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Zinc oxide (ZnO) nanoparticles (NPs) have potential applications in cosmetics, food packaging and bio-

medicine but concerns regarding their safety need to be addressed. In the present study, the immunotoxic

potential of ZnO NPs was evaluated in different ages of BALB/c mice after sub-acute exposure. The cyto-

kine release, immunophenotyping, distribution of ZnO NPs and ultrastructural changes were assessed.

A significant (p < 0.05) change in the CD4- and CD8-cells, levels of IL-6, IFN-γ and TNF-α and reactive

oxygen species were observed in aged mice. In juvenile mice, increase in reactive oxygen species and

IL-6 and TNF-α levels was observed with no significant changes in adult mice. A significant (p < 0.05)

increase in the expression levels of mitogen activated protein kinase (MAPK) cascade proteins such as

phospho-ERK1/2, phospho-JNK and phospho-p38 were also induced in aged mice. Collectively, our

results indicate that the aged mice are more susceptible to ZnO NP induced immunotoxicity.

Introduction

The unique physicochemical properties of nanoparticles (NPs)
accounts for their increased applications in drug delivery,
imaging, cosmetics, paints, food industry, etc.1 However when
particles are reduced to the nano range, the reactivity increases
due to increase in the surface area.2 The increase in reactivity
can lead to an increase in toxicity thereby raising concerns on
the usage of NPs.3

Zinc oxide (ZnO) NPs are one of the most widely used NPs
in consumer products including cosmetics, pharmaceutical
and paint industries. ZnO NPs provide protection from ultra-
violet A and B radiation due to their high absorption and
reflective properties, hence they are used in sunscreens and
paints.4 ZnO NPs are also used as an anticancer therapeutic
agent due to their photodynamic effect.5

Several studies of ZnO NPs in vitro have determined their
cytotoxicity, cell membrane damage, increase in the levels of
intracellular calcium, lipid peroxidation, oxidative DNA
damage, expression of genes that are involved in apoptosis
and oxidative stress responses.6–8 However, in vitro models
alone are insufficient to predict possible hazards to humans

due to limited cell–cell communication and unavailability of
the cell matrix which is otherwise possible in a co-culture
experimental setup.9–11 The in vivo evaluation of NP toxicity
provides for a short-term or a long-term exposure with
different routes of administration of NPs in organisms.12

Hence, in vivo studies are necessary to elucidate the effect,
mechanisms, pathways and entry routes of NPs in a complex
multicellular organism. Previous in vivo studies in mice have
shown that on exposure, NPs get deposited in organs of the
immune system such as spleen and lymph nodes.13,14 The
adverse effects of NPs on the immune system could lead to
inflammation, hypersensitivity, immunosuppression, immuno-
stimulation, and autoimmunity. Therefore the interaction
between ZnO NPs and immune cells is an important area of
research. In addition there are only limited in vivo studies, and
most of them are focused on the respiratory tract and oral
exposure of ZnO NPs.8,15,16 The release of inflammatory cyto-
kines and imbalance of Th-1/Th-2 cells17 are induced by ZnO
NPs.18–21 Any change in the cell populations of the immune
system (lymphocytes, T-cells, B-cells) is known to cause age-
related immune dysfunctions. The studies on inbred labora-
tory animals have identified age related changes in immu-
nity.22,23 It is therefore prudent to understand the risk associ-
ated with age on treatment with ZnO NPs.

The present study was undertaken to investigate the intra-
peritoneal toxicity of ZnO NPs. The immunomodulatory effect
of ZnO NPs was investigated and their distribution in different
tissues was determined. To understand the mechanism of
inflammatory response, reactive oxygen species (ROS) was
measured by using DCFDA dye in thymocytes. The patho-
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logical changes induced by ZnO NPs and their possible mech-
anism of action were also examined.

