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Abstract Nickel nanoparticles (Ni NPs) have been

applied in various fields along with the rapid development

of nanotechnology. However, the potential adverse health

effects of the Ni NPs are unclear. To investigate the cyto-

and genotoxicity and compare the differences between the

Ni NPs and the nickel fine particles (Ni FPs), Sprague-

Dawley (SD) rats and A549 cells were treated with dif-

ferent doses of Ni NPs or FPs. Intra-tracheal instillation of

Ni NPs and FPs caused acute toxicity in the lungs, liver and

kidneys of the SD rats. Even though the histology of the

lungs showed hyperplastic changes and the protein

expression of HO-1 and Nrf2 detected by western blot

showed lung burden overload, no significant increase was

observed to the expression level of oncoprotein C-myc.

The results from cell titer-Glo assay and comet assay

indicated that Ni NPs were more potent in causing cell

toxicity and genotoxicity in vitro than Ni FPs. In addition,

Ni NPs increased the expression of C-myc in vitro, but

these increases may not have been due to oxidative stress

since no significant dose-dependent changes were seen in

HO-1 and Nrf2 expressions. Although Ni NPs have the

potential to cause DNA damage in A549 cells in vitro, the

molecular mechanisms that led to these changes and their

tumorigenic potential is still debatable. In short, Ni NPs

were more potent in causing cell toxicity and genotoxicity

in vitro than Ni FPs, and intra-tracheal instillation of Ni

NPs and FPs caused toxicity in organs of the SD rats, while

it showed similar to the effects for both particle types.

These results suggested that both Ni NPs and FPs have the

potential to be harmful to human health, and Ni NPs may

have higher cyto- and genotoxic effects than Ni FPs under

the same treatment dose.
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Ni FPs Nickel fine particles

Ni NPs Nickel nanoparticles

SD rat Sprague dawley rat

IARC International Agency for Research in Cancer

SEM Scanning electron microscopy

TP Total protein

ALP Alkaline phosphatase

AST Aspartate transaminase

ALT Alanine aminotransferase

Total B Total bilirubin

Direct B Conjugated bilirubin

BUN Blood urea nitrogen

CK Creatine kinase

CK-MB Creatine kinase isoenzymes

HDL-C High-density lipoproteincholesterol

WBC Whole blood count

NE% Neutrophil %

Ly% Lymphocyte %

Mo% Monocyte %

Eo% Eosinophil %

RBC Red blood cells

HGB Hemoglobin

MCHC Mean corpuscular hemoglobin concentration
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PLT Platelet

CKD Chronic kidney disease

CAD Coronary artery disease

Background

The respiratory system is the most common route of

exposure to particulate matter. The increased production

and use of nanomaterials, poses a risk for respiratory dis-

orders (Elbastawisy and Almasry 2014). This has led to the

need for epidemiological and toxicological research data in

regards to the effects of the nanoparticle (NP) materials,

size range of\1 to\100 nm in diameter, (Morimoto et al.

2010; Mueller et al. 2012) such as nickel (Ni). There is

evidence of Ni compounds in their bulk or fine states

having toxic and genotoxic effects on the respiratory sys-

tem (Ke et al. 2008; Lu et al. 2005). The International

Agency for Research in Cancer (IARC) have also classed it

as a carcinogen. This has warranted a lot of research into

the different types of NPs and their toxicity and genotox-

icity mechanisms.

Most in vivo studies on Ni NPs have been focused on

pulmonary pathology, whether by intra-tracheal instillation

(Ada et al. 2010; Baek and An 2011; Das and Buchner

2007) or whole body inhalation systems (Ogami et al.

2009; Oyabu et al. 2007). Ni NP compounds such as Ni

hydroxide and NiO have been shown to induce inflam-

matory effects in the lungs in both long and short term

studies of intra-tracheal instillation and whole body

inhalation exposure, respectively (Ahamed 2011; Baek and

An 2011; Gillespie et al. 2010). Intramuscular implants of

Ni NPs were shown to induce rhabdomyosarcomas in rats

by Hansen et al. (2006). We have previously shown that Ni

NPs (50 nm) can cause liver and spleen injury, lung

inflammation and cardiac toxicity when injected intra-

venously to the SD rats (Magaye et al. 2014). Epidemio-

logical studies regarding the carcinogenesis of the metallic

Ni NPs are currently lacking (Magaye and Zhao 2012).

In vitro studies have also demonstrated that NP com-

pounds and NPs can cause cyto- and genotoxicity through

factors such as oxidative stress that lead to deregulation of

apoptosis pathways, (Ahamed 2011; Ahamed et al. 2011;

Ahamed and Alhadlaq 2014; Park et al. 2007; Shi et al.

2013) inflammation, (Baek and An 2011; Gillespie et al.

2010) and DNA damage (Alarifi et al. 2014; Huk et al.

2015; Zhao et al. 2009b). However, research on the car-

cinogenicity of metallic Ni NPs is still insufficient (Sivulka

2005). In the previous study, we found that the genotoxic

effects of NPs demonstrated ranged from DNA damage and

upregulation and activation of genes such as AIF, Akt and

Bcl-2 in JB6 cells (Zhao et al. 2009a). Deregulation of the

apoptosis pathway can form the basis for numerous

pathological processes including induction of neoplasm

development (Zaman et al. 2015; Zou et al. 2016). A lot of

factors can cause apoptosis to occur, apart from the normal

physiological response, disruptions to any one of the

enzymes and proteins in its pathway can have detrimental

effects. Deregulation of the apoptosis pathway can be

caused by oxidative stress due to reactive oxygen species

(ROS) (Liu et al. 2016; Yang et al. 2016). Studies have

shown that oxidative stress may be a key route in inducing

the cytotoxicity of NPs (Ahmad et al. 2016; Fahmy and

Cormier 2009; Pujalte et al. 2011; Yang et al. 2009).

