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  Abstract     This review focuses on the impact of nickel on human health. In particular, 
the dual nature of nickel as an essential as well as toxic element in nature is 
described, and the main forms of nickel that can come in contact with living systems 
from natural sources and anthropogenic activities are discussed. Concomitantly, the 
main routes of nickel uptake and transport in humans are covered, and the potential 
dangers that nickel exposure can represent for health are described. In particular, 
the insurgence of nickel-derived allergies, nickel-induced carcinogenesis as well 
as infectious diseases caused by human pathogens that rely on nickel-based enzymes 
to colonize the host are reviewed at different levels, from their macroscopic aspects 
on human health to the molecular mechanisms underlying these points. Finally, the 
importance of nickel as a benefi cial element for human health, especially being 
essential for microorganisms that colonize the human guts, is examined.  

  Keywords     human health   •   nickel   •   nickel allergy   •   nickel carcinogenesis   •   nickel 
homeostasis  

  Please cite as:  Met. Ions Life Sci . 13 (2013) 321–357   

1      Introduction: The Double Face of Nickel 
in Biological Systems 

 Nickel is the 24th most abundant element regarding the natural abundance in the 
Earth’s crust [ 1 ]. This metal exists in nature either in insoluble particles, which are 
components of fumes and dusts, like nickel sulfi des (NiS, Ni 3 S 2 ), oxides (NiO), and 
silicates, or in water-soluble nickel compounds, such as nickel acetate, nickel 
chloride, and nickel sulfate. Natural sources of nickel include dusts from volcanic 
emissions and weathering of rocks and soils [ 2 ]. Soluble and insoluble nickel 
compounds are also found in soils and in waters [ 3 ]. In water, nickel ions are generally 
divalent, present as the greenish hexa-hydrated [Ni(H 2 O) 6 ] 2+  ion. 

 The unique physical and chemical properties of nickel – low thermal and electri-
cal conductivities, high resistance to corrosion and oxidation, excellent strength and 
toughness at elevated temperatures, and capability of being magnetized – make this 
metal and its compounds suitable materials for many applications widely found in 
modern industry [ 4 ]. Human activities, such as emission of nickel-containing fuel, 
industrial nickel production and utilization of nickel compounds, concur to the 
environmental release of nickel and to pollution by nickel and its products. 
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 Human exposure to nickel occurs primarily  via  inhalation, ingestion, and dermal 
absorption [ 5 ]. Insoluble particulate nickel enters the vertebrate cells by phago-
cytosis, whereas nickel carbonyl is soluble in lipids and permeates the plasma 
membrane. Soluble nickel is transported into cells of vertebrate organisms by 
diffusion or through calcium channels and/or divalent cation transporters (DMT-1), 
involved in iron uptake [ 6 ]. Transport of nickel in blood plasma is mediated by 
binding to albumin and some small ligands, such as amino acids (e.g., histidine) 
and small peptides [ 7 , 8 ]. The Ni 2+ -L-histidine complex is the major form of nickel 
transport across the cell membrane, and the Ni 2+ -albumin complex is the form for 
systemic transport [ 9 ]. 

 Exposure to nickel compounds yields a variety of adverse effects on humans. 
Nickel immune reaction, as a form of dermatitis, is one of the most common aller-
gies in the modern world [ 10 ]. In addition, chronic nickel exposure can produce 
serious respiratory, cardiovascular, and kidney diseases. Some alterations in immune 
response in animal models have been observed as a result of nickel contact [ 11 ]. 
Nickel induces the production of reactive oxygen species (ROS), like the superox-
ide radical (O  2   −·  ), hydrogen peroxide (H 2 O 2 ), and hypochlorous acid (HOCl) by 
several cells, such as in neutrophils and monocytes. This ultimately causes apoptosis 
in a number of cellular types, including human neutrophils and T-cells [ 12 , 13 ]. High 
exposure to nickel impairs the normal homeostasis of essential metal ions, decreasing 
the levels of calcium, magnesium, manganese, and zinc in different tissues [ 14 ] and 
possibly interfering with normal iron cofactor binding to specifi c proteins [ 15 – 17 ]. 
Finally, the most serious concerns of nickel for human health is the nickel-induced 
teratogenicity and carcinogenesis, documented by the International Agency for 
Research on Cancer (IARC) in 1990 [ 18 ]. 

 Despite its poisoning potential, nickel plays a fundamental role in living 
organisms, revealing its double faced nature of both as an essential and toxic ele-
ment [ 19 ]. The importance of nickel for plants, bacteria, archaea, and unicellular 
 eukaryotes is well documented. In these organisms, the choice of nickel as cata-
lyst for important biological reactions is related to its fl exible coordination 
geometry, which makes this metal a very versatile element for many biological 
applications [ 1 ]. Nickel is a necessary component in the active site of several 
essential metallo- enzymes in bacteria and lower eukaryotes. So far, eight micro-
bial nickel-containing enzymes have been identifi ed, which include urease, 
hydrogenase, CO dehydrogenase, acetyl-CoA synthase, methyl-CoM reductase, 
Ni-superoxide dismutase, acireductone dioxygenase, and glyoxalase I, while a 
few other possible nickel-dependent enzymes are emerging [ 20 ]. The majority of 
known nickel-dependent enzymes have been structurally determined and nickel 
ions have been demonstrated to play an essential role in their enzymatic cataly-
sis. In higher eukaryotes, the only known nickel-depending enzyme is plant 
urease. Some plant species that live in serpentine soils have evolved to hyperac-
cumulate nickel ions, creating complex systems of metal detoxifi cation and 
homeostasis that constitute appealing systems for phytoremediation of contami-
nated environments [ 21 ]. 
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 So far, no nickel-containing enzyme or cofactor is known in higher animals. 
However, this metal has been included in the group of “possibly essential elements” 
for animals and humans as early as the 1970s [ 19 ]. Many experiments on animal 
models showed that nickel could be benefi cial, if not essential, for optimal repro-
ductive function, bone composition and strength, energy metabolism, and sensory 
function. The reasons of this essentiality remain obscure, even if some hypotheses 
have been suggested [ 5 ,  22 ]. 

 The double face of nickel, being both a poison and an essential micronutrient, 
implies that nickel-dependent organisms have developed tightly regulated systems 
for nickel handling, delivery it into the correct cellular location, and avoiding its 
dangerous potential. Bacteria that rely on nickel ions for environmental colonization 
and growth represent a good model to study nickel metabolism and homeostasis in 
nickel-dependent organisms. Due to the relative paucity of known nickel-dependent 
enzymes, the study of intracellular nickel homeostasis may represent a paradigm to 
study the general handling of dangerous and essential metal ions  in vivo . 

 In this chapter we review the present knowledge on the impact that nickel ions 
have on human health, focusing on the dangerous potential of nickel, leading to 
allergy, carcinogenesis, and infectious diseases, and the proofs of its essentiality, and 
on what is currently known on the molecular mechanisms underlying these points.  

2    Nickel Hazard for Human Health 

 The most diffuse hazardous health effects caused by nickel exposure are nickel- 
induced carcinogenesis and allergy. They are both mediated by active changes in 
metabolic pathways that underlie infl ammation, stress response, oxidative stress, 
cell proliferation, and cell death [ 23 ]. As no protein specifi c for nickel homeostasis 
is known in mammals, one would not expect a specifi c nickel-mediated change of 
gene expression and metabolism. Indeed, many of the nickel effects on cells are 
triggered by non-specifi c interactions of nickel ions with macromolecules and gen-
eral formation of reactive compounds that mediate cellular damage. Furthermore, 
the cellular response to nickel is related to signal transduction cascades such as 
second messengers, protein kinases, phosphatases or transcription factors, which 
are involved in general metal ion response. Notably, nickel exposure produces a 
rather specifi c pattern of gene expression. Nickel-driven alteration of transcription 
of genes involved in oxygen defi ciency has been extensively studied  in vitro  for its 
relevance to nickel carcinogenesis [ 23 ]. 

 On the other hand, the activation of the infl ammatory response, with the induc-
tion of genes for chemokines and cytokines correlated with nickel-induced allergy 
and asthma, has been studied mostly  in vivo  [ 23 ]. Additionally, few proteins with 
nickel-binding motifs have been identifi ed and the effect of nickel binding to these 
proteins can be related to the specifi c cellular response to nickel exposure. A sche-
matic representation of nickel uptake routes, intracellular distribution, and major 
effects on human cells metabolism, which will be discussed in detail in the following 
sections, is presented in Figure  1 .
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2.1      Nickel-Induced Carcinogenesis 

2.1.1    The Carcinogenic Potential of Nickel 

 The propensity of nickel workers to develop cancers in the respiratory tract was fi rstly 
reported in 1933 [ 24 ]. Subsequent epidemiological studies and carcinogenic assays in 
animals corroborated the carcinogenicity of nickel compounds, which is now generally 
accepted [ 18 ]. Epidemiological studies have reported an increased risk of lung and 
nasal cancers among nickel mining, smelting, and refi nery workers [ 25 ]. For many 
years, it was believed that only water-insoluble nickel components of fumes and dusts, 
like nickel sulfi des and oxides, were carcinogenic. Subsequent epidemiological studies 
indicated instead that aerosols of water-soluble nickel compounds, such as nickel ace-
tate, nickel chloride and sulfate, are also carcinogenic  in vivo , although with a lower 
potential [ 24 ]. Nickel present in endoprostheses, bone- fi xing plates and screws, and 
other implanted medical devices made of metal alloys, has been suspected, but not 
proven, to be the cause of sporadic local tumors. There is no epidemiological evidence 
on possible cancer risk from general environmental and dietary nickel exposures. 

  Figure 1    Schematic representation of known nickel uptake routes, intracellular distribution, and 
its major effects on cellular metabolism in humans. ROS = reactive oxide species; HIF = hypoxia-
inducible factor; HRE = hypoxia-responsive enhancer; GSH = reduced glutathione; NF-κB = nuclear 
factor κ-B; AP-1 = activating protein 1; TGF-β = transforming growth factor β; NF-AT = nuclear 
factor of activated T cells; DMT-1 = divalent cation transporter 1; NDRG-1 = N-myc downstream 
regulated gene 1, DAN = differential screening-selected gene aberrative in neuroblastoma.       
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 In animal models, nickel compounds induce tumors at virtually all sites of 
applications. Rats are more susceptible to nickel poisoning effects than mice, hamsters, 
or rabbits. The reasons for these differences may refl ect different abilities of the phago-
cytes to ingest and metabolize nickel-containing particles, the different mechanisms of 
nickel uptake, transport, distribution, and retention in the animal body, and the differ-
ences in the capacity of antioxidant systems among animals of different species and 
strains [ 23 ]. This suggests that genetic predispositions, including metabolic variations of 
different species and strains of animals, may also play an important role in nickel carci-
nogenesis. Similar genetic predispositions possibly also occur in human populations. 

