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Abstract
In 2008, nickel received the shameful name of the “Allergen of the Year.” According
to dermatologists the frequency of nickel allergies is still growing, and it cannot be explained only by fashionable piercing and nickel devices used in medicine (like coronary stents).
Occupational exposure of several million workers worldwide has been shown to give
rise to elevated levels of nickel in blood, urine and body tissues. In these cases, workers
are exposed to airborne fumes and dusts containing nickel and its compounds and therefore inhalation is the main route of uptake. Nonoccupational sources of nickel exposure for
the general population include mainly drinking water and food. Recently, tests of kitchen
kettles showed substantial leaching of nickel into drinking water when boiled in kettles
with exposed nickel-plated elements.
Three types of adverse health impacts as a result of exposure to nickel are discussed
in the text. Acute health effects generally result from short-term exposure to high concentrations of pollutants. Chronic noncancer health effects may result from long-term exposure to relatively low concentrations of pollutants. Inhalation of nickel also can cause
cancer of the lungs, nose and sinuses. Cancers of the throat and stomach have also been
attributed to inhalation of nickel. However, the exact mechanism by which nickel causes
cancer is still questionable and needs further investigation. The most popular hypotheses
to explain this phenomenon are presented in the text.
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WP£YW NIKLU NA ZDROWIE CZ£OWIEKA
Abstrakt
W 2008 nikiel zyska³ niechlubne miano „alergenu roku”. Wed³ug dermatologów, wci¹¿
rosn¹ca czêstoœæ alergii na nikiel nie mo¿e byæ t³umaczona jedynie mod¹ na przek³uwanie
cia³a lub zwiêkszone zastosowanie w medycynie urz¹dzeñ zawieraj¹cych nikiel (np. stenty
naczyñ wieñcowych). Wykazano, ¿e kilka milionów robotników na ca³ym œwiecie nara¿onych zawodowo na nikiel i jego zwi¹zki, ma podwy¿szony poziom tego pierwiastka we krwi,
moczu i tkankach organizmu. W tych przypadkach pracownicy s¹ wystawieni na opary i py³y zawieraj¹ce nikiel, a zatem g³ównym sposobem pobierania tego pierwiastka jest inhalacja. Dla wiêkszoœci populacji Ÿród³a niklu stanowi¹ jednak woda pitna i ¿ywnoœæ. Niedawno
w testach czajników kuchennych z ods³oniêtymi elementami grzewczymi, wykonanymi ze
stopów niklu wykazano uwalnianie znacznych iloœci niklu do wody pitnej.
W pracy omówiono trzy g³ówne typy szkodliwego dla zdrowia wp³ywu ekspozycji na
nikiel. Ostre zatrucia, jako wynik krótkoterminowej ekspozycji na wysokie stê¿enia polutantów, chroniczne nienowotworowe efekty powstaj¹ce na skutek d³ugotrwa³ej ekspozycji
na stosunkowo niskie dawki oraz nowotwory p³uc, nosa i zatok spowodowane inhalacj¹
powietrza zanieczyszczonego niklem. Równie¿ rak gard³a i ¿o³¹dka przypisuje siê wdychaniu zwi¹zków niklu. Dok³adny mechanizm kancerogenezy wywo³anej przez nikiel pozostaje niejasny i wymaga dalszych badañ. W pracy omówiono najbardziej popularne hipotezy
wyjaœniaj¹ce to zjawisko.
S ³ o w a k l u c z o w e: nikiel, Ÿród³a niklu, ekspozycja, toksycznoœæ, kancerogennoœæ, cz³owiek.

INTRODUCTION
Nickel is the 28th element in the periodic table. It is a silver-white
metal found in several oxidation states (ranging from -1 to +4), however,
the +2 oxidation state [Ni(II)] is the most common in biological systems
(DENKHAUS, SALNIKOW 2002). Nickel easily forms nickel-containing alloys, which
have found an ever increasing use in modern technologies for over a hundred years now. Global input of nickel to the human environment is approximately 150 000 and 180 000 metric tonnes per year from natural and anthropogenic sources, respectively, including emissions from fossil fuel
consumption, and the industrial production, use, and disposal of nickel compounds and alloys (KASPRZAK et al. 2003).