Ahamed et al. (2011) showed that Ni NPs induced ROS in

dose and time dependent manner in A549 cells treated with

0, 1, 2, 5, 10 and 25 lg/mL for 24–48 h. Another study on

A549 cells found that NiO (20 nm) increased the gene

expression of Hemeoxygenase-1 (HO-1), (Horie et al.

2011) a stress-responsive enzyme that acts during inflam-

matory reactions (Neubauer et al. 2015). Oxidative stress

also poses a big threat because it can lead to mitochondria

dysfunction, DNA, protein and lipid damage (Dorighello

et al. 2016; Ryter et al. 2007).

Here we have used both in vitro and in vivo studies to

determine the cyto- and genotoxicity of the metallic Ni NPs

and FPs. As a means to focus our study on the pulmonary

system, our study used intra-tracheal instillation method for

in vivo and A549 cells (a human lung alveolar epithelial

adenocarcinoma cell line) for in vitro experiments.

Materials and methods

Particle preparation

A stock suspension of Ni NPs and FPs was prepared in

normal saline (10 mg/mL) by sonication for 30 s using a

Branson sonifier 450 (Branson Ultrasonics Corp., Danbury,

CT) for the in vivo experiment. The particle suspensions

were kept on ice for 15 s and sonicated again on ice for a

total of 3 min at a power of 400 W. Before use, Ni NPs and

FPs were diluted to desired concentrations in fresh saline.

The same preparation method was used to prepare Ni NPs

and FPs in PBS (phosphate buffered solution) for the

in vitro experiments. From this stock solution, aliquots of

desired concentrations were then added to the cell culture

or intra-tracheally instilled to rats. All samples were pre-

pared under sterile conditions.

Detection of particle size distribution

The size distribution of the Ni NPs and FPs were determined

using SEM. Ni NPs and FPs were prepared by sonication.
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The surface area of the particles was measured using the

Gemini 2360 Surface Area Analyzer, with a flowing gas

technique according to the manufacturer’s instructions.

Then, the samples were diluted in double-distilled water and

air dried onto a carbon planchet. Images were collected on a

SEM, according to the manufacturer’s instructions. Optimas

6.5 image analysis software was used to measure the

diameter of the particles. About the hydrated particle size of

Ni NPs, it was checked in our early published study, certain

agglomerates of Ni NPs in the solution could be found under

the microscope (Magaye et al. 2014).

In vitro studies

Cell viability test

Following the manufacturer’s instructions for the cell titer-

Glo assay (Promega, USA), 1 9 105 A549 cells/well were

seeded in a 96 well plate and incubated overnight at 37 �C
and 5 % CO2 in 100lL 10 % FBS/DMEM. The cells were

then treated with varying dose ranges of Ni NPs or FPs (0,

1, 5, 10, 15 and 25 lg/cm2) in replicates of three. These

were then incubated overnight. Following the manufac-

turer’s instructions, the ATP concentration was detected

using the cell titer-Glo assay. The results were accepted if

the R2 for the standard curve was C0.95.

Lung tissue protein extraction

Lung tissue samples weighing approximately 10–30 mg

were flash frozen in liquid nitrogen. These were then stored

at -80 �C until used. The lung tissues were then grounded

with a motar and pestel in liquid nitrogen. 100 lL of lysis

containing 10 mmol/L PMSF and 1 mM EDTA were then

added to the tissue residue. This was then aspirated and

placed in 1.5 mL eppendoff tubes. The solution was left for

1 h on the shaker in ice to fully lyse the tissue residue.

After lysis, the cells were then centrifuged at 15,000 rpm

for 5 min at 4 �C. The supernatant was then transferred

into another eppendoff tube and the protein concentration

was determined using BCA assay. These were then stored

at -20 �C until use.

Western blot

A549 cells were incubated with and without Ni NPs or FPs

in 25 cm2 culture flasks for 24 h. The cells were then lysed

with 200 lL of lysis containing 10 mmol/L PMSF and

1 mM EDTA on ice. Rubber policemen were used to

gently scrape the cells. The residual solution with cells

were aspirated and transferred into 1.5 mL eppendoff

tubes. The cells were then centrifuged at 15,000 rpm for

5 min at 4 �C. The supernatant was collected and protein

concentration determined using BCA assay. The samples

were stored at -20 �C until use.

The A549 cell and rat lung protein concentrates (50 lg)
were denatured for 5 min at 95 �C, electrophoresed through

10 % SDS PAGE, and transferred onto PVDF membranes

(Saradhi et al. 2005). After proteins were transferred, they

were stained with Ponceau S to confirm protein transfer. The

blots were then blocked in 5 % milk blocking buffer for 3 h

and incubated overnight at 4 �C with the primary antibody

of interest. HO-1 or C-myc antibody were respectively

diluted in 5 % milk blocking buffer (Cell signaling Tech-

nologies) at 1:1000 and b-actin antibody (Beyotime) at

1:10,000. The blots were washed with TBST, before addi-

tion of the IgH HRP secondary antibody at 1:1000 and

incubation at room temperature for 2 h. The blots were then

washed with TBST, and the fluorescence detected. The

images were captured and developed using Bio-Rad’s image

capture system (Bio-Rad, USA) and the quantity one soft-

ware was used for band analysis.

