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Abstract

Chronic exposure to many heavy metals and metal-derivatives is associated with an increased risk of cancer, although the
mechanisms of tumorigenesis are largely unknown. Approximately 125 scientists attended the 3rd Conference on Molecular
Mechanisms of Metal Toxicity and Carcinogenesis and presented the latest research concerning these mechanisms. Major
areas of focus included exposure assessment and biomarker identification, roles of ROS and antioxidants in carcinogenesis,
mechanisms of metal-induced DNA damage, metal signalling, and the development of animal models for use in metal toxicology
studies. Here we highlight some of the research presented, and summarize the conference proceedings. (Mol Cell Biochem 279:
3–15, 2005)
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Introduction

The 3rd Conference on Molecular Mechanisms of Metal
Toxicity and Carcinogenesis was held at the National In-
stitute for Occupational Safety and Health (NIOSH) in
Morgantown, West Virginia. Over 125 participants from 13
different countries gathered at NIOSH to present their re-
search on September 12–15, 2004. This conference was the
third meeting of metal researchers in the past 5 years, with
previous conferences convening in 2000 and 2002. Major ar-
eas of research emphasized at the conference included metal
epidemiology, identification of biomarkers, reactive oxygen
species (ROS) production, antioxidant effects, induction of
DNA damage/lesions, metal-induced signalling pathways,
and animal exposure studies. Here, we summarize the con-
ference proceedings and examine the future directions of re-
search concerning the molecular mechanisms that facilitate
metal-induced carcinogenesis.
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Epidemiological implications of metal
exposure and the search for reliable
biomarkers

Many metals are considered essential trace elements and
must be present in low concentrations in the human body in
order for normal cellular function. However, altered concen-
trations or transition states of metals in the body are thought
to lead to a wide range of deleterious conditions, especially
an increase in cancer incidence. Increased metal exposure in
humans can occur via ingestion, inhalation, dermal contact,
and occupational exposure [1–4]. Although correlations be-
tween metal exposure and cancer are well documented, more
research is still needed in order to determine the exact mech-
anisms of metal-induced carcinogenesis. Much of the metal
toxicology and carcinogenicity data available are acquired
in animal model systems, with few studies representing the
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effects of metals in humans. Therefore, several groups at the
conference focused their research on the link between the
level of metals in the human body and carcinogenesis.

Puneet and colleagues presented work examining the role
of metals in gallbladder carcinoma. Using atomic absorp-
tion spectrometry, they showed that the bile of gallbladder
carcinoma patients contained higher concentrations of cad-
mium (Cd), chromium (Cr), and lead (Pb) than patients with
other non-cancerous gallbladder diseases, such as gallstones.
Additionally, Puneet’s group observed an increase in the ex-
pression of the metal-exposure protection protein metalloth-
ionein (MT) in 70% of the gallbladder carcinoma patients.
These results suggest that the body may concentrate these
metals in the hepatobiliary system and lead to gallbladder
carcinoma. This group also examined the lipid peroxidation
profiles of gallbladder carcinoma patients in order to deter-
mine if a free radical-induced mechanism might be involved.
They found a significant increase in the amount of a ma-
jor lipid peroxidation product, 4-hydroxynonenal (4-HNE),
in gallbladder carcinoma patients compared to patients with
other non-cancerous gallbladder diseases. These results sug-
gest that the formation of lipid peroxidation products in the
gallbladder, induced by metal exposure and free radical gen-
eration, may be an underlying cause of tumorigenesis.

Many metals must be controlled by a tightly regulated
homeostasis. Two such examples are copper (Cu) and iron
(Fe), the accumulation of which results in oxidative stress-
induced cellular damage [5, 6]. Wilson’s disease (WD) and
primary hemochromatosis (PH) are metal storage diseases
which are associated with DNA damage in the liver. In WD,
a defect in a Cu-transporting ATPase results in the intra-
cellular accumulation of Cu [7]. In PH, Fe accumulates in
the liver because of a mutation in the hfe gene, which is re-
sponsible for mediating the effects of the transferrin receptor
[8]. Patients with both WD and PH are shown to exhibit in-
creased oxidative stress-induced etheno-DNA adducts [9].
Vinyl chloride, urethane, and 4-HNE produce etheno-DNA
adducts as well [10–12]. These adducts can subsequently lead
to the formation of strong miscoding lesions and cause mu-
tations and/or genomic instability in patients suffering from
WD and PH. Nair and Bartsch further examined the correla-
tion between the formation of 4-HNE-induced DNA adducts
and susceptibility to the development of liver cancer. They
found that both WD and PH patients exhibiting high 4-HNE-
induced DNA adducts were the most susceptible to the devel-
opment of liver cancer, particularly those patients suffering
from PH.

Conversely, the dietary deficiency of many micronutrients,
such as certain trace metals, has also been associated with an
increased risk of cancer [13–16]. Ansari et al. presented data
suggesting that significantly lower levels of selenium (Se)
and zinc (Zn) were found in the serum, biliary fluid, and gall-
bladder tissue of gallbladder carcinoma patients when com-

pared to healthy individuals. Serum manganese (Mn) was also
reduced in gallbladder carcinoma patients, leading Ansari’s
group to conclude that a deficiency in these trace elements is
also associated with gallbladder carcinoma.

Since animal studies assessing the effects of metal expo-
sure can often be difficult to interpret and inconclusive due to
the role of some metals as co-carcinogens, reliable biomark-
ers are needed in order to assess metal exposure in humans.
A good candidate for a human biomarker must be specific to
the effects of the causal agent and easily quantitated and/or
assayed for its presence in a noninvasive manner. Several
studies presented at the conference examined the reliability
of biomarkers for metal exposure. Using atomic absorption
spectrometry, Rahnama et al. analysed the Zn, Cu, Mn, and
Fe content of saliva and serum from patients with squamous
cell carcinoma (SCC) of the oral cavity. SCC patients exhib-
ited increased concentrations of Cu, Mn, and Fe in their blood
and increased concentrations of all four metals examined in
saliva when compared to healthy individuals. These results
suggest that analysis of saliva may be an easy and effective
way to detect SCC of the oral cavity.