SOURCES OF NICKEL
Nickel is widely distributed in the environment, and can be found in
air, water, and soil. Natural sources of atmospheric nickel include dusts
from volcanic emissions and the weathering of rocks and soils. The level of
nickel in ambient air is small (about 6-20 ng⋅m-3), but levels up to

687

150 ng Ni⋅m-3 could be present in air contaminated by anthropogenic sources. In water, nickel derives from biological cycles and solubilization of nickel
compounds from soils, as well as from the sedimentation of nickel from the
atmosphere. Uncontaminated water usually contain about 300 ng Ni⋅dm-3.
Farm soils contain approximately 3-1000 mg Ni⋅kg-1 soil, but the Ni concentration can reach up to 24 000-53 000 mg⋅kg-1 Ni in soil near metal refineries and in dried sludge, respectively. At pH<6.5, nickel compounds in
soil are relatively soluble, whereas at pH>6.7, most nickel exists as insoluble hydroxides. Nickel salts of strong acids (chloride, nitrate, and sulfate)
and organic acids are soluble in water whereas nickel salts of weak inorganic acids, as well as metallic nickel, nickel sulfides, and nickel oxides are
poorly water-soluble (BARCELOUX 1999, DENKHAUS, SALNIKOW 2002, SUTHERLAND,
COSTA 2002).
The majority of nickel production is used for the creation of stainless
steel, nickel alloys, and nickel cast iron that comprise objects, such as coins,
electrical equipment, tools, machinery, armaments, jewelry, and household
utensils. Nickel compounds are used also for electroplating, electroforming,
nickel-cadmium alkaline batteries, dye mordant, catalysts, and electronic
equipment. Nickel containing alloys include nickel plating of nonprecious
metals, surgical steel (0.5-30% Ni), white gold (10-15% Ni), German silver
(10-15% Ni), solders, hard-gold plating, and sterling silver. As the result of
increasing consumption of nickel-containing products nickel compounds are
released to the environment at all stages of production and utilization and
may constitute a hazardous factor to human health (BARCELOUX 1999,
DENKHAUS, SALNIKOW 2002).

NICKEL EXPOSURE
Exposures by inhalation, ingestion or skin contact occur in nickel and
nickel alloy production plants as well as in welding, electroplating, grinding
and cutting operations. Airborne nickel levels in excess of 1 mg⋅m-3 have
been found in nickel refining, in the production of nickel alloys and nickel
salts, and in grinding and cutting of stainless-steel. Although in these industries, modern control technologies have markedly reduced exposures in recent years, several million workers worldwide are exposed to airborne nickel and its compounds (KASPRZAK et al. 2003, SEILKOP, OLLER 2003).
Occupational exposure has been shown to give rise to elevated levels of
nickel in blood, urine and body tissues, with inhalation as the main route of
uptake. Nonoccupational sources of nickel exposure include food, air and
water, but the levels found are usually several orders of magnitude lower
than those typically found in occupational situations.
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Drinking water and food are the main sources of exposure for the general population. The maximum concentration of total nickel allowed by law
in Poland in drinking water is 20 µg⋅dm-3 (Dz.U.07.61.417). Average concentrations of total nickel in drinking water ranges from 3-7 µg⋅dm-3, but it
increases in vessels that contain corroded nickel plating. The first drawn
water from hot water taps plated with nickel may contain concentrations
of 1-1.3 mg Ni⋅dm-3 (BARCELOUX 1999). Moreover, some domestic appliances
contain nickel alloys. Tests of kitchen kettles showed substantial leaching
of nickel into water when boiled in kettles with exposed nickel-plated elements. The concentration of nickel in boiled water increased from 4.55 and
0.8 µg⋅dm-3 (unboiled hard and soft water) up to 244 and 51 µg⋅dm-3, respectively. When water was boiled in concealed element kettle, the concentrations of nickel were 5.23 and 1.9 µg⋅dm-3, respectively (COT 2003). Most
food contains below 0.5 mg Ni⋅kg-1 wet weight. Foodstuffs with high nickel
contents are cocoa (up to 8.2-12 mg⋅kg-1 fresh wet weight), oatmeal, spinach, dry legumes, hazelnuts, dark chocolate, soya beans, and soya products
(SUTHERLAND, COSTA 2002).