Comet assay

1 9 105 A549 cells cultured in 6 well plates were treated

with and without Ni NPs and FPs and incubated for 24 h.

The cells were then detached with 1 mL of 0.25 % trypsin.

1 9 105 cells in PBS suspension were aliqouted into

1.5 mL eppendoff tubes. For the positive control group,

100 lM H2O2 was added and placed at 4 �C for 20 min.

The comet assay was done according to the manufacturer’s

instructions (Trevigen’s, USA). Briefly, The LM agarose

gel was pre-boiled for 5 min at 90–100 �C. It was then

cooled in 37 �C water bath for 20 min. Then, 5 lL of the

1 9 105 cell suspension was added to 50 lL of LM agarose

in an eppendoff tube. 50 lL of this mixture was placed

onto the comet slide, and spread evenly and placed at 4 �C
in the dark for 30 min to gel. The slides were then

immersed in pre-chilled lysis solution at 4 �C for 1 h.

These were then immersed in freshly prepared alkaline

unwinding solution (pH[ 13) at room temperature in the

dark for 1 h. The slides were then removed and placed in

the horizontal electrophoresis tank (Beijing, China), con-

taining alkaline electrophoresis solution and run at 24 V

and 300 Am for 30 min. The slides were then rinsed in two

changes of double-distilled water for 5 min each and fixed

in 1 change of 70 % ethanol for 5 min. These were then

dried at B45 �C for 15 min. Then 100 lL of diluted SYBR

green was added onto each well of agarose gel and placed

at 4 �C for 5 min. After removing excess SYBR green and

dried completely at room temperature in the dark, the DNA

damage caused by Ni NPs and FPs in A549 cells were

analyzed by examining the cells under the Olympus

inverted microscope and quantified by scoring comets as a

result of DNA damage. 40 cells were counted in 3 different
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experiments. The comets were scored using Comet Score

software from Trek technology.

In vivo studies

Study design

Healthy SD rats (6 weeks old) were selected and randomly

divided into 3 treatment groups (5.6, 12 and 25 mg/kg)

with 5 male animals in each group for each particle type. A

total of 7 study groups including the control were used.

Dose ranges selection was based on Zhang et al. (2003)

study. The Horn’s method was used to calculate the 2 lower

dose levels from the highest dose level (25 mg/kg).

Animal husbandry

All animals (35 rats) were housed according to standard

animal housing conditions (relative humidity at 60 ± 10 %,

room temperature of 20 ± 2 �C and a 12 h light/dark cycle).

The SD rats were fed standard laboratory chow. Food and

water were provided ad libitum. All animals were kept in

stress free, hygienic and animal-friendly conditions. Animal

study protocols were approved by the Ningbo University

Institutional Animal Care and Use Committee.

Dose preparation

The average body weight of the SD rats was to be 0.16 kg.

Using this average weight, 1 mL stock solutions of Ni NPs

or FPs (18, 39 and 83.5 mg/mL) suspended in normal

saline was sonicated for 5 min and vortexed before use.

Intra-tracheal instillation

The SD rats were anesthesized with ether (5 %) prior to

intra-tracheal instillation of Ni NPs or FPs. While the rat was

under anesthesia, it was secured by its incisors to a stand

using a string at a 90 degree angel. A catheter was then

inserted transorally into the tracheal lumen which was

exposed by gently pulling the tongue to one side. Each SD

rat was intra-tracheally instilled through the catheter with

0.05 mL of either Ni NPs or FPs. The control group received

normal saline in the same manner. The SD rats were then

placed in clean housing with heated lamp for recovery. The

rats were sacrificed at day 14 after instillation.

Hematological analysis of blood parameters

Evaluation of hematological parameters was done at

Ningbo No. 3 hospital (Ningbo, China). After the animal

was anesthetized, 5 mL blood for hematological analysis

was collected into a test tube by incision of the femoral

artery. All animals were sacrificed at the same time. Of this

sample 1 mL was collected into the test tube containing

20 mg/mL EDTA anticoagulant for complete blood count

(CBC) and the remaining 4 mL for biochemical analysis.

The blood was analyzed for the number of erythrocytes,

platelets, total white blood cells (WBC) as well as WBC

differentials by an automated blood analyzer (sysmex XT-

1800i, Japan). Apart from these other parameters such as

hemoglobin (HGB) and MCHC were also analyzed.

Biochemical analysis of blood serum parameters

Enzymatic parameters related to liver, kidneys and cardiac

function were analyzed. Analysis of lipid and serum elec-

trolytes, were also included. All biochemical analysis was

done at Ningbo No. 3 hospital (Ningbo, China). The Hitachi

7600-110 auto analyzer (Hitachi, Tokyo, Japan) was used.

Histopathological examination

The formalin fixed tissues were stored at 4 �C until

examination. Tissues were processed using standard his-

tology laboratory techniques. Using a microtome, 3–4 mm

sections were cut. These were then stained with hema-

toxylin and eosin stain using standard staining protocols.

Statistical analysis

Statistical analysis was performed with a 2-sample t test,

unknown and unequal variances, comparing each sample

group to the related control group and ANOVA was used

for multiple group comparisons. P values B0.05 were

accepted as significant. The results are presented as

mean ± standard deviation (SD).

Result

Particle size distribution

Figure 1 shows the images of the FPs (A) and NPs (B) used

in this study detected by SEM. The data from Table 1 show

that the size of Ni NPs was 40.50 ± 18.6 nm, and the mean

surface area was 28 m2/g; the size of Ni FPs was

350 ± 87 nm, and the mean surface area was 0.37 m2/g.

