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Nanoparticles of nickel (Ni) and its compounds attract a lot of attention bearing in mind their promising innovative 

properties allowing their use as catalysts, components in electrical appliances, electronic and photonic devices, and materi-
als used in producing medications, diagnostic preparations, and pesticides. Production volumes of these materials in their 
nano-form are likely to grow rapidly in the nearest future and it involves greater loads created by these nanomaterials on a 
human body. And we should remember that Ni and its compounds are highly toxic for humans even in their traditional dis-
perse forms. Their toxicity induces oxidative stress, cellular membranes and mitochondria dysfunction, expression of nuclear 
transcription factors that are responsible for apoptosis, caspases, as well as proto-oncogenes. Leading role in toxicity of  
Ni-containing nanomaterials obviously belongs to ions of heavy Ni++ being emitted from them since this heavy metal has 
pro-oxidant properties and influences enzyme activity and gene expression. Cytotoxic effects produced by Ni-containing 
nanomaterials were revealed in model experiments in vitro performed with suitable cellular cultures that were morphologi-
cally and functionally similar to epithelial cells of respiratory and gastrointestinal tract, liver, kidneys, and nervous system; 
these materials were able to stimulate oxidant stress, influence expression of apoptosis proteins and nuclear transcription 
factors, induce apoptosis and necrosis. There are data indicating that Ni-containing nanomaterials can produce malignant 
transforming effects in vitro. All the above mentioned proves that nickel compounds in their nanoform are a new hazardous 
factor that requires assessing related risks for workers, consumer, and population in general. 

Our review focuses on analyzing literature sources on cytotoxicity of Ni-containing nanomaterials and their effects 
produced on molecular-genetic and cellular levels taken over a period starting from 2011. 

Key words: nickel, nickel oxide, nanoparticles, cytotoxicity, genotoxicity, transforming ability, apoptosis, gene expres-
sion, risk assessment. 
 

 
Nanoparticles (NPs) of nickel (Ni) and 

its compounds are given special attention 
since they seem promising for innovative use 
in engineering, consumer goods manufactur-
ing, and in medicine. Starting from the begin-
ning of the 20th century, metallic Ni has been 
used as a catalyst in food and technical fats 
hydrogenation [1]. A basic drawback of this 
technological process is that it involves side 
creation of unsaturated fatty acids trans-
isomers in substantial quantities; it happens 
owing to hydrogenation process being far 
from thermodynamic equilibrium since sub-

strate molecules diffusion to nickel catalyst 
surface is kinetically limited. It is possible to 
substantially reduce these effects via using a 
catalyst based on nickel NPs immobilized on 
inert carriers (silicon dioxide or carbon) [2]. 
A wide range of such catalysts is reported to 
be synthesized and they contain NPs with 
their size being both less than 10 nanometers 
(so called cluster particles) and significantly 
greater [3]. Nano-structured Ni-containing 
catalysts are also applied in technologies in-
volving fine organic synthesis, pharmaceuti-
cal industry included [4]. 
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Ni NPs are applied in electronics, electri-
cal engineering and optoelectronics due to 
their unique magnetic and electrochemical 
properties. Thus, there are data on creating 
memory elements based on nano-rings made 
of Ni NPs [5]. Heterostructures based on  
Ni-NPs, NiO-NPs, as well as carbon nanotubes 
and graphene are used to make electrodes in 
rechargeable batteries with high electric capac-
ity [6], multilayer ceramic super-condensers 
[7] and solar batteries [8]. Highly sensitive 
magnetic and chemical sensors have been de-
veloped that are based on Ni-containing 
nanoparticles [2]; these sensors are applied in 
medical diagnostics to detect tumor cells [9]. 
Ni NPs can be deliberately used in cosmetic 
products including tonal creams and dye stuff 
or accidentally penetrate into them [10]. 
Therapeutic use of Ni NPs and NPs of its al-
loys with copper includes controlled magnetic 
hyperthermia and theranostics [11]. Finally, 
there are some developments on using NPs of 
Ni and its compounds produced via biotechno-
logical procedures as insecticides aimed at 
controlling population of mosquitoes that are 
communicable diseases carriers [12, 13]. 

In 2019 annual production of nano-sized 
Ni and its compounds was estimated as being 
equal to 20 tons only in the USA and tended to 
grow in future [14]. 

All these data indicate that NPs of Ni and 
its compounds are nanotechnological products 
with great prospects for their production to 
grow in the nearest future and it will unavoid-
ably result in greater exposure to these nano-
materials, both for people and ecosystems 
[15]. Health risks that are likely to occur due 
to it are caused by Ni and its compounds being 
highly toxic even in their traditional disper-
sion. Multiple experimental and epidemiologic 
research works have revealed that metallic 
nickel and its compounds are carcinogenic (see 
early papers reviewed in [16]). Basing on these 
data IARC ranked Ni (II) compounds into 
Group 1 (carcinogenic for people) whereas 

metallic Ni is classified as Group 2B (possibly 
carcinogenic for people). Ni compounds are 
also known to be highly allergic [17]. After the 
paper by Kornick and Zug on nickel dermatitis 
epidemiology was published in 2008 [18] 
nickel was chosen as “the allergen of the year” 
by the American Contact Dermatitis Society. 

