion transporters and channels (Thevenod 2010),
particulate cadmium compounds may be taken up
by phagocytosis and, due to the low pH, may be
gradually dissolved in lysosomes, yielding high
concentrations of cadmium ions in the cytoplasm
and in the nucleus, as described in detail for nickel
compounds (Costa et al. 1982; Evans et al. 1982).
This assumption is also supported by inhalation
studies where water soluble cadmium sulfate, poorly
water soluble cadmium oxide and cadmium sulfide
pigment with intermediate water solubility induced
lung tumors in rats (Heinrich 1992).

Since especially the DNA repair inhibitions but
also altered cell proliferation and/or diminished cell
cycle control have frequently been observed at low,
non-cytotoxic concentrations of cadmium, this raises
the question why for example DNA damage response
pathways are particularly sensitive towards cadmium
ions. As one plausible explanation, many biological
effects may be due to the interaction between
cadmium and the essential elements calcium and
zinc. The Cd*" ion easily substitutes for Ca®" in
biological systems, since it carries the same charge
and has a similar radius. Compared to 7Zn*", the
radius of Cd** ion is larger, but still cadmium ions
can substitute for zinc ions in many enzymes and
transcription factors (Waisberg et al. 2003; Martelli
et al. 2006).

Since cadmium ions exert high affinity towards SH
groups, potential targets are so-called zinc finger
proteins (Hartwig 2001; Witkiewicz-Kucharczyk and
Bal 2006). They comprise a family of proteins where
zinc is complexed through four invariant cysteine
and/or histidine residues forming a zinc finger
domain, which is mostly involved in DNA binding,
but also in protein-protein-interactions (Mackay and
Crossley 1998). Even though most zinc finger
structures have been described as DNA binding
motifs in transcription factors, they have also been
identified in several DNA repair and cell cycle
control proteins. They include the bacterial Fpg
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involved in the removal of oxidative DNA base
modifications and the mammalian xeroderma pig-
mentosum group A protein (XPA) essential for DNA
damage recognition during NER. One other example
is poly(ADP-ribose) polymerase 1 (PARP-1), which
plays a complex role in DNA damage signalling,
BER and in drug-induced and spontaneous apoptosis.
This enzyme contains three zinc fingers involved in
the recognition of DNA breaks and the subsequent
synthesis of poly(ADP-ribose) (Petrucco 2003; Bene-
ke and Biirkle 2007). Also, p53 contains a zinc
binding structure in its DNA binding domain, essen-
tial for its tumor suppressor functions (Hainaut and
Hollstein 2000). All of these proteins have been
shown to be inhibited by cadmium in different
experimental systems. Thus, cadmium disturbed the
activity of the isolated Fpg and diminished DNA
binding of XPA to an UVC-irradiated oligonucleotide
(Hartmann and Hartwig 1998; Asmuss et al. 2000).
Furthermore, in HeLa cells, H,O5,-induced PARP
activity was decreased by cadmium(II) (Hartwig et al.
2002). Finally, cadmium induced a conformational
shift in the zinc binding domain of the tumor
suppressor protein p53. Here, DNA binding is
mediated by a rather complex structure brought
together by tetrahedral coordination of zinc to three
cysteines and one histidine, and exposure of either the
isolated p53 protein or human breast cancer MCF7
cells to cadmium resulted in disruption of native p53
conformation and inhibition of DNA binding; fur-
thermore, suppression of the p53-mediated cell cycle
arrest in response to DNA damage by cadmium was
observed in the cellular system (Meplan et al. 1999).

One molecular mechanism related to the inactiva-
tion of zinc binding proteins appears to involve the
displacement of zinc by cadmium, as evident from
the reversal of cadmium-induced protein inactivation
by excess of zinc as well as from structural inves-
tigations of XPA or a peptide resembling the zinc
binding domain of XPA (Buchko et al. 2000; Kopera
et al. 2004). Whether or not the other protein
inactivations described above are due to interactions
with the respective zinc finger structures as well and/
or whether these effects occur in vivo has to be
further investigated.

In addition to direct interactions with DNA
proteins, cadmium may disturb DNA repair pro-
cesses via interaction with zinc-containing transcrip-
tion factors. Thus, human OGG1 (hOGGl1), a
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glycosylase responsible for recognition and excision
of the premutagenic 8-0xodG during BER in mam-
malian cells, was inhibited by cadmium (Potts et al.
2003). Even though hOGG1 contains no zinc
binding motif itself, its inhibition was shown to be
due to diminished DNA binding of the zinc finger
containing transcription factor SP1 to the OGGI
promotor (Youn et al. 2005), presumably due to
displacement of zinc by cadmium (Kothinti et al.
2010). Also, a downregulation of DNA repair genes
like XPC has been observed recently in cultured
cells (Schwerdtle et al. 2010) and in vivo (Zhou
et al. 2004), which may be due to a disturbed
transcriptional activity of p53.

