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Abstract

Many metals and metal-containing compounds have been identified to be potent mutagens and carcinogens. Recently, a
new sub-discipline of molecular toxicology and carcinogenesis has been developed. The combination of newly developed
molecular techniques and free radical approach makes it possible to insightfully examine metal-induced carcinogenesis in
precise molecular terms so that intricate biological interrelationships can be elucidated. In consideration of the increased
amount of new findings deciphered by utilizing these new methods, the 1st Conference on Molecular Mechanisms of Metal
Toxicity and Carcinogenesis was held. In this conference, more than 50 scientists from nine countries presented their novel
discoveries concerning metal-induced carcinogenesis, delineated molecular mechanism of metal carcinogenesis, and pro-
posed novel therapeutic intervention and prevention strategies. This article reviews some of the state-of-the-art information
presented at the meeting regarding the molecular mechanisms of metal cytotoxicity and carcinogenesis. (Mol Cell Biochem
222: 3–9, 2001)
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mutations on genome DNA which are capable of activat-
ing oncogenes or inactivating tumor suppressors, are tradition-
ally considered to be the crucial factor for cancer initiation,
other events, such as transcription activation, recombination,
and oncogene amplification, which may or may not require
DNA damage, also contribute to the tumor initiation proc-
ess [3–7]. Altered gene expression and cell signaling are
considered to be related to tumor promotion and progres-
sion [8, 9]. The mechanisms of metal-induced carcinogenesis
are believed to be involved in all stages of cancer development.

Metal compounds are found to have effects on the cellular
organelles and components, such as cell membrane, mitochon-
drial, lysosome, endoplasmic reticulum, nuclei, and some en-
zymes involved in metabolism, detoxification, and damage
repair [10]. All these systems are considered to influence metal-
induced cellular responses. Metal ions have been found to
directly bind to some cell components such as DNA and nu-
clear proteins through ionic and coordination bonds, causing
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Introduction

Both environmental and occupational exposures to chromium
(Cr), nickel (Ni), and arsenic (As) compounds have been
reported to cause human tumors in various systems [1, 2].
Although a variety of metals, including Cr, Ni, As, vanadium
(V), cadmium (Cd), and cobalt (Co), have been reported to
induce carcinogenesis both in animals and in humans, the
underlying mechanisms are not well understood. Since car-
cinogenesis induced by metals involves a variety of facets,
it is difficult to identify one common mechanism. It is very
likely that each metal has its own unique molecular mecha-
nisms which contribute to the cancer development.

During the last two decades, chemical and cellular stud-
ies have provided a variety of contributions to extend our
understanding for metal-induced carcinogenesis. Generally,
carcinogenesis is considered to have the following four stages:
initiation, promotion, progression, and metastasis. Although
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DNA damage and conformation changes [11, 12]. Since the
binding of metal ions to DNA and proteins are reversible, it
appears that this direct binding can not be fully responsible for
carcinogenic metal-induced DNA lesions, including DNA strand
breaks and base modifications, which result from the break-
age or formation of covalent bonds [13–16]. Based on these
observations, in addition to direct binding, other indirect ef-
fects of metals must be involved in metal-induced cell responses.

Accumulating evidence suggests that reactive oxygen spe-
cies (ROS) play a major role in mediating metal-induced
cellular responses and carcinogenesis [16–19]. ROS mainly
include superoxide radical (O

2
·–), hydrogen peroxide (H

2
O

2
),

hypochloride (HOCl), hydroxyl radical (·OH), peroxyl radi-
cal (ROO·), alkoxyl radical (RO·), thiyl radical (RS·), and
nitric oxide (NO). Several groups have reported that carci-
nogenic metal-induced chromatin damage can be mimicked
by ROS, suggesting the important role of ROS in these proc-
esses [16–19]. In addition, various metal ions, such as Cr (VI),
V (V), and Co (II), have been reported to produce ROS in
cellular systems through a Fenton-like reaction and Haber–
Weiss cycle [20–23]. The generated ROS are believed to
mediate metal-induced cell injuries.