There are growing concerns that NPs of 
Ni and its compounds may penetrate a body 
much more easily through respiratory tracts, 
gastrointestinal tract, or skin than their macro-
disperse analogues due to their very small size; 
it may result in all the above mentioned ad-
verse effects being aggravated. Ni nanoforms 
are especially alerting as adverse occupational 
factors (in chemical industry, metallurgy, elec-
trical engineering and other branches) where 
risks caused by workers’ exposure are the 
highest [15, 19]. 

All this indicates that it is necessary to as-
sess potential health risks caused by Ni com-
pounds in nanoform as independent adverse 
factors. According to the methodology applied 
in Russia1 risk assessment includes several 
necessary preliminary stages such as hazard 
factor identification and assessment of “dose – 
response dependence, that is, qualitative char-
acteristics of a hazard. The first element in risk 
assessment involves analyzing mechanisms of 
toxic effects, toxicity signs, and biomarkers 
that allow identifying adverse impacts exerted 
by an examined chemical on a body. 

The goal of the present review was to 
analyze and generalize data on identifying  
Ni-containing nanomaterials as hazardous fac-
tors basing on results obtained via experiments 
in vitro and on assumed molecular-genetic, 
biochemical, and cytological mechanisms of 
their toxic effects. And the greatest attention is 
paid to data published over the last decade 
(starting from 2011) and available in sources 
that conform to conventional requirements re-
garding scientific validity and completeness 
and contained in international abstract data-
bases PubMed, WoS and Scopus. 

__________________________ 
 
1 R 2.1.10.1920-04. The guide on assessing health risks for population under exposure to chemicals that pollute the envi-

ronment. The Guide. Moscow, The Federal Center for State Sanitary and Epidemiologic Surveillance of the RF Public Health-
care Ministry Publ., 2004, 143 p. 
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Cytotoxicity of Ni-containing nanomate-
rials. Cytotoxicity is understood in literature 
as an ability of substances to reduce cells vi-
ability and produce damaging effects on them 
at morphological and metabolic levels under 
incubation in vitro. As for NPs of Ni and its 
compounds, research on their cytotoxicity has 
been intensely accomplished starting from 
early 2000-ties [20]. Cytotoxicity studies do 
not give a direct answer to a question on a 
value of toxic doses for a body as a whole; 
however, they are useful, first of all, as a tool 
for screening potentially toxic nanomaterials 
and, secondly, they provide valuable data on 
molecular mechanisms and biomarkers of their 
effects produced on cells and, consequently, 
on a body as a whole. 

Most toxicological studies in vitro are per-
formed on unlimitedly dividing cells in a cul-
ture that, as a rule, are tumor ones. Neverthe-
less, all these cells have analogues among nor-
mal cells in organs and tissues and they are 
similar to these analogues as per morphofucn-
tional, genome, and metabolome parameters. 
Therefore, it is quite relevant to consider avail-
able data in a sequence that reflects effects pro-
duced by Ni-containing NPs on cells in organs 
that are targets for effects produced by nanoma-
terials under actual exposure. 

Respiratory organs cells. NPs of metallic 
Ni and NiO, but not Ni microparticles (MPs), 
were captured by epithelial cells in the human 
lungs belonging to H460 line and primary cells 
in bronchial epithelium; Ni++ ions were re-
leased from absorbed particles of both types 
[21]. Ni NPs, NiO NPs and NiCl2 solution 
caused stabilization and nuclear translocation 
of transcription factor HIF-1induced by hy-
poxia and it resulted in elevated contents of its 
target NRDG1 (Cap43). Ni microparticles 
(MPs) didn’t produce such effects whereas 
HIF-1 activation caused by exposure to NPs 
was even more apparent than under exposure 
to a salt form. NiO NPs were equally toxic for 
cells from both lines, Ni microparticles were 
not toxic, and Ni NPs toxicity was intermedi-
ate. Caspases and poly- (ADP-ribose) poly-
merase were activated in all cases of toxicity 
that indicated apoptosis was developing. 

NiO NPs turned out to be cytotoxic in ex-
periments on human bronchial epithelial cells 
HEp-2 and breast cancer cells MCF-7 as they 
induced developing oxidation stress, glu-
tathione quantity depletion, and lipid peroxides 
accumulation. There was caspases-3 activation, 
DNA fragmentation, and apoptosis markers ex-
pression. Effects produced by NPs on cells 
could be blocked by adding curcumin [22]. Mi-
cronucleuses appeared in lung epithelial cells of 
V79 hamster under exposure to NiO NPs sized 
30 nm in concentrations equal to 250 and 2,500 
µg/ml. DNA fragmentation was observed in a 
comet assay under exposure to NPs in concen-
tration being equal to 62 µg/ml and higher [23]. 

NiO NPs toxicity was examined on two 
lines of human lung cells under exposure to 
doses varying from 20 to 100 µg/ml; the re-
search revealed that concentration of reactive 
oxygen species (ROS) grew already 45 minutes 
after exposure started; after 24 hours a signifi-
cant number of cells died due to both necrosis 
and apoptosis [24]. It was accompanied with 
interleukins IL-6 and IL-8 appearing in large 
quantities and the process was mediated with 
MAPK kinase signal pathway that induced ac-
tivity of NF-kB transcription factor. There was 
also disrupted cell cycle, genotoxic effects, and 
damage to DNA. All the above mentioned ef-
fects were observed both in A549 cells that ab-
sorbed NPs actively and in BEAS-2B cells 
though endocytosis was not typical for them. 