Experimental
Chemicals

Zinc oxide nanopowder (purity > 99%) used was from Sigma
Chemical Co. Ltd (St Louis, MO, USA). A cytometric bead array
Kit for TH1/TH2/TH17 cytokines and antibodies (anti-CD3-
APC-Cy7, anti-CD4-FITC and anti-CD8a-PE) for immunopheno-
typing was purchased from BD Biosciences (San Diego, CA,
USA). All other chemicals were procured locally and belonged
to analytical reagent grade.

Particle characterization

The suspension of ZnO NPs in 0.9% saline was sonicated
(Sonics Vibra cell, Sonics & Material Inc., New Town, USA) for
10 min. The average size of ZnO NPs (100 μg mL−1) in Milli-Q
water was determined by transmission electron microscopy
(TEM; Tecnai™ G2 Spirit, FEI, The Netherlands). The hydro-
dynamic diameter and zeta potential of ZnO NPs were deter-
mined using a Zetasizer Nano-ZS (Malvern instruments Ltd,
Malvern, UK). Scanning electron microscopy (SEM; Quanta
FEG 450, FEI Company, The Netherlands) was used to observe
the particle morphology.

Animals and treatment

Inbred strains of male BALB/c mice [1 month ( juvenile),
4 months (adult) and 18 months (aged)] were taken from the
animal breeding house of the CSIR, Indian Institute of
Toxicology Research (Lucknow, India). Experiments were
planned and animals were cared for according to standard
guidelines and were approved by the Institutional Animal
Ethics Committee. The approval for the experimentation was
also taken from the Institutional Animal Ethics Committee.
The animals were kept in cages, in animal house and were
maintained at a temperature of 23 ± 2 °C, and a humidity of
55 ± 5% under standard laboratory conditions of light and
dark cycles (12–12 h). The animals were divided into 9 groups

containing 6 mice each (Table 1). Animals were treated with
ZnO NPs for 14 consecutive days.

All animals were weighed at the start and end of each treat-
ment. After the treatment, the animals were sacrificed by cervi-
cal dislocation.

Coefficients of liver, spleen and thymus

The coefficients of liver, spleen and thymus were calculated as
the ratio of wet weight of tissues to the body weight (b. wt.).

Serum isolation

Blood was collected in dry Eppendorf tubes and was kept at
room temperature for 1 h. This led to clotting. Serum was sep-
arated by centrifugation at 3000g for 10 min and was stored at
−80 °C.

Cytokine analysis

The serum samples from control and treated mice were esti-
mated for cytokines using the BD™ cytometric bead array
(CBA) mouse TH1/TH2/TH17 Cytokine Kit II according to the
protocol described by BD Biosciences (San Jose, CA, USA).
Samples were acquired in a flow cytometer (FACSCanto™ II,
BD BioSciences, San Jose, CA, USA). The results were analyzed
using FCAP Array™ software.24

Isolation of thymocytes

The thymus was removed from the BALB/c mice and kept in
Roswell Park Memorial Institute (RPMI) 1640 medium. It was
minced with tweezers by keeping it on ice to obtain the thymo-
cytes. The isolated thymocytes were passed through a 100 µm
nylon mesh filter to remove connective tissue and other
lumps. The cells were then centrifuged at 376g for 10 min, and
further washed twice in RPMI 1640 medium, and the pellet
containing thymocytes was resuspended in 1× PBS.

Immunophenotyping

The isolated thymocytes (5 × 106) were suspended in staining
buffer (2% FBS in 1× PBS) and stained with APC-Cy7-conju-
gated anti-CD3, FITC-conjugated anti-CD4 and PE-conjugated
anti-CD8 antibodies for 30 min at 4 °C. The stained cells were
washed twice with wash buffer (0.2% FBS in 1× PBS).
Centrifuged at 350g for 5 min and finally suspended in 500 µL
ice cold wash buffer. The samples were kept on ice and ana-
lyzed within 1 h using a flow cytometer (FACS Canto™ II, BD
BioSciences, San Jose, CA, USA). Analysis was done by gating
the CD3+ population in a dot plot. The CD3+ population was
further resolved into CD4 and CD8 subpopulations.