In order to identify specific biomarkers of mercury (Hg)
poisoning Song et al. examined cases of peripheral neuropa-
thy in Hg-exposed patients. Levels of selected urinary pro-
teins were measured in patients with acute or chronic mercury
poisoning and healthy control individuals. Elevated levels of
the α1-m, β2-m, TRF, IgG, and NAG proteins were observed
in both acute and chronic Hg-exposed patients, suggesting
that urine samples may be a simple and inexpensive way to
test for Hg exposure.

In addition to studying the adverse effects of metal expo-
sure, it is important to try to develop methods of exposure
prevention. For example, Huang’s group attempted to de-
velop a correlation model between Fe exposure in coal mines
and Coal Workers’ Pneumoconiosis (CWP). Fe is an essen-
tial trace metal that is stored in Fe-containing proteins, such
as ferritin and transferrin, where it is tightly bound and un-
available to cause oxidative damage [17–19]. Bio-available
iron (BAI), such as Fe associated with citrate and ATP, has
been shown to produce oxidants in a pH-dependent manner
[20]. Some coal dusts contain BAI, and have been shown
to activate the stress-inducible AP-1 and NFAT transcription
factors, while coal dust lacking BAI had no effect on either
transcription factor [21]. Previously, BAI content in Pennsyl-
vanian coal was shown to be much higher than the BAI con-
tent in coal dust originating from Utah [22]. Huang posited
that BAI content could be used as a predictor of coal toxi-
city. The BAI content of coal from Utah and Pennsylvania
was calculated and compared to epidemiological studies re-
porting the incidence of CWP. A significant correlation was
found between BAI levels and CWP incidence, suggesting
that BAI levels may be used to predict the toxicity of coal
before mining begins.
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A second example of an in vitro predictive model for
metal-induced disease was introduced by Hockertz et al.
Primary mast cells from human lung tissue and foreskin
specimens were exposed to wear particle antigens including
chromium–cobalt–molybdenum alloy (CrCoMo), a titanium
alloy (TiAL6V4), or ultra-high molecular weight polyethy-
lene (UMHWPE), all of which can be released into the human
body by the degradation of implanted osseoprostheses [23].
Histamine release, indicative of an allergic reaction, was ob-
served when the antigens were added to serum-containing
media and applied to primary mast cells. If a patient’s IgE
was present, histamine release increased, particularly for the
CrCoMo antigen. This in vitro model could be useful in pre-
venting potentially dangerous allergic reactions in patients
with osseoprostheses and reduce the need for the administra-
tion of immunosuppressants.

In some cases, a single biomarker candidate may be
difficult to obtain and a profiling-based approach may be
useful in identifying a molecular fingerprint for toxicant
exposure. Boyd et al. presented an example of a high
throughput strategy utilizing an automated robotic worksta-
tion (COPAS BIOSORT) to dispense and measure the length
of Caenorhabditis elegans worms. Toxicological endpoints
were examined using a fluorescent dye that only penetrates
deceased worms. An imaging workstation was used to track
the motion of the live worms and acquire multidimensional
image analysis data. This type of high throughput method
can be used to examine the properties of potential neurolog-
ical and developmental toxicants and detect subtle changes
in gene or protein expression that may be undetectable by
conventional methods.

Balancing act: The role of reactive
oxygen species (ROS) and antioxidants

Many transition metals have been shown to produce elevated
amounts of damaging ROS [24–28]. Disturbing the redox
balance of a system leads to an increase in DNA damage,
DNA-protein crosslink formation, lipid peroxidation, apop-
tosis, cellular toxicity, and/or the inappropriate activation of
cellular signalling pathways [29–35]. Since the mechanisms
of ROS action are not well understood, many conference
participants focused their studies on the elucidation of these
mechanisms. For example, Cr(VI) is a transition metal that
is known for its ability to produce increased quantities of
ROS in cellular systems, particularly •OH [36, 37]. Previous
studies have focused on the effects of soluble Cr(VI), since
solubility is thought to be an important factor in its ability to
contribute to carcinogenesis [38]. However, water insoluble
(or particulate) Cr(VI) has also been shown to be genotoxic
and cytotoxic [24, 39–41]. Leonard et al. examined the capa-
bility of insoluble Cr(VI) in the form of PbCrO4 to produce

ROS using electron spin resonance (ESR) spectroscopy and
the comet assay. Their results showed that insoluble Cr(VI)
was capable of producing oxidative stress in a similar pattern
to that of soluble Cr(VI).

Additional studies examining the effects of PbCrO4 in the
human lung cell line WHTBF-6, were presented by Wise
et al. PbCrO4 was shown to enter the lung cells and exert
clastogenic effects in a dose-dependent manner, although di-
centric chromosome formation was not observed. In order to
exclude Pb ions as the culprits of clastogenicity, WHTBF-6
cells were also exposed to Pb-glutamate, which yielded no
clastogenesis. However, Na2CrO4 treatment also proved to be
clastogenic in the lung cells, suggesting that the CrO2−

4 ions
were the cause of clastogenicity. In addition, the antioxidant
vitamin C prevented the uptake of CrO2−

4 ions and exhibited
only a slight effect on Pb levels. The cytotoxicity profiles of
WHTBF-6 cells exposed to CrO2−

4 ions and PbCrO4 were
comparable. Both PbCrO4 and Na2CrO4 induced cell cycle
arrest and inhibited growth, whereas Pb ions alone induced
only mitotic arrest.

ROS production often leads to cell death through cytotox-
icity and/or apoptosis, prompting several groups to examine
the benefits of inducing ROS in a cellular system through
metal treatment. Farmer et al. used synthetic melanins de-
rived from dihydroxy indole (DHI) to study the speciation,
metal-binding affinity, and redox reactivity of those synthetic
melanins. Several metals bound the DHI-melanin, increasing
redox cycling and the production of •OH and O•−

2 surpris-
ingly. Indium(III) ions alone and lipophillic metallodithio-
carbamate exhibited an unusual amount of toxicity towards
melanoma cells in culture.

