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Introduction

Nickel is a silvery white metal that takes on a high
polish. It is a transition metal, hard and ductile. It occurs
most usually in combination with sulphur and iron in
pentlandite, with sulphur in millerite, with arsenic in
the mineral nickeline, and with arsenic and sulphur in
nickel glance1. Nickel is one of the five ferromagnetic
elements. Nickel is also a naturally magnetostrictive
material, meaning that in the presence of a magnetic
field, the material undergoes a small change in length2.
The properties of nickel and its environmental
distribution have been summarized by the US Agency
for Toxic Substances and Disease Registry (ATSDR)3.
Nickel is used in a wide variety of metallurgical
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processes such as electroplating and alloy production
as well as in nickel-cadmium batteries. There is evidence
suggesting that nickel may be an essential trace element
for mammals4. Nickel is primarily found combined with
oxygen or sulphur as oxides or sulphides that occur
naturally in the earth’s crust. Nickel combined with
other elements is present in all soils, in meteorites, and
is emitted from volcanoes. As for most metals, the
toxicity of nickel is dependent on the route of exposure
and the solubility of the nickel compound5. The purpose
of this review is to provide a detailed overview of
current state of knowledge of the nickel toxicity and in
the formation of reactive oxygen and nitrogen species
and tissue damage and role of some antioxidant
supplementation.



Metabolism and disposition

Absorption: Nickel is believed to play a role in
physiological processes as a co-factor in the absorption
of iron from the intestine. The interaction between
nickel and iron occurs only under certain conditions.
Nickel increased the absorption of iron from the diet in
iron deficient rats (female), but only when dietary iron
was in the unavailable ferric form, whereas a mixture
of ferrous and ferric sulphates (60% ferric to 40%
ferrous) as a supplement to the diet did not elicit any
effect6. In short- and long-term studies of animal
administered various soluble nickel salts orally, nickel
was found primarily in the kidneys. The relative tissue
concentrations were kidneys > lungs> liver >heart>
testes7,8. Oral administration of Ni+2 found to accumulate
higher in the spinal cord than in the cerebellum or frontal
cortex9. Pulmonary absorption is the major route of
concern for nickel-induced toxicity. Nickel may be
absorbed as the soluble nickel ion (Ni+2) while sparingly
soluble nickel compounds may be phagocytized. The
chemical form and its deposition site (determined by
size, shape, density, and electrical charge of the nickel
particles) in the lungs will affect the extent of
absorption3. Nickel may be removed from portions of
the respiratory tract via mucociliary transport resulting
in the material entering the gastrointestinal tract.
Although nickel is poorly absorbed from the
gastrointestinal tract but dietary exposure and exposure
via drinking water provide most of the intake of nickel
and nickel compounds4-5. As reviewed by the
Environmental Protection Agency (EPA) (1986),
humans and animals absorb approximately 1-10 per cent
of dietary nickel10. Similar values were reported for
drinking water exposure and gavage administration3.
Nickel metal is poorly absorbed dermally but some
nickel compounds such as nickel chloride or nickel
sulphate can penetrate occluded skin resulting in up to
77 per cent absorption within 24 h3. Pharmacokinetic
studies in humans indicate that nickel is absorbed
through the lungs11-13, gastrointestinal tract14-16, and
skin17,18. Following absorption from the lungs and the
gastrointestinal tract, nickel is excreted in the urine19-21.
A 70 kg reference man contains 10 mg of nickel, giving
an average body concentration of 0.1 ppm. Reference
values for nickel in healthy adults is 0.2 µg/l in serum
and 1-3 µg/l in urine3. A National Health and Nutritional
Examination Survey II of hair found mean nickel levels
of 0.39 ppm, with 10 per cent of the population having
levels >1.50 ppm3. About 20-35 per cent of the inhaled
nickel that is retained in the lungs is absorbed into the
blood. Absorption of nickel following oral exposure has

been shown to vary (3-40%) depending on whether the
nickel was in drinking water or food. It was noticed
that a greater absorption of nickel occurred in drinking
water. Fasting individuals have also been shown to
absorb more nickel from the gastrointestinal tract. Most
of the absorbed nickel is excreted in the urine, regardless
of the route of exposure14.

Distribution: Increased levels of nickel were found in
the lungs, nasal septum, liver, and kidneys of workers
inhaling nickel22-24. Animal data indicate that after
inhalation, nickel particles can remain in the lungs
(nickel oxide) or be absorbed and then excreted in the
urine (nickel sulphate). High levels of nickel were also
found in the liver, heart, lungs, fat, peripheral nervous
tissue, and brain7-9,25. Nickel is known to bind to specific
proteins and/or amino acids in the blood serum and the
placenta. These ligands are instrumental in the transport
and distribution of nickel in the body.

Metabolism: Nickel is not destroyed in the body, but its
chemical form may be altered. The metabolism of nickel
is most appropriately viewed in light of its binding to
form ligands and its transport throughout the body.
Much of the toxicity of nickel may be associated with
its interference with the physiological processes of
manganese, zinc, calcium, and magnesium5. Various
disease states (myocardial infarction and acute stroke)
and injuries (burn injury) are associated with altered
transport and serum concentrations of nickel3. Nickel
concentrations in surface water and groundwater range
between 3 and 10 µg/l. Nickel levels in drinking water
in the United States generally range from 0.55 to 25
µg/l and average between 2 and 4.3 µg/l3. Based on
these average nickel concentrations and a reference
water intake of 2 l/day, the estimated average intake of
nickel from drinking water ranges from 4 to 8.6 µg/
day. Ambient air concentrations of nickel range between
7 and 12 ng/m3, mainly in the form of aerosols and can
be as high as 150 ng/m3 near point sources. Based on
1996 air quality data, EPA has reported average U.S.
ambient air levels of 2.2 ng/m3. Ambient air levels of
nickel are expected to be higher in urban air than in
rural air. Concentrations of nickel in indoor air are
generally 10 ng/m3 26.