ROS measurement

ROS was measured as described by Shukla et al.25 The isolated
thymocytes (2 × 105) were washed with 1× PBS and suspended
in 10 µM of DCFDA for 30 min at 37 °C. Cells were acquired
using a flow cytometer (FACS Canto™ II, BD BioSciences, San
Jose, CA, USA).24

Table 1 Experimental set up

Groups Exposure

Juvenile mice
Group 1 Vehicle control (0.9% saline)
Group 2 ZnO NPs (5 mg per kg b. wt.)
Group 3 ZnO NPs (50 mg per kg b. wt.)
Adult mice
Group 4 Vehicle control (0.9% saline)
Group 5 ZnO NPs (5 mg per kg b. wt.)
Group 6 ZnO NPs (50 mg per kg b. wt.)
Aged mice
Group 7 Vehicle control (0.9% saline)
Group 8 ZnO NPs (5 mg per kg b. wt.)
Group 9 ZnO NPs (50 mg per kg b. wt.)

b. wt.: body weight.
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Zn content analysis in different tissues

The Zn content was analysed in tissues of liver, spleen and
thymus in all the age groups. The tissue was digested in concen-
trated nitric acid overnight, to which 5 mL of a mixture of con-
centrated nitric acid and perchloric acid (6 : 1) was added. The
samples were heated at 80–90 °C until the solutions were col-
ourless and clear. The volume of the concentrated solutions was
made up to 5 mL with 1% nitric acid. The concentration of zinc
in the digested samples was analyzed using an atomic absorp-
tion spectrophotometer (AAS; GBC Avanta, Sigma, Australia).
The concentration of zinc was expressed as μg per g wet weight
of the tissues. Before analysis, AAS was calibrated every time by
running standard concentrations (0.25, 0.5 and 1 ppm) of zinc.8

Histopathological analysis

The liver, spleen and thymus of control and ZnO NP treated
mice were fixed in 10% formalin in PBS for 24–48 h at room
temperature. The tissue was dehydrated, cleaned in xylene and
embedded in paraffin blocks. Thin sections of tissues (5–8 µm)
were obtained and placed onto glass slides which were stained
with hematoxylin–eosin and the images were captured using a
light microscope (Leica microsystem, Germany).

Transmission electron microscopy

A part of the organ (liver, spleen and thymus) from the control
and ZnO NP treated aged mice were cut into small pieces
(1 mm) and fixed with 2.5% glutaraldehyde prepared in
sodium cacodylate and kept overnight at 4 °C. Further steps
were carried out as described in our previous study.24

Western blot

For western blot analysis, the liver of control and ZnO NP
treated aged mice was taken and homogenized in CelLytic™ M
Cell Lysis Reagent (Sigma Chemical Co. Ltd, St Louis, MO, USA)
with Na-orthovanadate, Na-fluoride and protease inhibitor cock-
tail and further centrifuged at 21 000g for 30 min at 4 °C, and
the supernatant was collected. The estimation of protein was
done by the Bradford method.26 The protocol was performed as
described.24 Proteins were resolved in SDS polyacrylamide gel
electrophoresis and were transferred to polyvinylidene fluoride
membranes. After blocking of the membrane, the blots were
incubated with primary antibodies (1 : 1000) against c-fos, c-jun,
nuclear factor kappa B (NF-κB), COX-2, nuclear factor erythroid
2-related factor 2 (Nrf2), phospho-ERK1/2, phospho-JNK,
phospho-p38 and γ-tubulin (Abcam, UK) followed by incubation
with a secondary anti-primary antibody bound to horseradish
peroxidase for 1.5 h at room temperature (Abcam, UK). The
protein bands were developed by using ImageQuantLAS 500
software (GE Healthcare Bio-Sciences AB, Sweden). γ-Tubulin
served as the protein loading control. Image J software (NIH,
USA) was used to quantify the western blot intensity.

Statistical analysis

For comparison between groups, Student’s t-test and one-way
analysis of variance (ANOVA) test were used (using Graph Pad

Prism-3.0 Software). p < 0.05 and p < 0.01 were considered
significant.