 The routes of administration that were shown to produce tumors include inhala-
tion, intramuscular, intrarenal, intraperitoneal, intraocular, and subcutaneous applica-
tions [ 23 ]. The injection of crystalline Ni 2 S 3  or NiS into experimental animals resulted 
in a high incidence of tumors in the application sites, while no tumor was induced in 
animals treated with soluble NiSO 4 . In rats, intraocular and intramuscular injections 
generated the highest tumor incidences, yielding tumors in all animals, often readily 
metastasized to the lung and other organs [ 23 ]. Similarly, only water-insoluble nickel 
compounds were found to be carcinogenic in rats  via  the inhalation route, while solu-
ble NiSO 4  was not found to be carcinogenic [ 26 ]. Notably, intrarenal nickel injection, 
beside causing kidney tumors in rats, also caused erythrocytosis due to induction of 
erythropoietin, a part of the hypoxia- mimicking effect of nickel [ 23 ]. 

 Insoluble nickel compounds are generally considered stronger carcinogens than 
soluble compounds. The difference of their carcinogenic activity is related to the 
faster clearance of soluble nickel ions from the tissues, which in turn retain insolu-
ble nickel particles longer [ 5 ]. These data indicate that prolonged exposure to a 
nickel carcinogen is critical for tumor development. Nickel compounds also trans-
form human cells  in vitro  [ 27 ]. Crystalline nickel particles, phagocytized by cul-
tured cells, exist in intracellular vacuoles with internal acid pH that facilitates nickel 
solubilization, creating local high concentrations of soluble nickel inside the cell. 
Nickel-fi lled vacuoles easily migrate and reach the cellular nucleus, potentially 
exerting their effect on DNA and nuclear proteins. On the contrary, exposure of cells 
to water-soluble salts results in low nuclear and high cytosolic nickel contents [ 28 ]. 

 Nickel compounds have been shown to produce a signifi cant synergistic effect, 
when co-administrated with other carcinogens, in enhancing cell transformation 
both  in vitro  and  in vivo . On the other hand, essential metals such as manganese, 
magnesium, and zinc, co-administered with Ni 3 S 2  to animal models, reduced local 
tumor incidence in a dose-dependent manner. Magnesium was the strongest and 
zinc was the weakest inhibitor. Separate administration of the essential metals did 
not produce this effect [ 23 ].  

2.1.2     Molecular Mechanisms for Nickel-Induced Neoplastic 
Transformation 

 The molecular basis of nickel carcinogenesis remains elusive, as data obtained by 
different groups are diffi cult to reconcile, and a general consensus on the mechanisms 
has still to be reached. To be defi ned carcinogenic, a compound should provoke two 
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effects fundamental for tumor genesis, that is, heritable changes in gene expression 
and cell proliferation. In most instances, carcinogenic compounds provide the fi rst 
condition by interacting with DNA and DNA-binding proteins, changing DNA 
structure and inducing mutations in its sequence, usually during replication. Often, 
these sequence changes alter the expression level or function of tumor suppressor 
genes or oncogenes. However, nickel does not behave like a typical mutagen, 
because it does not show high affi nity for DNA nor displays mutagenic potential in 
most assays on bacteria, fruit fl y, mammalian cells, and whole animals [ 29 – 33 ]. 
Therefore, alternative routes for nickel to change the gene expression levels and 
cellular phenotypes have been described. Nickel has been found to act at the DNA 
level, mostly through epigenetic mechanisms. Nickel promotion of tumors, on the 
other hand, occurs mostly at the protein level, and involves DNA-binding proteins 
such as transcription factors, metal-binding proteins, and proteins participating in 
important cellular pathways. The result is a change of the general cellular metabolism 
and a deregulation of cellular homeostasis inducing carcinogenic transformations in 
the cells. 

2.1.2.1    Effects of Nickel on DNA Structure and Gene Expression 

  (i) Genotoxic effects.  Nickel compounds have been reported to be mildly clasto-
genic, causing extensive DNA damage and chromosome aberrations, particularly in 
the heterochromatic region of the genome [ 5 ]. Nickel generates oxides and reactive 
species that produce DNA-protein cross-links and oxidative DNA damages [ 34 ]. 
This mechanism is typical of several transition metals that can generate reactive 
oxygen species in biological fl uids at physiological pH. However, this effect cannot 
fully explain the high carcinogenic potential of nickel: this metal is a weaker gen-
erator of redox-active species, but it is as good a carcinogen as chromium, which is 
very active in ROS production [ 35 ]. In addition, highly redox-active metals, such as 
copper, which also binds DNA more avidly than nickel, are only weakly or not 
carcinogenic [ 36 ]. The ability of carcinogenic metals to facilitate DNA damage 
through inhibition of DNA-repair enzymes or binding to histones can also explain 
its genotoxic activity [ 37 , 38 ]. 

  (ii) Epigenetic effects.  Further evidence from epidemiological, animal, and cellular 
studies shows a role of epigenetics in nickel carcinogenesis, in addition to genetic-
based mechanisms. One major requirement for nickel carcinogenicity is the pro-
longed action on the target tissue, performed by compounds with limited solubility 
and long retention in biologic fl uids [ 24 ], which is typical of tumor promoters acting 
through epigenetic mechanisms, rather than tumor initiators, which are usually 
mutagenic. Indeed, nickel was found to synergistically increase the tumorigenic 
potential of several carcinogenic agents. 

 The nickel-induced epigenetic changes include silencing of genes for DNA 
repair and tumor suppressors, mostly occurring through nickel-driven DNA meth-
ylation, which can modify the chromatin structure and eventually the genetic 
expression. In DNA of higher eukaryotes the methylation of CpG dinucleotides is 
an important modifi cation that leads to modulation of gene expression. In general, 
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increased cytosine methylation represses transcription, and it is thus more abundant 
in the heterochromatin regions of chromosomes [ 39 ]. Exposure to nickel com-
pounds enhances DNA methylation, leading to inactivation of gene expressions 
[ 40 ]. The nickel-induced silencing of a tumor suppressor gene, occurring through 
promoter hypermethylation, has been associated with cellular transformations  in 
vivo  [ 41 ]. Although the mechanisms by which nickel induces DNA hypermethyl-
ation are presently unknown, a possible model includes the ability of Ni 2+  to substi-
tute Mg 2+ , normally bound to DNA, seeding chromatin condensation and triggering 
de novo DNA methylation by methylases that recognize newly generated hetero-
chromatic and unmethylated DNA [ 40 ]. This property is related to the same charge 
and very similar ionic radius of Ni 2+  (69 pm) and Mg 2+  (71 pm). 

 In addition to DNA methylation, nickel epigenetic effects are related to the ability 
of nickel to affect the global levels of histone modifi cations, implicating global 
deregulation of gene expression. Indeed, acetylation in the N-terminal tail of histone 
proteins is a well-known mechanism to regulate the chromatin transcriptional state, 
important to control the access of regulatory proteins to DNA. Conversely, histone 
methylation results in more pronounced chromatin and gene silencing. Nickel 
decreases the acetylation levels of histones H2A, H2B, H3 and H4, and increases 
H3K9 dimethylation, and the ubiquitination of H2A and H2B [ 42 ]. The higher meth-
ylation of the histones occurs through the nickel-induced inhibition of specifi c Fe 2+  
and α-ketoglutarate-dependent demethylases belonging to the family of Jmjc- domain 
containing histone demethylases (JHDM), such as JHMD1 and JMJD1A [ 43 , 44 ]. 
The inhibited acetylation of histone H4 is thought to occur through the direct interac-
tion of the metal ion with His18 of the histone itself, which would prevent its interac-
tion with the specifi c acetyl-transferase enzyme [ 45 ]. Low levels of histone acetylation 
in nickel-exposed cells can also result from low levels of acetyl-CoA, a universal 
donor of acetyl groups, due to the nickel-dependent inhibition of pyruvate dehydro-
genase kinase that converts pyruvate into acetyl-CoA [ 42 ]. The increase in H2A/H2B 
ubiquitination has been correlated to nickel up-regulation of the ubiquitin-conjugating 
enzyme H6 (UbcH6) E2 ligase or the inhibition of an unidentifi ed histone de-ubiqui-
tinating activity [ 45 ]. Moreover, nickel induces the truncation, at the N-terminus of 
the histone H2A, and, both at N- and C-termini, of the histone H2B, possibly through 
the activation of specifi c nuclear proteolytic enzymes belonging to the calpain family 
[ 46 ]. The importance of deregulation of histone modifi cations by nickel has been 
demonstrated by observing that nickel- transformed cells, treated with the histone 
deacetylase inhibitor, namely trichostatin A, revert the phenotype to that of untrans-
formed cells along with the gene expression profi le, suggesting that histone acetyla-
tion might be inhibited during nickel- induced transformation [ 47 ]. 

 In addition to changing gene expression levels, epigenetic effects also promote 
cell proliferation: recent studies have demonstrated that the unlimited proliferative 
character of a nickel-transformed cell line could be reversed by induction of senes-
cence. The senescence gene is located in the donor X chromosome, and its expres-
sion is regulated by DNA methylation. These data indicate that transformation by 
nickel may involve DNA methylation and silencing of a senescence gene in the X 
chromosome [ 48 ].  
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2.1.2.2     Effects of Nickel on Proteins, Transcriptional Regulators, 
and Metabolic Pathways 

  (i) Disruption of calcium homeostasis.  Nickel blocks calcium channels and disturbs 
intracellular calcium homeostasis. This results in the experimentally observed rapid 
proliferation of nickel-transformed cells in low-calcium media [ 49 ]. Since cytoplas-
mic calcium levels regulate expression of genes associated with cell growth, 
differentiation, and apoptosis, derangement of calcium regulation would impact the 
entire cellular metabolism [ 49 ]. In particular, nickel was shown to increase intracel-
lular calcium levels: nickel likely uses calcium channels to enter the cells, and 
induces calcium release from intracellular stores, possibly through a cell surface 
receptor. Therefore, changes of calcium homeostasis invoked by nickel exposure may 
change the cellular expression induced by other signalling pathways, eventually 
leading to malignant transformation [ 23 ]. 