In the work [25] performed on cells from 
A549 line NPs of Ni and NiO and Ni MPs 
caused changes in mitochondrial activity and 
increased cells proliferation; the effects were 
dose-dependent. When A549 cells were ex-
posed to Ni NPs, it resulted in lower viability 
and damage to DNA; and it should be noted 
that metallic NPs had greater genotoxicity than 
MPs even in doses that were similar as per Ni 
contents, and they also stimulated greater onco-
genes activation [26]. A549 cells exposure to 
sub-lethal NiO NPs doses was accompanied 
with signs of epithelial-mesenchymal transi-
tions mediated with activation of TGF-
1/Smads  signal pathway. It was supported 
by stronger expression of type 1 collagen, TGF-
1, p-Smad2, p-Smad3, -actin, vimentin,  
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E-cadherin and fibronectine, that is, changes 
that characterized fibrosis development at tissue 
level. SB431542 substance being an antagonist 
to TGF-1 was able to block these changes 
[27]. When A549 cells were exposed to NiO 
NPs (20 nm in diameter), there was a growth in 
expression of hemoxigenase-1 (HO-1) and sur-
factant protein-D, that is, genes regulated by 
hypoxia-induced transcription factor HIF-1 
[28]. These data coincided with those obtained 
on an alternative cell model in the work [21]. 

Oxidation stress induced by NiO NPs in 
A549 cells could be partially blocked by essen-
tial oil from Pistacia lentiscus that contained 
terpenoids [29]. 

BEAS-2B human bronchopulmonary epi-
thelium cells were exposed to NiO NPs in 
concentrations equal to 5, 10 and 20 µg/ml; 
there was a decrease in expression of SIRT1 
histone deacetylase and it resulted in gene p53 
hyper-acetylation and Bax (Bcl-2 associated  
X protein) hyper-expression. An effect related 
in SIRT1 inhibition could be removed by res-
veratrol administration. These data indicate 
that SIRT1 can be a key molecule in develop-
ing cellular toxicity of Ni-containing nanoma-
terials [30]. When cells from this line were 
cultivated for 6 months with very low doses 
(0.5 µg/ml as per Ni) of Ni NPs, NiO NPs, or 
NiCl2 salt, there were significant changes in 
trascriptome though cells viability was seem-
ingly preserved [31]. The greatest number of 
genes (197) that responded via changes in their 
expression was detected for the salt form. 
There were changes in expression of S100A14 
и S100A2 (Ca-binding proteins) genes as well 
as TIMP3, CCND2, EPCAM, IL4R and DDIT4 
under exposure to all Ni forms. Bioinformatics 
analysis allowed revealing signal pathways of 
IL-1, IL-1 and VEGF-A cytokines as tar-
gets for Ni nanoforms. 

Ni and NiO NPs were effectively captured 
by BEAS-2B cells in a culture [32]. Unlike, 
Ni++ ions penetrated into cells rather poorly. 
Ni and NiO nanoforms and Ni salt induced 
chromosome aberrations, DNA breaks, and 
intracellular ROS accumulation in exposed 
cells. It was accompanied with a growth in in-
tracellular Ca quantity, and adding up chelat-

ing agents resulted in lower genotoxicity signs. 
Genotoxicity and mutagenicity of Ni NPs (ap-
proximately 100 nm) and NiO (approximately 
50 nm) in comparison with NiCl2 salt was ex-
amined for HBEC human bronchial epithelial 
cells via a comet assay and dyeing against γ-
H2AX (H2A histone family member X). Both 
NPs types aggregated intensely in a cultural 
medium. There was a growth in a number of 
DNA breaks under exposure to NiO NPs and 
to a lesser extent to Ni NPs; there were no 
such effects revealed under exposure to solu-
ble Ni salt in comparable doses [33]. 

Cells of organs in the gastrointestinal 
tract. Intestine epithelium is among primary 
targets for NPs under oral exposure. In the work 
[34] toxicity of NiO NPs sized 15 nm was re-
vealed in Caco-2 human cells culture that were 
similar to the small intestine enterocytes. NPs 
caused a 50 % drop in cell survivability in a 
concentration equal to 352 µg/ml; oxidation 
stress and damage to DNA, in a concentration 
equal to 30–150 µg/ml. Apoptosis was a pri-
mary mechanism of cell death. 

Human HepG2 cells that were hepato-
cytes analogues were exposed to NiO NPs 
(44 nm in diameter) and it resulted in dose-
dependent oxidation stress development and 
cells death, micronucleuses formation, chro-
matin condensation, Bax and caspases-3 ex-
pression, and Bcl-2 inhibition; it indicated that 
apoptosis was developing. All these processes 
were inhibited by ascorbic acid [35]. In the 
work [36] the same cell line was exposed to 
metallic Ni NPs that were 28 nm in diameter 
and in a concentration equal to 25–100 µg/ml; 
it resulted in dose-dependent oxidation stress. 
A great number of cells in subG1 phase in cel-
lular cycle was revealed under exposure to 
sub-lethal NPs dose and it indicated that apop-
tosis was induced. There was also caspase-3 
expression and apoptotic DNA fragmentation, 
an increase in p53 expression and Bax/Bcl-2 
ratio with simultaneous loss of mitochondrial 
membrane potential that indicated cell apoptosis 
was developing as per “mitochondrial” way. 