Excretion: In humans most ingested nickel is not
absorbed and is eliminated predominantly in the faeces.
Some of the nickel absorbed from the gastrointestinal
tract is excreted in the urine and is associated primarily
with low molecular weight complexes that contain
amino acids. In human nickel can also be eliminated
through sweat and milk27. It has been reported that
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faecal nickel is usually about 100 times that of urinary
nickel and represents the removal of unabsorbed
nickel3,4. Urinary nickel levels of 0.4-6.0 g/l in non-
exposed, healthy adults were reported by Sunderman
et al27,28 while levels as high as 400 g/l were also reported
by Sunderman et al29 for workers occupationally
exposed to nickel and nickel compounds.

Nickel toxicities and health effects: An overview

The adverse health effects of nickel depend on the
route of exposure (inhalation, oral, or dermal) and can
be classified according to systemic, immunologic,
neurologic, reproductive, developmental, or
carcinogenic effects following acute (01day),
subchronic (10-100 days), and chronic (100 days or
more) exposure periods. The most common harmful
health effect of nickel in humans is an allergic skin
reaction in those who are sensitive to nickel. Nickel is
the most observed cause of immediate and delayed
hypersensitivity noticed in occupationally exposed as
well in the general population. The metal is not only an
allergen but also a potential immunomodulatory and
immunotoxic agent in humans30. Based on studies of
nickel workers and laboratory animals, all nickel
compounds, except for metallic nickel, have been
classified as human carcinogens by the International
Agency for Research on Cancer (IARC)31 and the U.S.
Department of Health and Human Services32.

Health risk assessment on nickel: There are five priority
substances which are selected by WHO for the nickel
risk assessment. They are nickel powder, nickel
sulphate, nickel chloride, nickel carbonate and nickel
nitrate. Nickel powder (T; R48-23) has been classified
in chronic toxicity classification as per environmental
risk assessment report on nickel. NiSO

4
, NiCl

2
, NiCO

3
and NiNO

3
 are classified as carcinogen class I (by

inhalation), reproductive toxicants class II (may cause
harm to unborn children) and chronic toxicants (T; R48-
23). If particle size of nickel powder found to be less
that 0.1 mm, it is classified as T; R52-53 (harmful to
the aquatic environment)33.

Acute toxicity (01 day): The accidental inhalation of
nickel carbonyl generally causes acute toxic effects in
two stages, immediate and delayed. The immediate
symptoms include headache, vertigo, nausea, vomiting,
insomnia, irritability, which usually last a few hours,
followed by an asymptomatic interval of 12 h to 5 days.
Then delayed symptoms appear-tightness of the chest,
nonproductive cough, dyspnoea, cyanosis, tachycardia,
palpitations, sweating, visual disturbances, vertigo,

weakness, and lassitude34. A fatal case of nickel
poisoning was reported for a 2 ½ yr old girl who had
ingested 15 g of nickel sulphate35. The cause of death
was cardiac arrest. Death due to nickel-induced adult
respiratory distress syndrome (ARDS) was reported for
a worker spraying nickel using a thermal arc process36.
Nausea, vomiting, abdominal pain, diarrhoea, headache,
cough, shortness of breath, and giddiness were reported
for workers of an electroplating plant who drank water
contaminated with nickel chloride and nickel sulphate
(1.63 g/l)37. Signs and symptoms of toxicity lasted for
up to 2 days with uneventful recoveries for all 32
workers. In male rats, a single dose of nickel chloride
injection caused a profound and consistent increase in
circulating prolactin levels after one day and lasted for
four days38. Kidney injury and frank haematuria were
also observed in acute nickel toxicity39. Water-soluble
nickel compounds have been shown to be more acutely
toxic than the less soluble ones. The single dose oral
LD

50
 in rats for the less soluble nickel oxide and

subsulphide were > 3,600 mg Ni/kg b wt, whereas the
oral LD

50
 for the more soluble nickel sulphate and nickel

acetate ranged from 39 to 141 mg Ni/kg b wt in rats
and mice40.

Subchronic toxicity (10-100 day): In an evaluation of
workers welding high-nickel alloys, it was reported that
6-wk exposure to nickel fumes (0.07 to 1.1 mg nickel/m3)
caused an increase in airway and eye irritations,
headaches, and tiredness41. Weber and Reid42 reported
significant reductions in body weight gain, decreased
body weight, and signs of hepato and renal toxicities in
animals as a result of daily exposure to nickel via diet
or gavage. Weischer et al43 reported that oral
administration of nickel as NiCl

2 
in male rats over a

period of 28 days at concentration of 2.5, 5.0 and
10.0 µg /ml in drinking water (0.38, 0.75, or 1.5 mg/kg/
day) resulted in significant dose-dependent
hyperglycaemia, decrease in serum urea and significant
increase in urine urea. At 0.75 mg/kg doses increased
leukocyte count was also observed43. Whanger25

reported reduced blood hamoglobin and PCV after
nickel exposure. Toxic symptoms like lethargy, ataxia,
hypothermia, salivation, diarrhoea were observed in the
nickel treated rats at 10 mg/kg/d doses30. The mortality
rate among rats are very high in dose-dependent nickel
treatment44. Obona et al45 reported that in adult male
Sprague-Dawley rats given NiSO