  (ii) Oxidative damage.  Soluble and insoluble nickel compounds can be redox- active at 
physiological pH, although to a lesser extent than iron and copper complexes, and 
they can generate reactive oxygen species. This is possible when the redox couple 
Ni 3+ /Ni 2+  is formed, which usually only occurs when nickel is bound by certain natural 
ligands like peptides and proteins, especially those forming square planar nickel com-
plexes. Reactions of such complexes with O 2  or H 2 O 2  yield the hydroxyl radical  · OH 
and other radicals. The oxidation of water-insoluble nickel sulfi des may involve both 
nickel and sulfur and lead to generation of not only nickel-, but also sulfur-derived 
ROS and other reactive intermediates (e.g. the sulfi te anion). This enables the sulfi des 
to produce a wider spectrum of oxidative damage than other nickel compounds and 
may be responsible for their high carcinogenic activity. In addition, nickel can deplete 
some important antioxidant ligands, such as ascorbate and reduced glutathione (GSH). 
Nickel is capable of depleting intracellular ascorbate through catalytic oxidation and 
hydrolysis of both ascorbic and dehydroascorbic acid, and inhibition of ascorbic acid 
transporters [ 23 ]. GSH depletion is likely the result of a cellular response to the ROS 
species generated by nickel. Coherently, resistance to nickel toxicity is usually associ-
ated to high levels of GSH [ 50 ]. Finally, the enzymatic components of cellular antioxi-
dant defence, such as superoxide dismutase, catalase, glutathione peroxidase, and 
glutathione reductase, are also affected by nickel exposition [ 23 ]. 

 The nickel-induced oxidative stress can activate some transcriptional pathways 
through some oxidation-sensitive transcription factors. ROS created by nickel exposi-
tion result in lipid peroxidation, whose products can create adducts with DNA, thus 
altering gene expression. Protein oxidation, leading to protein fragmentations and 
cross-linking with other molecules (e.g., with DNA) and oxidative DNA and chroma-
tin damage are also consequences of ROS generated by nickel. The presence of 
cross-links in chromatin may lead to morphologic aberrations of chromosomes. 
 In vitro , nickel was found to promote DNA cleavage by H 2 O 2  predominantly at the 
cytosine, thymine, and guanine bases [ 51 ]. ROS attack on DNA’s sugar moiety 
produces apurinic sites in DNA and mediates  in vitro  hydrolysis of 2′-deoxyguanosine. 
The depurination occurs concurrently with DNA strand scission and fragmentation. 
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Some compounds generated by oxidative stress, like 8-oxoguanine, may also misdirect 
DNA methylation and perturb orderly binding of transcription factors to DNA. 

  (iii) Activation of hypoxia signalling . Nickel exposure produces a rather specifi c 
pattern of gene expression, which involves the same activation pathways of the 
response to hypoxia [ 52 ], and in particular the activation of the HIF-1 transcription 
factor. This protein exists as a HIF-1α/HIF-1β (ARNT) hetero-dimer, with the α 
subunit being the regulatory unit, formed in response to low oxygen tension in the 
cells. Under normal oxygen concentrations, HIF-1α is virtually undetectable in 
most cells [ 53 ]. In these conditions, the protein interacts with the tumor suppressor 
protein VHL, a part of the ubiquitin-ligase complex that induces the ubiquitination 
of HIF-1α and its rapid degradation. The structural basis for specifi c interaction of 
HIF-1α and VHL is provided by the introduction of the hydroxyl group at the C4 
position of Pro402 and Pro564 [ 54 ], which facilitates hydrogen bonding with 
Ser111 and His115 in VHL. On the other hand, hydroxylation of Asp803 prevents 
complex formation between HIF-1α and the transcriptional co-activators CBP and 
P300, providing a second mechanism by which HIF-mediated transcription is regu-
lated [ 55 ]. The hydroxylation reactions are carried out by specifi c hydroxylases that 
employ both Fe 2+  and ascorbate as cofactors to split dioxygen into two oxygen 
atoms, one of them converted into hydroxide. Ascorbate is a reducing agent needed 
to avoid iron oxidation, and to maintain the metal ion bound to the enzyme as Fe 2+ . 
Hypoxia signalling reduces the HIF-1α hydroxylation, therefore stabilizing HIF-1α 
and allowing it to join HIF-1α. The heterodimer translocates into the nucleus, where 
it binds the hypoxia-responsive enhancers (HREs) and recruits the co-activator 
acetyltransferase P300 [ 56 ]. 

 Similarly to hypoxia, nickel was found to be a strong stabilizer of the HIF-1α 
protein and an activator of HIF-dependent transcription, inhibiting its enzymatic 
hydroxylation [ 56 ]. This likely occurs through a depletion of intracellular ascorbate 
that follows nickel-driven oxidation and/or uptake inhibition [ 57 ]. This results in the 
inactivation of the hydroxylases, followed by the induction of HIF-1 and activation 
expression of hypoxia-inducible genes [ 56 ]. The activation of the hypoxic signal-
ling pathway and the switch of cellular metabolism to a state that mimics permanent 
hypoxia may be a part of nickel-induced carcinogenesis [ 42 ]. Indeed, hypoxia is a 
common state in tumors because transformed cells grow faster than the blood ves-
sels providing them with oxygen. This state can activate genes that enable cells to 
overcome nutritive deprivation, to escape from the hostile metabolic microenviron-
ment, and to stimulate angiogenesis. Additionally, cellular responses to hypoxic 
stress include inhibition of cell proliferation and, when cell damage is irreversible, 
apoptosis. Therefore, imitation of the state of hypoxia by nickel may provide the 
conditions for the selection of cells that have altered energy metabolism, changed 
growth control and/or have become resistant to apoptosis. A result of nickel-induced 
hypoxia response is the induction of numerous genes involved in glucose transport 
and glycolysis, coding for carbonic anhydrase IX, ceruloplasmin, erythropoietin, 
inducible nitric oxide synthase, vascular endothelial growth factor (VEGF), and 
many others [ 23 ]. 
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  (iv) Additional alterations of other signalling pathways.  Exposure of cells to nickel 
also induces a change of gene expression that yields cells with spectra of expressed 
genes similar to cancer cells. The proteins responsible for this effect are some tran-
scription factors, involved in different metabolic pathways, such as oxidative stress 
defence (NF-κB, AP-1), infl ammatory response (NF-κB, TGF-β), apoptosis (p53), 
angiogenesis (ATF-1), calcium homeostasis (NF-AT), all activated by nickel [ 23 ]. 
Nickel also induces activation of the K-ras oncogene, and inhibits tumor suppressor 
genes, such as Rb, p16, FHIT, Zac-1, and Gas-1 [ 23 ]. 

  (v) Interaction with proteins.  The gene coding for the Cap43 protein (also called 
N-myc downstream-regulated gene 1 (NDRG1)) is induced by nickel through the 
hypoxia pathway [ 58 ]. This protein is usually expressed at low levels in normal tissues, 
but it is over-expressed in a variety of cancers, including lung, brain, melanoma, 
liver, prostate, breast and renal cancers, and has been often used as a marker of 
tumor progression [ 59 ]. The physiological function of this protein is not clear so far, but 
likely it acts as a tumor suppressor protein. The fact that this protein is ubiquitously 
expressed and highly conserved in all multicellular organisms, and that its expression 
is regulated by different central pathways that respond to several stress and growth 
signals, such as cellular proliferation, differentiation, growth arrest, neoplasia, tumor 
progression and metastasis, hypoxia, heavy metal response, favors a central role in 
cellular metabolism [ 60 ]. Impairing of calcium homeostasis, also triggered by nickel, 
induces Cap43/NDRG1 production. Interestingly, three repeats of the GTRSRSHTSE 
sequence are found in the C-terminal tail of Cap43/NDRG1, which are not present 
in the other family members, and have been postulated to serve as nickel binding 
motifs, and can bind one nickel ion each [ 61 , 62 ]. It is noteworthy that these repeats 
fall into a region that in all NDRG family members is predicted to be unfolded [ 63 ], 
therefore possibly involved in regulation through interaction with a partner or cofactor 
such as nickel. The fact that the 30-amino acid fragment of the C-terminal tail of the 
nickel-induced Cap43/NDRG1 is able to bind up to three nickel ions could shed 
new light onto the complex mechanism of nickel toxicity, in particular in relation to 
the physiological role exerted by the stress protein genes up-regulated by metal 
exposure, suggesting a possible role of Cap43/NDRG1 as a detoxifi cation agent and 
a feedback mode of nickel sensing. The crystal structure of a homologue, NDRG2, 
only expressed in adult skeletal muscle and brain, has been recently reported, and the 
protein was thought to serve as molecular interactor for regulating cell proliferation 
and cell differentiation [ 64 ]. 

 Beside Cap43/NDRG1 protein and histones, nickel has been reported to form 
complexes with other proteins, possibly signifi cantly altering their conformations, 
interactions, functionality, and eventually cellular homeostasis, triggering the 
observed adverse effects. At physiological pH, the strength of Ni 2+  interactions with 
proteins depends on the type of amino acid residues, their positions relative to each 
other, and their accessibility in the protein molecule. The greatest affi nity for Ni 2+  is 
shown by histidine and cysteine residues in proteins. One of these proteins, named 
DAN, possessing a Ni 2+  binding motif at the C-terminal region, shows a tumor sup-
pressor activity. Interaction of DAN with Ni 2+  can impair its activity triggering the 
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tumorigenic phenotype [ 65 ]. Similarly, cullin-2, a component of the complex that 
serves HIF-1α ubiquitination, features three Ni 2+  and Co 2+  binding sites [ 66 ]. Metal 
binding prevents ubiquitination, therefore contributing to the typical hypoxia 
response. Nickel can also bind the iron regulatory protein 1 (IRP-1), a central regu-
lator of iron homeostasis [ 67 ]. Replacement of one Fe 2+  with Ni 2+  in the 4Fe-4S 
cluster inactivates the protein enzymatic activity and may contribute to the nickel- 
induced hypoxic signalling. The ability of Ni 2+  and Cu 2+  to bind neuromedin C, a 
neuropeptide, may represent the overlap between the metabolisms of these two metal 
ions, and may imply that Ni 2+  is able to impair copper homeostasis in the brain [ 68 ].    

2.2    The Different Faces of Nickel Allergy 

2.2.1    Nickel Effects on Immune Response 

 The immune response triggered by nickel exposure is generally important, and 
responsible of allergic contact dermatitis (ACD), one of the most signifi cant conse-
quence of occupational exposure to nickel. The fi rst event in nickel immunological 
response is a silent sensitization phase, which is initiated upon the fi rst contact with 
the antigen, leading to the generation of allergen-specifi c T-cells, and lymphocyte 
activation. Upon re-exposure to the allergen, an elicitation phase occurs, resulting in 
clinically apparent infl ammation. In this second phase, the T-cells exert cytotoxic 
functions and secrete infl ammatory mediators, such as chemokines and cytokines, 
to amplify the infl ammatory response and produce eczematous skin reaction [ 69 ]. 