In vitro studies suggest that stainless steel endoprosthesis (14-36% nickel) may release nickel; however, the clinical significance of this amount
of nickel remains to be determined. Also administration of nickel-contaminated medications (e.g., albumin, radiocontrast media, hemodialysis fluids)
leads to significant exposures (MCGREGOR et al. 2000, KASPRZAK et al. 2003).
The amount of nickel absorbed during medical procedures depends on the
composition of the equipment in contact with the blood and body fluids. For
example, the estimated uptake of nickel during a typical dialysis procedure
in the 1980s was 100 mg Ni per treatment (SUNDERMAN 1983).

NICKEL EFFECT ON HEALTH
Human exposure to highly nickel-polluted environments causes a variety of pathologic effects. The toxic effects of nickel on the lung were recognized first by Agricola in the 16th century. Some fatal cases were noted
following exposure to nickel carbonyl, and by the early 1930s, nickel was
a recognized cause of contact dermatitis. Elevated incidences of lung and
nasal cancer in workers exposed to nickel were also observed (SUNDERMAN et
al. 1988, SEILKOP, OLLER 2003). In 2008, nickel received the shameful name
of “Allergen of the Year” (GILLETTE 2008). According to the dermatologist the
frequency of nickel allergy is still growing, and it can’t be explained only by
fashionable piercing and nickel devices used in medicine (like coronary stents
and endoprostheses). All those observations caused that the interest in the
nickel impact on human health increased (SIVULKA 2005).
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Like many environmental agents, the toxic effect of nickel is related to
the way it gets into an organism. Nickel can enter body via inhalation,
ingestion and dermal absorption, but the route by which nickel enters cells
is determined by its chemical form. For example, fat soluble nickel carbonyl
can cross cell membranes by diffusion or through calcium channels (CANGUL
et al. 2002), while insoluble nickel particles enter the vertebrate cells by
phagocytosis (HECK, COSTA 1982).
The main transport protein of nickel in blood is albumin, but nickel can
bind also to histidine and α2-macroglobulin (GLENNON, SARKAR 1982, KASPRZAK
et al. 2003), and in this form is distributed throughout the tissues. A number
of nickel-binding proteins including α1-antitrypsin, α1-lipoprotein and prealbumin were also described (NIELSEN et al. 1994). The highest nickel concentrations are found in the bone, lung, kidney, liver, brain and endocrine
glands. Nickel is also found in breast milk, saliva, nails and hair. Transplacental transfer of nickel has been demonstrated in rodents. Nickel does not
accumulate in the body; it is excreted in the urine, feces, bile and sweat
(VALKO et al. 2005).
Contact with nickel compounds can cause a variety of adverse effects on
human health, such as nickel allergy in the form of contact dermatitis, lung
fibrosis, cardiovascular and kidney diseases and cancer of the respiratory
tract (OLLER et al. 1997, MCGREGOR et al. 2000, SEILKOP, OLLER 2003). Chronic
noncancer health effects may result from long-term exposure to relatively
low concentrations of pollutants. Acute health effects generally result from
short-term exposure to high concentrations of pollutants and they manifest
as a variety of clinical symptoms (nausea, vomiting, abdominal discomfort,
diarrhea, visual disturbance, headache, giddiness, and cough).
The most common type of reaction to nickel exposure is a skin rash at
the site of contact. Skin contact with metallic or soluble nickel compounds
can produce allergic dermatitis. This health problem caused by exposure to
nickel affects people both at and away from work. Data indicate that women
have greater risk for dermatitis, possibly due to a more frequent contact
with nickel-containing items: jewelry, buttons, watches, zippers, coins, certain shampoos and detergents, pigments etc. (VAHTER et al. 2002, SZCZEPANIAK,
PROKOP 2004). About 10% of women and 2% of men in the population are
highly sensitive to nickel. Sensitization to the metal is generally caused by
direct and prolonged skin contact with items that release nickel ions.