Results
Particle characterization

ZnO NPs were in the form of white solid nanopowder. The
results are described in Table 2. The ZnO NPs were both rod
shaped and spherical as observed in SEM. The specific surface
area was 15–25 m2 g−1 (as mentioned by Sigma Chemical Co.
Ltd, St Louis, MO, USA).24

Coefficients of liver, spleen and thymus

In juvenile and aged mice, significant differences (p < 0.05)
were observed in the coefficients of thymus and liver respect-
ively at the highest dose of ZnO NPs (50 mg per kg b. wt.).
However, no significant changes in the b. wt. of mice of
different age groups were observed after 14 days of ZnO NP
exposure. Table 3.

Cytokine analysis

A significant (p < 0.05, p < 0.01) increase in the levels of
inflammatory cytokine (IL-6, IFN-γ and TNF-α) in juvenile and
aged mice was observed when exposed to ZnO NPs (50 mg per
kg b. wt.). When compared between the age groups of mice, a
significant change was observed in aged mice (Fig. 1).
Moreover, a significant increase (p < 0.05, p < 0.01) in the
levels of IL-6 and TNF-α was observed in aged mice when com-
pared to juvenile and adult mice as shown in Fig. 1A–C.

Immunophenotyping

No significant change in the percentage of CD3+ cells was
observed. However, significant (p < 0.01) increase in the
number of both CD4- and CD8-cells was observed in aged
mice treated with ZnO NPs (50 mg per kg b. wt.) when com-

Table 2 Characterization of ZnO NPs

Properties ZnO NPs

Average diameter (TEMa) ∼20 nm
Hydrodynamic diameter (DLSb) 300.2 nm
Shape (SEMc)

Purity 99%
Surface area 15–25 m2 g−1

Zeta potential (DLSb) −25.3 mV

a Transmission electron microscopy. bDynamic light scattering.
c Scanning electron microscopy.
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pared to the control. Additionally, a significant increase
(p < 0.01) in both CD4- and CD8- was observed in aged mice
when compared to juvenile and adult mice (Fig. 2).

ROS determination

A significant (p < 0.01) induction in the release of ROS was
observed at the highest dose (50 mg per kg b. wt.) in the
thymocytes of juvenile and aged mice compared to the control
group. When compared between the three different age groups
of mice, a significant (p < 0.05, p < 0.01) increase in ROS was

observed in ZnO NP (5 and 50 mg per kg b. wt.) exposed aged
mice (Fig. 3).

Zn content analysis

A significant (p < 0.05) increase in the levels of Zn was found
in the liver, spleen and thymus of aged mice treated with
50 mg per kg b. wt. ZnO NPs for 14 days when compared to
the control. No increase in the Zn content was found in these
organs in adult mice while a significant (p < 0.05) increase in

Table 3 Effect of ZnO NPs on the mouse body weight and coefficients of liver, spleen and thymus after 14 days of exposure

Groups

Body weight

Liver (mg wet
weight per g b. wt.)

Spleen (mg wet
weight per g b. wt.)

Thymus (mg wet
weight per g b. wt.)

Before
(g b. wt.)

After
(g b. wt.)

Juvenile
Vehicle control 21.33 ± 0.67 24.67 ± 0.33 58.11 ± 1.29 6.58 ± 0.21 3.58 ± 0.09
ZnO NPs (5 mg per kg b. wt.) 20.67 ± 0.67 23.67 ± 0.88 59.38 ± 1.50 6.95 ± 0.10 3.80 ± 0.07
ZnO NPs (50 mg per kg b. wt.) 20.67 ± 0.67 22.67 ± 0.67 61.79 ± 1.67 7.09 ± 0.04 3.92 ± 0.03*
Adult
Vehicle control 30.67 ± 0.67 34.67 ± 0.33 54.46 ± 1.34 5.62 ± 0.39 2.32 ± 0.14
ZnO NPs (5 mg per kg b. wt.) 30.33 ± 0.33 33.33 ± 0.88 58.84 ± 0.87 5.89 ± 0.30 2.55 ± 0.04
ZnO NPs (50 mg per kg b. wt.) 30.67 ± 0.67 32.67 ± 0.67 58.89 ± 1.48 5.96 ± 0.21 2.62 ± 0.07
Aged
Vehicle control 44.67 ± 0.33 48.67 ± 0.67 45.97 ± 1.78 4.10 ± 0.22 1.52 ± 0.05
ZnO NPs (5 mg per kg b. wt.) 44.00 ± 0.58 46.00 ± 0.58 48.02 ± 1.37 4.66 ± 0.06 1.62 ± 0.10
ZnO NPs (50 mg per kg b. wt.) 44.67 ± 0.33 45.67 ± 0.33 53.32 ± 1.39* 4.68 ± 0.26 1.64 ± 0.07