 As many ACDs, nickel allergy requires two events for being established both 
for sensitization and elicitation, that is (i) the activation of antigen-specifi c T-cells, 
and (ii) a non-specific proinflammatory microenvironment necessary for the 
development of a hypersensitivity response, also called innate immune signal [ 70 ]. 
In humans, nickel ions can trigger both these events, directly activating proinfl am-
matory pathways [ 70 ]. 

2.2.1.1    How Nickel Activates Antigen-Specifi c T-Cells 

 T-cells are the major effectors in Ni 2+  hypersensitivity. These cells are usually acti-
vated when a peptide, recognized as non-self, is bound to a major histocompatibility 
complex (MHC) protein of the membrane of an antigen-presenting cell (APC), and 
interacts with a T-cell receptor (TCR) [ 71 ]. This is the signal that activates the lym-
phocytes and subsequently the immune cascade. Ni 2+  ions, as many other immuno-
logically active low molecular chemicals, are defi ned as haptens, that is antigens 
generally invisible to the immune system by themselves, becoming visible only 
when bound to proteins or peptides [ 72 ]. While, generally, hapten recognition by 
T-cells requires covalent hapten attachment to MHC-associated peptides, transition 
metal ions such as Ni 2+  do not form stable covalent protein modifi cations, they 
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rather produce geometrically highly defi ned coordination complexes with reversible 
binding [ 73 ]. 

 During the immune response, Ni 2+  has been found to be reversibly bound to a 
particular MHC-II molecule, called HLA-DR52c, and an unknown MHC-bound 
peptide  via  a pH-sensitive interaction, consistent with metal ion coordination to 
amino acid side chains of histidine or acidic residues [ 74 ]. The structure of HLA- 
DR52c in complex with a self-peptide deriving from the Tu elongation factor (pTu), 
has been reported [ 75 ]. Although the HLA-DR52c/pTu complex is not able to bind 
Ni 2+ , this structure is important to understand how Ni 2+  can be presented in this 
complex. In particular, four residues (His 81 , Asp 55 , Gln 70 , and Gln 74 ) have been indi-
cated as being potentially involved in metal coordination. However, these are not 
suffi cient to allow Ni 2+  binding, coherently with the observation that a specifi c pep-
tide is needed to form the Ni/HLA-DR52c/peptide complex [ 75 ]. How the metal ion 
infl uences TCR binding to the Ni/HLA-DR52c/peptide complex is still unknown. 
It has been proposed that the metal ion binds to the interface between MHC and 
TCR proteins, sterically infl uencing the interaction [ 76 ]. Based on current biochem-
ical data, hypothetically the metal ion can bind the MHC and become the 
ligand of T-cells at least in four different ways [ 77 ]: (a) Ni 2+  could bind the MHC 
only; (b) Ni 2+  can bind both the presented peptide and the MHC molecule; (c) Ni 2+  
can interact with the presented peptide only; (d) Ni 2+  can induce a conformational 
change of the peptide and/or of the MHC, which are therefore recognized as neo-
antigens. A further possibility is that Ni 2+  ions interfere with the processing of 
self-proteins in the APC and the exposure of cryptic self-peptides, which can be 
recognized as non- self by TCR [ 78 ]. 

 Besides activating T-cells in a Ni/MHC/peptide ternary complex, Ni 2+  appears to 
serve as a direct and peptide-independent linker between TCR and MHC, bearing 
certain similarities to superantigen-mediated activation [ 79 ]. Potential Ni 2+  contacts 
both in the TCR and in the specifi c MHC molecule are responsible for Ni 2+  reactiv-
ity independently from protein processing by antigen-presenting cells and peptide 
binding to MHC. This new type of Ni 2+ -induced TCR-MHC crosslinking might 
explain the high frequency of Ni-reactive T cells in the human population [ 79 ].  

2.2.1.2    How Nickel Activates the Innate Immune Signal 

 Ni 2+  is the only allergen for which a direct mechanism of innate immune activation 
has conclusively been demonstrated and unravelled at the molecular level.  In vitro  
and  in vivo  experiments showed that treatment of human endothelial cells with Ni 2+  
triggers rapid expression of the surface molecules VCAM1, ICAM1, and E-selectin 
and monocyte-attracting chemokine MCP-1 [ 80 – 82 ], required for leukocyte 
adhesion and infl ammation. On the other hand, expression of lymphocyte-attracting 
cytokines such as IP10, Mig, MDC, PARC, and TARC, occurs at later stages and 
correlates well with the infi ltration of T-cells into the dermis and epidermis [ 82 ]. 

 Molecular analysis revealed that, in humans, Ni 2+  activates the IKK2/NF-κB and 
the MAPK/p38 signalling pathways, both regulating gene expression leading to 
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infl ammation [ 83 , 84 ]. These activations occur through Ni 2+  interaction with the 
membrane toll-like receptor 4 (TLR4), in combination with its co-receptor MD2, which 
induces receptor dimerization probably bridging two TLR4 monomers. Coherently, 
human cells expressing TLR4 and MD2 including macrophages, fi broblasts, and 
dendritic cells were able to induce a proinfl ammatory response upon Ni 2+  treatment 
[ 85 ]. The non-conserved His456 and His458 residues in human TLR4 are critically 
required for Ni 2+ -induced proinfl ammatory gene expression, possibly acting as specifi c 
ligands for the metal ion [ 85 ]. Notably, mouse TLR4, which lacks these histidine 
residues, is not able to produce the proinfl ammatory pathway in response to Ni 2+  
exposition. Activation of innate immunity in mice rather needs co- stimulating adjuvants, 
such as the bacterial cell wall component lipopolysaccharide (LPS). 

 Another pathway responsible for Ni 2+ -induced ACD is the death receptor- 
mediated or extrinsic apoptosis pathway. It was reported that Ni 2+  transcriptionally 
represses expression of cFLIP, a cellular antagonist of the pro-apoptotic caspase-8, 
in both primary human keratinocytes and endothelial cells [ 86 ], which, as a result, 
are strongly sensitized to apoptosis. Coherently, there is evidence for an increased 
occurrence of death ligand-mediated keratinocyte apoptosis in the course of Ni 2+ -
induced ACD in sensitized individuals [ 87 ]. Enhanced cell death of keratinocytes is 
predicted to impair the barrier function of the skin. Hence, Ni 2+ -mediated cFLIP 
down-regulation might tip the balance towards increased apoptosis of certain skin 
cell populations, which successively may augment the severity of the ACD response 
during the elicitation phase by increasing the effi cient concentration of Ni 2+  arriving 
in the epidermis [ 70 ]. In addition, nickel is able to induce apoptosis in a number of 
immune cells, including human neutrophils and T-cells, through the mitochondrial 
pathway that activates caspase-3, likely as a response to Ni 2+ -induced oxidative 
stress [ 12 , 13 ]. The production of ROS by Ni 2+  exposition also acts in concert with 
the mechanisms described above to produce and amplify the infl ammatory response. 
In particular, ROS act as signalling molecules and are recognized as important 
inducers of the proinfl ammatory response [ 69 ].   

2.2.2    The Impact of Nickel-Induced Dermatitis 

 The immunological effects of nickel described above are responsible for allergic 
contact dermatitis (ACD), which is the most spread dermatitis over the world and 
is constantly increasing, reaching 20% of the human population. It was discovered 
for the fi rst time in 1930 [ 88 ]. It is caused by Ni 2+  ions solubilized from nickel- 
containing alloys by sweat and other body fl uids that serve as sensitizing allergen 
and come in contact with skin. Although the risk of occupational disability is an 
issue for a relatively large group of professionals, such as metal workers, cashiers, 
or hairdressers, the major problem associated with Ni 2+ -induced contact hyper-
sensitivity is the wide presence of this metal ion in modern industrial products, so 
that it is very common to come in contact with the allergen. Ni 2+  is released from 
coins, earrings, watches, belt buckles, bras, mobile phones, dental and orthopedic 
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implants, and cardiovascular stents [ 70 ]. In Europe, currently around 65 million 
individuals are sensitized to Ni 2+  [ 89 ]. Legislative interventions limiting the amount 
of Ni 2+  release from products intended for prolonged skin contact, such as the 
Danish nickel regulation in 1990 [ 90 ] and the EU directive 94/27/EG in 2001 (also 
known as “Nickel Directive”), result in decreasing sensitization rates, but preva-
lence of contact eczema to Ni 2+  are still considerably high [ 91 ]. In its classic 
description, nickel ACD involves the hands and forearms mainly after occupational 
exposure. Sensitized individuals generally experience a predictable localized 
response following cutaneous exposure to nickel, including erythema, vesicle for-
mation, scaling, and pruritus [ 92 ]. A nickel-free diet remains controversial in the 
treatment of ACD. In addition, inhaled nickel in ambient air might be a risk factor 
for nickel sensitization [ 93 ]. The most important way of preventing nickel allergy 
is the avoidance of exposure. Rubber gloves are ineffi cient for prevention of nickel 
contact, as metal ions penetrate through them. Polyurethane coating of metal items 
can be benefi cial in protection from nickel contact, as are barrier creams containing 
sodium EDTA [ 94 ]. 

 Nickel is present in most dietary items, and food is considered to be a major 
source of exposure to nickel for the general population. Certain foods, such as green 
beans, broccoli, peas, canned vegetables and spaghetti, canned fruit, dried fruit, 
nuts, cocoa, and chocolate are routinely found to be high in nickel content. Nickel 
present in the diet of a nickel-sensitive person can provoke systemic reactions, 
called systemic contact dermatitis (SCD). SCD is manifested as generalized eczem-
atous reactions, maculopapular rash and vasculitis-like skin, along with systemic 
symptoms such as headache, malaise, diarrhea, fever, and arthralgia [ 95 ]. The exact 
mechanisms of systemic contact dermatitis are still not known. The eczema fl are at 
sites of previous exposure suggests T cells resting at the area or homing the site 
upon systemic allergen exposure [ 96 ]. Circulating immune complexes together with 
non-specifi c cytokine release by the hapten stimulation can be responsible for the 
generalized reactions [ 95 , 96 ]. 