4 
at 0, 0.02, 0.05 and

0.1 per cent or 0, 44.7, 111.75 and 223.5 mg/l
respectively (estimated doses of 0, 5, 12.5 and 25 mg/
kg/day) in their drinking water for 13 wk, both the
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absolute and relative liver weights in the 12.5 mg/kg
and 25 mg/kg groups were significantly decreased. Total
plasma protein, plasma albumin and globulins and
plasma glutamic pyruvic transaminase activity were
found significantly decreased in the highest dose
group45. It was noticed that exposure of dietary nickel
sulphate hexahydrate (100, 1000, or 2500 ppm) to dogs
for 2 years failed to produce significant signs of
compound-related toxicity7. A 91-day study using rats
given nickel chloride hexahydrate by gavage at doses
of 5, 35, or 100 mg nickel/kg/day resulted in the death
of all rats in the high-dose group by day 78. An increase
in white blood cell counts for those in the 35 mg/kg/
day group at an interim sacrifice, and an elevated platelet
count and decreased blood glucose level in the 35 mg/
kg group at final sacrifice were also observed46. Renal
tubular degeneration was reported for rats receiving
dietary nickel acetate (0.1 to 1.0%) for several weeks.
Twelve women who were occupationally exposed to
soluble nickel compounds (0.75 mg Ni/m3 average
concentration) showed increased urinary levels of total
protein, β

2
-microglobulin, retinal binding protein, and

N-acetyl-β-D-glucosaminidase (NAG)47. Although altered
biomarkers reflected tubular dysfunction, no effect was
found on markers of glomerular function, urinary
albumin levels, or transferrin levels.

A study of 17 electroforming workers suffering from
occupational dermatitis following heavy exposure to
nickel revealed no evidence of proteinuria48. A 13-wk
inhalation study conducted by the Inhalation Toxicology
Research Institute compared the effects of exposure of
rats and mice to nickel sulphate hexahydrate, nickel
subsulphate, and nickel oxide at occupationally relevant
exposure concentrations49. Severity of inflammation and
fibrosis of the lungs and alveolar macrophage hyperplasia
corresponded to the water solubility of the nickel
compounds with nickel sulphate being the most toxic,
followed by nickel subsulphate and nickel oxide49. Haley
et al50 reported immunotoxic effects in mice following
13-wk exposures to various nickel compounds. Nickel
subsulphide (1.8 mg nickel/m3) decreased activity levels
of natural killer cells while both nickel oxide (0.47, 2.0,
and 7.9 mg nickel/m3) and nickel subsulphate (0.45 and
1.8 mg nickel/m3) inhibited phagocytic ability of alveolar
macrophages50. In studies with mice and rats, Smialowicz
et al51-53 found that nickel chloride affected T cell-
mediated immune responses (but not humoral immune
responses) and that natural killer cells were target cells
of the immunotoxic effects of nickel. Alterations in innate
(or non specific) and acquired immunity have been

observed in animals. Several studies examined alveolar
macrophage functions. A significant reduction in
macrophage phagocytic activity was observed in rats
exposed to an unspecified concentration of nickel
chloride for 2 h54 or in mice exposed to 0.47 mg Ni/m3 as
nickel oxide or 0.45 mg Ni/m3 as nickel subsulphide 6 h/
day, 5 days/wk for 65 days55. No alteration of macrophage
phagocytic activity was observed in mice exposed to
<0.45 mg Ni/m3 as nickel sulphate 6 h/day, 5 days/wk
for 65 days55.

Chronic toxicity (>100 day): Most chronic inhalation
exposures involve occupational exposure to nickel dust
or nickel vapors resulting from welding nickel alloys.
Generally, chronic inhalation exposure to nickel dusts
and aerosols contribute to respiratory disorders such as
asthma, bronchitis, rhinitis, sinusitis, and
pneumoconiosis56. Based on analyses of studies
completed prior to 1975, the National Academy of
Sciences (NAS) concluded that nickel refinery workers
demonstrated an increase in the incidence of pulmonary
and nasal cavity cancers, specifically epidermoid,
anaplastic, and pleomorphic cancers57. Enterline and
Marsh58 showed that there was an excess risk of nasal
sinus cancer in nickel refinery workers. A lifetime
exposure of rats to nickel oxide (42 mg nickel/m3)
produced emphysema and other proliferative and
inflammatory changes59. It was reported by Vyskocil et
al47 that drinking water contains NiSO

4
 at 100 mg/l

exposure to both male and female rats causes significant
increases in kidney weights. Urinary excretion of
albumin increased significantly in female rats but the
increase was marginalized in male rats. Male and female
Wistar rats fed diets containing nickel as NiSO

4
 at

0,100,1000, 2500 ppm (0, 5, 50 and 125 mg/kg/day)
for 2 yr showed significant body weight reduction in
both male and female rats47. Schroeder et al60 observed
focal myocardial fibrosis in rats exposed to nickel at 5
ppm for 18 months. Ambrose et al7 reported increased
heart weights without any reported histological changes
of the heart tissue in rats exposed to 75 mg/kg/day as
NiSO

4
 in a 2 year study. No clinical evidence of

developmental or reproductive toxicity was reported for
women working in a nickel refinery61. Chashschin et
al62 reported on possible reproductive and
developmental effects in humans of occupational
exposure to nickel (0.13-0.2 mg nickel/m3). The NTP63-