Values represent mean ± standard error of six animals in each group. *p < 0.05, when compared with control. b. wt.: body weight.

Fig. 1 ZnO NP induced release of cytokines in serum of BALB/c mice (A) IL-6, (B) IFN-γ, (C) TNF-α. Data represents the mean ± S.E.M. of six animals
in each group. *p < 0.05, **p < 0.01 when compared to the control. The horizontal line above indicates a comparison between the different age
groups of mice.

Toxicology Research Paper

This journal is © The Royal Society of Chemistry 2017 Toxicol. Res., 2017, 6, 342–352 | 345

Pu
bl

is
he

d 
on

 1
5 

M
ar

ch
 2

01
7.

 D
ow

nl
oa

de
d 

by
 R

SC
 I

nt
er

na
l o

n 
24

/0
5/

20
18

 1
3:

03
:3

7.
 

View Article Online

http://dx.doi.org/10.1039/c6tx00439c


the Zn content was found only in the liver of juvenile mice
(Fig. 4).

Histopathological changes

The liver of juvenile and aged mice exposed to ZnO NPs
(50 mg per kg b. wt.) for 14 consecutive days showed pathologi-
cal lesions (Fig. 5). No changes were observed in the spleen
and thymus (data not shown). The infiltration of inflammatory
cells like lymphocytes, neutrophils and macrophages was
observed in the liver of ZnO NP treated juvenile mice (Fig. 5B)
while the liver of ZnO NP treated aged mice revealed vacuole
formation and increase in sinusoidal spaces (Fig. 5F). However
no pathological alterations were observed in the liver of ZnO
NP treated adult mice (Fig. 5D).

Distribution of ZnO NPs and ultrastructural alterations
determined by TEM

The accumulation of ZnO NPs and ultrastructural alterations
were observed in the cells of liver, spleen and thymus of aged
mice exposed to ZnO NPs (50 mg per kg b. wt.) as evident from
the electron photomicrographs (Fig. 6). Accumulation of ZnO
NPs was seen in the cytoplasm of treated aged mice. ZnO NPs
were visible in the hepatocytes as black electron-dense spots
along with increase in vacant spaces in the cytoplasm (Fig. 6B).

The splenocytes from untreated control mice show normal
cellular features while the splenocytes of ZnO NP administered
aged mice show nuclear fragmentation (Fig. 6C and D).

In the thymus of control mice, the thymocytes were closely
packed with large nuclei while the ZnO NP administered thy-
mocytes show condensed chromatin, with a deformed
nucleus. It also showed irregular cell outlines (Fig. 6E and F).

Fig. 3 Release of reactive oxygen species in thymocytes following the
intraperitoneal exposure of ZnO NPs for 14 days in BALB/c. Data rep-
resents mean ± S.E.M. of six animals in each group. *p < 0.05, **p < 0.01
when compared to the control. The horizontal line above indicates a
comparison between the different age groups of mice.

Fig. 2 The bar graph shows the distribution of T cells (CD4- and CD8-)
after intraperitoneal exposure of ZnO NPs for 14 days. Data represents
mean ± S.E.M. of six animals in each group. **p < 0.01 when compared
to the control. The horizontal line above indicates a comparison
between the different age groups of mice.