Damage to DNA was analyzed in HepG2 
cells via a comet assay; the analysis revealed 
that there was a 26-time increase in DNA 
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fragmentation under exposure to NiO NPs in a 
concentration equal to 0.1 µg/ml. Simultane-
ously flow cytometry revealed elevated ROS 
concentrations. There was also stronger ex-
pression of superoxide dismutase (SOD) as 
well as p53, Bax and Bcl2 [37]. Transcrip-
tional analysis using total RNA-sequencing 
revealed [38] that changes in expression of 
HepG2 cells genes occurred when NiO NPs 
concentrations exceeded 5 µg/ml. Expression of 
hypoxia-related HIF-1 and micro-RNA(miR)-
210 grew under exposure to 25–100 µg/ml of 
these NPs; and there were variable changes in 
trascriptome including activations of glycoly-
sis metabolic pathways, glutathione synthesis, 
lysosome digestion and autophagy even under 
exposure to concentrations that didn’t cause 
any apparent cytotoxic effects. There was a 
growth in intracellular NO and calcium con-
tents, and greater esterase activity as well as 
disorders in mitochondria membrane potential. 
Cell cycle deregulation became apparent via 
appearing 30.5 % subG1 apoptotic peak. 
Therefore, cytotoxicity of NiO NPs for liver 
cells becomes apparent predominantly via hy-
poxia and oxidation stress that causes tran-
scriptome changes, apoptosis, and DNA frag-
mentation. 

Data in the work [39] indicate that NiO NPs 
may produce fibrogenic effects on liver cells; it 
was shown that HEPG2 cells exposure to these 
NPs in a concentration equal to 100 µg/ml re-
sulted in elevated expression of TGF-β1,  
p-Smad2, p-Smad3, -actin-smooth muscles, 
matrix metalloproteinase (MMP) of isoform 9, 
tissue inhibitor of metalloproteinase (TIMP)-1 
and reduced E-cadherin and Smad7. 

There was a single research work [40] 
that concentrated on comparing cytotoxicity of 
Ni NPs, NiO NPs, and Ni(OH)2 NPs for bron-
choalveolar A549 cells and hepatocytes-like 
HepG2 cells. Metallic Ni NPs turned out to be 
significantly more toxic for the first of these 
two lines, and there were no similar differ-
ences detected for oxide NPs. Basic cytotoxic-
ity mechanisms were oxidation stress, disorder 
in mitochondrial membrane potential and cas-
pase-3 synthesis induction that resulted in 
apoptosis development. Cytotoxicity of differ-

ent NPs types given as per a nanomaterial 
mass correlated with their specific surface area 
and solubility in biological environment. 

Kidney cells. An experiment on NRK-52E 
kidney tubule epithelial cells revealed that NiO 
NPs with average size being 10–20 nm and in a 
dose equal to 0–500 µg/ml were captured by 
cells and induced dose-dependent increase in 
contents of malonic dialdehyde, 8-oxo-2-de-
oxyguanosine (8-oxo-G) – DNA oxidation de-
struction product, and carbonylated protein, as 
well as glutathione reserves depletion. When 
concentrations of these NPs exceeded 290 µg/ml, 
it resulted in death of more than 50 % cells via 
both apoptosis and necrosis [41]. 

Skin cells. Metallic Ni NPs were cytotoxic 
and genotoxic for epidermal A431 human skin 
cells in concentrations varying from 2 to 20 µg/ml 
and exposure to them resulted in apoptosis and 
damage to DNA [42]. Cell death was accompa-
nied with oxidation stress, glutathione reserves 
depletion, and caspase-3 activation; these ef-
fects were inhibited by N-acetylcysteine indi-
cating that cell thiols, glutathione in particu-
lar, might probably have protective functions 
regarding toxic effects produced by NPs. 
There was an experiment when epidermal 
mice cells belonging to line JB6 were ex-
posed to Ni NPs in a tetrazolium dye (MTT) 
assay; NPs turned out to be more cytotoxic in 
comparable concentrations than correspond-
ing MPs. Both Ni forms caused apoptosis but 
NPs were more active [43]. Ni NPs induced 
expression of activator protein-1 (AP-1) and 
NF-B in the same cells and these effects 
were inhibited by epigallocatechin-3-gallate 
(EGCG). EGCG was shown to weaken NPs 
cytotoxicity due to inhibiting a response by 
MAPK-signal pathway [44]. 