In vitro studies

Cell viability

Figure 2 shows the comparative cytotoxicity of Ni NPs and

Ni FPs. A significant decrease in cell viability at 5, 10, 15

and 25 lg/cm2 dose ranges were observed for both Ni NPs
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and FPs treated groups when compared to the control. In

addition, the decrease in cell viability for the Ni NPs

treated groups was greater than Ni FPs treated groups.

Western blot analysis

The western blot analysis of the HO-1 protein expression of

A549 cells treated with Ni NPs or FPs showed a significant

increase in all dose groups of both particle types (Fig. 3a)

compared to the control. When compared to Ni FPs treated

group, the increase of HO-1 expression of Ni NPs treated

group was greater in the 1 and 15 lg/cm2 dose groups, and

vise versa for the 10 and 25 lg/cm2 dose groups. A signifi-

cant increase in the C-myc protein expression was only

observed in A549 cells treated with Ni NPs (Fig. 3b) com-

pared to the control. A significant decrease of Nrf2 protein

expressions were observed in A549 cells treated with both Ni

NPs and FPs at 25 lg/cm2 (Fig. 3c) compared to the control.

Comet assay

The pictorial images shown in Fig. 4 show that at all dose

ranges, the Ni NPs caused some damage to the cells when

compared to the control. However, when quantified this

damage a significant increase was found at 10, 15 and

25 lg/cm2 in Ni NPs treatment groups (Fig. 5). While, the

DNA damage was only significant increase for the high

dose group (25 lg/cm2) for the cells treated with Ni FPs.

In vivo studies

Biochemical parameters

Biochemical analysis was carried out on the serum of the

blood of the SD rats treated with Ni NPs or FPs for bio-

chemical evidence of acute toxicity in vivo (as shown in

Table 2).

Fig. 1 SEM images of the

particles used in this study.

Notes a Ni FPs; b Ni NPs. SEM

scanning electron microscopy,

Ni FPs nickel fine particles, Ni

NPs nickel nanoparticles

Table 1 Physicochemical characteristic of Ni NPs and FPs

Sample Primary size measured by Surface area (mean ± SD) (m2/g) Composition

Manufacturer (nm) SEM (mean ± SD) (nm)

Ni NPs 50 40.50 ± 18.6 28 ± 0.02 99.8 % Ni 0.01 % Co 0.0068 % Ca

Ni FPs [100 350 ± 87 0.37 ± 0.01 99.9 % Ni

SEM scanning electron microscopy, Ni NPs nickel nanoparticles, Ni FPs nickel fine particles

Fig. 2 Comparative cytotoxicity of Ni NPs and FPs. Notes cell

viability was determined by measuring the ATP concentration. Cell

viability rate was normalized to that of the control. Bars represented

(mean ± SD) values of 3 experiments. Ni FPs nickel fine particles, Ni

NPs nickel nanoparticles
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Hematological parameters

Hematological analysis was carried out on the blood of the

SD rats treated with Ni NP or FP for hematological evi-

dence of acute toxicity in vivo (as shown in Table 3).

Histopathological examination

In order to determine the pathological effects caused by Ni

NPs and FPs, the tissues of the rats were examined. The

lung and liver of all dose groups showed prominent and

distinguishable pathological changes (as shown in Figs. 6,

7).

Western blot analysis (lung tissues)

Western blot analysis of the expressions of HO-1, Nrf2 and

C-myc proteins were carried out on small sections of the

lung tissues.

There was a significant decrease in the expression of

HO-1 in the lung tissues of Ni NPs treated groups (12 and

25 lg/cm2) and Ni FPs treated group (5.6 lg/cm2) when

Fig. 3 HO-1, Nrf2 and C-myc protein expressions in A549 cells.

Note a the relative HO-1 protein expression, b the relative C-myc

protein expression, c the relative Nrf2 protein expression, d western

blot images of HO-1, Nrf2 and C-myc. Relative values were

normalized to b-actin. Bars represent (mean ± SD) the expressions

of each protein in 3 different blots (*P\ 0.05, **P\ 0.01,

***P\ 0.005, ****P\ 0.001, vs. control; ?P\0.05, ??P\ 0.01,
???P\ 0.005, ????P\0.001). Ni FPs nickel fine particles, Ni NPs

nickel nanoparticles

Fig. 4 Images of comet assay

in A549 cells. Notes cells

without any treatment was set as

the negative control (C-). The

positive control was treated with

100 lM H2O2(C
?). Ni FPs

nickel fine particles, Ni NPs

nickel nanoparticles
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compared to the control (Fig. 8a). While, the decrease in

HO-1 expression in the lung tissues of Ni FPs treated

groups was also significant when compared to Ni NPs

treated group. The western blot analysis of the lung tissues

showed no significant changes in the C-myc protein

expression (Fig. 8b) in both Ni NPs and FPs treated rats. A

significant dose–response decrease in the expressions of

Nrf2 in the lung tissues in both Ni NPs and Ni FPs treated

rats was found when compared to the control (Fig. 8c).