 In patients with SCD, adherence to a low-nickel diet and avoidance of local 
exposure to metal objects result in the disappearance of skin symptoms [ 92 ]. 
Another therapeutic approach, studied for both ACD and SCD, is nickel hypo- 
sensitization, that is the procedure allowing sensitized patients affected by ACD to 
safely make contact with nickel containing objects, and those with SCD to freely eat 
nickel-containing foods. This aim is pursued through oral administration of cap-
sules containing nickel to ACD and SCD patients. For ACD, the clinical studies, 
performed with oral supplementation of high nickel doses, are still preliminary, as 
they have been conducted with a limited number of subjects and for a limited period 
of treatment, but have given promising results [ 97 ]. In the case of SCD, the studies 
of oral hypo-sensitization with very low doses of nickel for a prolonged time led to 
an improvement of the symptoms and a complete remission in 50% of the patients. 
No side effects are observed during and after the treatment. The hypo-sensitization 
treatment exerts its clinical effects through a modulation of the allergic immune 
reaction specifi c for nickel [ 98 ].    
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3    Nickel-Dependent Infectious Diseases 

 Nickel in the active site of several enzymes is responsible for the catalysis of impor-
tant biological reactions, such as urea hydrolysis, hydrogen metabolism, methane 
formation, CO/CO 2  inter-conversion, superoxide metabolism, and detoxifi cation of 
methylglyoxal [ 99 ]. For many bacteria, archaea and unicellular eukaryotes these 
nickel-dependent processes render possible the colonization of environments that 
are inhospitable and hostile. These include parts of human and animal bodies, where 
these nickel-obligate pathogens grow and survive in virtue of nickel-catalyzed 
reactions. Consistently, some nickel-dependent enzymes are virulence factors for 
pathogenic organisms. As no nickel-dependent enzyme is known in vertebrates, 
catalyzed nickel-dependent processes and mechanisms of nickel delivery into specifi c 
enzymes can be regarded and employed as possible selective targets to control the 
pathogenesis of nickel-obligate organisms. 

3.1     Nickel-Dependent Enzymes in Pathogenic Microorganisms 

 The biological role of nickel is essentially defi ned by its use as a cofactor of enzymes 
found in all phyla of life (plants, fungi, eubacteria, and archaea). All known nickel 
enzymes involve the transformation and/or production of gases (ammonia, carbon 
monoxide, carbon dioxide, methane, dihydrogen, and dioxygen) involved in the 
geo-biological cycles of carbon, nitrogen, and oxygen. The nickel ion in the active 
sites of these enzymes exhibits a very large fl exibility in metal coordination and 
redox chemistry, spanning coordination numbers from 4 to 6 and oxidation states 
from +1 to +3, with potentials ranging from +900 to −600 mV [ 100 ]. In these 
enzymes, nickel often is inserted in a multinuclear metal cluster that also includes 
modifi ed amino acids and/or exogenous ligands [ 20 ]. 

 The importance of nickel enzymes for human health is related to the fact that, 
among eight known nickel-dependent enzymes, four (glyoxalase I, acireductone 
dioxygenase, hydrogenase, and urease) are present in pathogenic microorganisms 
and are often essential for their growth and pathogenesis. For example, infections 
by urease-dependent organisms represent a widespread source of diseases, ranging 
from tuberculosis to urinary tract infections, hepatic coma, and kidney stones [ 101 ]. 
The glyoxalase enzyme of the protozoan parasites has been regarded as a potential 
chemotherapeutic target against eukaryotic pathogens, such as Trypanosoma or 
Leishmania [ 102 ]. 

3.1.1    Glyoxalase I 

 Glyoxalase (Glx) I and GlxII catalyze the conversion of methylglyoxal, a toxic species 
that forms covalent adducts with DNA, to lactate (Figure  2 ) [ 103 ]. For a long 
time, all GlxI enzymes were believed to be Zn 2+  enzymes, like the human GlxI. 
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However, it was later shown that some GlxI enzymes are more active with Ni 2+  
 in vitro . These include the GlxI from some bacteria, such as the pathogen 
 Pseudomonas aeruginosa , and trypanosomatids, responsible for several diseases, 
such as Chagas’ disease and skin sores called leishmaniasis. It is not clear whether 
this metal ion is functional for GlxI  in vivo  [ 104 ]. A single Ni 2+  ion in an octahedral 
coordination environment composed by 2 His, 2 Glu, and two water molecules, 
acts as a Lewis acid catalyst and remains in the  2+  oxidation state throughout the 
isomerization reaction (Figure  2 ). On the other hand, the inactive Zn 2+  enzyme is 
fi ve-coordinated [ 103 ].

3.1.2       Acireductone Dioxygenase 

 Acireductone dioxygenase (ARD) catalyzes the incorporation of two oxygen atoms 
into the substrate acireductone, the penultimate intermediate of the methionine salvage 
pathway (Figure  3 ) [ 105 , 106 ]. The latter is a ubiquitous process that regulates 
methionine levels, thus playing an essential role in several biosynthetic processes.

   In  Klebsiella  ATCC 8724, this enzyme is a monomeric protein, showing a classic 
jellyroll structural motif. The active site, relatively well exposed to the solvent, con-
tains Ni 2+  in an octahedral high-spin coordination center, involving three His, one 
Asp, and two water molecules in equatorial positions (Figure  3 ). The Ni 2+ -bound 
enzyme catalyzes the so-called “off-pathway” reaction, leading to the formation of 
relatively large amounts of carbon monoxide. Peculiarly, this enzyme can also bind 
Fe 2+  in the same coordination site. Fe 2+  binding stabilizes a different protein form 
that catalyzes the “on-pathway” reaction, leading to production of methionine. The 
Ni 2+ - and Fe 2+ -bound forms differ constitutionally only in the identity of the metal 
ion bound. Interestingly, this difference is suffi cient to induce signifi cant structural 

  Figure 2    Reaction catalyzed by GlxI and GlxII, and schematic structure of the nickel-containing 
active site.       
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changes resulting from differential packing of a compact hydrophobic core of the 
protein, accompanied by extensive changes in secondary structure and ordering of 
nearby structural features [ 107 ].  

3.1.3    Urease 

 Urease is key to the global nitrogen cycle as it catalyzes the hydrolysis of urea, produced 
by vertebrates, to ammonia and carbamate, which then spontaneously decomposes to 
give a second molecule of ammonia and bicarbonate (Figure  4 ) [ 108 ].

   The subsequent hydrolysis of the reaction products induces an overall pH 
increase that has negative implications both in human and animal health, as it is 
used by several pathogens, such as  Helicobacter pylori , to colonize hostile acid 
habitats. In addition, this reaction represents a nitrogen source for several organisms 
that infect humans. Therefore, urease is a virulence factor for pathogens in the 
animal gut, urinary tract, and stomach. 

 Microbial ureases are generally heteropolymeric proteins with a quaternary 
structure (αβγ) 3 . In some bacteria, such as those of the genus  Helicobacter , the trimer 
is of the type (αβ) 3 , with the β subunit corresponding to the fused β and γ subunits 
normally found in other bacteria, and presents a higher level of oligomerization that 
leads to an enzyme with a quaternary structure ((αβ) 3 ) 4 . On the other hand, plant 
ureases are hexameric proteins α 6 , each α subunit being highly homologous to each 
(αβγ) assembly of microbial ureases [ 109 ]. 

 Several structures of ureases are available. In all cases, the active site contains 
two Ni 2+  ions bridged by the carboxylate group of a carbamylated lysine and by a 
hydroxide ion (Figure  4 ). Each Ni is also coordinated by two histidines and one 
water molecule, whereas Ni(2) is further bound to an aspartate. This results in a 
penta-coordinate Ni(1) and hexa-coordinate Ni(2). In the resting state of the enzyme 
from  Bacillus pasteurii , the active site accommodates a fourth water molecule, 
completing a tetrahedral cluster of solvent molecules [ 110 ]. The access to the active 
site is regulated by a fl exible helix-loop-helix segment, with the position of amino 
acids involved in the catalysis being critically affected by the fl ap movement [ 111 ]. 

  Figure 3    Reaction catalyzed by acireductone dioxygenase, and schematic structure of the nickel- 
containing active site.       
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 The structures of  B. pasteurii  urease (BPU), in the native hydrated form and 
complexed with several inhibitors of different chemical classes, suggest a structure- 
based reaction mechanism for urease, and highlight the importance of both metal 
ions in the reactivity of the enzyme [ 109 ]. The structures of BPU bound with borate 
[ 112 ], a substrate analogue, and with diamidophosphate [ 110 ], a transition state 
analogue, are particularly signifi cant to understand the reaction mechanism 
[ 109 , 113 ].  

3.1.4    [NiFe]-Hydrogenase 

 Hydrogenase enzymes catalyze the formation of hydrogen gas from protons and 
electrons and/or the reverse reaction, oxidizing H 2  as a source of reducing power, 
and coupling it to the reduction of various terminal electron acceptors (e.g., O 2 , 
NO  3  −  , SO  4  2 −  , CO 2 , and fumarate), in energy-conserving pathways (Figure  5 ). They 
can act as sensors for the availability of hydrogen gas [ 114 ].

   The [NiFe]-hydrogenases are a class of hydrogenase enzymes that contain nickel 
and iron in the active site and are widely distributed in bacteria and archaea, includ-
ing some pathogens [ 115 ]. A [NiFe]-hydrogenase is required for effi cient coloniza-
tion by  H. pylori  and  Salmonella enterica  serovar Typhimurium, a food poison, 
 Campylobacter jejuni , a bacterium closely related to  Helicobacter , as well as many 

  Figure 4    Reaction catalyzed 
by urease, and schematic 
structure of the nickel- 
containing active site.       

 

10 Nickel and Human Health



340

enteric bacteria (e.g.,  E. coli ,  Shigella , and  Yersinia  species) [ 20 , 116 ]. These infectious 
organisms use the hydrogen produced by other microorganisms in the body, a 
resource not used by the human host, as a supply of energy for their respiratory 
pathway. This permits the growth and maintains effi cient virulence during animal 
infections [ 116 ]. 

 [NiFe]-hydrogenases are usually composed of two subunits. The smaller β sub-
unit contains three closely spaced FeS clusters (two [4Fe-4S] and one [3Fe-4S]), 
linearly arranged, that transfer electrons to and from the active site. The active site 
is constituted by a hetero-nuclear bimetallic [NiFe] center, buried at the bottom of a 
hydrophobic channel in the larger α subunit. The nickel-containing hydrogenases 
can be classifi ed in two different categories, differing by ligation of the [NiFe] cluster 
found in the active site to either cysteine or seleno-cysteine. 

 In the oxidized form of the enzyme, the Ni and Fe atoms are bridged by two 
cysteines and a third, non-protein ligand, possibly a sulfi de or an oxide (Figure  5 ). 
The Ni atom is bound to two additional cysteines, forming the equatorial plane of a 
distorted square pyramidal coordination geometry with the O/S bridging atom being 
the fi fth axial ligand. In [NiFeSe]-hydrogenase, selenium, in the form of seleno- 
cysteine, is a ligand to Ni. The Fe atom resides in a pseudo-octahedral coordination 
geometry, additionally bound to CO, and two CN – . 