Fig. 4 Zinc content in different tissues of the BALB/c mice after intraperitoneal exposure of ZnO NPs for 14 days, (A) liver, (B) spleen and (C)
thymus. Data represents the mean ± S.E.M. *p < 0.05, **p < 0.01 when compared to the control. The horizontal line above indicates a comparison
between the different age groups of mice.
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Western blot analysis

A significant (p < 0.05, p < 0.01) increase in the levels (1.2–2.5)
of inflammatory marker proteins (COX-2) and transcription
factor (NF-κB and AP-1 (c-fos and c-jun)) was observed in the
liver of aged mice exposed to ZnO NPs (50 mg per kg b. wt.).
The expression of the Nrf2 protein was significantly (p < 0.05)
decreased by ZnO NPs, thereby modulating the antioxidant
defence mechanism in the liver (Fig. 7A and B).

A 1.3, 1.8 and 2.4 fold increase in phosphorylated extra-
cellular signal-regulating kinase (ERK1/2), phosphorylated
c-Jun N-terminal kinase (JNK) and phosphorylated p38 was
observed in ZnO NP treated aged mice (Fig. 7C and D). The
expression profile of γ-tubulin was used as an internal control
in all the samples.

Discussion

ZnO NPs are known to be cytotoxic and genotoxic in vitro and
in vivo.8,24,27,28 However, there is a lack of information where
the immunomodulatory effects of ZnO NPs are concerned.
In vivo tests are preferred for the toxicological evaluation as an
in vitro system cannot mimic the complexity of cell–cell inter-
actions. In the present study, BALB/c mice were chosen as the
in vivo model due to their immune-competence and similarity
with human metabolic, biochemical and physiological
pathways.29

Understanding the physical and chemical properties of NPs
is essential to study the biological effects of the NPs.30 The
mean hydrodynamic diameter of ZnO NPs was 300.2 nm as

Fig. 5 Histopathological changes in the liver tissue of BALB/c mice after 14 days of intraperitoneal administration of ZnO NPs. (A) Control juvenile
group, (B) ZnO NP (50 mg per kg b. wt.) juvenile group, (C) control adult group, (D) ZnO NP (50 mg per kg b. wt.) adult group, (E) control aged group
and (F) ZnO NP (50 mg per kg b. wt.) aged group. Sections were stained with hematoxylin and eosin and observed under a light microscope at a
magnification of ×100 and ×400 (inset). Pathological alterations are indicated by black arrows.
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measured by DLS and the average size calculated by TEM was
∼20 nm. This difference in sizes is due to the different prin-
ciples involved in the two measurement techniques.8,31

No mortality was observed in either the control or ZnO NP
treated BALB/c mice. Moreover no statistically significant
difference in b. wt. was observed between the control and
treated groups. This suggests that the exposure did not lead to
any major visible changes in the health condition of animals.

The immunotoxic potential of ZnO NPs in vivo was evalu-
ated by studying the changes in the relative distribution of
CD4 and CD8 T cells and cytokine release in the serum. The
levels and types of cytokines released determine their role in
the regulation of immune responses. The present study
showed an increase in IL-6, IFN-γ and TNF-α suggesting the
increase in inflammatory cytokines in aged and juvenile mice.
The increase of IL-6 and TNF-α indicates the possibility of age-
related chronic diseases.32 IL-6 is an important pro-inflamma-

tory cytokine which mediates T-cell activation.33 TNF-α plays a
role in regulation of immune cells. Hence, its increase denotes
a threat to immune functioning in vivo. The imbalance
between the Th1/Th2 cellular responses leads to the occur-
rence of many diseases.16 In the present study, a difference in
sensitivity between the Th1 and Th2 responses to ZnO NPs was
observed, where the Th1 immunity is observed to be slightly
more sensitive. Our data showed that there were no significant
changes in the level of IL-2, IL-4 and IL-17 in ZnO NP exposed
BALB/c mice of different ages when compared with the control
group (data not shown).