Immune cells. The work [45] concentrated 
on studying NiO cytotoxicity in lymphocytes 
extracted from human peripheral blood. Pri-
mary NPs size was 18 nm; they aggregated 
intensely in water media. IC50 amounted to 
24 µg/ml after 24 hours of exposure. A comet 
assay and micronucleuses analysis revealed 
that NPs were highly genotoxic. Lymphocytes 
primarily died via apoptosis induced by ROS 
and lipid peroxides production. 
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Intact and oxide-passivated Ni NPs in-
duced stronger expression of miR-21, MMP-2, 
MMP-9, as well as TIMP-1 and TIMP-2 in 
primary mice monocytes. These effects were 
not observed in mice cells with knocked-out 
gene miR-21 as well as in wild mice cells un-
der exposure to Ni NPs covered with a carbon 
layer. These data indicate that miR-21 plays a 
significant role in inducing an inflammatory 
response to nickel NPs [46]. 

Reproductive system cells. An experiment 
performed on primary Sertolli cells of rat testis 
revealed that Ni NPs stimulated apoptosis with 
participating Igfbp3 genes, non-coding RNA 
LOC102551356 and mitochondrial mecha-
nism. Igfbp3 is seen as a target gene in р53-
mediated apoptosis [47]. Effects produced by 
Ni NPS on Gc-1 line cells that were similar to 
mice stem sperm cells were accompanied with 
changes in ultra-structure, cell cycle delayed in 
phase G1, and activation of apoptosis as per 
inhibition of PI3K/AKT/mTOR signal path-
way [48]. 

Embryonic cells. The work [33] concen-
trated on Ni NPs genotoxicity that became ap-
parent via breaks in single-stranded DNA in 
mice embryonic stem cells belonging to line 
mES via using Hprt test based on reporter 
HPRT (Hypoxanthine Phosphoribosyltrans-
ferase) gene mutation; experiments were also 
performed on six lines of mice embryonic stem 
cells reconstructed in such a way so that they 
could respond with fluorescence to develop-
ment of some genotoxicity and malignant trans-
formation (so called “ToxTracker” assay). It is 
interesting that Ni NPs produced more apparent 
genotoxic effects in these systems in compari-
son with NiO NPs and Ni chloride solution. 

Connective tissue cells. The work [49] 
dwelled on studying Ni NPs genotoxicity and 
mutagenicity for fibroblast cells of Chinese 
hamster lungs under exposure on the air-water 
interface. More than 50 % cells died after  
48-hour exposure to NPs in quantities equal to 
0.15 and 0.32 µg/cm2 of the culture surface 
with a growth in a number of breaks in DNA 
chains and this growth was enhanced signifi-
cantly after exposure to an inhibitor of single-
stranded DNA reparation. 

Neurons. NiO NPs with average diameter 
being 15.0 nm were captured in a dose-depen-
dent way by neuron-like SH-SY5Y cells and 
caused death of 50 % cells in a dose equal to 
229 µg/ml. There were morphological changes, 
a 3–11-time growth in DNA fragmentation and 
80–99 % apoptosis together with oxidation 
stress [50]. The same NPs were shown in the 
work [51] to induce does-dependent apoptosis 
in cells from this line. To get an insight into ef-
fects produced by Ni-containing NPs on neu-
rons, thermodynamic modeling was performed; 
it revealed how Ni NPs interacted with tau pro-
tein. As a result, there was expression of apop-
tosis gene Bax and in increase in Bax/Bcl-2 ra-
tio, greater lactate dehydrogenase and caspases 
3 and 9 activity. In further research [52] it was 
shown that exposure to NiO NPs in high doses 
induced oxidation stress and apoptosis of  
SH-SY5Y cells whereas in case doses were 
non-lethal, there was prevailing interaction be-
tween nanomaterial and tau-protein structures 
together with an increase in hydrophobic tau 
and formation of its amorphous aggregates. 

Effects produced by NiO and Mn3O4 NPs 
with diameters varying from 12 to 24 nm on neu-
ronal human cells were examined via compara-
tive analysis in the work [53]. To analyze multi-
ple data that characterized cytotoxicity, response 
surface methodology was applied and it, accord-
ing to the authors’ opinion, allowed extrapolating 
obtained results onto effects produced by NPs in 
vivo. It was shown that NiO NPs were less toxic 
for neuronal cells than Mn3O4 NPs; however, in 
case they were introduced together, NiO NPs 
made a prevailing contribution into cytotoxicity. 
The authors performed statistical analysis that 
revealed variable combined toxic effects depend-
ing on particles nature, size, and concentration. 
A primary factor that reduced cytotoxicity was 
NPs solubility in biological environment that de-
creased when fetal bovine serum was added to the 
examined cell cultures. 