 In the structure of the reduced enzyme, the non-protein bridging ligand in the 
bimetallic center is absent (Figure  5 ), leading to the conclusion that activation of 
[NiFe]-hydrogenases by H2 involves the removal of such a bridge, thereby causing 
the opening of binding sites on both Ni and Fe atoms. The subsequent steps of the 
catalytic mechanism have not been fully elucidated to date, but they likely include 
nickel, iron, or cysteine thiolates as potential substrate-binding sites and redox 
centers [ 115 ].   

3.2     Molecular Regulation of Nickel Homeostasis 
in Pathogenic Microorganisms 

 The essentiality of nickel for nickel-dependent organisms, together with the envi-
ronmental scarcity of this metal ion, led nickel-obligate pathogens to evolve a tight 
system for nickel homeostasis with mechanisms that correlate Ni 2+  availability with 

  Figure 5    Reaction catalyzed 
by [NiFe]-hydrogenases, and 
schematic structure of the 
nickel-containing active site.       
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the expression of proteins involved in nickel transport and utilization. In particular, 
attaining suffi ciently high intracellular nickel concentrations to meet the demand 
of the nickel enzymes and, at the same time, protecting the cell by the poisoning 
potential of nickel excess, requires (i) an effi cient nickel uptake/effl ux system, ii) 
molecular chaperones and metallo-chaperones, and (iii) nickel sensors (Figure  6 ).

3.2.1      Nickel Membrane Transporters 

 Ni 2+  ions should enter into the cytoplasm in order to be inserted into the active site 
of nickel-dependent enzymes. On the other hand, nickel excess must be extruded 
from the intracellular location, in order to prevent nickel-related danger at toxic 
metal concentrations. Therefore, the metal ions must be able to pass through the 
cytoplasmic membrane entering or exiting the cell according to the intracellular 
nickel abundance. Low levels of nickel can travel through the plasma membrane by 
way of multiple, possibly nonspecifi c, systems. However, in many of the microor-
ganisms that require this metal ion, dedicated nickel uptake transporters have been 

  Figure 6    Schematic representation of bacterial Ni 2+  homeostasis, intracellular transport, and 
 utilization. ABC = ATP-binding cassette; NiCoT = nickel cobalt transporter; RcnA = resistance to 
cobalt and nickel A; CznA = cadmium-zinc-nickel resistance A; MCR = methyl coenzyme-M 
reductase; ADR = acireductone dioxygenase; GlxI = glyoxalase I.       
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identifi ed that belong mainly to two different classes, the NikABCDE import pumps 
and the nickel/cobalt permeases (NiCoT). The former, fi rstly characterized in 
 E. coli , belongs to the family of ATP-binding cassette (ABC) transporters, and cou-
ples the translocation of a substrate to the hydrolysis of ATP. NikB and NikC are 
trans- membrane proteins that form a nickel pore. NikD and NikE are proteins that 
bind to and hydrolyse ATP [ 117 ]. NikA is a periplasmic protein that binds one 
nickel per protein in the context of a nickelophore. The nature of this complex is 
controversial, but recent structural data have identifi ed two free histidines coordi-
nating Ni 2+  in the metal binding site of NikA, suggesting that Ni 2+ -(L-His) 2  is the 
nickelophore recognized by the periplasmic transporter [ 118 ]. This transport system 
has been found in several pathogenic organisms, such as  Brucella suis ,  Vibrio para-
hemolyticus ,  Helicobacter hepaticus ,  Yersinia  sp., and  Staphylococcus aureus  
[ 119 ]. The NiCoT family is composed by monomeric single component permeases 
with eight trans- membrane helices, found in many bacteria, such as the pathogen  H. 
pylori , as well as several archaea and fungi. While some family members are spe-
cifi c for Ni 2+ , other permeases transport both Ni 2+  and Co 2+ , with the preference of 
one metal over the other [ 20 ]. 

 In gram-negative bacteria, some nickel-specifi c importers have been found in the 
outer membrane. In particular, in  H. pylori  FecA3 and FrpB4 have been suggested 
to be involved in TonB-dependent transport of nickel [ 20 ]. 

 The most common mechanism for metal resistance is metal effl ux, made by 
exporters that, in several organisms, have been predicted and/or demonstrated to 
pump nickel out of the cytoplasm and of the periplasm. Only in a few cases the 
transporters are specifi c for nickel [ 120 ]. In particular, nickel exporters have been 
identifi ed for  H. pylori  and  E. coli . In  H. pylori , CznABC is proposed to be a novel 
system that pumps Cd 2+ , Zn 2+ , and Ni 2+  across both the inner and outer membranes 
[ 121 ]. In  E. coli , RcnA is a membrane transporter with six trans-membrane seg-
ments, with only limited homology with other transporters families, involved in 
specifi c export of Ni 2+  and Co 2+  [ 122 ].  

3.2.2    Nickel Molecular Chaperones and Metallo-Chaperones 

 Nickel activation pathways imply nickel delivery into the buried cavity of specifi c 
enzymes, usually synthesized as apo-proteins undergoing activation through metal 
ion incorporation in a post-translational regulation mechanism of the enzymatic 
activity. Some of these pathways, usually involving a multistep, tightly regulated 
mechanism with several accessory proteins, have been extensively studied in bacteria 
and in some cases they even overlap (e.g., hydrogenase and urease pathways) [ 99 ]. 

 The functional, biochemical and structural properties of these chaperones have 
been investigated in the case of urease (UreDEFG proteins), hydrogenase 
(HypABCDEF and SlyD), carbon monoxide dehydrogenase (CooCTJ), acetyl-CoA 
decarbonylase synthase (AcsF), and superoxide dismutase (SodX and CbiXhp) 
[ 99 ]. No accessory protein is known for acireductone dioxygenase and for gly-
oxalase so far. 
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 Even though many aspects of these processes remain largely obscure, some 
general aspects of the roles performed by the accessory proteins are maintained 
throughout the investigated systems. In particular, (i) nickel storage, (ii) nickel 
delivery, and (iii) nucleotide triphosphate hydrolysis have been found in several 
nickel-driven enzyme activations. 

 These three functions are carried out by specifi c protein domains, organized in a 
modular fashion, either in a single protein or in separated chaperones. The nickel 
storage role is normally carried out by a His-rich pattern: this motif may constitute 
a whole protein, such as in the case of Hpn or HspA, two nickel accumulators found 
in  Helicobacter pylori  [ 123 – 125 ], or may be located at the C- or at the N-terminus 
of a specifi c chaperone, as in the case of several UreE [ 126 ] and of UreG from 
 Mycobacterium tuberculosis  [ 127 ],  Streptomyces coelicolor  and  Glycine max  [ 128 ] 
for urease, HypB from  Bradyrhizobium japonicum  [ 129 ] and SlyD from  Escherichia 
coli  [ 130 ] for hydrogenase, and CooJ from  Rhodospirillum rubrum  [ 131 ] for CO 
dehydrogenase. 

 On the other hand, the nickel delivery function is performed using nickel binding 
sites on specifi c metallo-chaperones, such as UreE for urease [ 109 , 132 – 134 ], HypA, 
and possibly HypB, for hydrogenase [ 20 ], and CooJ for carbon monoxide dehydro-
genase [ 131 ]. Finally, hydrolysis of nucleotide triphosphates is required to complete 
the biosynthesis of the enzyme with a reaction catalyzed by homologous P-loop 
GTPases: HypB intervenes in the activation of both hydrogenase and urease [ 135 ], 
AcsF plays its function in the activation of acetyl-CoA decarbonylase synthase 
[ 136 ], CooC is involved in the assembly of carbon monoxide dehydrogenase [ 137 ], 
while UreG is the GTPase essential for urease assembly [ 109 ]. 

 UreG from many organisms, including the pathogenic bacteria  M. tuberculosis  
and  H. pylori , has been reported to be an intrinsically disordered protein, existing in 
a fl exible behavior  in vitro  in the absence of other protein partners [ 127 , 138 – 141 ]. 
This observation reveals that, at least for urease, protein disorder plays a role in the 
protein-protein interaction network leading to enzyme activation, and represents a 
further post-translational mechanism to regulate the Ni 2+ -dependent enzymatic 
activity. Furthermore, intrinsic disorder has been found also in some portions of 
other urease proteins, such as in the C-terminal sequence of UreE involved in the 
protein interaction with metal ions [ 134 , 142 ], which in turn regulates UreE interac-
tion with UreG [ 142 ], and in the C-terminal sequence of UreF, which is disordered 
in the free form of the protein and becomes correctly folded upon UreF-UreD 
interaction [ 143 ].  

3.2.3    Nickel Sensors 

 The crucial players of nickel homeostasis networks are specifi c nickel-responsive 
transcriptional regulators, which specifi cally bind promoters of genes involved in 
Ni 2+  homeostasis, such as nickel importers or effl ux pumps, nickel storage proteins, 
nickel chaperones and nickel-dependent enzymes. These proteins couple specifi c 
metal ion binding with a change in their DNA binding affi nity and/or specifi city, 
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thus translating the concentration of a certain metal ion into a change in transcriptional 
response. Several nickel sensors, belonging to different families of regulators, have 
been discovered and characterized, including NikR (NikR family), RcnR (RcnR/
CsoR family), NmtR (ArsR/SmtB family), KmtR (ArsR/SmtB family), SrnRQ 
(ArsR/SmtB family), and Nur (Fur family) [ 144 ]. 

 These proteins exist as homo-dimers or homo-tetramers and usually act as tran-
scriptional repressors and negatively control mRNA synthesis, preventing RNA 
polymerase from initiating the transcription at the promoter. Ni 2+  ions bind in regu-
latory sites, acting (i) as co-repressors, increasing the affi nity of the protein repres-
sor for the DNA operator sequences: this is the case of proteins that regulate genes 
for metal ion effl ux, storage, traffi cking, and tolerance (RcnR, NmtR, KmtR); (ii) as 
inducers, decreasing the affi nity of the repressor for the DNA operator sequences, 
eventually leading to transcriptional activation of genes for membrane uptake sys-
tems (NikR, SrnRQ, Nur). Only in the case of NikR from  H. pylori  the metal- 
responsive transcriptional regulator act as pleiotropic regulator, exerting a dual 
control, both as activator and repressor, on different promoters [ 144 ]. 