In large doses (>0.5 g), some forms of nickel may be acutely toxic to
humans when taken orally (DALDRUP et al. 1983, SUNDERMAN et al. 1988). The
acute lethality of nickel following oral exposure is dependent on the chemical form of nickel. A fatal case of nickel poisoning was reported for a 21/2-year-old girl who had ingested 15 g of NiSO4 (3.3 g elemental Ni) and died
of a cardiac arrest (DALDRUP et al. 1983). Death due to nickel-induced Adult
Respiratory Distress Syndrome was reported for a worker spraying nickel
using a thermal arc process (RENDALL et al. 1994). Death occurred after
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13 days, and a total nickel intake was estimated at nearly 1 g. Nausea,
vomiting, abdominal, headache, cough, shortness of breath, and giddiness
were reported for 32 workers of an electroplating plant who drank water
contaminated with nickel chloride and nickel sulfate (1.63 g⋅dm-3) (SUNDERMAN et al. 1988). Some studies have also provided information indicating the
deterioration of nickel-induced dermatitis for women following exposure to
dietary nickel (ATSDR 1988, SUTHERLAND, COSTA 2002).
Only a small portion of nickel ingested is absorbed by the body. From
nickel balance experiments, HORAK and SUNDERMAN (1972) have estimated that
about 10% of the nickel in a normal diet is absorbed. Alternatively, other
studies have shown that an average nickel resorption from a normal diet is
between 20 and 25% (MYRON et al. 1978, FLYVHOLM et al. 1984). Adverse health
effects after oral exposure occurred only when nickel levels exceed many
times levels of the metal normally occurred in food or drinking water and
are decidedly rare cases.
The most hazardous route of exposure to nickel is by inhalation (SUTHERLAND, COSTA 2002). The chemical form of the metal and its solubility is
a key determining factor in the toxicity mechanisms. Water-soluble nickel
compounds can be absorbed by the lungs into the bloodstream and removed
by the kidneys. Insoluble nickel compounds, however, can build up and remain in the lungs for a longer time. Inhalation of soluble nickel causes
irritation of the nose and sinuses and can also lead to loss of the sense of
smell or perforation of the nasal septum. Long-term exposure may lead to
asthma, bronchitis or other respiratory diseases. The most acute nickel poisoning is caused by Ni(CO)4. Exposure to nickel carbonyl can cause headaches, nausea, vomiting, chest pain and breathing problems, in the case of
high exposure it may even lead to pneumonia and death. Inhalation of nickel can also cause cancer of the lungs, nose and sinuses (ZHICHENG 1994).
Cancers of the throat and stomach have also been attributed to inhalation
of nickel. Nickel carbonyl and insoluble nickel compounds (Ni3S2, NiO) are
the forms of nickel responsible for cancer. Epidemiological studies have demonstrated increased mortality from cancers of the lung and nasal cavities in
nickel refinery workers who were chronically exposed by inhalation of nickel-containing dusts and fumes (SEILKOP, OLLER 2003).
Nickel subsulphide (Ni3S2) is a well-known respiratory carcinogen. When
it is inhaled, particles of Ni3S2 lodge themselves deep in the lungs, where
they reside in contact as a solid with epithelial cells. These particles are
cleared by macrophage cells, which remove them through the digestive tract.
Under a condition of high exposure, the macrophage capacity for removal
could be perturbed and Ni3S2 particles may be taken into epithelial cells by
endocytosis. In this way nickel is delivered to the nucleus of lung epithelial
cells and can cause a heritable change in chromosomes. It was also demonstrated that Ni3S2 induced lesions of both double- and single-stranded DNA
in human cells; Ni3S2 treatment of cultured HeLa cells induced a 1.5-fold
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increase in 8-hydroxy-2'-deoxyguanosine compared with a control (KAWANISHI
et al. 2001).
When mice were orally administered acute doses of NiCl2 (from 3.4 to
108.8 mg⋅kg-1 body weight), a significant dose-dependent increase in DNA
damage was observed in comparison with controls (DANADEVI et al. 2004).