Recently, a new sub-discipline of molecular toxicology
and carcinogenesis has been developed. The combination
of newly developed molecular techniques and free radical
approach makes it possible to insightfully examine metal-
induced carcinogenesis in precise molecular terms so that
intricate biological interrelationships can be elucidated. In
view of the increased amount of new findings deciphered
by utilizing these new methods, the 1st Conference on Mol-
ecular Mechanisms of Metal Toxicity and Carcinogenesis
was held at National Institute for Occupational Safety and
Health (NIOSH), Morgantown, WV, in September, 2000. In
this conference, more than 50 scientists from nine countries
presented their novel discoveries concerning metal-induced
carcinogenesis, delineated molecular mechanism of metal
carcinogenesis, and proposed novel therapeutic intervention
and prevention strategies. The following categories have
been emphasized during the meeting: (a) effects of metal
on apoptosis and cell growth regulation; (b) mechanism of
metal-induced regulation of nuclear transcription factors,
such as NF-κB, AP-1, p53, and NFAT; (c) activation of sig-
nal transduction pathway, MAP kinase pathway; (d) effects
of metals on gene expression; (e) mechanism of metal-in-
duced cytotoxicity, cellular responses, mutagenesis, and car-
cinogenesis; (f) detection and mechanism of metal-induced
free radical generation.

Effects of metal on apoptosis and cell growth regulation

Apoptosis, or programmed cell death, is a genetically con-
trolled response for cells to commit suicide. It provides a

major form of cell death in normal development of vertebrate
embryos, appropriate functions of the immune system, and
maintenance of tissue homeostasis [24–29]. Apoptosis can
be triggered by a variety of extrinsic and intrinsic signals, in-
cluding UV and ion radiations, viral infection, bacterial tox-
ins, nutrient deprivation, oncogene expressions, oxidants, etc.
[30–32]. Apoptosis that results from these stimuli regulates
the elimination of excess, genetically damaged, and improp-
erly developed cells from tissues. Various toxic metals, in-
cluding Cr, V, Cd, Ni, and As, have been reported to be able
to induce apoptosis [33–37]. However, the mechanisms and
the effects of apoptosis are still not clear.

In this conference, Ye et al. presented the evidence indi-
cating that both ROS and p53 play very important roles in
Cr (VI)-induced apoptosis. ROS were generated within a few
minutes after Cr (VI) treatment, while p53 induction took at
least 5 h. The observations that p53 positive cells have a
higher apoptosis level compared to p53 negative cells only
at later stage (3–24 h) but not at early stage (0–3 h) indicate
that ROS generation through Cr (VI) reduction was respon-
sible for the early stage of apoptosis, whereas p53 contrib-
uted to the later enhanced apoptosis induced by Cr (VI).
Meanwhile, Patierno et al. and Bagchi et al. also reported
that Cr (VI) was able to induce apoptosis in several different
cell lines at different levels in a dose and time dependent man-
ner both in vitro and in vivo. Induction of p53, disruption of
the mitochondrial membrane permeability transition (MMPT),
release of mitochondrial cytochrome C into the cytoplasm,
and activation of caspase 3 have been implicated in the proc-
ess of apoptosis induced by Cr (VI). More interestingly, they
found that Cr-induced DNA–DNA crosslinks were crucial
for apoptosis resulting from Cr exposure. These findings
indicate that both ROS and Cr metabolites from Cr (VI)
reduction play important roles in the mechanism of Cr (VI)-
induced apoptosis.

Ong et al. investigated the role of calcium (Ca2+) in Cd-in-
duced apoptosis in primary cultured mouse thymocytes. Ex-
posure of thymocytes to Cd resulted in a rapid and sustained
intracellular Ca2+ elevation, followed by caspase-3 activation,
PARP cleavage, and DNA fragmentation. They believe that
intracellular Ca2+ elevation may trigger caspase-3 activation,
contributing to Cd-induced apoptosis in thymocytes. This study
has provided new information for a better understanding of the
immunotoxic and immunomodulatory effects of Cd.