Discussion

The metallic Ni NP is a product with many character-

istics including a high level of surface energy, high

magnetism, low melting point, high surface area, and low

Fig. 5 The percentages of A549 cells with DNA comet tails. Notes

cells without any treatment was set as the negative control (C-). The

positive control was treated with 100 lM H2O2(C
?). Bars represent

(mean ± SD) percentages of cells with DNA tails in 40 individual

comets counted from 2 parallel slides (***P\ 0.001 vs. control). Ni

FPs nickel fine particles, Ni NPs nickel nanoparticles

Table 2 Biochemical parameters of 35 SD rats after treatments with Ni NPs or FPs

Parameters Control Ni NPs (mg/kg) Ni FPs (mg/kg)

5.6 12 25 5.6 12 25

Liver profile

TP (g/L) 49.3 ± 3.4 51.3 ± 1.5 52.4 ± 1.4 51.12 ± 2.1 53.8 ± 1.1* 52.42 ± 0.9 52.86 ± 2.01

Albumin (g/L) 29.3 ± 1.6 30.7 ± 0.8 30.8 ± 1 30.2 ± 1.02 32.1 ± 1* 31.42 ± 0.9* 30.8 ± 0.6

ALP (U/L) 345.8 ± 64.8 427.4 ± 102 379.2 ± 88.8 452 ± 87.9 277 ± 60.7 329.6 ± 45.9 317.8 ± 20.9

AST (U/L) 169 ± 32.8 183.8 ± 37.9 160.6 ± 70.5 148.2 ± 29.6 129 ± 28 134.6 ± 13.8 137.6 ± 15.5

ALT(U/L) 75.6 ± 9.2 78.2 ± 4.6 82 ± 28.5 79 ± 16.7 59 ± 9.4* 63 ± 3.2* 69.4 ± 9.4

Total B (umol/L) 0.88 ± 0.19 0.42 ± 0.26** 0.52 ± 0.1** 0.44 ± 0.17*** 0.82 ± 0.31 0.58 ± 0.44 0.36 ± 0.17***

Direct B (umol/L) 1 ± 0.3 0.76 ± 0.21 0.68 ± 0.23* 0.6 ± 0.16** 0.9 ± 0.33 0.96 ± 0.34 0.36 ± 0.2***

Renal profile

BUN (mmol/L) 6.7 ± 0.8 6.6 ± 0.5 6.7 ± 0.5 6.6 ± 0.4 6.2 ± 1 5.5 ± 0.9* 5.4 ± 0.4**

Creatinine (umol/

L)

20.6 ± 2.7 17.6 ± 2.6 18.2 ± 1.6 16.2 ± 2.3* 17.6 ± 2.6 15.0 ± 2.6** 17.8 ± 2.2

Uric Acid (umol/L) 110.8 ± 24.4 114 ± 31.6 95.8 ± 22.3 139.6 ± 41.6 102.2 ± 22.4 103 ± 16.3 130.4 ± 24.2

Cardiac profile

CK (U/L) 3913 ± 743 6087 ± 747* 1351 ± 378* 1788 ± 555* 1263 ± 206* 1715 ± 386* 1640 ± 602*

CK-MB (U/L) 1024 ± 132 1327 ± 336 750 ± 59* 1236 ± 285 749 ± 66* 875 ± 86 1065 ± 226

Lipid profile

Cholestrol (mmol/

L)

1.8 ± 0.2 1.8 ± 0.2 1.9 ± 0.2 1.8 ± 0.3 1.8 ± 0.4 1.6 ± 0.1 1.9 ± 0.2

Triglycerides

(mmol/L)

0.9 ± 0.3 1.3 ± 0.3* 1.2 ± 0.2* 1.2 ± 0.6 0.9 ± 0.3 0.7 ± 0.3 1.5 ± 0.3**

HDL-C (mmol/L) 0.8 ± 0.1 0.8 ± 0.1 0.9 ± 0.1 0.9 ± 0.1 0.71 ± 0.1 0.7 ± 0 0.8 ± 0.1

Serum electrolytes

Potassium (ug/dL) 6.4 ± 0.5 6.5 ± 0.2 7.3 ± 0.8 7.6 ± 0.9* 7.5 ± 2.8 6.5 ± 0.5 7 ± 0.5

Iron (umol/L) 47.4 ± 9.5 35 ± 4.2* 45.8 ± 8.6 40.8 ± 5.5 44 ± 11.5 43.2 ± 8.3 51.8 ± 7

Sodium (mmol/L) 136.8 ± 1.6 139.4 ± 1.2** 139.2 ± 1.3* 137.7 ± 0.8 135.9 ± 4. 138.8 ± 1* 137.4 ± 1.3

Results given as mean ± SD (* P\ 0.05; ** P\ 0.001 vs. control)

Ni FPs nickel fine particles, Ni NPs, nickel nanoparticles, TP total protein, ALP alkaline phosphatase, AST aspartate transaminase, ALT alanine

aminotransferase, Total B total bilirubin, Direct B conjugated bilirubin, BUN blood urea nitrogen, CK creatine kinase, CK-MB creatine kinase

isoenzymes, HDL-C high-density lipoproteincholesterol
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burning point (Zhang et al. 2003). However, these same

properties of metallic nickel nanoparticles may present

unique potential health impact. Furthermore, it is well

known that the toxicity of particles to the lung in both

occupational and environmental settings is not only

related to exposure but also to the particle size (Zhao

et al. 2009a). Accordingly, the aim of the present study

is using both in vitro and in vivo experiments to compare

the cyto- and genotoxicity induced by metallic Ni NPs

and Ni FPs.