The results of research by CAVALLO et al. (2003) confirm involvement of nickel (NiSO4) in production of reactive oxygen metabolites and in inhibition of
DNA repair at doses comparable to environmental exposures such as concentrations found in biological fluids. It was demonstrated that some nickel
complexes such as [NiCR]2+ and [Ni(CR-2H)]2+ bind to the minor groove of
double-stranded DNA (MATKAR et al. 2006). Moreover, macrocyclic nickel complex [Ni(CR-2H)]2+ can damage DNA in vivo and in vitro even in the absence of oxidizing agents. This activity leads to DNA strand breaks and in
vivo cytotoxicity. Nuclear nickel may be also involved in production of oxygen radicals (•OH, H2O2) which could damage DNA. CHEN et al. (2003)
showed that the level of hydroxyl radical in the Ni-treated group was much
higher than in control. Moreover, nickel has been also shown to inhibit
DNA repair in a way that may play a role in its toxicity. It has been proposed that nickel may bind to DNA-repair enzymes and generate oxygenfree radicals which cause in situ protein degradation. This irreversible damage to the proteins involved in DNA repair, replication, recombination, and
transcription could be important for the toxic effects of nickel (LYNN et al.
1997). It happens especially when such DNA is associated with tumor suppression genes; under this condition, cancer cells could replicate at a high
rate, thus reducing the time available for repair of the DNA damages (SUTHERLAND, COSTA 2002).
Often co-exposure to a second carcinogen caused a synergistic cancer
increase. For example, intramuscular injection of nickel sulfide with
3,4-benzopyrene in rats produced more sarcomas in shorter time than with
nickel sulfide alone (MAENZA et al. 1971). When the transforming potential
of soluble nickel(II) was compared with such potential of other carcinogens,
the efficiency of immortalization by nickel(II) was found to be higher than
that by other carcinogens, including benzo[a]pyrene, diol epoxide, N-methylN-nitrosourea or, g or X-rays (TROTT et al. 1995).
It was also found that nickel(II) chloride with a classical carcinogen,
such as UV radiation (UVR) had synergistic effect on skin cancer induction
in Skh1 hairless mice (UDDIN et al. 2007). Mice drinking water containing
Ni had significantly higher skin concentration of nickel compared with mice
having no nickel in water. It was shown that co-carcinogenic effect of oral
nickel with UVR as a matter of cancer yield and incidence was directly
correlated with nickel concentration in the skin. Since humans are exposed
to both UVR from sunlight and to nickel via environmental exposure, there
is a potential co-carcinogenic hazard posed by environmental metals (arsenic,
chromium, nickel) with UVR, which may be more serious than the hazard
of the metals alone (UDDIN et al. 2007).
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Some studies have also revealed that compounds of the essential metals: Mn(II), Mg(II) and Zn(II) given to rats with Ni3S2, significantly reduced
local tumor incidence in a dose dependent manner. Mg(II) was the strongest
and Zn(II) was the weakest inhibitor (KASPRZAK et al. 2003).

MOLECULAR MECHANISMS OF NICKEL
CARCINOGENESIS
According to the IARC evaluation (IARC 1997) there are sufficient evidences in humans for the carcinogenicity of nickel sulfate and of the combinations of nickel sulfides and oxides encountered in the nickel refining industry. Hence, they can be classified in Group 1, i.e. cancerogenic to
humans. As there is inadequate evidence in humans for the carcinogenicity
of metallic nickel, it may be carcinogenic to humans (Group 2B).
The mechanism by which nickel causes cancer is still questionable and
needs further investigation. Exposure of cells to the metal induces a variety
of gene expression changes.
Nickel is known to be a calcium channel blocker (ZAMPONI et al. 1996),
and several studies related toxic and carcinogenic effect of nickel with changes in calcium metabolism. It has been suggested also that high levels of
nickel may impair absorption or utilization of iron when iron status is low.
It was revealed that acute treatment of rodent cells with nickel is very
efficient at turning off the expression of thrombospondin I (TSP I) (SALNIKOW
et al. 1994, SALNIKOW et al. 1997). The TSP protein is a regulator of tumor
development; high level of TSP suppresses growth of blood vessels into the
tumor body. It was shown, that ATF-1 transcription factor is hyperactivated
in nickel-transformed cells and plays the role of a negative regulator of
thrombospondin I. Therefore, the loss of TSP I expression in tumors promotes angiogenesis and stimulates tumor growth. Another transcription factor, which level was found to be increased after acute exposure to nickel, is
hypoxia-inducible factor 1 (HIF-1) (SALNIKOW et al. 2002). During tumor development, HIF-1 facilitates angiogenesis that is essential for tumor growth.