The dithiocarbamate disulfide disulfiram (DSF), which is
traditionally prescribed as an alcohol-abuse deterrent, also
showed strong Cu-dependent activity towards melanoma
cells. Cen’s group confirmed that DSF exhibited a Cu-
dependent toxicity towards melanoma cells, whereas non-
transformed melanocytes were only slightly affected. Upon
DSF treatment, melanoma cell survival decreased to less
than 10% as the intracellular Cu concentrations increased.
The addition of Cu chelators blocked the DSF-induced cell
toxicity and Cu uptake by melanoma cells. Formation of a
Cu(deDTC)2 complex was proposed to be the likely active
agent. This response is unique to Cu(II) and was not observed
with Fe(II), Mn(III), or Zn(II), suggesting that local adminis-
tration of Cu and DSF or DHI may be useful in the treatment
of melanoma.

Exposure to metal-containing particulates can also in-
crease ROS production in cellular systems. For example,
diesel exhaust particles (DEP) have been shown to induce
DNA adducts and increase inflammation in the respiratory
tract [42–46]. DEP contents include polycyclic-aromatic hy-
drocarbons (PAHs), redox active semi-quinones, and trace
heavy metals [47, 48]. Park et al. compared ROS production
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of the DEP standard reference material 2975 (SRM 2975) and
DEP collected from the air in Korea as measured by thiobar-
bituric acid – reactive substances of deoxyribose (TBARS).
Differences in transition metal composition were observed
between samples; DEP from Korea contained more Fe, less
Cu, and less Zn than SRM 2975. TBARS measurements of
the water soluble fraction of SRM 2975 showed a broad ab-
sorption in the visible range, which was absent in the DEP
from Korea. Although SRM 2975 increased the amount of
TBARS fluorescence, H2O2 generated more TBARS in the
DEP from Korea, probably due to the increase in Fe composi-
tion. These results support a role for Fe in DEP-induced H2O2

toxicity, which may be the underlying cause of the adverse
health effects of DEP.

Some substances seem to exert both pro-oxidant and an-
tioxidant effects. Recently, many epidemiological and experi-
mental studies have suggested that drinking green or black tea
may protect against cancer [49, 50]. Sinha et al. presented ev-
idence suggesting that tea extracts, in particular the polyphe-
nolic components, exert their chemopreventative effects by
acting as antioxidants. They proposed that tea extracts can
prevent DNA damage caused by sodium arsenite in V-79 Chi-
nese hamster lung fibroblasts. However, Azmi et al. presented
evidence that the presence of at least one of those polypheno-
lic components, (−) epigallocatechin-3-gallate (EGCG), can
induce •OH/O•−

2 formation and increase the rate of DNA oxi-
dation in the presence of Cu ions. The results of Azmi’s group
suggest that EGCG’s apoptosis-inducing pro-oxidant proper-
ties may be more important than its preventative antioxidant
properties. These studies are also supported by the findings
of Qanungo et al. and Zykova et al. which suggest that tea
polyphenols may serve as either an antioxidant or an oxidant,
depending on the physiological environment [51–53].

Ascorbate/ascorbic acid/vitamin C is another compound
that has been shown to exhibit both pro-oxidant and antiox-
idant effects [54–58]. Huq and Hussain presented evidence
suggesting that exposure to Cd acetates increases DNA dam-
age in the presence of ascorbate. The mechanism occurs via
the formation of a 1:1 covalent Cd(II)/ascorbate adduct, caus-
ing a molecular activation of the transition metal. This group
proposed that the deprotonated ascorbate ions bind to 3O2

producing the volatile ROS species, singlet molecular oxy-
gen (1O2).

Ironically, some transition metals may serve as antioxi-
dants and prevent oxidative cellular damage. Aravind and
Prasad presented evidence that Zn may be able to prevent
Cd toxicity. Ceratophyllum demersum L. plants were treated
with different concentrations of CdCl2 and/or ZnCl2. The
production of •OH, an oxidative shift in GSH levels, loss of
carbonic anhydrase conformation, and DNA fragmentation
were observed with CdCl2 treatment. Upon treatment with
both CdCl2 and ZnCl2, the presence of Zn inhibited all of the
aforementioned markers of oxidative damage, suggesting that

Zn may be able to prevent the cytotoxic effects induced by
Cd.

Rhenium is a second transition metal that exhibits low
ROS-induced toxicity. Thus, cluster rhenium compounds
(CRCs) are thought to be a potential drug delivery agent.
CRCs possess lower toxic effects than other metals currently
used as anti-tumour agents, including palladium, platinum,
and cisplatin [59]. Shtemenko and Shtemenko examined the
mechanisms of lipid-CRC interactions in solution and during
the formation of liposomes. They had previously shown that
CRCs bind to carboxylic acids, amino acids, or adamantanic
acids, and subsequently interact with the surface of red blood
cells to stabilize the membrane in response to free radicals
[60]. Administration of CRC1-dichlorotetra-µ-(i-butirato)
dirhenium(III) or CRC2-tetrachlorodi-µ-(γ -aminobutirato)
dirhenium(III) chloride in models of hemolytic anaemia led
to an increase in hemoglobin and resistance of erythrocytes
to oxidative stress, extending the life of hemolytic animals. In
addition, CRC1 or CRC2 administration increased reduced
glutathione pools, glutathione reductase expression, and glu-
tathione peroxidase (GPx) expression in the tissues of animals
with hemolytic anaemia. Thus, CRCs demonstrate antioxi-
dant and antiradical properties in vivo and may be useful in
the treatment of hemolytic anaemia.