 Nickel-protein interactions, selectively driven by the coordination chemistry and 
geometry of metal binding sites, usually octahedral or square planar, are propagated 
away from the specifi c metal binding site through changes in protein structure and/
or dynamics, along the protein backbone, resulting in a modifi cation of the DNA 
binding affi nity of the protein. For example, binding of metal ions to their specifi c 
coordination sites within the ArsR/SmtB family drives an allosteric change, with the 
stabilization of a protein conformer with low affi nity for DNA, and decreases the 
internal dynamics of the protein backbone, leading to the unavailability, in energetic 
terms, of the conformer that features high affi nity for DNA [ 145 ]. On the other 
hand, in case of  Hp NikR, the presence of bound Ni 2+  [ 146 , 147 ] does not induce, by 
itself, the stabilization of a specifi c conformer, and increases the protein dynamics 
unlocking inter-domain motions, supporting the view that the likely mechanism of 
interaction of the protein with its operator DNA sequence involves a selection of the 
correct conformation coupled with an induced fi t mechanism facilitated by the pres-
ence of bound Ni 2+  [ 148 , 149 ]. These events produce a fi nely tuned metabolic 
response driven by Ni 2+  ions, including the coordinated control of the entire machin-
ery of metallo-enzyme synthesis and activation, as well as the systems of homeosta-
sis that involve competitive Ni 2+  uptake, intracellular accumulation, and extrusion.   

3.3     Nickel-Obligate Microorganisms with Severe Impact 
on Human Health 

3.3.1      Helicobacter pylori  as a Nickel-Dependent Pathogen: A Possible 
Correlation between Nickel Intake and Cancer Development 

  Helicobacter pylori  is a Gram-negative bacterium and the principal causative agent 
of many acute and chronic gastric pathologies, including peptic ulcer. It is a major 
factor of risk for the insurgence of gastric carcinomas and lymphomas [ 150 ]; 
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accordingly, the WHO classifi ed the bacterium as a class 1 carcinogen in 1994. 
After the colonization, untreated  H. pylori  infections persist for the entire life of the 
host because of the inability of the human immune response to effi ciently counter 
the bacterium [ 151 ].  H. pylori  is widespread worldwide, and infects up to 50% and 
80% of adults in industrialized and developing countries, respectively. 

 Consistent with the hostility of the human stomach as a habitat for bacterial 
growth,  H. pylori  has set up a number of adaptive mechanisms, allowing the bacte-
rium to promptly respond to environmental stresses, such as mild to strong acidity, 
fl uctuating nutrient availability and osmolarity, oxygen tension and host immune 
responses. These adaptive responses rely on transcriptional regulatory networks that 
control coordinated expression of tolerance and virulence genes in space and time 
[ 152 ]. Key virulence determinants for the processes of bacterial colonization include 
two essential nickel enzymes, that is, Ni 2+ -dependent urease, which allows buffering 
of the acidic gastric environment, and a [NiFe]-hydrogenase, which allows con-
sumption of energy-yielding hydrogen, freely available in the gastric niche. These 
enzymes were shown to be required for full colonization of mouse stomach. 

 The importance of Ni 2+  ions in  H. pylori  physiology is emphasized by the num-
ber and diversity of proteins involved in nickel homeostasis, which control the 
 activity of nickel enzymes at the cellular level with three different processes: (i) 
regulation of transcription and expression of genes encoding metallo-enzymes and 
metal traffi cking proteins, performed by the pleiotropic Ni 2+  sensor NikR; (ii) spe-
cifi c delivery of the metal ion cofactors to the protein active sites and metal-binding 
pockets, performed by the urease and hydrogenase chaperones; and (iii) intracellu-
lar metal ion accumulation and storage, performed by the outer membrane trans-
porters FrpB4 and FecA3, the Ni 2+  permease NixA, the Ni 2+  effl ux system CznABC, 
the cytoplasmic Ni 2+  accumulators Hpn, Hpn-like, and HspA. Due to their impor-
tance for bacterial pathogenesis, these processes all represent possible targets for 
the development of alternative antibacterial strategies. Coherently,  ureG -negative 
mutants (which can synthesize apo-urease but are unable to incorporate Ni 2+  into the 
active site) are defi cient in colonizing the gastric mucosa of nude mice, thereby 
highlighting a link between Ni activation of urease and host colonization [ 153 ]. 

 As urease is one of the most abundant enzymes in  H. pylori , representing up to 
10% of the bacterial protein content, it is likely that the demand for nickel is high in 
this microorganism. Similarly to other pathogens, metal ion starvation triggers the 
expression of toxins and metal ion scavengers in  H. pylori , allowing the pathogen to 
compete with the host for these essential nutrients. Accordingly, infections by  H. 
pylori  have been epidemiologically linked to certain forms of anemia and impaired 
iron metabolism in hosts, proving that bacterial infection can signifi cantly impact 
on the balance of human metal ion homeostasis [ 154 ]. Nickel is naturally abundant 
in many types of food [ 5 ], therefore, it is plausible that  H. pylori  enters in contact 
with the necessary amount of Ni 2+  to satisfy its metabolic demand in the stomach. 
The absence of known enzymes that require nickel as an essential cofactor in higher 
eukaryotes suggests that there is no competition for nickel between the host and the 
bacterium. However, the fl ux of nickel is probably not continuous and occurs in 
successive batch-like conditions rather than a constant stream of metals. In addition, 
nickel availability is also a function of pH, which fl uctuates widely within the gastric 
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compartments. As a consequence,  H. pylori  must be able to accumulate Ni 2+  when 
relatively high exogenous concentrations are available. This intracellular nickel res-
ervoir, most likely bound to Ni 2+  storage proteins, would in turn be available for 
urease or/and hydrogenase maturation when Ni 2+  concentrations are limited. This 
was demonstrated in a recent study, aimed to correlate Ni 2+  levels introduced with 
diet, and colonization of  H. pylori  [ 155 ]. Even in Ni 2+ -depleted diet, wild-type  H. 
pylori  is able to colonize the host stomach because it can store Ni 2+  ions in the intra-
cellular environment, relying on Hpn and Hpn-like Ni 2+  accumulators. If these 
proteins are mutated, the colonization levels of Ni-depleted animals are statistically 
lower than colonization levels of Ni-fed animals.  

3.3.2     Nickel Homeostasis and Intracellular Parasitism: Eukaryotic 
and Prokaryotic Pathogens 

 Some nickel-dependent prokaryotic and eukaryotic microorganisms infect the 
human body as intracellular parasites. The most important eukaryotic pathogens are 
Trypanosomatids, such as  Trypanosoma cruzi  and  Leishmania  spp., which are pro-
tozoa causing Chagas’ disease and leishmaniasis, respectively. Their life cycle 
includes an intracellular stage in the mammalian host. These organisms produce a 
Ni 2+ -dependent glyoxalase I, which is essential for pathogen survival as it serves to 
detoxify methylglyoxal, a toxic product of glycolysis and other metabolic pathways 
(see Section  3.1 ) [ 156 ]. The use of Ni 2+  ions for glyoxalase activity in trypanosoma-
tids is exceptional, as in other eukaryotes the enzyme cofactor is zinc. This refl ects 
distinctive substrate selectivity between the enzyme of the pathogen and human 
host, indicating that the enzyme could be a potential chemotherapeutic target against 
the protozoan parasite [ 157 ]. 

 One of the most important intracellular infective bacteria worldwide is 
 Mycobacterium tuberculosis , the etiological agent of tuberculosis. This bacterium 
establishes infection in adult humans primarily in the lungs by infecting macro-
phages, where it can remain asymptomatic or can become active manifesting the 
clinical symptoms. Currently, the WHO estimates that one-third of the world’s pop-
ulation is latently infected with tuberculosis, with 9.27 million new cases and 1.76 
million deaths annually [ 158 ]. Upon infection,  M. tuberculosis  transfers into a bac-
tericidal phagosome that is subsequently fused to a lysosome, creating a vacuole 
characterized by an acidic (pH 5.5), highly nitro-oxidative, nutrient-limiting, and 
possibly hypoxic microenvironment. In this hostile environment,  M. tuberculosis  
relies on its exceptional metabolic fl exibility and ability to adapt, replicate and/or 
persist within changing and adverse microenvironments. Initially, it has been proposed 
that  M. tuberculosis  Ni 2+ -dependent urease contributes to alkalize the mycobacterium- 
containing vacuole in macrophages, promoting a more favorable environment for 
the intracellular persistence of the bacilli. However, a recent study indicated that 
urease activity does not infl uence the general bacterial fi tness  in vitro . In addition, 
the alkalizing effect of the  M. tuberculosis  urease activity has only been found in 
resting macrophages, while it is not present in the more acidic microenvironment of 
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the phagolysosomal compartment of activated macrophages, suggesting that the 
alkalizing effect provided by the mycobacterial urease activity is somehow modest 
[ 159 ]. On the other hand, the observation that  M. tuberculosis  urease expression and 
activity increase upon nitrogen deprivation [ 160 ], suggests that urea may be a poten-
tial source of nitrogen for  M. tuberculosis . Consistently, this bacterium assimilates 
urea, as major nitrogen source, in an urease-dependent manner, this process gener-
ating ammonia, which is one of the key precursors for the biosynthesis of essential 
amino acids such as glutamate [ 159 ]. 

 The apparent dispensability of urease activity in a mouse model suggests that 
other readily available nitrogen sources within the host cell could bypass the need 
for  M. tuberculosis  to metabolize urea, with a general functional redundancy, 
metabolic versatility, and compensatory mechanisms that characterize  M. tuber-
culosis  ability to adapt to virtually any microenvironment encountered in its host, in 
which carbon and nitrogen sources may vary qualitatively and quantitatively [ 159 ]. 
In addition, the ability of  M. tuberculosis  to infect extra-pulmonary sites may 
require the urease activity for bacillus persistence or replication at specifi c sites 
of infection within the host. In this case, the ability to utilize urea as a source of 
nitrogen could be critical at specifi c sites of infection where other sources of 
nitrogen are limited [ 159 ]. 

 The mycobacterial urease activity may also have a role in evading the immune 
response of the host in response to the bacterial infection. Indeed, it is known that 
exogenous NH 4 Cl blocks phagosome-lysosome fusion and promotes phagosome- 
endosome fusion in mouse mononuclear phagocytes [ 161 , 162 ]. This suggests that 
ammonia production by  M. tuberculosis  may partly slow down the phagolysosome 
formation, providing the bacterium with less hostile environmental conditions. In 
addition,  M. bovis  was demonstrated to attenuate the MHC-II molecule expression 
in infected macrophages, with consequent inhibition of CD4 +  T-cell activation and 
general suppression of the host immune system [ 163 , 164 ]. 