65 studies allow for the comparison of the toxicity of
nickel sulphate, nickel subsulphide, and nickel oxide
in rats and mice. Following acute- or intermediate-
duration exposure, the toxicity of the different nickel
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compounds is related to its solubility, with soluble nickel
sulphate being the most toxic and insoluble nickel oxide
being the least toxic. The difference in the toxicity
across compounds is probably due to the ability of
water-soluble nickel compounds to cross the cell
membrane and interact with cytoplasmic proteins. In
contrast, the severity of inflammatory and proliferative
lesions following chronic exposure was greater in rats
exposed to nickel subsulphide or nickel oxide, as
compared to nickel sulphate. Additionally, parenchymal
damage secondary to inflammation was evident in the
rats exposed to nickel subsulphide and nickel oxide, but
not nickel sulphate63-65.

Some specific aspects of nickel toxicities

Genotoxicity: Biggart and Costal74 have observed that
nickel is a nongenotoxic agent. In contrast, both in vivo
and in vitro tests on higher organism cell it was observed
that nickel produces some genetic abnormalities like
DNA strand break, DNA-protein cross links, nucleotide
excision, single gene mutations, sister chromatid
exchanges, micronuclei, nucleic acid concentration
alteration and cell transformation5,66,67. Investigators
conducting epidemiology studies have reported a higher
incidence of chromosomal aberrations in nickel workers
compared to controls20,68. Both in vitro and in vivo
studies in mammals indicate that nickel is genotoxic69-72.
The available evidence suggests that nickel does not
alter the frequency of gene mutations in non mammalian
organisms73-75, although some studies have found gene
mutations76. Mixed results for gene mutations have been
found in mammalian test systems. Increases in the
frequency of gene mutations have been found at the
HGPRT locus in Chinese hamster V79 cells77 but not in
Chinese hamster ovary cells78. An increase in gene
mutation frequency has also been found in Chinese
hamster ovary AS52 cells (grp locus)79, mouse
lymphoma cells80,81 and virus-infected mouse sarcoma
cells82-83. Gene mutation frequency was not affected in
transgenic mouse and rat respiratory tissue following
inhalation exposure to nickel subsulphide84. Nickel
enhances the genotoxicity of ultraviolet light, X-rays,
cis- and trans-platinum, and mitomycin C. In vitro
studies in HeLa cells suggest that nickel inhibits the
incision step in excision repair85 while studies using
Chinese hamster ovary cells suggest that nickel inhibits
the ligation step of excision repair86. Protein seems to
be the primary target for nickel insult87. The threshold
concentration of nickel induced mutagenesis is
impossible to establish at present because in most
studies the lowest concentrations used were near those
that cause high cytotoxicity. Nickel causes increased
level of endogenous cellular hydrogen peroxide and its

short lived reactive oxygen species87,88. Nuclear protein
damage caused by nickel reduces the enzyme activity
needed for DNA replication, transcription,
recombination and repair.

Developmental toxicity: There are limited data on the
potential developmental toxicity of nickel in humans.
An increase in structural malformations was observed
in infants of women who worked in a nickel
hydrometallurgy refining plant89. Decreased foetal body
weight was observed in offspring of rats exposed to
high levels of nickel via inhalation during gestation90.
Developmental effects have also been observed in
animals following parental administration of nickel91.
The available animal data on developmental toxicity
provide suggestive evidence that the developing foetus
and neonates are sensitive targets of nickel toxicity.
Male-only exposure to 3.6 mg Ni/kg/day as nickel
chloride in drinking water for 28 days resulted in
decrease the number of pups born alive (2.7/dam versus
10.2/dam in controls), the number of pups surviving
until postnatal day 4 (56% versus 100% in controls),
and litter size at postnatal day 21 (1.3 pups versus 9.2
pups in controls)92. An increase in spontaneous abortions
was observed in female mice exposed to 160 mg Ni/kg/
day as nickel chloride in drinking water on gestational
days 2-1793. Decreases in pup body weights were
reported in the offspring of rats exposed to 90 mg Ni/
kg/day, 30, and 55 mg Ni/kg/day7,94-95. Neither Ambrose
et al7 nor the Research Triangle Institute (RTI)94,95 multi
generation studies found any significant, nickel-related
gross abnormalities in the surviving offspring of rats
exposed to nickel.

Haematotoxicity: No human studies were located
regarding haematological effects after inhalation or
dermal exposure to nickel. Regarding oral exposure,
one study reported a transient increase in blood
reticulocytes in workers who drank water from a water
fountain contaminated with nickel sulphate, nickel
chloride, and boric acid (estimated dose of 7.1-35.7 mg
Ni/kg)37. A number of haematological alterations were
observed in studies by Weischer et al43 and National
Toxicology Programme (NTP)63-65. A transient increase
in blood reticulocytes was observed in workers who
were hospitalized after drinking water during one work
shift from a water fountain contaminated with nickel
sulphate, nickel chloride, and boric acid37. Intermediate
duration exposure to >0.7 mg Ni/kg/day as various
nickel salts produced haematological effects in rats.
Effects included a decrease in haemoglobin level in rats
exposed to 25 mg Ni/kg/day as nickel acetate in the
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diet for 6 wk25. An increase in leukocyte levels was
found in rats exposed to 0.49 mg Ni/kg/day as nickel
chloride in drinking water for 28 days43 and also an
increase in platelet counts in rats administered via
gavage 8.6 mg Ni/kg/day as nickel chloride for 91 days
was observed46. No haematological effects were
observed in rats treated with nickel sulphate in the diet
at a dose of 187.5 mg Ni/kg/day for 2 yr7. Low
haematocrit levels were also observed in dogs after
chronic dietary exposure to 62.5 mg Ni/kg/day as nickel
sulphate7. A decrease in hematocrit level was observed
in male rats continuously exposed to 0.178 or 0.385
mg Ni/m3 as nickel oxide for 28 days. Another study
using nickel sulphate in rats by Das et al96 found that
intraperitoneal administration of the compound
significantly decreased the erythrocyte count,
haematocrit value (PCV%), and haemoglobin
concentration when compared with untreated controls.
The authors also reported a significant increase in
clotting time, followed by decrease in platelet and
leukocyte count after nickel treatment in rats. Such a
decrease could result in nickel-induced anaemia (non-
regenerative anaemia) arising from injury of
haematopoietic stem cells. Nickel sulphate probably
decreases all types of blood cells in rats by inhibiting
bone marrow activity96.