Transforming activity in vitro. Data ob-
tained in some works discussed above indicate 
that exposure to NPs of Ni and Ni-containing 
compounds may induce processes similar to 
malignant transformation. Thus, the authors of 
the work [21] believe that persistent activation 
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of HIF-1α signal pathway in cells induced by 
Ni and NiO NPs may result in malignant trans-
formation with subsequent tumor development 
in vivo. An experiment performed on epider-
mal mice cells JB6 [54] revealed that exposure 
to Ni NPS sized 50 nm led to activated synthe-
sis of tumor transformation promoter activator 
protein-1 and NF-B as well as elevated ex-
pression of R-Ras, c-myc, C-Jun, p65 and p50 
that was not compensated with significantly 
lower expression of pro-apoptotic factor p53. 
The authors applied cultivating on soft agar 
and revealed that cells treated with Ni NPs 
tended to form colonies and it was considered 
to be similar to malignant growth. It is inter-
esting that expression of p53 turned out to be a 
prevailing outcome in case cells were exposed 
to Ni MPs (micron-sized). Multiple DNA 
breaks detected in human bronchial epithelial 
cells exposed to NPs of Ni and NiO are also 
seen as a precondition of malignant trans-
formation [33]. It is difficult to interpret 
facts obtained within in vitro systems since it 
was noted in most works that pro-apoptotic 
factors, including Akt-kinase and p53 were ex-
pressed simultaneously with oncogenes activa-
tion under exposure to Ni-containing nanomate-
rials [43]. Probable differences in assessing 
genotoxicity and transforming ability of Ni 
nanoforms in different test-systems in vitro 
might be related to differences between cell 
lines used in experiments regarding NPs cap-
ture by cells. Presumably, macropinocytosis or 
clathrin-mediated endocytosis are mechanisms 
used by cells to capture Ni NPs [55]. Particles 
absorption can depend on Ca++ ions concentra-
tion in a cultivating medium as well as on parti-
cles sizes, charge and surface properties. 

Besides, we should bear in mind that vast 
majority of data on genotoxicity and “carcino-
genic” activity of Ni-containing nanomaterials 
were obtained via experiments on cell lines 
that were, to a greater or lesser degree, already 
transformed in comparison with their primary 
analogues. Therefore, it is obviously impossi-
ble to give an unambiguous answer to a ques-
tion whether Ni and NiO NPs can produce car-
cinogenic effects if we rely solely on data ob-
tained in experiments on cellular cultures. 

Molecular and cellular cytotoxicity 
mechanisms. Data obtained via studies in vi-
tro allow making well-substantiated conclu-
sions on molecular and cellular cytotoxicity 
of Ni-containing NPs. 

Oxidation stress. Oxidation stress develops 
due to imbalance between (predominantly fer-
mentative) oxidation of organic substrates in 
metabolic processes and antioxidant system ac-
tivity. The process is accompanied with ROS 
being synthesized in elevated quantities that 
exceed abilities of a body to eliminate them; it 
results in irreversible oxidative damage to pro-
teins and membrane lipids. Excessive ROS can 
damage mitochondria which, due to that, can 
intensify ROS accumulation themselves; that is, 
oxidation stress can develop as per positive 
feedback mechanism with ultimate mitochon-
drial apoptosis activation [20]. 

Oxidation stress is seen as a basic nanotox-
icity type and it occurs due to exposure to a 
great number of artificial nanomaterials. Some 
of them are relatively chemically inert and 
poorly soluble in biological media (for exam-
ple, NPs of Si, Ti, Ce, Zr, and Al oxides) and 
exposure to them induces oxidation stress via 
non-fermentative catalytic ROS generation at 
an interphase surface between NPs and a me-
dium [56]. In case of exposure to carbon nano-
tubes oxidation stress seems to develop due to 
hyperproduction of oxidants by cells (first of 
all, macrophages) that are primary targets for 
effects produced by this nanomaterial. Bearing 
in mind that Ni-containing NPs are highly solu-
ble, we can assume that the latter of the above 
mentioned mechanisms is combined with influ-
ence exerted by Ni ions on fermentative sys-
tems that are responsible for balance between 
ROS synthesis and elimination [20]. 

Damage to cells and their membranes 
caused by effects produced by ROS can be a 
basic Ni NPs toxicity mechanism due to Ni++ 
being able to bind to amino acids, polypep-
tides, and enzymes thus inducing ROS synthe-
sis [57]. A contribution made by oxidation 
stress into cytotoxicity of Ni-containing NPs is 
also confirmed by multiple facts of their ef-
fects being inhibited by antioxidants introduc-
tion [29, 35, 42, 44]. 
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Apoptosis. Apoptosis is programmed cell 
death with a very complicated mechanism that 
includes actions performed by cysteine prote-
ases family, proteins p53, Bcl-2, and others. 
There are two basic ways of apoptosis, namely 
death receptor way and mitochondrial way 
[20]. The first one basically involves apoptotic 
factor Fas (CD95) and Fas-associated death 
domain (FADD) protein creating a Fas-asso-
ciated death-inducing signaling complex 
(DISC) with lamin A and -actin disintegra-
tion that can bind and activate caspase-8 and 
the following caspase-3. Mitochondrial apop-
tosis includes caspase-dependent and caspase-
independent pathway. The first of them in-
volves Bax and Bak factors binding to mito-
chondria membranes thus releasing cyto-
chrome C from them. It, in its turn, creates 
apoptotic complexes with adapter protein 
Apaf-1 and caspase-8 that activate caspase-3 
and the latter induces apoptosis. Caspase-
independent apoptosis flows as follows: a fac-
tor that induces apoptosis (AIF) is directly re-
leased by mitochondria into cytoplasm where 
it penetrates a nucleus and DNA is destroyed 
[16]. Apoptosis induced by NPs of Ni and its 
compounds includes both the death receptor 
way and those mediated by mitochondria. It 
follows from the data on an experiment on fe-
male rat ovaries exposed to Ni NPs where 
these particles simultaneously increased levels 
of such pro-apoptotic factors as caspase-3, 
caspase-8, caspase-9, Fas, Bax, Bid, cytochrome 
C and AIF and decreased levels of anti-apoptotic 
factor Bcl-2 [58]. As per data taken from the 
work [43], cytotoxicity of Ni NPs mostly devel-
ops due to apoptosis induced by a death recep-
tor, namely, Fas activation. However, it was 
shown in the same work that Ni NPs activated 
Bcl-2 and, as a result, cytochrome C was not 
released from mitochondria into cytoplasm and 
this way of apoptosis didn’t obviously occur. 