Under normal conditions, cell cycle proceeds from G
1
 phase

to S phase, then to G
2
 and M phase, without interruption.

These processes are monitored at several checkpoints for the
proper DNA duplication, regulated by complexes of cyclins
and cyclin-dependent kinases. Two important checkpoints are
in charge of G

1
/S and G

2
/M transitions. When damage occurs

to the cells, most of them are capable of arresting the cell
cycle, repairing the damage, and resuming the proliferation
when the damages are fixed. By this way, the cells take con-
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trol of the precision of DNA replication and maintain the
integrity of the genome [38–41]. However, for the damage
that cannot be repaired by arresting the cell cycle, the cells
would undergo apoptosis. Therefore, cell cycle arrest is a
passive defense mechanism of cells in response to external
toxicants, and improper cell growth regulation may result in
cancer development.

At present, there are only a few reports available on the
effects of metal on cell growth regulation. In this meeting,
two articles from Dr. Xianglin Shi’s laboratory presented their
novel findings on mechanisms of metal-induced cell growth
arrest. Zhang et al. found that V (V) was able to induce G

2
/M

phase arrest in A549 cells. During this process, several regu-
latory pathways are involved, including activation of p53 and
p21 and inactivation of cdc2/cyclin B complex resulting from
both increased chk1 expression and inhibition of cdc25C.
ROS generated in V (V)-stimulated cells, especially H

2
O

2
, are

involved in the regulatory mechanisms. In another study, Chen
et al. utilized Cr (VI) and As (III), focusing on GADD45, a
cell cycle checkpoint protein whose activation arrests cells
at G

2
/M phase. Inhibition of NF-κB activation caused an

increased and prolonged induction of GADD45, resulting in
G

2
/M arrest induced by As (III). On the other hand, abroga-

tion of c-jun N-terminal kinase (JNK) activation decreased
GADD45 induction by As (III), suggesting that JNK and NF-
κB may have distinct contribution to cell growth regulation
through their opposite effects on GADD45 in response to
toxic metals. The results indicate that toxic metals indeed can
cause cell cycle arrest, and several different pathways and
regulatory proteins are involved in these cell growth arrest
process. The investigations on metal-induced cell cycle ar-
rest opened a new window to study the mechanisms of metal-
induced cancer development.

Mechanism of metal-induced regulation of nuclear
transcription factors

One of the characteristics of nuclear transcription factors is
that they are able to recognize and bind to specific sequences
of DNA, regulating the expression of their target genes. Due
to this unique property, the activation of transcription factors
act as a key switch in mediating cell responses upon stimu-
lation. Accumulating evidence indicate that some metals such
as Cr, V, and lead (Pb), are able to activate various transcrip-
tion factors including NF-κB, AP-1, and p53 protein [42–52].
While it has been suggested that ROS may be involved in the
process of transcription factors activation, the underlying
mechanisms are still need to be investigated.

In this conference, Wang et al. provided direct evidence,
indicating that ROS do play an important role in mediating
p53 activation induced by Cr (VI). Among all the ROS gen-
erated during the Cr (VI) reduction, ·OH radical is the one

that is responsible for Cr (VI)-induced p53 activation. Thor-
ough investigation on transcription factor activation in re-
sponse to vanadate exposure has been carried out by Dr.
Xianglin Shi’s group. In addition to the findings that vanad-
ate is able to induce the activation of NF-κB, AP-1, and p53,
they performed studies to uncover the mechanisms of those ac-
tivation from different angles. Huang et al. reported an increase
in p53 transactivation induced by vanadate. Furthermore, they
pointed out that this activation of p53 was mainly through
H

2
O

2
, which is generated through vanadate reduction.