Immunotoxicity: Nickel is capable of evoking dual
responses in the human immune system, sometimes in
the same subject97. Experiments conducted in humans
and in rodents have shown that nickel exhibits both
immunomodulatory and immunotoxic effects. Allergic
dermatitis and immunologic urticaria can be seen in the
area of contact as well as at distant sites. A systemic
allergic reaction to nickel can manifest as both immune
and allergic reactions98-100. Although a metal ion like
nickel is too small to be antigenic by itself, the metal can
oxidize to a low molecular weight substance called a
hapten, which is non-immunogenic alone but can elicit an
immune response when joined with a larger molecule, like
tissue protein. The binding of the metal modifies the native
protein configuration, and the hapten-specific T cells in
the host immune system recognize the altered protein as a
non-self antigen30. Number of immunological and
lymphoreticular effects have been reported in humans
and animals exposed to nickel. In 38 production workers
exposed to nickel (compound not specified), significant
increases in levels of immunoglobulin G (IgG), IgA,
and IgM and a significant decrease in IgE levels were
observed101-102. Significant increases in other serum
proteins, which may be involved in cell-mediated

immunity (including α1-antitrypsin, α2-macroglobulin,
ceruloplasmin) were also noticed. Nickel and chromium
significantly depressed the circulating antibody
response of rats immunized with a viral antigen, with
the greatest decrease in antibody titres noted in animals
receiving the metal two weeks before the initial antigen
dose103,104. Several studies have examined the
relationship between nickel exposures and acquired
immune function. An increase in susceptibility to
Streptococcal infection was observed in mice exposed
to 0.499 mg Ni/m3 as nickel chloride or 0.455 mg Ni/
m3 as nickel sulphate for 2 h54. Mice exposed to 0.657
mg Ni/m3 as nickel chloride also developed septicaemia
from the Streptococci infection and had a reduced ability
to clear the inhaled bacteria54.

Nickel and chromium significantly depressed the
circulating antibody response of rats immunized with a
viral antigen, with the greatest decrease in antibody
titers noted in animals receiving the metal two weeks
before the initial antigen dose103,104. In a mouse model,
both IgG and IgM antibody responses to Keyhole
Limpet Hemocyanin (KLH) were significantly
depressed in vivo in nickel fed animals105.

Neurotoxicity: Neurological effects (giddiness,
weariness) were reported in individuals accidentally
exposed to nickel and boric acid in drinking water37.
Neurological signs (lethargy, ataxia, prostration) were
observed in dying rats treated with nickel for 3 months;
however, these effects were probably associated with
overall toxicity46.

Reproductive toxicity: An increase in the rate of
spontaneous abortions (15.9%) was reported among a
group of 356 women who worked in a nickel
hydrometallurgy refining plant in the Arctic region of
Russia as compared to the rate (8.5%) in 342 local
female construction workers62.

Testicular degeneration was observed in rats and
mice exposed to nickel sulphate (>1.4 mg Ni/m3) and
nickel subsulphide (>1.83 mg Ni/m3 for rats and >3.65
mg Ni/m3 for mice) 6 h/day for 12 days over a 16-day
period63 -65. In male rats exposed to NiSO

4
 at 25 mg/kg,

several testicular changes, such as interstitial cell
proliferation, transport vessel walls, and reduced
number of spermatozoa and some testicular enzymes
such as steroid 3ß hydroxysteroid dehydrogenase were
seen106. Das and Dasgupta107 also reported decreased
sperm count, sperm motility, and alteration of
steroidogenesis in nickel treated rats. Nickel exposure
elevates testicular lipid peroxidation and suppresses
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antioxidant enzyme activities in rats108. Kakela et al109

conducted a study to determine the reproductive effects
of nickel in both female and male Wistar rats in which
one or both genders were exposed to nickel at 10-100
ppm as NiCl

2 
in drinking water. In males (exposed 28

or 42 days before copulation) NiCl
2 
induced shrinkage

of seminiferous tubules and decreased the number of
spermatogonia in the tubules.