Similar results were obtained in the works 
[54, 59], where it was shown that cytochrome 
C release was inhibited by Bcl-2 under expo-
sure to Ni NPs. Bcl-2 is known to be a variety 
of proto-oncogene that can inhibit apoptosis 
[20]. Therefore, Ni NPs can paradoxically not 
only stimulate but also inhibit apoptosis due to 

Bcl-2 activation and thus they induce cellular 
“carcinogenesis”. It was also revealed [54, 59] 
that Ni NPs inhibited expression of pro-
apoptotic factor p53. If p53 activation is re-
duced, apoptosis medicated by caspase-3 and 
caspase-8 is inhibited and it can ultimately re-
sult in tumor occurrence. 

Damage to DNA and genotoxicity. Cell cy-
cle is known to consist of four phases; they are 
DNA synthesis prophase (gap phase G0/G1), 
DNA synthesis phase (phase S), DNA synthesis 
anaphase (gap phase G2) and mitosis phase 
(phase M). Gap phase G0/G1 is a key to a proper 
start of a cell cycle. In case phase G0/G1 is 
blocked, cells will not go to mitosis and prolif-
eration and it will ultimately result in apoptosis. 
Phase G0/G1 in human epidermal cells is 
blocked by Ni NPs in concentrations equal to 2.5 
and 5 µg/ml and it leads to apoptosis whereas 
phase G2/M is blocked by Ni NPs in concentra-
tions equal to 7.5 and 10 µg/ml and it results in a 
great number of DNA breaks [44]. These results 
provide an insight into a reason why low Ni NPs 
concentrations promote apoptosis whereas Ni 
NPs in high concentrations damage cellular 
DNA and induce mutagenesis with probable fur-
ther malignant transformation. 

MAPK signal pathway. MAPK signal 
pathway also known as mitogen-activated pro-
tein-kinase pathway includes three parallel 
pathways, namely ERK pathway, JNK/SAPKK 
pathway, and P38MAPK pathway. Further on 
the MAPK pathways for signal transfer there 
are two transcription factors, activator protein-1 
(AP-1) and nucleus factor-jB (NF-jB) that par-
ticipate in regulating multiple important cell 
activities such as proliferation, cells differentia-
tion and apoptosis. AP-1 is a dimer that consists 
of c-Fos and c-Jun subunits and NF-jB is a 
dimer that consists of p65 and р50s subunits. 
Three MAPK pathways play an important role 
in carcinogenesis. ERK1/2 is activated via 
phosphorilation that regulates with c-Fos,  
c-myc and C-Jun thus increasing activity of 
transcription factor AP-1. Ultimate kinases JNK 
can also be activated via phosphorilation; they 
phosphorilate C-Jun and then AP-1. P38MARK 
phosphorilation results in IjB and NF-jB de-
polymerization. Expression of R-Ras, c-myc, 



Assessing risks caused by nickel-based nanomaterials: hazardous factor identification    

ISSN (Print) 2308-1155    ISSN (Online) 2308-1163    ISSN (Eng-online) 2542-2308 181

C-Jun, p65 and p50 proteins grows slowly un-
der exposure to Ni NPs, moreover Ni NPs, in 
comparison with Ni MPs, are more likely to 
stimulate greater AP-1 and NF-jB activity [54]. 
Exposure to Ni NPs in concentrations being 
higher than 2.5 µg/ml resulted in a substantial 
increase in expression of phosphorilated 
ERK1/2 (p-ERK1/2), phosphorilated JNK  
(p-JNK) and phosphorilated P38 (p-P38) [44]. 
Therefore, Ni NPs turned out to be able to acti-
vate AP-1 and NF-jB in model in vitro systems 
via MAPK signal pathway and it could un-
timely result in malignant transformation. 

HIF-1a signal pathway. Hypoxia-induced 
factor-1 (HIF-1) is a heterodimer that consists 
of HIF-1 and HIF-1 subunits [20]. HIF-1 
is responsible for the complex activity and is 
initially localized in cytoplasm where as HIF-
1 is expressed both in cytoplasm and nucleo-
plasm and its function is to stabilize the active 

complex. HIF-1 translocation into a nucleus 
under exposure to Ni-containing NPs is con-
sidered by some authors to be a key element in 
their fibrogenic, genotoxic, and transforming 
activity. As per data obtained in experiments 
on human monocytes exposure to Ni NPs in 
concentrations equal to 10 and 30 µg/ml re-
sulted in an increase in contents of HIF-1 
that participated in MMP-2 and MMP-9 and 
TIMP-1 activation [60]. HIF-1 pathway is 
assumed to participate in abnormal expression 
and changed activity of ММР induced by Ni 
NPs. Besides, HIF-1 pathway activation may 
lead to malignant transformation of cells and 
tumor occurrence. Ni NPs are known to acti-
vate HIF-1 pathway more intensely in com-
parison with Ni MPs or its soluble salt [21]. 