Chen et al. presented evidence that vanadate also was able
to induce the activation of both NF-κB and JNK in macro-
phages. In their study, they also investigated the possible cross
talk between MAP kinase pathway and NF-κB upstream sig-
nal transduction. Blockage of JNK activation resulted in par-
tial inhibition of vanadate-induced IκBα degradation, but
inactivation of IKKβ, which results in decreased IκBα degra-
dation, did not have any effect on the activation of JNK induced
by vanadate. These results suggest that the involvement of
JNK in regulating the upstream signal transduction of NF-
κB activation. Furthermore, they found that both vanadate-
induced IκBα degradation and JNK activation could be
inhibited by antioxidant, N-acetylcysteine (NAC), indicating
that regulatory role of ROS in the upstream of NF-κB activa-
tion. Transcription factor AP-1, which is important in mediat-
ing cell proliferation, also could be induced by vanadate. Ding
et al. observed AP-1 activation induced by vanadate both in
JB6 cells and rat lung epithelia cells, and the activation was
mediated by O

2
·– and H

2
O

2
, but not by ·OH radical.

NFAT (nuclear factor of activated T cells) family proteins,
which are expressed in most immune-system cells, play a
pivotal role in the transcription of cytokine genes and other
genes critical for the immune response. Huang et al. reported
that NFAT could be activated upon vanadate exposure. Block-
age of both calcium and calcineurin inhibited the activation
of NFAT by vanadate. Similar inhibition was observed when
specific antioxidants for H

2
O

2
 was added, suggesting the

potential role of H
2
O

2
 in mediating calcium/calcineurin path-

way-dependent activation of NFAT induced by vanadate. In
addition, another heavy metal, nickel was also found to be
able to induce NFAT activation. The activation of NFAT by
nickel is involved in regulating the expression of Cap43 gene,
a novel gene induced by nickel and hypoxia [53, 54]. These
findings provide evidence for the activation of NFAT by metal
for the first time, and help to understand the signal transduc-
tion pathways involved in carcinogenic effects of nickel com-
pounds, as well as other transition metals.

Effects of metals on signal transduction pathway

Since metals have been found to activate transcription fac-
tor AP-1, it is not surprising to find them affecting the AP-1
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upstream regulatory signal transduction pathway, namely the
MAP kinase pathway. Different effects of Cr (VI) and Cd on
the activation of three major MAP kinases, ERK, JNK, and
p38 kinase were presented by Dr. Jia-LingYang’s group. Cr
(VI) is able to activate all of the three MAP kinases in dose-
and time-dependent manner. In contrast, Cd decreased the
ERK activity with a concomitant enhancement in JNK at low
cytotoxic dosages, but persistently activated the three MAP
kinases at high cytotoxic dosages. Cross talk of the MAP
kinase signals was observed in cells exposed to Cr (VI) but
not to Cd. Increased JNK and p38 kinase activity, as well as
reduced ERK activity, contribute to Cd-induced apoptosis.
In contrast, the activation of these three MAP kinases was not
involved in apoptosis induced by Cr (VI). These results im-
ply that although ROS are considered to play important roles
in the cell responses induced by both Cd and Cr (VI), these
two metals may induce MAP kinase activation and regulate cell
growth arrest and apoptosis through different mechanisms.

Another interesting and novel finding presented in this
conference is that ROS were reported to induce the phospho-
rylation of tyrosine kinase. Cr (VI) was utilized as a source
for whole spectrum of ROS generation. A dose- and time-
dependent increase of tyrosine phosphorylation was observed
in human lung epithelial cells after Cr (VI) exposure. Among
all the ROS generated by Cr (VI) reduction, H

2
O

2
 and ·OH

radical are the major species to mediate the increased tyrosine
phosphorylation. This study provides direct evidence demon-
strating the involvement of ROS, especially H

2
O

2
 and ·OH

radical, in tyrosine phosphorylation for the first time, provid-
ing a new direction for the further mechanism studies on the
effects of ROS on regulating signal transduction pathway.