Carcinogenicity: Nickel (Ni+2) compounds are potent
carcinogens and can induce malignant transformation
of rodent and human cells. Workers have been employed
in nickel refinery facilities, nickel mining and smelting
facilities, nickel alloy production facilities, stainless
steel production facilities, nickel-cadmium battery
production facilities, or as stainless steel welders are
found to be suffering from cancer. Because nickel
workers are exposed to several nickel species, it is
difficult to assess the carcinogenic potential of a
particular nickel species. The International Committee
on Nickel Carcinogenesis in Man investigators used
cross-classification analyses to examine the dose-
response to a specific nickel species independent of
variations in other species. The most comprehensive
cross-classification analyses were performed for cohorts
of workers in different departments at the Mond/INCO
(Clydach) nickel refinery and at the Falconbridge
(Kristiansand) nickel refinery (only analyzed for
metallic nickel)110. A number of animal studies have
examined the carcinogenic potential of nickel
subsulphide, nickel oxide, and nickel sulphate. Chronic
exposure to nickel subsulphide resulted in significant
increases in lung tumours in two rat studies. Adenomas,
adenocarcinomas, squamous cell carcinomas, and
fibrosarcoma were observed in rats exposed to 0.7 mg
Ni/m3 as nickel subsulphide 6 h/day, 5 days/wk, for 78
wk111. Acute (6 h/day, 5 days/wk, for 1 month) inhalation
exposure to <6.3 mg Ni/m3 as nickel oxide resulted in
no significant increase in lung cancer in rats <20 months
after exposure112. However, significant increase in the
incidence of alveolar/bronchiolar adenoma or
carcinoma were observed in male and female rats
exposed to 1 or 2 mg Ni/m3 as nickel oxide 6 h/day, 5
days/wk for 2 yr65. The available evidence suggests that,
mechanistically, nickel carcinogenicity is probably the
result of genetic factors and/or direct (e.g. ,
conformational changes) or indirect (e.g., generation
of oxygen radicals) epigenetic factors. Additionally,
certain nickel compounds promote cell proliferation,
which would convert repairable DNA lesions into non
repairable mutations.

Toxicities in some specific peripheral tissues

On liver: A transient increase in serum bilirubin was
observed in 3 of 10 workers who were hospitalized after
drinking water from a water fountain, contaminated with
nickel sulphate113. In rats, decreased liver weight was
observed following exposure for 28 days to 2 yr to 0.97-
75 mg/kg/day of nickel chloride or nickel sulphate43.
Recent studies on rats by Das et al114 revealed a nickel
sulphate-induced degenerative effect on hepatic
tissue114. They have observed that after the
intraperitoneal injection of nickel sulphate, normal
hepatic architecture was greatly altered, along with
appearance of vacuolated cytoplasm (fatty liver),
eccentric nuclei, and Kupffer cell hypertrophy. One
report described decreased hepatic and renal
transaminase activities after nickel treatment in rats,
which was found more deleterious in a protein-restricted
dietary regimen30. Nickel sulphate also decreases the
liver ascorbic acid and cholesterol levels in rats115. Das
et al88 showed, after the nickel treatment of rats, a
significant rise in hepatic lipid peroxides and a decrease
in antioxidant enzymes like superoxide dismutase
(SOD), catalase (CAT) and glutathione peroxidase
(GSH-Px) activities and in the hepatic glutathione
concentration.

On lungs: Studies in both humans and animals indicate
that following inhalation exposure, the respiratory
system is the primary target of nickel toxicity. In
humans, a single case of death from the ARDS occurred
in a worker who sprayed a very high concentration of
metallic nickel of small particle size for 90 min without
wearing personal protective equipment116. The
histological changes noted in the lungs of this case
included alveolar wall damage with fibrotic changes
and oedema in the alveolar space. A statistically
significant increase in the incidence of deaths from
respiratory disease was found in welders in some
studies117. Studies in rats and mice demonstrate that
chronic active inflammation in the lungs is the most
prominent effect following inhalation exposure to nickel
sulphate, nickel subsulphide, or nickel oxide. In acute
exposure, however, chronic lung inflammation was
observed at the lowest concentrations of nickel sulphate
and nickel subsulphide118. Chronic exposure for 2 yr to
nickel (6 h/day, 5 day/wk) resulted in active lung
inflammation in mice at 0.06 mg Ni/m3 and in rats at
0.11 mg Ni/m3 and higher. Additional lung effects that
were found at the same dose levels as those in
inflammation include alveolar epithelium hyperplasia,
fibrosis in rats and mice exposed to nickel subsulphide,
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and bronchiolization and/or alveolar proteinosis in mice
exposed to nickel oxide119. In addition to the lung effects
in rats and mice, several studies have demonstrated that
exposure to nickel sulphate and nickel subsulphide can
induce atrophy of the nasal olfactory epithelium63. A
recent study120 revealed that water-soluble nickel sulphate
has profound effect on lung tissue and its antioxidant
enzyme system119. In this study, the intraperitoneal
injection of nickel sulphate (2 mg/100 g b wt)
alternatively for 10 days caused a significant increase in
the lipid peroxide level in lung tissue in comparison with
a control group. At the same time, lung SOD, CAT, and
GSH-Px activities were significantly decreased120.

On kidneys: Inflammation in the bronchioles, alveolar
congestion, alveolar cell hyperplasia, and sometimes
congestion in the lumen was also noticed120. Following
oral exposure to nickel contaminated drinking water, a
transient increase in urine albumin was reported in
electroplating workers37. Increased levels of nickel in
urine were significantly linked to urinary β

2
-

microglobulin levels in nickel refinery workers121. The
kidney was the major organ of nickel accumulation, and
minor renal tubular damage at the corticomedullary
junction was observed37. In rats exposed for 13 wk to
nickel sulphate in drinking water, a significant decrease
in urine volume and urine glucose levels and an increase
in relative kidney weight were also observed45.