Figure shows a hypothetic chain of events 
occurring under exposure to Ni-containing nano-
materials at cellular level. 

 

 
Figure. Basic outlines and targets of toxic effects produced by NPs of Ni  

and its compounds at cellular level 
N o t e :  NPs are nanoparticles; Ni++, nickel ions; Pm, plasmatic membrane, Nm, nuclear membrane; 

 N, nucleus; MT, mitochondria; Pgs, phagosome/phagolysosome; ROS, reactive oxygen species; 
 +, stimulation; ┬, inhibition. 



I.V. Gmoshinski, S.A. Khotimchenko 

Health Risk Analysis. 2021. no. 2 182 

T a b l e  1  
The most significant biomarkers showing cytotoxic effects produced by Ni-containing 

nanomaterials in vitro 
No. Biomarker  Abbreviation Cell model (analogue)  Source 
1 Hypoxia-induced factor HIF-1 Lung epithelium cells [21] 
2 A member of N-myc inhibited proteins family NRDG1  The same [21] 
3 Nuclear transcription factor NF-B The same [24] 

4 Interleukins IL-1IL-IL-2, IL-6,  
IL-8, INF- The same [24] 

5 Transforming growth factor TGF-1 The same [27] 
6 Hemoxigenase 1 HO-1 The same [28] 
7 Apoptosis inhibitor Bcl-2 Liver cells [35, 43] 
8 Bcl-2-associated Х-protein Bax Lung epithelium cells [30] 
9 Matrix metalloproteinase MMP 2, 9 Liver cells, leukocytes [39] 
10 Tissue inhibitors of metalloproteinase TIMP 1,3 Lung epithelium cells [31] 
11 Interleukin 4 receptor IL-4R The same [31] 
12 Micro-RNA 210 miR210 Liver cells, leukocytes [38, 46] 
13 8-oxo-2-deoxyguanosine 8-oxo-G Kidney cells [41] 
15 Tumor transformation promoter AP-1 Skin cells [54] 

16 Proto-oncogenes R-Ras, C-myc, 
C-Jun, p65, p50, JNK1 Skin cells [54] 

17 Apoptotic antigen 1 Fas (CD95)  Skin cells [43] 
 

Table 1 summarizes data on the most in-
formative biomarkers showing toxic effects 
produced by Ni-containing nanomaterials re-
vealed in experiments on cell cultures. 

Conclusion. Therefore, literature analy-
sis has revealed that NPs of metallic nickel 
and its compounds (NiO, Ni(OH)2) as well as 
nickel nanofiber and nanorods are highly 
toxic. At cellular level such apparent toxicity 
signs are detected as oxidation stress, disor-
ders in cellular membranes and mitochondria 
functions, expression of nuclear transcription 
factors that are responsible for apoptosis, cas-
pases, as well as some proto-oncogenes. It is 
a paradox, but both apoptosis stimulation and 
its inhibitions with inducing malignant trans-
formations are typical for NPs of Ni and its 
compounds at different doses. Presumably, 
these contradictory effects occur due to dif-
ference in sensitivity to high and low doses of 
Ni++ ions in a chain of apoptosis that is me-
diated by mitochondrial Bax/Bcl-2 and a cas-
cade of oncogenes activation via MAPK-
signal pathway. There seems to be no princi-
ple differences in toxic effects produced by 
nanomaterials based on Ni, its oxide, as well 
as its soluble salts (chloride, nitrate, and sul-
fate) on cells; so, we can conclude that it is 

Ni++ ions emission from them that plays the 
leading role in toxicity of these nanomateri-
als. Ni-containing nanomaterials differ sub-
stantially in this respect from those nanoparti-
cles that are practically insoluble in biological 
media such as previously described nanopar-
ticles of amorphous silicon dioxide [61] with 
the greatest contribution into their toxic ef-
fects being made by catalytic ROS generation 
on their surface; as well as partially soluble 
silver nanoparticles that exert intense influ-
ence on microelement homeostasis [62].  
But at the same time, effective doses detected 
for NPs of Ni and its compounds turn out to 
be lower than those detected for its soluble 
salts and it highlights the significant role in 
cytotoxic effects that belongs to ability of 
these nanomaterials to penetrate into cells 
more easily. 

The next necessary stage in risk assess-
ment is to characterize a hazard, that is, to de-
termine toxic and no-observed adverse effect 
levels (NOAEL) of an adverse chemical factor 
for different ways it can penetrate a body, that 
is, through respiratory organs, undamaged skin 
or gastrointestinal tract. Such data can’t be ob-
tained only via in vitro testing since such stud-
ies don’t take into account biokinetic regulari-
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ties of an adverse factor, its ability to penetrate 
through biological area and bioaccumulation; 
so, it is necessary to perform experiments 
in vivo on laboratory animals as well as to 
generalize available data obtained via clinical 
observations. All these issues in relation to Ni-
containing nanomaterials will be dealt with in 
the next review. 
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