Effects of metals on gene expression

Most of the toxic heavy metals are also reported to be car-
cinogens and mutagens due to their ability to cause gene
mutation. Water-insoluble nickel has been reported by Costa
et al. to silence genes in mammalian cells [55]. In this meet-
ing, Dr. Costa presented the results of their recent investiga-
tions on the molecular mechanisms of nickel-induced gene
silencing. The inhibition of the acetylation of histone H4 at
specific N-terminal lysine sites by nickel was observed to
contribute to nickel induced gene silencing. Trichostatin A,
which is an inhibitor of histone deacetylase, is able to inhibit
the ability of nickel to silence genes by reducing the inhibi-
tion of histone H4 acetylation. The results indicated that as a
major component of the transcriptional machinery, the acet-
ylation of histone plays an important role in nickel-induced
silencing, which is presumed to be a crucial step in nickel-
induced carcinogenesis.

In addition to inducing gene silencing, insoluble nickel
compounds can also cause morphological transformation by

positively altering gene expression as presented by Lan-
dolph  et al. By using RAP-PCR mRNA Differential Dis-
play to examine cells transformed by carcinogenic insoluble
nickel compounds, they found that 130 genes were differ-
entially expressed compared to nontransformed cells. These
results indicate that the global gene expression in the trans-
formed cells was substantially modified. Among these al-
tered 130 genes, 10 genes which are involved in various
functions have been identified. Further work to determine
how these alterations contribute to nickel-induced transfor-
mation will help in understanding the tumor development
caused by nickel.

Similarly, by using microarray technique, Ye et al. found
that Cr (VI) was able to alter the expression of about 220
genes, of which 150 genes was up-regulated and 70 were
down-regulated by Cr (VI). Functional analysis indicates that
these genes are involved in several categories, including re-
dox stress, calcium mobilization, fat degradation, protein
metabolism, cell cycle arrest, and carcinogenesis. The results
provide critical information and directions for understand-
ing the molecular mechanisms involved in Cr (VI)-induced
carcinogenesis.

To further understand the precise mechanisms of As and Cr
induced toxicity and carcinogenesis, Hamilton et al. examined
the effects of these two metals on gene expression. Their pre-
vious studies indicate that both As (III) and Cr (VI) have pro-
found but preferential effects on expression of several inducible
genes, including the hormone-regulated phosphoenolpyruvate
carboxykinase (PEPCK) gene, whose expression is associated
with the glucocorticoid receptor (GR)-mediated regulatory
pathway [56, 57]. Their novel study presented at this confer-
ence indicated that As (III) significantly suppressed both ba-
sal and inducible expression of PEPCK through specific
suppression of GR as a transcription factor within the nu-
cleus following hormone binding and nuclear translocation.
In contrast, Cr (VI) enhanced both basal and inducible gene
expression of PEPCK via Cr (III)-involved cAMP signaling
pathway.

Metallothionein (MT) is a low-molecular-weight protein
with approximately one-third of its amino acids being cys-
teine residues. This protein is inducible by various metals,
exerting its role in essential trace metal homeostasis and heavy
metal detoxification. MTF-1, a protein which specific binds
to metal response element (MRE), plays a major role in regu-
lating metal-inducible MT transcription [58]. At present, there
are two models that describe MTF-1-mediated regulation of
MT transcription. However, neither of them is able to explain
how metals other than zinc can activate MT transcription.
Freedman et al. presented a novel mechanism for the activa-
tion of MT induced by metal: MTF-1 phosphorylation. They
found that MTF-1 was phosphorylated following zinc expo-
sure but not by Cd treatment. The results confirmed that
MTF-1 can be phosphorylated in vivo, and this phosphor-
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ylation might be the mechanism for metal-induced MT tran-
scription. Although both zinc and Cd are able to up-regulate
MT transcription, the mechanisms for their effects might be
different.