Table 3 Hematological parameters of 35 SD rats after treatments with Ni NPs or FPs

Parameters Control Ni NPs (mg/kg) Ni FPs (mg/kg)

5.6 12 25 5.6 12 25

WBC (109/L) 8 ± 2.8 9.9 ± 2.7 8.36 ± 4.2 5.84 ± 1.5 8.84 ± 2.3 9.1 ± 3.1 8.6 ± 1.6

NE% 12.1 ± 1.8 17.8 ± 7.8 10.62 ± 2.5* 11.3 ± 1.8 14.6 ± 8.3 8.5 ± 1.6 14.8 ± 8.5*

Ly% 83.1 ± 2.5 85.3 ± 3.3 85.8 ± 3 83.2 ± 4.5 88.9 ± 2.9* 88.2 ± 3.1* 86 ± 2.1

Mo% 4.3 ± 1.2 2.2 ± 0.8* 3.24 ± 1 4.4 ± 3.5 2.1 ± 0.9* 2.3 ± 1.2* 3 ± 0.5

Eo% 0.4 ± 0.3 0.3 ± 0.2 0.26 ± 0.3 0.27 ± 0.1 1.6 ± 3 1.1 ± 2.1 0.25 ± 0.2

RBC (1012/L) 6.8 ± 0.3 6.8 ± 0.4 6.93 ± 0.5 6.7 ± 0.6 7 ± 0.4 6.9 ± 0.3 7.3 ± 0.5

HGB (g/L) 137.8 ± 3.4 136.2 ± 3.8 136.4 ± 9.2 132.8 ± 10.2 142 ± 7 137.8 ± 4.9 144.5 ± 6.9

MCHC (g/L) 338.6 ± 5.9 335.2 ± 4 332 ± 4.4 330.2 ± 2.7* 332.4 ± 2.5 333.2 ± 5.2 335.5 ± 7.5

PLT (109/L) 777.4 ± 361 822.6 ± 138 1153.8 ± 241.42 820.4 ± 169.7 940.4 ± 123.9 929.8 ± 206.6 889.8 ± 130.4

Results given as mean ± SD (* P\ 0.05 vs. control)

Ni FPs nickel fine particles, Ni NPs nickel nanoparticles, WBC whole blood count, NE% neutrophil %, Ly% lymphocyte %, Mo% monocyte %,

Eo% eosinophil %, RBC red blood cells, HGB hemoglobin, MCHC mean corpuscular hemoglobin concentration, PLT platelet

Fig. 6 Photomicrographs of lung histopathology. Note the images

(magnification 209) represent the histopathological observations in

the lungs of the rats treated with different doses of Ni NPs or Ni FPs.

The objectives used are as stated on the images (a alveolar spaces,

b bronchioles, h histiocytes, i inflammatory cell infiltrates, n nodules,

v veins). Ni FPs nickel fine particles, Ni NPs nickel nanoparticles
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In vitro studies

Ni NPs decreased cell viability

Cellular stress can cause a depletion in ATP (Chantong

et al. 2014). In this study, the cell titer Glo assay which

measures the number of viable cells by detecting the

amount of ATP present in the medium was used to evaluate

the toxicity induced by the particles. The results showed

that the number of viable cells decreased for both particle

types as the dose increased. Under the same dose range, Ni

NPs induced more A549 cell death than Ni FPs. Our

findings were similar to that of Ahmed et al. who also

observed dose dependent pattern of reduction in Human

Breast Carcinoma (MCF-7) cells with increasing doses of

Ni NPs. These suggest that Ni NPs may cause greater

cellular stress than Ni FPs and these effects maybe

increased in case of high exposure settings.

Ni NPs activate tumorigenic genes and causes DNA

damage to a greater extent than Ni FPs

C-myc is a proto-oncogene, (Magaye et al. 2014; Tanaka

et al. 2009) which usually involves in cell transformation,

differentiation and cell-cycle progression and also has a

central role in some forms of apoptosis (Shin et al. 2016).

It is one of the most frequently affected genes in human

cancers (Hoffman and Liebermann 2008; Richart et al.

2016). HO-1 as a stress-responsive protein is induced

under conditions of different stress and has been impli-

cated in cellular defense against oxidative stress (do

Sameiro-Faria et al. 2014). Nrf2 is a master regulator of

the antioxidant response and xenobiotic metabolism

through the regulation of a wide range of antioxidant and

Phase II detoxification genes (Bhakkiyalakshmi et al.

2016; Cao et al. 2016). All of these proteins play pivotal

roles in the development and progression of tumors. The

effect that NPs may exert on the DNA regulatory mech-

anisms which may translate into the production of tumors

within the host is an area of great research and concern.

Therefore, to determine the level of the tumorigenic gene

activation by any given agent is of importance. Other

researchers have observed that Ni nano compounds (Horie

et al. 2011) and Ni FPs (Zhang et al. 2009) do induce

increased expression of these (C-myc, HO-1 and Nrf2)

proteins. The degradation of C-myc by Ni FP compounds

(NiSO4) has been mentioned, (Li et al. 2009a, b) indi-

cating that NiSO4 may promote cancer suppression in

hypoxia states. However, it is yet to be shown if the same

applies to Ni NPs.

Fig. 7 Photomicrographs of liver histopathology. Notes the images

(magnification 209) represent the histopathological observations in

the liver of the rats treated with different dose of Ni NPs or Ni FPs.