Cellular systems have developed a wide range of an-
tioxidant mechanimsms to combat the dangerous accumu-
lation of ROS. Examples include the increased expression
of ROS detoxification enzymes, such as catalase and super-
oxide dismutase (SOD), and the maintenance of pools of
small molecular ROS scavengers, such as N-acetyl-cysteine
(NAC) and reduced glutathione (GSH). These ROS scaveng-
ing molecules react with excess ROS, thus minimizing cellu-
lar damage. Glutathione (GSH), although widely known for
its antioxidant activity, is also involved in Se metabolism
and bioactivity [61]. Shen et al. presented evidence that
Se caused a dose-dependent onset of mitochondrial per-
meability transition (MPT) in the presence of GSH, which
could be inhibited by the MPT inhibitor cyclosporin A. An
SOD mimic, Mn[III]tetrakis [4-benzoic acid] porphyrin, has
been previously shown to prevent MPT caused by xanthine
(X)–xanthine oxidase (XO) [62]. Surprisingly, SOD had no
effect on MPT and was unable to prevent the reduction of cy-
tochrome c induced by selenite-GSH (Se-GSH) formation.
Although others have observed an increase in O•−

2 formation
during Se-GSH generation, Shen’s group measured O•−

2 via
the lucigenin assay and found no significant increase in O•−

2
when compared to O•−

2 production by the X–XO pathway
[63]. These results suggest that O•−

2 is not responsible for
Se-GSH-induced MPT in this system.

Resveratrol is a polyphenolic antioxidant that is synthe-
sized by many plant species and has been shown to inhibit the
growth of cultured cancer cells [64]. Xia et al. presented evi-
dence that ROS-induced activation of the PI3K/Akt survival
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pathway can be inhibited by the presence of resveratrol in
prostate cancer cells. Resveratrol also inhibited the expres-
sion of proteins involved in angiogenesis, such as HIF-1α

and VEGF, in a dose-dependent manner. Xia’s results sug-
gest that resveratrol may be able to inhibit prostate cancer
progression and angiogenesis through the inhibition of these
pathways.

DNA damage/lesions and mitotic effects

In addition to producing ROS, many metals have been shown
to directly modify and/or damage DNA by forming DNA
adducts, facilitating DNA protein crosslink formation, or
inducing chromosomal breaks [33, 44, 65, 66]. Many re-
searchers at the conference presented work reflecting efforts
to identify the mechanisms of metal-induced DNA damage.
For example, O’Brien et al. examined the role of O2 in Cr(VI)-
induced DNA lesions and found that hypoxic conditions did
not alter Cr(VI) reduction by ascorbic acid. However, both
Cr(VI)-DNA binding and the occurrence of polymerase ar-
resting lesions (PALs) decreased under hypoxic conditions
by 70% and 50–90%, respectively. These results suggest
that O2 can help facilitate the formation of Cr(VI)-DNA
complexes.

A common oxidative DNA modification, the 7,8-dihydro-
8-oxo-2′-deoxyguanosine (8-oxo-dG) lesion, can lead to the
misincorporation of extraneous nucleotides during DNA
replication [67, 68]. The 8-oxo-dG lesions are prone to fur-
ther oxidation by many transition metals, including Cr(V)
and Iridium (IV). Further oxidation of 8-oxo-dG leads to the
formation of guanidinohydantoin (Gh) and spiroiminodihy-
dantoin (Sp) lesions, subsequently causing G → T and G →
C transversions [69, 70]. Gh and Sp lesions are thought to
enhance base misincorporation and the polymerase blocking
effects of the 8-oxo-dG lesion [71, 72]. Certain base excision
repair (BER) enzymes recognize 8-oxo-dG lesions, but not
Gh or Sp lesions [73, 74]. Hailer et al. showed that the mam-
malian BER glycosylases NEIL1 and NEIL2 both recognize
and cleave Gh and Sp lesions in single-stranded DNA [75].
These results demonstrate that an alternative pathway is acti-
vated in response to the formation of Gh and Sp DNA lesions.

The 8-oxo-dG lesion also affects transcription factor bind-
ing [76, 77]. Previous studies by Sugden’s group reported
that binding activity of the NF-κB p50 subunit increases if
the G1 nucleotide of the IκB consensus binding sequence
(5′-dAGTTGA G1G2G3G4ACTTTCCCAGCC-3′) is re-
placed with an 8-oxo-dG modified base [77]. In contrast,
replacing the G3 nucleotide with an 8-oxo-dG decreases p50
binding activity. Sugden et al. found that p50 binding activity
to the modified IκB consensus sequences correlated with p50
in vitro transcription activity, providing a direct link between
the regulation of gene transcription and ROS formation.

In addition to inducing DNA lesions, metals can inter-
fere with cellular processes such as mitosis. Kligerman et al.
presented evidence that arsenicals induced c-type anaphases
consisting of small, condensed chromosomes – an effect usu-
ally seen with spindle poisons [78]. They proceeded to inves-
tigate the effects of several different modified arsenicals on
mitosis and found that monomethylarsenous acid (MMAIII)
exhibited the most potent mitotic interference. When tubulin
was directly exposed to MMAIII, an increase in the number
of mitotic indices (MIs) was observed. None of the arsenicals
with a valence state of V showed an obvious effect on tubulin
polymerization, whereas all arsenicals with a valance state
of III inhibited tubulin polymerization. Taken together, these
results indicate that As(III) and its metabolites can interfere
with cell division.

Activation of DNA repair enzymes is often observed
in response to metal-induced DNA damage [79–81]. Lee
et al. examined the effects of DNA repair gene polymor-
phisms on the number of Cr(VI)-induced strand breaks
in human white blood cells. Several DNA repair genes
with known genetic polymorphisms were examined, in-
cluding glutathione S transferase M1 (GSTM1), glutathione
S transferase T1 (GSTT1), NADPH quinine oxidoreduc-
tase 1 (NQO1), X-ray repair cross complementation factor
1 (XRCC1), and the 8-oxo-7,8-dihydroguanine (8-oxo-G)
DNA glycosylase (OGG1). White blood cells homozy-
gous for the OGG1 Cys326 polymorphism exhibited an in-
creased number of DNA strand breaks when compared to
the OGG1 Ser326/Ser326 and OGG1 Ser326/Cys326 polymor-
phisms. White blood cells homozygous for the OGG1 Cys326

variation also exhibited an increase in the ratio of oxidative
DNA damage to plasma antioxidant capacity. These results
suggest that OGG1 Cys326 homozygous individuals may be
defective in the repair of DNA adducts during oxidative stress
conditions, possibly due to the oxidation of these residues.