Like hypoxia, Ni(II) induces HIF-1 and therefore activates genes responsible
for the up-regulation of glucose metabolism and glycolysis even in the presence of oxygen, the vascular endothelial growth factor, and the tumor marker
Cap43 (ZHOU et al. 1998, SALNIKOW et al. 2000).
Nickel is also known to cause inflammatory response for example
through regulation of expression of transcription factors involved in inflammatory processes. It was shown that activation of NF-κB by nickel causes
modulation of cellular and tissue responses, and can explain nickel-induced
allergic effects and contact skin hypersensitivity (VIEMANN et al. 2007).
NF-κB is a transcription factor important for apoptosis, inflammatory
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response, and expression of adhesion molecules. Intercellular adhesion molecule-1, vascular cell adhesion molecule-1, and endothelial leukocyte adhesion molecule-1 were found to be up-regulated by Ni(II) in cultured human
endothelial cells (GOEBELER et al. 1993). A strong increase of NF-κB binding
with DNA was found after stimulation of HUVEC with Ni(II) (GOEBELER et al.
1995, DENKHAUS, SALNIKOW 2002, KASPRZAK et al. 2003).
There is also a possibility of involvement of p53 gene mutations in nickel-induced transformation (DENKHAUS, SALNIKOW 2002). P53 is a tumor suppressor gene and transcription factor involved in the regulation of cell proliferation and apoptosis. Mutations in p53 are the most common genetic
alterations found in human cancer. The p53 gene was reported to be mutated in human kidney epithelial cells chronically exposed to and eventually
transformed by nickel (MAEHLE et al. 1992).
The FHIT (Fragile Histidine Triad) is a tumor suppressor gene located
in a fragile chromosomal site sensitive to deletions. Its expression is frequently reduced or lost in tumors and pre-malignant lesions. The product of
the gene, Fhit protein (phosphohydrolase), induces apoptosis through a complex interaction with its substrate, diadenosine triphosphate. Ni(II) was found
to strongly inhibit the enzymatic activity of Fhit protein in vitro and also
suppress Fhit expression in nickel-transformed BALB/c-3T3 cells (KOWARA et
al. 2004).
In another study, nickel chloride was found to induce lipid peroxidation
in the plasma of human blood in vitro in a concentration-dependent and
time-dependent manner. The hydroxyl radical production increased in a concentration-dependent manner after Ni treatment for 1 h. Furthermore,
a decreasing trend in a-tocopherol levels in plasma was observed after nickel exposure. Incubation with gluthathione, catechin, and mannitol decreased
lipid peroxidation and reduced hydroxyl radical formation induced by Ni, but
a greater decrease of a-tocopherol levels in plasma occurred with catechin
(CHEN et al. 2002).
Further progress in understanding molecular mechanisms of nickel carcinogenicity has been achieved by the finding that nickel compounds increase
the extent of DNA methylation and histone deacetylation, which leads to the
inactivation of gene expression. Although the mechanisms by which nickel
induces DNA hypermethylation are unknown, a possible model including the
ability of nickel to substitute for magnesium, increase chromatin condensation and trigger de novo DNA methylation has been proposed (LEE et al. 1995).
It is possible that inactivation of tumor suppressor gene by hypermethylation
could assist in nickel-induced cell transformation. In addition to gene silencing by hypermethylation, a suppressive effect of nickel on histone H4 acetylation in vitro has been reported for both yeast and mammalian cells (BRODAY et
al. 2000). Despite numerous reports of the DNA and chromatin damage observed in nickel-exposed cells and tissues, the mutagenic potential of this
metal is generally considered to be low (FLETCHER et al. 1994).
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CONCLUSIONS
Nickel is a ubiquitous metal, which finds increasingly more applications
in modern technologies. Contact with nickel compounds (both soluble and
insoluble) can cause a variety of adverse effects on human health. The most
important and frequent are nickel allergy in the form of contact dermatitis,
lung fibrosis, cardiovascular and kidney diseases, and lung and nasal cancers. There is evidence that some nickel compounds are carcinogens to humans. However, the exact mechanism of nickel-induced carcinogenesis is
still unclear.
In 2008, nickel received the name of the “Allergen of the Year”. According to dermatologists the frequency of nickel allergies is still growing and
all the sources of human exposure to nickel should be recognized and examined.
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