Mechanism of metal-induced cytotoxicity, cellular
responses, mutagenesis, and carcinogenesis

Cr (VI)-containing compounds are well established mutagens
and carcinogens. Although the mechanisms for their effects
are not clear yet, it is generally believed that Cr (VI)-induced
cellular responses are mediated by the reactive intermediates
generated directly from Cr (VI) reduction, including ROS,
Cr (V), Cr (IV), and Cr (III). Previous studies and a variety
investigations presented in this meeting have shown that ROS
generated from Cr (VI) reduction play crucial roles in DNA
damage, lipid peroxidation, and transcription factor activa-
tion [42–44, 46]. At the meeting, Pritchard reported his re-
cent finding, implicating nitrogen species in the mechanisms
of Cr (VI)-induced endothelial cell inflammation. Cr (VI) was
observed to be capable of inducing inflammation in human
umbilical vein endothelial cells (HUVEC). During this proc-
ess, ICAM-1 gene expression was increased at mRNA level,
suggesting the possible involvement of this gene in the in-
flammation. Cr (VI) increased the generation of O

2
·– and

decreased the intracellular NO without affecting the NO
generation. At the same time, an increased formation of per-
oxynitrite was observed, indicating that generated O

2
·– scav-

enged NO to produce peroxynitrite. Through this mechanism,
decreased NO activity and increased formation of peroxynitrite
appear to play a critical role in enhancing the expression of
ICAM-1, which is crucial in Cr (VI)-induced endothelial cell
injury. The other project carried out by the same group us-
ing bovine coronary endothelial cells (BCEC) investigated
the mechanisms of effects of Cr (VI) on eNOS (endothelial
NO synthase) activity. Even at very low concentration, Cr
(VI) perturbed eNOS function in BCEC cells. This perturba-
tion is possibly due to the disruption of the interaction between
eNOS and heat shock protein 90 (Hsp90), whose association
to eNOS ensures the proper functions of this synthase. This
disruption may be an important step in the mechanisms by
which endothelial cells can be induced to generate O

2
·– in an

eNOS-dependent manner.
In addition to ROS and reactive nitrogen species, the im-

portance of chromates in Cr (VI)-induced cellular responses
have been re-emphasized during this meeting. Several groups
presented their recent findings on Cr (VI)-induced DNA dam-
age. Cystine may act as a reductant when mixing with Cr (VI),
and reduce Cr (VI) to Cr (III). The generated Cr (III) is able
to form ternary Cr (III)-DNA adducts, which contribute to a
significant increase in mutation frequencies. The study by
Zhitkovich et al. provided strong evidence for the importance

of Cr (III)-dependent pathway in the genotoxicity of Cr (VI)
compounds. In addition, Krepkiy et al. reported that Cr (III)-
Cys might be the intermediate for the formation of Cr (III)-
DNA complex. Cr (V), another reactive metabolite of Cr (VI),
is also reported to cause DNA damage [59]. To investigate
the oxidative DNA damage by Cr (V), Sugden et al. estab-
lished two model Cr (V) complexes: Cr (V)-ehba and Cr (V)-
salen, which have similar oxidative mechanisms in terms of
their abilities to serve as direct-acting oxidants but oxidiz-
ing different sites on DNA. Cr (V)-ehba complex has a pref-
erence for oxidation at the deoxyribose sugar moiety resulting
in sequence-neutral, frank- and alkaline-labile strand breaks,
while Cr (V)-salen complex with has shown a preference for
oxidation at the nucleic acid base guanine to yield a piperid-
ine-labile cleavage site. The use of these tow model Cr (V)
complexes has shown an excellent correlation with the DNA
damage associated with cellular exposure to chromate, facili-
tating further understanding for the mechanisms of Cr (VI)-
induced DNA damage and other responses.