Metal-induced cellular signalling

Although each metal activates its own unique set of signalling
events, many metals also activate general ROS-mediated
stress response pathways. DNA microarray technology has
recently been used to examine the global effects of metals
in several model systems. For example, Jin et al. examined
the global transcriptional response of the yeast Sacchromyces
cerevisiae to Zn, Cd, Hg, Cu, silver (Ag), Cr, or arsenic (As)
exposure. Approximately 25% of the yeast genes were af-
fected by at least one metal (798 upregulated genes and 774
downregulated genes). Most of the metals upregulated genes
involved in the oxidative damage process, sulfur assimilation,
sulfur metabolism, and GSH biosynthesis. Genes encoding
biomolecular transporters of sugar and lipid metabolism were
downregulated. Approximately 10% of the total number of
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S. cerevisiae genes were affected by As treatment – a 2–5-
fold increase in the number of genes affected by any other
metal examined. Additional classes of genes induced by As
treatment included double-stranded break (DSB) repair and
DNA replication genes.

Other examples of the use of microarray analysis in tox-
icology studies included Song and Freedman’s examination
of the global transcriptional effects of Cu treatment on a hu-
man hepatoma cell line, Hep2G. After 4 h of Cu exposure,
42 genes were upregulated and 24 were downregulated. The
upregulated genes included metallothionein IIA (MT2A),
myosin heavy polypeptide (MYH8), CYP1A1, IL-1 recep-
tor alpha (IL11RA), heat shock protein A1A (HSPA1A), and
heme oxygenase 1 (HO-1). Downregulated genes included
the HT017 protein, dynamin 1-like (DNM1L), DEAD box
polypeptide 18 (DDX18), and GST theta 2 (GSTT2). RT-PCR
confirmed the upregulation of HSPA1A, CYP1A1, and HO-1
with peak induction levels at 12, 24, and 8 h respectively.

Many of the global effects of metals on transcription are
thought to be controlled by the interactions between metal
response elements (MREs) and MRE binding transcription
factors such as MTF-1 [82]. Since PKC inhibitors can ab-
rogate MT induction, it is thought that some metals induce
signalling cascades through PKC activation, subsequent al-
teration of MTF-1 phosphorylation, and activation of MT
transcription [83]. Craft and Freedman examined the role of
p53 activation in MT induction by Hg and Cd and found MT
transcription was reduced in p53 −/− cells when compared
to wild-type p53 cells. These results suggest that p53 may be
part of a general mechanism in the cellular response to both
Hg and Cd exposure.

Arsenic signalling

After a metal ion is transported across the cytoplasmic mem-
brane, its transition state is often altered by cellular reducing
agents. Reduction of some metals to a lower transition state,
such as As(V) → As(III), often results in an increase in toxic-
ity; thus it is beneficial to examine the metal’s cellular point of
entry. The Ars ATPase is a catalytic subunit of the Escherichia
coli ArsAB pump that translocates As(III) across the cellular
membrane, conferring resistance to arsenicals and antimoni-
als [84, 85]. There are two halves of the Ars ATPase, A1 and
A2, each consisting of a nucleotide binding domain (NBD)
and a metal binding domain (MBD). The NBD and MBD are
connected by two amino acid linkers which serve as a signal
transduction domain [85, 86]. Using site-directed mutagen-
esis, Bhattacharjee and Rosen altered residues of the signal
transduction domain and found that the D142A and P145A
mutations caused a loss of As(III) resistance. These results
indicate that this domain is important in the signalling events
between the catalytic and allosteric sites of the Ars ATPase.

The aquaglyceroporin (AQP) family is responsible for the
uptake of As(III) and Sb(III) in humans [87, 88]. Mukhopad-
hyay et al. reported that overexpression of human AQP9 in
the chronic myelogenous leukemia cell line K562 increased
uptake of the As(III)-based drug Trisenox [89]. Since AQP9
overexpression in K562 cells exhibited hypersensitivity to
Trisenox, it is possible that pharmacological alteration of
AQP9 expression could boost Trisenox effectiveness in can-
cer patients.

As(III) induces oxidative stress and delays cell cycle re-
entry into the G1 phase by an unknown signalling mecha-
nism [90, 91]. Chen et al. presented evidence that As(III)
induces ubiquitination and subsequent degradation of the
Cdc25C protein, which is thought to cause the exit of cells
from the G2/M phase [92]. These effects were not ab-
rogated by treatment with antioxidants. Furthermore, im-
munoprecipitation showed that Cdc25C associates with the
Fzr/Cdh1 recognition subunit of the mitotic APC ubiqui-
tin ligase complex. siRNA silencing of Fzr/Cdh1 expression
protected Cdc25C from degradation and decreased ubiquitin
conjugating activity. Chen’s group concluded that As(III) in-
duces the redox-independent ubiquitination and degradation
of Cdc25C through its association with Fzr/Cdh1.

As(III) exposure also induces remodelling of the cytoskele-
ton [93]. Qian et al. demonstrated that As(III) activated Cdc42
and NADPH oxidase. Activated NADPH oxidase produced
O•−

2 and induced actin filament reorganization in SVEC4-10
cells [94]. Overexpression of a dominant negative Cdc42 or
treatment with the actin filament stabilization agent jasplaki-
nolide inhibited actin filament reorganization and prevented
NADPH oxidase activation. Qian’s group concluded that
As(III) activates NADPH oxidase through Cdc42 and leads
to actin filament reorganization and the formation of lamel-
lipodia and filopodia. These effects could possibly lead to
increased cell migration and/or metastasis of As(III)-induced
tumours.

Paradoxically, As also exhibits apoptotic-inducing effects.
Ivanov and Hei presented evidence that human melanoma
cells exposed to combinations of low concentrations of As
(2–10 µM) and EGFR, PI3K/Akt, or MEK/Erk inhibitors ef-
fectively induced apoptosis via the TRAIL and TNFα path-
ways in spite of low Fas levels [95]. The combination of
As and synthetic small molecule inhibitors could poten-
tially be used to sensitize melanoma cells to cytotoxic drugs,
enabling the development of more effective chemotherapy
regimens.