With respect to interactions with gene expression,
multiple mechanisms appear to be operative as well,
including direct binding to transcription factors, as
evident for MTF1 responsible for MT induction, as
well as several indirect mechanisms, such as cad-
mium-mediated elevated levels of second messengers
like ROS, Ca’" and inositol-1,4,5-trisphosphate. For
example, elevated levels of Ca®" can activate mitotic
protein kinases such as protein kinase C, which in
turn can phosphorylate transcription factors result-
ing in the expression of cellular proto-oncogenes
(reviewed by Waisberg et al. 2003). Cadmium also
exerts epigenetic effects which may contribute to
tumor development. It inhibited DNA-(cytosine-5)
methyltransferase and diminished DNA methylation
during cadmium-induced cellular transformation
(Takiguchi et al. 2003). Decreased DNA methylation
is thought to have a tumor promoting effect, since it
was associated with augmented expression of cellular
proto-oncogenes. A unique mechanism by which
cadmium deregulates cell proliferation is the disrup-
tion of the cadherin-mediated cell-cell adhesion
system and of cell-cell communication. Cadmium
specifically displaced calcium from the protein
E-cadherin (Prozialeck et al. 1999) and impaired
the cell-cell adhesion in kidney epithelial cells
(Prozialeck et al. 2003). Also, elevated levels of
ROS can affect redox-sensitive transcription factors
and thus stimulate proliferation and enhanced sur-
vival as shown in a wide variety of cell types (Valko
et al. 2006). Finally, the acquired resistance to
apoptosis in cadmium-transformed human prostate
cells appeared to be linked to an increase in the anti-
apoptotic action of Bcl-2 that perturbs the JNK signal
transduction pathway (Qu et al. 2007).
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In conclusion it is evident that cadmium interferes
with cellular controls of proliferation in several ways,
which all can contribute to the observed deregulation
of cell growth by this metal.

Mechanistic considerations with respect to organ-
specific carcinogenicity of cadmium and the role of
adaptation

The mechanisms described above could well explain
the carcinogenicity of cadmium, but an open question
remains concerning the organ-specificity of cad-
mium-induced carcinogenicity. After inhalative
exposure, the lung is a plausible target organ.
Nevertheless, as described above, other organs are
also potentially affected, including kidney, prostate,
breast and endometrium. In principle, target organ
specificity could be explained either by mechanisms
leading to cadmium accumulation, by selective
sensitivity or by interactions occurring specifically
in target organs. Since tumors in prostate, breast and
endometrium are frequently hormone-dependent, one
aspect addressed by several groups concerns a
potential impact of cadmium on steroid hormone-
dependent signalling (Byme et al. 2009). Nevertheless,
respective experimental evidence is contradictory.
Thus, for example, cadmium has been shown to
activate the estrogen receptor o (ER«) in a reporter
gene assay (Stoica et al. 2000), which was not
observed in another study (Silva et al. 2006).
Alternatively, cadmium has been shown to transform
normal human breast epithelial cells through a
mechanism not requiring ERa. The latter study
supports a mechanistic model for hormone-indepen-
dent cadmium-related breast cancer, showing DNA
hypomethylation and oncogene overexpression in a
pattern typical in aggressive breast cancers (Benbra-
him-Tallaa et al. 2009). One key issue in cadmium-
induced carcinogenicity appears to be adaptation and
the role of MT. Cadmium induces several genes for
cadmium and ROS tolerance such as those coding for
MT, GSH synthesis and function, catalase and
superoxide dismutase (Stohs et al. 2001). Hence, a
condition for prolonged cell survival in the presence
of cadmium is established, which may be beneficial
in terms of protection from acute cadmium toxicity,
also evident from comparative studies with MT-trans-
genic and MT-null mice (Klaassen et al. 2009).

However, accumulating evidence suggests that adap-
tation may be a double-edged sword, since hallmarks
of cadmium adapted cells are increased MT contents
with a consequence of cadmium accumulation,
reduced DNA repair activities as well as suppressed
apoptosis, evident for example in an in Vvivo
pulmonary rat model (Hart et al. 2001). Similarly,
in humans, breast tumor MT overexpression is
associated with a poorer prognosis, accompanied by
exaggerated cadmium accumulation and retention
(summarized in Benbrahim-Tallaa et al. 2009).

Conclusions and perspectives

In summary, cadmium-induced carcinogenicity is
likely based on multiple distinct mechanisms. As
opposed to direct DNA damage, interactions with
proteins appear to be more relevant for carcinoge-
nicity and several targets have been identified such as
antioxidative defense systems, DNA repair processes
as well as tumor suppressor and signal transduction
proteins. All these features taken alone could con-
tribute to carcinogenicity, but most likely their
combination seems to be of particular importance.
Thus, long-term exposure to low concentrations of
cadmium leads to adapted cells exerting increased
cadmium accumulation, increased proliferation,
diminished DNA repair and cell cycle control as
well as resistance to apoptosis.

The outcome is a severe decrease in genomic
stability, which may play an important role in
cadmium-induced tumor initiation and progression
(summarized in Fig. 1). DNA repair and other DNA
damage response systems do not only provide
pronounced protection against environmental muta-
gens, but also against endogenous DNA damage
which occurs continuously due for example to
leakage of ROS from the electron transport chain.
Therefore, their disturbance leads to an increase in
mutations and carcinogenesis. This is evident for
example in the high tumor frequency in patients with
the DNA repair disorder Xeroderma pigmentosum
and in the hypermutability of mismatch repair
deficient cells (de Boer and Hoeijmakers 2000).
Furthermore, mismatch-deficient cells escape from
cell cycle arrest and apoptosis (O’Brien and Brown
2006). The impairment of DNA repair by cadmium
may be particularly deleterious in cadmium-adapted
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Fig. 1 Proposed mechanisms involved in cadmium-induced carcinogenicity

cells; concurrently, tolerance to cadmium toxicity
may constitute an extended chance for the induction
of further critical mutations (Achanzar et al. 2002).
Altogether, it appears that cadmium interferes with
multiple targets in the DNA damage response network;
together with growth deregulation and apoptotic
resistance, highly instable phenotypes may arise.
Considering recent indications of cadmium-related
carcinogenicity in different target organs under low
exposure conditions, future research will have to focus
on the relevance of the respective mechanisms in
experimental animals and in exposed humans, espe-
cially with respect to effective concentrations. Fur-
thermore, the role of MT in cadmium-induced
carcinogenicity needs to be further explored.
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