The objectives used are as stated on the images (p liver portal, h liver

hepatocytes, s sinus, k kuffer cells, v vacuoles, h* enlarged

hepatocytes). Ni FPs nickel fine particles, Ni NPs nickel nanoparticles
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In this study, it was shown that Ni NPs and FPs may not

elicit similar cellular responses in in vitro and in vivo

models. Oberdoster (2010) has also mentioned that sig-

nificant differences in responses can result when using

different modes of administration, for example dosing

respiratory epithelial cells in culture media and aerosol

spray via an air–liquid interface model for in vivo study. In

this study on A549 cells, the increased expression of HO-1

in both Ni NP and FP treated cells is an indication of the

cells undergoing oxidative stress (Fig. 3). The expression

of HO-1 has been shown to be a response to oxidative

stress (Gao et al. 2016; Kooter et al. 2006). Overall,

increased expression of HO-1 in NP treated cells was more

prominent than in FP treated cells. Our results also showed

a significant increase in the expression of C-myc protein in

Ni NP treated cells. A study has shown the association of

DNA damage with increased C-myc expression, in part

through ROS generation (Kooter et al. 2006). These finding

also suggests that Ni NPs may induce increased expression

of the C-myc protein through ROS generation. The gen-

eration of ROS by Ni nanoparticles is supported by

Ahamed et al. (2011) and Neubauer et al. (2015) who also

noted that Ni NPs cause oxidative stress through a time,

dose and size dependent manner respectively, by inducing

ROS production. However, we have also inferred in our

previous study on JB6 cells treated with Ni NPs, that Ni

NPs may cause genotoxic effects through increased HIF-1a
expression leading to increased C-myc expression induced

by hypoxic conditions (Magaye et al. 2014). We assume

these differences to be due to type of cell used. However

further studies that include the investigation of the

expression of HIF-1a in A549 cells treated with Ni NPs are

needed to clearly define the role of ROS and hypoxic

conditions in the expression of C-myc and HO-1 since a

study has shown increased HO-1 gene expression in

hypoxic conditions in conjunction with HIF-1a upregula-

tion in cases of hypoxia-induced pulmonary hypertension

in pulmonary arteries of rats (Li and Dai 2004). It can be

assumed that Ni NPs may cause genotoxicity through more

than 1 pathway. This implies that Ni NPs have the potential

to cause oxidative stress and also to create a hypoxic

environment. Other studies have shown that Ni NPs

(100 nm) cause greater DNA damage (20–24 %), when

compared to the known genotoxic compound titanium

oxide in A549 cells (Park et al. 2007). We also observed

similar percentage of DNA damage in this study (Fig. 5).

Ni NPs caused about 15–20 % DNA damage and Ni FPs

caused about 16–18 % damage in A549 cells. Significant

Fig. 8 HO-1, Nrf2 and C-myc protein expressions in the rat lung tissues. Ni FPs nickel fine particles, Ni NPs nickel nanoparticles
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DNA damage was observed in cells treated with 10–25 lg/cm2

Ni NPs and not in the 1–5 lg/cm2. Whereas, in Ni FPs

treated groups the DNA damage was only significant in the

high dose group of 25 lg/cm2. These damages were

thought to be due to indirect interaction of Ni particles with

cell DNA and epigenetic factors such as abnormal apop-

tosis, oxidative stress and persistent inflammatory reactions

(Magaye and Zhao 2012; Magaye et al. 2012). Taking into

consideration the amount of DNA damage caused by Ni

NPs (Figs. 4, 5), even though there were no significant

changes in the expression of Nrf2 in Ni nano and fine

particle treated A549 cells, it can be inferred that Ni NPs

may induce genotoxicity through increased expression of

C-myc in the presence of ROS. C-myc expression is

increased in a lot of tumors (Cui et al. 2015; Delgado et al.

2013).

In vivo studies

Ni NPs and FPs cause liver and kidney damage

The biochemical analysis for the SD rats treated with Ni NPs

and FPs were also varied. However, the results showed that

there was liver damage in both the NPs and FPs treated

groups. The liver is one of the main organs involved in first

pass metabolism (Kanazu et al. 2005). In Ni NPs treated

groups the total bilirubin levels were significantly decreased,

and this decrease was greatest at the high dose level. The

direct bilirubin levels for the 12 and 25 mg/kg dose groups

were also decreased significantly in a dose dependent

manner. Even though low bilirubin levels may not be of

concern, studies on patients with chronic kidney disease

(CKD) on hemodialysis (do Sameiro-Faria et al. 2014;

Sakoh et al. 2015) and coronary artery disease (CAD)

(Tanaka et al. 2009; Zhu et al. 2016) have shown that low

serum bilirubin levels leads to increased adverse effects.

Bilirubin plays a protective role in reducing inflammatory

responses and preventing the formation of plaques that can

contribute to the pathogenesis of CKD and CAD possibly

through it’s role as an anti-oxidant and anti-inflammatory

agent. Our results support Kang et al. (2011) research which

showed that long term inhalation of nano Nickel hydroxide

can cause cardiovascular toxicity by inducing oxidative

stress and inflammation, which they concluded that it can

lead to artherosclerosis in ApoE-/- mice. The reduced

bilirubin in this study may imply changes in the lipid profile

especially in conjuction with artherosclerotic changes that

could increase the risk for CAD. This is supported by our

findings which showed significant increase in serum levels

of triglycerides in the 5.6 and 12 mg/kg Ni NP dose groups.

Tryglycerides have been known to play a causal role in

CAD (Do et al. 2013). Apart from this, no significant

changes were observed in the serum cholestrol and HDL-C

levels for all groups. Along with the increase in serum

triglyceride levels in the 5.6 mg/kg Ni NP dose group, there

was also a significant increase in serum CK levels. There

was a general reduction in serum CK levels in all other dose

groups which may be due to cachexia leading to wasting and

general ill health as a result of the particles. This may also

explain the significant decrease in the percentage of mono-

cyte observed for the 5.6 mg/kg dose group of Ni NPs, and

the 5.6 and 12 mg/kg dose groups of Ni FPs.