Lemarie et al. further examined the apoptotic pathway in-
duced by As and found that As2O3 prevented monocyte adhe-
sion and expression of the macrophage phenotypical markers
transferrin receptor CD71 and integrin CDIIc. As2O3 induced
monocyte apoptosis, increased caspase 8 and caspase 3 ex-
pression, decreased cFLIP and XIAP expression, decreased
NFκB binding activity, and exhibited a loss of mitochondrial
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membrane potential. Lemarie’s group suggested that As2O3

may induce apoptosis by inhibiting NFκB activity and sub-
sequently decreasing the expression of the cFLIP and XIAP
pro-survival proteins, both of which are transcriptionally con-
trolled by NFκB. Taken together, these studies may pro-
vide insight into the signalling pathways responsible for As’s
ability to induce apoptotic effects as well as carcinogenic
effects.

Chromium signalling

Cr(VI) has been known to produce ROS, induce DNA dam-
age, and subsequently activate the ATM, p53, and Chk2 pro-
teins [96, 97]. It is known that ATM is activated specifically
in response to DSBs, however no Cr-induced DSBs have
been reported [98–101]. Ceryak et al. exposed normal human
dermal fibroblasts to Cr(VI) or the radiomimetic agent neo-
carzinostatin (NCS) and analysed the occurrence of DSBs,
the phosphorylation status of histone H2A.X (γ -H2AX), and
the formation of γ -H2AX nuclear foci. Their evidence sug-
gested that DSBs were formed in response to Cr(VI) expo-
sure in an S phase-dependent manner, while NCS exposure
exhibited an equal distribution of DSB formation throughout
all phases of the cell cycle. Additionally, Cr(VI) exposure
showed γ -H2AX foci formation in PCNA positive cells; an
effect that was absent in the NCS-exposed control cells and
decreased in ATM−/− cells.

Xie et al. independently showed that PbCrO4 induced
DSBs in a dose-dependent manner, resulting in the acti-
vation of ATM in human lung cells. γ -H2AX is rapidly
phosphorylated on Ser139 when DSBs are induced by
ionizing radiation [102]. Xie’s group also showed that
PbCrO4 induced a concentration-dependent phosphoryla-
tion of γ -H2AX and subsequent foci formation. Taken to-
gether, these results demonstrate a general mechanism for
Cr(VI)-induced carcinogenesis involving the induction of
S phase-dependent DSBs and marked by γ -H2AX foci
formation.

Xu presented additional evidence that Cr(VI) exposure
activates ATM/ATR, phosphorylates the structural mainte-
nance chromosome 1 (SMC1) protein, and activates caffeine-
sensitive S phase cell cycle arrest in a dose-dependent man-
ner. Surprisingly, Cr(VI)-induced S phase cell cycle arrest
was shown to be independent of ATM at high concentra-
tions. Xu proceeded to examine alternate pathways responsi-
ble for Cr(VI)-induced S phase cell cycle arrest and found that
Rad17, which is required for the release of active ATR, bound
the site of Cr(VI)-induced DNA damage. A non-functional
Rad17 showed impaired S phase arrest in response to Cr(VI)
exposure, suggesting that a low dose of Cr(VI) activates an
ATM-dependent pathway, whereas a high dose of Cr(VI) ac-
tivates an ATR-dependent pathway.

Cadmium signalling

The activation of transcription factors by metals is one of
the most commonly studied effects of metal-induced cellu-
lar signalling. However, recent interest has been expressed
in alternative targets of metal signalling, such as the trans-
lational machinery pathways. Aberrant regulation of the ex-
pression of the translational control proteins eIF3 and eEF1δ

has been shown to be responsible for Cd(II)-induced trans-
formation and tumorigenesis [103, 104]. Orthumpangat et al.
presented evidence that a third translational control protein
may also affect the cellular response to metals. Cell lines ex-
posed to Cd(II) exhibited a decrease in eIF4E protein expres-
sion. siRNA silencing of eIF4E induced cell death, whereas
eIF4E overexpression resulted in cell survival after exposure
to an otherwise lethal dose of Cd(II). Cd(II) exposure also
activated the ubiquitin pathway, resulting in the degradation
of eIF4E and a subsequent decrease in cyclin D1 expression.
The expression of other members of the translational machin-
ery family were altered upon exposure to Cd(II). One such
protein, eEF1A2 is a cellular proto-oncogene which is over-
expressed in many cancer cell lines and tumours. Orthumpan-
gat’s group reported that eEF1A2 expression was increased
in response to Cd(II), while overexpression of eEF1A2 con-
ferred resistance to Cd(II)-induced apoptosis. These results
confirm that the translational machinery is a potential mech-
anism for Cd(II)-induced carcinogenesis.

Hep3B human hepatocarcinoma cells have been shown
to undergo Cd-induced apoptosis in a caspase-independent
manner [105]. The mechanism is thought to involve the
nuclear translocation of endonuclease G (endoG) and the
apoptosis-inducing factor (AIF), both of which are mitochon-
drial apoptogenic proteins. Lemarie et al. showed that the
release of endoG and AIF in response to Cd exposure was
preceded by an increase in cytoplasmic Ca2+ and a loss of
mitochondrial membrane potential. Bapta-AM, a Ca2+ chela-
tor, blocked these events and prevented apoptosis. Inhibition
of ROS production by the mitochondrial inhibitors ruthe-
nium red, rotenone, and diphenyleneiodonium prevented the
loss of mitochondrial membrane potential. Bapta-AM and
diphenyleneiodonium also blocked expression of the NFκB-
regulated anti-apoptotic protein bcl-x(L) in Cd exposed cells.
Lemarie’s group concluded that Cd induces apoptosis in
Hep3B cells through Ca2+ release and ROS-induced impair-
ment of the mitochondria. These results are in agreement with
the hypothesis that Cd-induced apoptosis occurs through the
release of endoG and AIF.