Cr (VI) has been shown to be mutagenic in a variety of
assay systems. Using Big Blue transgenic mouse, Dixon et
al. reported that manipulating glutathione (GSH) level could
alter the mutant frequency of Cr (VI): reduced tissue GSH
levels resulted in a lower mutant frequency, suggesting the
important role of GSH in regulating Cr (VI) mutagenesis.
Most interestingly, As, a co-mutagen, was found to suppress
the Cr (VI) mutagenesis in this system. The possible expla-
nation is that As reduced the availability of free GSH required
for Cr reduction and mutagenesis.

Although As has a much lower potency to induce muta-
genesis compared to Cr (VI), it is able to induce significant
cytotoxicity and carcinogenesis. Increasing evidence indi-
cates that epigenetic mechanisms, including modulation of
cell growth signaling, may play a role in As carcinogenesis.
Simeonova et al. have demonstrated that As exposure acti-
vates cell proliferation of urinary bladder epithelium by us-
ing both in vitro and in vivo models. A persistent activation
of AP-1 transcription factor, as well as the altered expres-
sion of a variety of genes associated with cell growth and
cell arrest were observed following exposure of the cells to
As. These molecular alterations might be involved in As-
induced carcinogenesis. Moreover, the toxicity and carcino-
genesis induced by As can be significantly enhanced by
atrazine.

Detection and mechanism of free radical generation

It is generally believed that Cr (VI) compounds exert their
functions via their reduction metabolites. However, there is
no systematic investigation on how Cr (VI) compounds are
converted to the metabolites. To solve this question, Leonard
et al. thoroughly investigated the mechanisms of the genera-
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tion of ROS and chromate metabolites. They have shown that
Cr (VI) can be reduced to Cr (V) by glutathione reductase.
During this process, O

2
·– radical is generated from molecular

oxygen, followed by the generation of H
2
O

2
 via O

2
·– dis-

mutation catalyzed by superoxide dismutase (SOD). Further-
more, H

2
O

2
 reacts with Cr (V) through a Fenton-like reaction

to produce ·OH radical and regenerate Cr (VI). ·OH radicals
generated by the enzymatic Cr (VI) reduction are capable of
causing DNA strand breaks. This study provides a clear pic-
ture of ROS and reactive Cr intermediates generated from
Cr (VI), facilitating further biological studies on Cr (VI)-
induced carcinogenesis. The other study carried out by Liu
et al. confirmed the generation of Cr (V) in the biological
system. By using a newly developed in vivo electron para-
magnetic resonance (EPR) spectrometer, they observed the
formation of Cr (V) directly from intact mice after intrave-
nous injection of Cr (VI). The intensity of Cr (V) signals
decreased when the animal was pretreated with antioxidants
and metal chelators. The study verified the importance of
Cr (V) in mediating Cr (VI)-induced responses, and illus-
trated the possibility of using EPR to study paramagnetic
metal ions in intact animals.

Discussion

During the meeting, a number of groups presented their
state-of-the-art information in their research with metals.
The presentations cover a wide range, including metal-in-
duced cytotoxicity, cellular responses, mutagenesis, apopto-
sis, cell growth regulation, regulation of nuclear transcription
factors, activation of signal transduction pathway, and gene
expression. It should be noted that impressive progress has
been achieved concerning the molecular mechanisms of metal-
induced toxicity and carcinogenesis. However, there are still
a lot of questions to be solved. A great number of investiga-
tions have been conducted concerning the roles of metals in
regulating cell signaling. However, some of the findings are
contradictory, and a link is needed to connect all the obser-
vations and findings. The question of how ROS and metal
metabolites affect the signal transduction still remains to be
answered. Metal-induced cell growth control has got more
attention during this meeting. Three presentations from Dr.
Xianglin Shi’s group reported the effects of V on cell growth
regulation. These findings provide a new direction for the study
of mechanisms of metal-induced carcinogenesis. Furthermore,
some new emerging techniques provide more convenient and
powerful tools for the investigation of metal-induced carcino-
genesis. For example, the microarray technique makes it pos-
sible to screen a large amount of genes which are possibly
induced by certain metals, providing the hints and directions
necessary for more insightful studies.
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