When more than 50 % of the total bilirubin is conju-

gated bilirubin, as is the case in the 25 mg/kg dose group,

hepatocelluar injury can be suggested (Abboud and

Kaplowitz 2007). In the 25 mg/kg Ni FP dose group the

direct bilirubin was greatly reduced. This is also supported

by the findings in the liver organ to body weight coeffi-

cients. Histopathological evidence showed that liver

pathology was most prominent in the 25 mg/kg Ni FPs

treated dose group (Fig. 7). The liver in this group showed

extensive liver congestion. In the 12 mg/kg dose group

treated with Ni NPs, there was an increase in the presence

of kupffer cells (Fig. 7), while, in the 25 mg/kg dose group

the size of the hepatocytes were increased and there was

hemorrhage shown by the presence of aggregates of blood

cells in the sinusoids. Similar liver injuries were noted in

rats (Poland et al. 2012). Apart from lymphadenosis or

enlargement of the lymph nodes in the 12 and 25 mg/kg

dose groups treated with Ni NPs, the tissues from all other

organs showed indistinguishable pathological changes.

Apart from the bilirubin components, other liver func-

tion tests such the total protein (TP) level was significantly

increased in the 5.6 mg/kg Ni FP dose group. This may be

caused by dehydration, which could also explain the sig-

nificant increase in albumin levels in the 5.6 and 12 mg/kg

dose groups. Even though, decreases in the ALT and AST

levels were noticed, these were not statistically significant.

The renal profile showed that the blood urea nitrogen

(BUN) level of 12 and 25 mg/kg dose groups treated with

Ni FPs was reduced. However, all other dose groups

showed no significant changes. Low BUN levels are

associated with liver disease or malnutrition. The elec-

trolytes, sodium (Na) and potassium (K) were increased in

the 5 and 12 mg/kg (Ni NPs) and the 12 mg/kg (Ni FPs)

treated dose groups. In normal settings, when Na rises, K

decreases, however this may not be the case in disorders

that decrease kidney function, such as chronic kidney

disease. The level of iron (Fe) was reduced in the 5.6 mg/kg

Ni NP dose group. A decrease in serum iron levels is a sign

of anemia. However, the RBC and Hgb levels in all dose

groups did not show any significant changes.

These results show that there was acute liver and kidney

toxicity, and also shows the potential of Ni NP and FP to be
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contributors to adverse effects in the prognosis of CKD and

CAD.

Ni NPs and FPs caused lung cyto and genotoxicity

Histopathological examination of the lung tissues showed

wide spread pathology in the lungs of all doses treated with

either Ni NPs or FPs. The most prominent feature in all

dose groups were the inflammatory cell infiltrates consist-

ing of lymphocytes, neutrophils and macrophages. The

aggregates of these infiltrates are interstitial and predomi-

nantly in a peri-bronchial location but they extend to the

alveolar walls (Fig. 6). Histiocytes were scattered in all

dose groups treated with Ni NPs. These features indicate

the presence of inflammation and inflammatory hyperpla-

sia. The hematological analysis showed that the percentage

of neutrophils was decreased in the 12 mg/kg dose group

(Ni NPs) and increased in the 25 mg/kg dose group (Ni

FPs). The decrease in neutrophils is often due to enlarge-

ment of the spleen (lymphadenosis) which was in our

study. The percentage of lymphocytes, were also increased

in the 5.6 and 12 mg/kg dose groups of Ni FPs. Since the

expression of HO-1 is cytoprotective, our study showed

that the expression of HO-1 in the 12 and 25 mg/kg dose

groups treated with Ni NP (Fig. 8a) was significantly

reduced, which may lead to cyto and genotoxic effects on

the lung as supported the histopathological findings. This

reduction is also corroborated by the significant decrease in

serum bilirubin in these dose groups, since HO-1 plays a

key role in the pathway of heme degradation leading to the

reduction of biliverdin to bilirubin. However, no significant

differences in HO-1 protein expression were observed in

the other dose groups treated with either Ni NPs or FPs.

The decrease in HO-1 expression may also suggest

decreased lung function due to lung burden overload in

these dose groups. No changes were observed in the

expression of C-myc in all dose groups treated with Ni NPs

or FPs (Fig. 8b).

Conclusion

Overall, our study has shown that Ni NPs had higher

cytotoxic and genotoxic effects than Ni FPs in in vitro as

well as in in vivo studies under the same treatment dose.

We have also shown that differences in modes of admin-

istration can lead to varied responses and effects on the

biological systems. Furthermore, Ni NPs may exert cyto-

and genotoxic damages through more than one pathway

depending on the type of system, either through oxidative

stress or hypoxia. Even though both Ni NPs and Ni FPs

caused decreased cell viability in A549 cells in a dose

dependent manner, Ni NPs had greater toxicity and caused

dose dependent DNA damage. While, Ni FPs induced

DNA damage was only significant at the high dose.

Both Ni NPs and FPs caused differing degrees of acute

toxicity, especially in the liver and lungs of SD rats. Apart

from causing acute liver and kidney toxicity, the study also

shows the potential for Ni NPs and FPs to be contributors

to adverse effects in the prognosis of CKD and CAD. The

level of cyto and genotoxic damage in the lungs by Ni NPs

was most prominent with hyperplastic changes and

decreased expression of HO-1 protein.

In conclusion, Ni NPs and FPs cause acute cytoxic and

genotoxic effects. The in vitro results show that Ni NPs

cause greater cyto- and genotoxicity, while the in vivo

results show similar effects for both particle types and it

also showed the potential effects metallic based nanopar-

ticles can have on the prognosis of those organs with

underlying diseases. The molecular mechanisms leading to

these changes maybe varied in different systems. Thus,

further studies to clarify the role of Ni NPs in inducing

oxidative stress and hypoxia as well as the details of the

molecular mechanisms of Ni NPs carcinogenicity are

needed.
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