Cobalt and copper signalling

Exposure to the hard metal dust tungsten carbide–cobalt mix-
ture (WC–Co) directly correlates with an increased risk of
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cancer in exposed workers [106]. Lombaert et al. demon-
strated that both cobalt (Co) and WC–Co induced apoptosis
of peripheral blood mononucleated cells (PBMCs). WC–Co
apoptosis occurred at a higher rate than Co-induced apop-
tosis and was dependent on caspase 9 activation, whereas
Co-induced apoptosis depended on the activation of both cas-
pases 8 and 9. These results demonstrate that although WC–
Co and Co can produce similar cellular effects, the signalling
mechanisms may be different.

Although Cu is a trace element necessary for the func-
tion of enzymes such as SOD, it can also produce ROS,
DNA damage, and other carcinogenic effects when present
in excess. Cherian and Ostrakhovitch examined the effects of
Cu exposure on the p53 tumour suppressor signalling path-
ways in the breast cancer epithelial cell lines MDA-MB-231
and MCF7. p53 mutant MDA-MB-231 cells are resistant to
metal toxicity, while p53 wild-type MCF7 cells are sensitive
to metal-induced apoptosis [107, 108]. ROS production was
not observed in MDA-MB-231 cells exposed to Cu; however,
an increase in Akt phosphorylation, Akt nuclear transloca-
tion, Cyclin D1 expression, and cell cycle progression were
still apparent. In contrast, ROS production in MCF7 cells in-
creased in response to Cu exposure. Increases in p53 expres-
sion, p21 expression, G1 phase arrest, and apoptosis in MCF7
cells were also observed. Additionally, Cu-exposed MCF7
cells exhibited a loss of mitochondrial membrane potential
and lacked Akt activation and translocation. Suppression of
p53 in MCF7 cells with pifithrin or E6 protein decreased p53
phosphorylation and increased Akt phosphorylation, suggest-
ing that p53 is involved in the response to Cu-induced ROS
formation [109].

Nickel signalling

Insoluble nickel (Ni) compounds, such as Ni3S2, green NiO,
black NiO, and Ni refinery dust, have been shown to ex-
ert carcinogenic effects in a variety of animal experiments
[110]. Landolph et al. showed that Ni3S2, green NiO, and
black NiO are phagocytosed by C3H/10T1/2 mouse embryo
cells. Cytotoxicity, chromosomal aberrations, and morpho-
logical transformation were observed upon Ni exposure. The
extent of phagocytosis was shown to correlate with each Ni
compound’s ability to induce transformation. RAP-PCR dif-
ferential display experiments showed 130 genes that were
differentially expressed between the Ni-transformed and non-
transformed cell lines. Increased expression of the ect-2,
calnexin, and wdr1 genes in transformed cells were con-
firmed by Western blot. Respectively, these genes encode a
Rho GDP/GTP exchange factor that modulates microtubule
assembly, a molecular chaperone, and a stress-inducible
protein. Decreased expression of the vitamin D receptor
interacting protein/thyroid hormone activating protein 80

(DRIP/TRAP-80) and two other novel genes was also ob-
served in transformed cells. Landolph’s group concluded that
Ni ions generate ROS, mutate and activate proto-oncogenes
and/or tumour suppressor genes, and also induce chromoso-
mal aberrations.

Paradoxically, Ni can upregulate the expression of some
genes while downregulating others, possibly through the
post-translational modification of histones. Ni suppresses
the acetylation of core histones H3 and H4 and induces
de novo DNA methylation, leading to gene silencing [34,
111]. Costa’s group found that water-soluble Ni salts could
inhibit the acetylation of the core histones H2A, H2B, H3,
and H4. Ni exposure also induced methylation of Lys 9 in his-
tone H3 and increased the ubiquitination of histones H2A and
H2B. Golebiowski and Kasprzak also examined the acetyla-
tion status of the N-terminal tails of the core histones in Ni-
exposed human and rodent cells exposed to Ni(II). Histone
H2B exhibited the least acetylation, followed by histones H4,
H3, and H2A in human airway epithelial cells and normal rat
kidney cells. However, these effects were not seen in Chinese
hamster ovary (CHO) cells, suggesting that the decrease in
acetylation may be cell-type dependent.

Ni(II) has been shown to cleave the –SHHKAKGK motif
of the C-terminal tail of histone H2A in vitro and in cell cul-
ture [112, 113]. Karaczyn et al. examined the effects of Ni(II)
on other histones and showed that histone H2B abundance
increases with Ni(II) treatment over time. Mass spectrome-
try and amino acid sequencing analysis confirmed that the
H2B immunoreactive bands were variants of histone H2B.
The larger band represented a truncated histone H2B lack-
ing 16 amino acids from the N-terminal tail. The smaller
band represented a histone H2B variant lacking both the 16
N-terminal amino acids and an additional nine amino acids
from the C-terminal tail. Post-translational modifications of
the smaller band included two acetylated Lys residues. Simi-
lar, but weaker effects on histone H2B were seen with Co(II),
but no effects were seen with Cu(II), Cd(II), or Zn(II). Since
the terminal tails of histones are thought to play key roles
in structuring chromatin and regulating gene expression, the
loss of these regions may be involved in the mechanisms re-
lating to Ni(II)-induced carcinogenesis. Taken together, these
results suggest that histone modification may play a major
role in the mechanism of Ni-induced gene activation and/or
silencing.

In addition to modifying core histones, Ni-exposure also
activates the HIF-1α transcription factor via the depletion
of intracellular Fe and the subsequent inhibition of the Fe-
dependent enzyme proline hydroxylase, which leads to the
stabilization of HIF-1α [114]. Huang et al. examined the
effects of Ni3S2 or NiCl2 exposure on other transcription
factors and found that Ni ions increased ROS production and
activated NFAT. NFAT activation was inhibited by catalase,
NAC, and desferoxamine (DFO), but not by SOD or sodium
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formate. Ni activation of the HIF-1α, PI3K, Akt, and p70S6K

was abrogated by PI3K inhibitors. Overexpression of Akt
and PI3K dominant negative (DN) mutants also inhibited
HIF-1α activation and Cap43 expression, while exposure to
rapamycin, a p70S6K inhibitor, had no effect. In conclusion,
Huang’s group suggested that Ni generates H2O2 which in
turn activates NFAT. HIF-1α and Cap43 are also activated
by Ni via a PI3K/Akt-dependent pathway, independently of
p70S6K activity.