 The ability of the mycobacterial urease to alkalize the microenvironment has 
been exploited to develop a novel vaccine candidate, based on  M. bovis  urease, 
consisting of a urease-inactive  M. bovis  bacterium that expresses the  Listeria mono-
cytogenes  listeriolysin [ 165 ]. In the absence of the mycobacterial urease activity, the 
mild acidic pH of the bacillus-containing vacuole provides an ideal pH environment 
for listeriolysin perforation of the vacuole membrane. The phagosome lysis pro-
motes mycobacterial translocation into the macrophage cytoplasm, leading to cel-
lular apoptosis and stronger immune responses that provide better protection upon 
 M. tuberculosis  reinfection. 

 The importance of metal ion homeostasis for  M. tuberculosis  is underlined by the 
observation that its genome encodes an atypically large number (at least twelve) 
metal sensors of the ArsR-SmtB family [ 144 ], allowing to speculate that these pro-
teins enable the pathogen to respond rapidly to metal fl uxes in the phagosome [ 166 ]. 
Notably, two of these metal-dependent transcription factors, named NmtR and 
KmtR, specifi cally respond to Ni 2+  and Co 2+  concentrations and regulate the expres-
sion of membrane proteins – an ATPase effl ux pump (NmtA) and a cation diffusion 
facilitator (CDF), respectively – that control metal ion effl ux from the cell [ 166 ]. 
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The reason of having two Ni 2+ /Co 2+  sensors for metal ion effl ux systems has been 
explained with the different affi nity observed for these two proteins and their cog-
nate metal ions, which allows a fi ne modulation of transcriptional response [ 166 ]. In 
particular, KmtR appears to have higher affi nity for Ni 2+  and Co 2+ , and it is therefore 
able to detect the basal level of the two metal ions, thus de-repressing the gene of 
CDF transport at low metal concentrations. Only a higher cytoplasmic metal ion 
threshold is able to bind NmtR, which presents a lower affi nity for Ni 2+  and Co 2+  as 
compared to KmtR, allowing the expression of the NmtA effl ux pump [ 166 ]. 
These data support the signifi cance of these metal ions for this pathogen as well as 
the bacterial ability to respond to metal fl uxes, depending on two levels of Ni 2+  or 
Co 2+  sensing.    

4    Nickel Essentiality in Animals and Humans 

 Nickel is classifi ed as a “possibly essential element” for animals and humans since 
the 1970s [ 19 ]. Nickel defi ciency in humans has never been reported, as, in general, 
human nickel intake greatly exceeds the requirements, which have been estimated 
between 5 and 50 μg per day [ 22 ]. 

4.1    Effects of Nickel Depletion in Higher Organisms 

 The essentiality of Ni 2+  for higher eukaryotes, fi rstly proposed in 1920s, is still 
debated [ 5 ]. The importance of this metal for animals and humans has been 
tested evaluating the effect of nickel defi ciency in animals. Rats grown in the 
absence or in low-abundance of nickel exhibit very severe consequences, as 
depressed growth, low hemoglobin, red blood cell counts and activity of several 
liver and kidney enzymes, as well as the presence of urea, ATP, and glucose in 
serum, and also glucose, glycogen, and triglycerides in the liver [ 167 ]. The 
growth dependence on nickel was more signifi cant in the second depleted gen-
eration, which also showed anemia, manifested in decreased hemoglobin and 
hematocrit values [ 5 ]. Nickel deprivation during reproduction in rats increased 
perinatal mortality [ 168 ], while in breeding goats it signifi cantly decreased the 
success of fi rst insemination and conception rate and increased the number of 
breeding attempts to achieve pregnancy and the abortion rate [ 169 ]. This effect 
seems to be related to the ability of nickel to be involved in cyclic nucleotide-
gated (CNG) channel functions [ 170 ]. CNG channels are located in a number of 
organs, including the central nervous, urogenital, and reproductive systems. The 
CNG channels also have an important role in kidney function and, thus, in 
sodium metabolism [ 170 ]. 

 Additionally, nickel defi ciency impairs the absorption of iron from the intestine 
and the concentrations of several metals, such as iron, copper, and zinc, were also 
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decreased in the liver of nickel-depleted animals [ 171 , 172 ]. Nickel defi ciency also 
results in lowered specifi c activities of many enzymes involved in carbohydrate and 
amino acid metabolism. It was suggested that the essentiality of nickel for higher 
organisms is linked to its modulation of gene expression in eukaryotic cells [ 58 ]. 
Nickel has been proposed to be also involved in membrane stability or in lipid 
metabolism [ 173 ].  

4.2    Infl uence of Nickel Availability on Gut’s Microfl ora 

 The wide presence of Ni 2+ -dependent enzymes in prokaryotes and unicellular 
eukaryotes raises the possibility that nickel, not required by the human and 
 animal body itself, is rather needed for the normal development of the gut’s 
microfl ora, which impacts host metabolism in a variety of ways and is respon-
sible for several metabolic and cardiovascular diseases [ 174 ]. The gut microbi-
ota comprises the largest microbial community in the human body and represents 
one of the highest cellular densities in natural ecosystems, reaching 10 11  to 10 12  
cells/mL of luminal content, and includes species of all kingdoms of life, 
 Eukaryotes ,  Bacteria , and  Archaea  [ 175 ]. The bacterial composition is made 
mostly by the Firmicutes and by the Bacteroidetes phyla and includes 
 Proteobacteria  and  Actinobacteria  [ 176 ]. This population comes in contact 
with all the nutrients that are ingested through diet, creating a symbiotic equi-
librium with the host for the utilization of micronutrients, including metal ion 
cofactors. In particular, in the human intestinal tract, there are large populations 
of bacterial cells with the potential to bind and sequester metals that enter the 
body, such as the ones from the  Lactobacillus  group [ 177 ]. Therefore, it has 
been postulated that gut microorganisms may play a role in protecting the host 
from the toxic potential of metal ions ingested with diet, preventing their entry 
to the body from the intestine, and this could also be the case with Ni 2+  ions 
[ 177 ]. Accordingly, while Ni 2+  ions administered by other routes, such as inha-
lation or dermal exposure, show a carcinogenic potential, there is no epidemio-
logical evidence on possible cancer risk from dietary nickel exposures, and this 
may be due to the protective effect of the gut microfl ora. 

 Besides this function, it is plausible that Ni 2+ -dependent enzymes play impor-
tant roles also for the intestine community, and that Ni 2+  homeostasis in some of 
these microorganisms is important for developing a health-promoting gut micro-
fl ora. Indeed, early work reported that several bacterial species found in the 
human and animal intestine show consistent urease activity [ 178 ]. Among them, 
some species of the genus  Bifi dobacterium , such as  B. bifi dum  and  B. longum , are 
noteworthy [ 179 ], because of the known probiotic effects of some types of 
Bifi dobacteria, that for decades have been added to food to promote healthy effects 
[ 180 ]. Other urease- producing species, coming from the genus  Lactobacillus , such 
as  L. fermentum , are interesting as they codify an acid urease which possesses an 
optimum of pH at 3–4 [ 178 ].
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   Methanogenic archaea compose an important component of the microorganisms 
living in human and animal guts, where they use dihydrogen as reductant to produce 
CH 4  [ 181 ]. In humans,  Methanobrevibacter smithii  is the main actor of the metha-
nogen population. Methanogens have been proposed to play a key role in the patho-
genesis of irritable bowel syndrome and chronic constipation [ 181 ]. The last step of 
methane formation is catalyzed by methyl coenzyme-M reductase [ 182 ]. The reac-
tion involves methane formation concomitantly with the formation of a disulfi de 
bond between coenzyme M and coenzyme B (Figure  7 ). The active site of this 
enzyme contains coenzyme F430, a Ni tetrapyrrole hydrocorphin with the metal in 
the Ni(I) oxidation state in the active form. Structural data on the active site has been 
obtained for the inactive oxidized Ni(II) state (Figure  7 ). This correlates the presence 
of nickel in the diet with the healthy methanogenic activity in the guts.   

5    Conclusions and Outlook 

 The wide use of nickel in many modern technologies and in objects of common use 
increases the amount of nickel release and accumulation into the environment and the 
possibility for humans to come in contact with this metal. Indeed, nickel- containing 
objects, such as coins, are the cause of severe occupational health problems, whose 
social costs have to be considered worldwide. 

 The double nature of nickel, that is, acting both as a toxic and a benefi cial element 
for human health, was proposed already in the early 1900s. The requirement of 
nickel as a cofactor in the active sites of enzymes has been recognized in 1975 and 
since then several studies have been conducted, which were aimed to describe 

  Figure 7    Reaction catalysed by methyl coenzyme-M reductase, and schematic structure of the 
nickel-containing active site.       
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the molecular mechanisms of the effects of nickel on all forms of life, including 
higher organisms. 

 However, the rationale of nickel carcinogenesis and allergy in humans, as well as 
the cascade of events involving metal ion-dependent gene regulation and protein-
protein interactions leading to nickel homeostasis in eukaryotes, is yet largely 
unknown. A full understanding of the molecular aspects of the effects of nickel 
on human health represents therefore an important challenge and a future task for 
bioinorganic chemistry, with the potential to have a signifi cant impact for the human 
population. 

 Abbreviations 

  ABC    ATP- binding cassette   
  ACD    allergic contact dermatitis   
  acetyl-CoA    acetyl-coenzyme A   
  APC    antigen-presenting cell   
  Ard    acireductone dioxygenase   
  ARNT    aryl hydrocarbon receptor nuclear translocator   
  BPU     Bacillus pasteurii  urease   
  CDF    cation diffusion facilitator   
  CNG    cyclic nucleotide-gated   
  DMT-1    divalent cation transporter   
  EDTA    ethylenediamine-N,N,N′,N′-tetraacetate   
  Glx    glyoxalase   
  GSH    glutathione (reduced)   
  GTP    guanosine 5′-triphosphate   
  HIF    hypoxia-inducible factor   
  HRE    hypoxia-responsive enhancer   
  IKK    Iκ-B kinase   
  IRP    iron-regulatory protein   
  LPS    lipopolysaccharide   
  MAPK    mitogen-activated protein kinase   
  MHC    major histocompatibility complex   
  NDRG    N-myc downstream regulated gene 1   
  NF-κB    nuclear factor κ-B   
  NiCoT    nickel/cobalt permease   
  ROS    reactive oxygen species   
  SCD    systemic contact dermatitis   
  TCR    T-cell receptor   
  TLR    toll-like receptor   
  VEGF    vascular endothelial growth factor   
  VHL    von Hippel-Lindau tumor suppressor   
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