Nickel and oxidative stress

Heavy metals as free radical generators: The molecules
of diatomic oxygen in the earth atmosphere are the
biggest ones to provoke reactions on the living cells.
Except for those organisms that are specially adapted
to live under anaerobic conditions, all the animals and
plants need oxygen for an efficient production of
energy122. The oxygen emergency must have been
followed by the ozone layer appearance (O

3
) in the high

atmosphere. The absorption of ultraviolet rays occurs
due to change of ozone layer and probably it allowed
the evolution of the most complex earth organism122.
Lipid peroxidation sets off a chain reaction that
generates a large numbers of free radicals, which are
both cytotoxic and genotoxic through their ability to
covalently modify proteins and DNA123,124. The
mechanisms of heavy metals toxicity through electron
transfer most often involve the cross-linking of the
sulphhydryl groups of proteins. Nickel and other heavy
metals can also generate free radicals directly from
molecular oxygen in a two step process to produce
superoxide anion. In the continued presence of the heavy

metal, the superoxide anions formed can then combine
with protons in the dismutation reaction generating
hydrogen peroxide in the process.

Ni(II) induces oxidative stress: The cumulative
production of reactive oxygen species/ reactive nitrogen
species ROS/RNS through either endogenous or
exogenous insults is termed oxidative stress and is
common for many types of cancer cell that are linked
with altered redox regulation of cellular signaling
pathways. Oxidative stress induces a cellular redox
imbalance which has been found to be present in various
cancer cells compared with normal cells. The redox
imbalance thus may be related to oncogenic stimulation.
The ROS generated could non selectively damage DNA,
possibly resulting in genetic changes in active genes.
DNA mutation is a critical step in carcinogenesis and
elevated levels of oxidative DNA lesions (8-OH-G) have
been noted in various tumours, strongly implicating such
damage in the aetiology of cancer125. Nickel may bind
to DNA-repair enzymes and generate oxygen-free
radicals to cause protein degradation in situ. This
irreversible damage to the proteins involved in DNA
repair, replication, recombination, and transcription
could be important for the toxic effects of nickel126.

Experimental data suggest that oxidative stress may
be important in nickel-induced carcinogenesis, however,
a direct correlation between the ability of nickel to
produce oxidative stress and carcinogenicity is not yet
fully understood. Nickel (Ni2+) mimic hypoxia and was
used as a tool to study the role of oxygen sensing and
signaling cascades in the regulation of hypoxia-inducible
gene expression. This metal can produce oxidative stress;
therefore, it was conceivable that ROS may trigger
signaling pathways resulting in the activation of the
hypoxia-inducible factor (HIF)-1 transcription factor and
upregulation of hypoxia-related genes. The activity of
the HIF-1 transcription factor as assessed in transient
transfection assays was stimulated by Ni2+, hypoxia, and
desferrioxamine, but this activation was not diminished
when oxidative stress was attenuated nor was HIF-
dependent transcription enhanced by hydrogen peroxide.
It was reported that ROS are produced during the
exposure of cells to metals that mimic hypoxia, but the
formation of ROS was not involved in the activation of
HIF-1-dependent genes127. HIF-1 is very sensitive to
hypoxia stimulus and precise regulation of oxygen
homeostasis. HIF-1 is composed of two bHLH proteins,
HIF-1a and HIF-1b. HIF-1a is expressed and HIF-1b
accumulated only in hypoxic cells. One explanation of
the nickel-induced activation of the HIF-1 transcription
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factor is based on the assumption that nickel replaces
iron in the oxygen carrier, Fe(II)-hybrid haemoglobin.
Substitution of iron by nickel switches signal to
permanent hypoxia, which in turn activates the HIF-1
factor127. Ni(II) enhances the oxidation of all DNA bases
in vitro128 and lipid peroxidation in vivo5. Although
nickel(II) by itself does not cause efficient free radical
generation from oxygen, H

2
O

2
, or lipid hydroperoxides,

the reactivity of Ni(II) with those oxygen derivatives can
be modulated by chelation with certain histidine- and
cysteine-containing ligands129,130. The incubation of Ni(II)
with cysteine in an aerobic environment generates the
hydroxyl radical, which then reacts with cysteine to
generate a carbon-centered alkyl radical. Free radicals
can also be generated from lipid hydroperoxides by Ni(II)
in the presence of several oligopeptides131,132. Hence, free
radical generation from the reaction of Ni(II)-thiol
complexes and molecular oxygen, and/or lipid
hydroperoxides, could play an important role in the
mechanism(s) of Ni(II) toxicity30. The results of a series
of studies using cultured human peripheral blood
lymphocytes also suggest that nickel induces oxidative
stress in humans133,134. In an in vitro study using human
lymphocytes, nickel chloride increased the generation
of hydrogen peroxide and lipid peroxidation133. The levels
of intracellular reactive oxygen species, lipid
peroxidation and hydroxyl radicals and also the potential
effects of antioxidants were examined. The level of
hydroxyl radical in the Ni-treated group was much higher
than in control. Also the levels of thiobarbituric acid-
reactive substances (TBARS) in human lymphocytes in
vitro in a concentration-dependent manner were detected.
Catalase partially reduced the NiCl

2
- induced elevation

of oxidants, whereas superoxide dismutase (SOD)
enhanced the level of oxidants and TBARS. Both NiCl

2
-

induced lipid peroxidation was prevented significantly
by glutathione (GSH) and mannitol. NiCl

2
-induced

increase in generation of hydroxyl radical was prevented
significantly by catalase, GSH and mannitol, but not by
SOD. These results suggest that NiCl

2
-induced

lymphocyte toxicity may be mediated by oxygen radical
intermediates. Catalase, GSH and mannitol each provides
protection against the oxidative stress induced by
nickel133.