Animal studies

Although animal studies provide valuable information con-
cerning the toxic effects and signalling pathways of environ-
mental contaminants, adequate animal models do not exist
for some metals due in part to their roles as co-carcinogens.
Thus, it is difficult to assess the effects of the metal itself be-
cause a known carcinogenic compound must be administered
simultaneously in order for a tumour to develop. For exam-
ple, Burns et al. presented evidence that hairless mice (Skh1
strain) exposed to ultra-violet radiation (UVR) and Cr- or As-
contaminated drinking water elevated the number of tumours
produced by UVR to 8.3- and 4.6-fold, respectively. These
data confirm that metals can act as hazardous co-carcinogens
even at low levels of exposure.

Most metal toxicity studies have been conducted on adult
animals, yet few have focused on the effects of metal-
exposure during the pubescent period. Chatterjee et al. ex-
amined Sprague–Dawley rats exposed to intravenous-infused
CdCl2 40–100 days after birth. Histopathological examina-
tion of the mammary tissue showed that Cd(II) exposure
slightly suppressed apoptosis while DNA strand breaks in-
creased by 61%. At low doses, no change in histopathology
of the mammary tissue was observed. However, at high doses,
exposed rats exhibited intraductal proliferations. In addition,
MT expression was elevated 60–86% in Cd(II)-treated ani-
mals in a dose-dependent manner. These results indicate that
Cd(II) exposure may lead to an increased incidence of cancer
in pubescent animals.

Additionally, Chatterjee et al. examined the chemopre-
ventive effects of vanadium (V) supplementation. Rats
were exposed to diethlnitrosamine (DEN) and phenobarbi-
tol to induce hepatocarcinogenesis, and subsequently fed
V-supplemented chow for 20 weeks. V supplementation re-
duced the nodular incidence, total number of tumours, and
multiplicity of tumours, and decreased metallothionein ex-
pression, BrdU labelling index (a marker of cell prolifera-
tion), and iNOS expression. In addition, V supplementation
increased p53 immunoreactivity and the apoptotic labelling
index. These results suggest that V may play a significant
role in controlling cellular activities during chemical-induced
hepatocarcinogenesis.

Depleted uranium (DU) is a radioactive heavy metal used
to manufacture military munitions. United States military
personnel wounded by DU shrapnel may have a higher risk of
cancer incidence, due to DU’s genotoxic and mutagenic ef-
fects [115, 116]. DU can also cause radiation-specific cellular
damage and transformation of human osteoblast cells [117,
118]. In order to simulate the effects of a DU-containing
shrapnel wound, Miller et al. implanted non-tumourigenic
immortalized cells into syngenic DBA/2 mice with or with-
out DU implantation pellets. Mice implanted with DU pellets
showed an 80% incidence of tumorigenesis, whereas control
mice exhibited a 10% incidence of leukemia, suggesting that
DU can significantly enhance tumour incidence.

Chromium(III) Picolinate (Cr(Pic)3) is a dietary supple-
ment associated with oxidative damage, DNA damage, an-
tioxidant enzyme depletion, and renal/liver dysfunction in
rats [119, 120]. In cell culture, Cr(Pic)3 has been shown to
cause mutations and DNA fragmentation [121]. Rasco et al.
examined the prenatal effects of dietary supplementation of
Cr(Pic)3, CrCl3, or picolinic acid in pregnant female mice.
The fetuses birthed from the Cr(Pic)3-fed females showed
an increase in bifurcated cervical arches, delays in righting
reflex, delays in hind limb grasp, and deficiencies in motor
skills. These results demonstrate that dietary supplementation
of Cr(Pic)3 exerts negative effects on the developing nervous
system of mammalian fetuses.

Barchowsky et al. developed an animal model to exam-
ine the effects of As(III) on angiogenesis and the expres-
sion of tissue remodelling genes in cardiac tissue. Male mice
were exposed to As(III)-contaminated drinking water at low
to moderately high concentrations for up to 20 weeks. En-
hanced vascularization of Matrigel implants was observed
after 5 weeks of As(III) exposure. RT-PCR showed a dose-
and time-dependent induction of VEGF, VEGF receptors,
plasminogen activator inhibitor-1, endothelin-1, and matrix
metalloproteinase-9 in cardiac tissue. Barchowsky’s group
concluded that the effects of chronic As(III) exposure on the
cardiovascular tissue varies with dose and length of exposure.

Summary

The research presented at the 3rd Conference on Molecular
Mechanisms of Metal Toxicity and Carcinogenesis provided
new insights into the mechanisms of ROS production, the
mechanisms of metal signalling, and the development of ani-
mal exposure models. However, the following areas of metal
research still need further exploration. First, there is a need
for the development of new human biomarkers for metal ex-
posure. Without definitive and specific biomarkers, it is very
difficult to assess the extent of metal exposure in humans,
and thus, difficult to treat the resulting ailments. Second,
since most metals cause some form of ROS-induced cellular
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stress, the elucidation of the mechanisms of ROS production
may provide information concerning the general mechanisms
of metal-induced carcinogenesis. Third, defining the mecha-
nisms of metal-induced DNA damage may provide new in-
sights into the signalling events involved in DNA damage re-
pair pathways. Fourth, a better understanding of the complex
signalling networks that lead to the adverse effects of metals
could lead to the identification of superior and more specific
novel therapeutic agents. Finally, better animal models for
metal exposure are necessary in order to thoroughly evalu-
ate the toxic and carcinogenic effects of metals in a model
system. Through the use of current technology and the imple-
mentation of new experimental strategies, metal researchers
can address these concerns.
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