The pretreatment of human blood lymphocytes with
either CAT (a H

2
O

2
 scavenger), or SOD (a scavenger of

O2- radical) significantly reduced markers of nickel
carbonate hydroxide-induced genetic and cellular
damage. In another study, nickel chloride was shown
to induce the free radicals-mediated induction of

oxidized DNA bases and DNA-protein cross-links
human lymphocytes in vitro135. NiCl

2
-induced

lymphocyte toxicity may be mediated by oxygen radical
intermediates, for which the accelerated generation of
OH may play an important role in nickel-induced
oxidative damage of human lymphocytes131. In rats, the
parenteral administration of nickel chloride enhances
lipid peroxidation in liver, kidney, and lung, as measured
by the thiobarbituric acid reaction for malondialdehyde
(MDA) in fresh tissue homogenates136. The level of
MDA was also found to be significantly elevated in
serum of nickel chloride-treated rats137. Misra and
coworkers showed that a single intraperitoneal injection
of nickel (II) acetate increased lipid peroxidation and
glutathione-S-transferase activity in rat liver and kidney
while concomitantly decreasing the glutathione
concentration and glutathione reductase activity138. The
same group found that the nickel-induced lipid
peroxidation in different strains of mice was concurrent
with nickel’s effect on antioxidant defense systems in
liver and kidney138,139. The magnitude of nickel-induced
lipid peroxidation showed a reverse correlation with
the extent and direction of its effect on glutathione,
glutathione peroxidase glutathione reductase, but not
on CAT, SOD, or glutathione-S-transferase. Nickel
chloride also induces lipid peroxidation in rat renal
cortical slices in vitro140.

Antioxidant defense against nickel toxicity: Suitable
mechanisms are present in human body so that steady
state concentration of potentially toxic oxygen derived
free radicals are kept in check under normal physiological
condition by body’s intrinsic antioxidant defense system.
But enhanced generation of these reactive oxygen species
(ROS) can overwhelm cell’s intrinsic antioxidant
defenses and result in a condition known as “oxidative
stress”. Data suggest that antioxidants may play an
important role in abating some hazards of nickel141.
Exogenous antioxidants are intimately involved in the
prevention of cellular damage by interacting with free
radicals and by terminating the chain reaction. In rats,
increased lipid peroxide formation and decreased levels
of glutathione, SOD, CAT, GSH-Px activities as well as
ascorbic acid depletion have been found in the most active
metabolic tissues of the body, namely, liver and
kidney114,115. Increased lipid peroxidation could stimulate
phospholipase A

2 
(PLA

2
) activities, thereby causing the

production of a variety of eicosanoids, products of the
arachidonic acid pathway that are responsible for cell
injury. Additionally, a decrease in antioxidant enzymes
suggests an interaction with the accumulated free radicals
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and active amino acids of the enzymes, leading to
functional impairment and tissue damage. Ascorbic acid
(vitamin C) is a dietary antioxidant that inactivates
oxygen free radicals.

Some studies have shown that vitamin C works in
concert with vitamin E to prevent the free radical chain
oxidation of lipids. Numerous reports have shown the
positive effect of vitamin C as an antioxidant and
scavenger of free radicals88. Nickel compounds adversely
affect cells by modulating ascorbic acid metabolism and
other metabolic pathways. Reports have shown the
positive effect of vitamin C as an antioxidant and
scavenger of free radicals88. On the other hand, doses of
vitamin C exceeding the daily recommended dietary
allowance could lead to the formation of toxic advanced
glycation end products, which are derived from the
degradation products of carbohydrates, lipids, and
ascorbic acid. Numerous animal studies support the
ability of vitamin C to protect against free radical damage
in vitro. One of our studies revealed that, L-ascorbic acid
administration simultaneously with nickel sulphate
improves nickel induced hyperglycaemia by boosting
insulin sensitivity in rats and also improve liver glycogen
content. The administration of L-ascorbic acid can
improve the situation in rats by its scavenging activity
within the lipid region of the membrane. Reports also
showed that both the nickel-induced activation of
hypoxia-inducible factor (HIF-1) and the upregulation
of hypoxia-inducible genes are due to depleted
intracellular ascorbate levels. The addition of ascorbate
to the culture medium increased the intracellular
ascorbate level and reversed both the metal-induced
stabilization of HIF-1 and HIF-1α dependent gene
expression142. α-tocopherol (vitamin E) can also protect
against oxidative stress and improve nickel induced
alteration of serum lipid profile and plasma glucose
concentration. It is also reported that, α-tocopherol can
protect both liver and pancreatic cells from nickel induced
cellular damage. Vitamin E, situated near the cytochrome
P-450 in the membrane phospholipid, sweeps the free
radicals formed in the cytochrome P-450.

Nickel is a potent haematotoxic, immunotoxic,
neurotoxic, genotoxic, reproductive toxic, pulmonary
toxic, nephrotoxic, hepatotoxic and carcinogenic agent.
Although conflicting results have been reported in human
studies about the effect of L-ascorbic acid and α-tocopherol
supplementation on oxidative stress, the experimental
animal results with ascorbic acid suggest that a high
consumption of dietary L-ascorbic acid and α-tocopherol
might ameliorate oxidative stress induced by nickel.
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