The cytokine profile of CD4 cells modulates the functions
of the innate and adaptive immune system while CD8 cells
cause cytotoxicity and monitor all the cells of the body.34

Therefore the ratio of CD4/CD8 reflects the immune status of
the biological system. Immunophenotyping studies illustrated
that ZnO NPs altered the relative proportions of the CD4- and

Fig. 6 TEM photomicrographs showing ZnO NP accumulation and ultrastructural changes in aged BALB/c mice administered with ZnO NPs for 14
days. (A) Control liver, (B) ZnO NP (50 mg per kg b. wt.) administered liver, (C) control spleen, (D) ZnO NP (50 mg per kg b. wt.) administered spleen,
(E) control thymus and (F) ZnO NP (50 mg per kg b. wt.) administered thymus. White circles indicate increase in vacant spaces in the cytoplasm,
white arrows indicate the presence of ZnO NPs and white triangles indicate nuclear fragmentation.
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CD8-T cells with respect to untreated control cells in aged
mice. Lymphocyte phenotyping is suggested to be one of the
most common indicators of immune cell dysfunction.35

Increase in ROS generation was observed in thymocytes of
aged mice which indicated that oxidative stress is a key factor
in ZnO NP induced toxicity.36,37 The Nrf2 protein regulates the
cellular resistance to oxidants. Our western blot data shows
that there is a decrease in the expression of the transcription
factor, Nrf2, which clearly indicates that there is an increase in
oxidative stress in aged liver tissue on administration of ZnO
NPs.38

When ZnO NPs find their way into the body, they distribute
themselves and get accumulated in different organs due to
their small size. The ZnO NPs were found to have a maximum
accumulation in the liver of aged mice after a 14 day exposure
as observed by AAS data. This was further supported by TEM
images where ZnO NPs were observed in the cytoplasm of the
hepatocytes of aged mice. The deposited ZnO NPs are respon-
sible for their induced toxicity in aged mice. The ultrastruc-
tural changes in the cells from the organs of ZnO NP treated
aged mice show deleterious effects of NPs.

Furthermore, the histopathological investigations in the
liver of the ZnO NP treated juvenile mice showed the infiltra-
tion of inflammatory cells while aged mice revealed vacuole

formation and increase in sinusoidal spaces. Due to the intra-
peritoneal mode of exposure, the ZnO NPs enter the blood and
then directly enter the liver. Hence, liver has been observed as
one of the primary targets of ZnO NP exposure in both juvenile
and aged mice showing pathological changes.8,39

Since maximum damage was observed in aged liver tissue
compared to the spleen and thymus, the western blot studies
were performed for the liver proteins. Our results show an
increase in the levels of the COX-2 protein which indicates its
induction due to a pro-inflammatory stimulus.40,41

The activation of the MAPK signaling pathways was also
observed along with the increase in expression of the tran-
scription factor NF-кB.42,43 Extracellular signal-regulated
protein kinases (ERK1/2), c-Jun N-terminal kinase (JNK1/2)
and p38 kinases constitute the MAPK proteins. Our results
showed that ZnO NP exposure increased the expression of
phospho-ERK1/2, phospho-JNK and phospho-p38 in the aged
treated mice. Oxidative stress modulates the expression of tran-
scription factors NF-кB and AP-1 (c-fos and c-jun), which
further explains the enhanced expression of inflammatory
cytokines.

The inflammatory cytokines induce the increased
expression of JNK, a major subgroup of MAPK. JNK is activated
by MKK4 and MKK7 through phosphorylation on threonine-

Fig. 7 Western blot analysis of liver proteins from aged mice administered with ZnO NPs (50 mg per kg b. wt.). (A) c-fos, c-jun, COX-2, NF-κB, Nrf2
(C) MAPK signalling proteins (phospho-ERK1/2, phospho-JNK and phospho-p38) and their corresponding bar graphs showing their densitometric
analysis (B and D). γ-Tubulin was used as internal control. Data represents the mean ± S.E.M. of three animals in each group. *p < 0.05 when com-
pared to the control aged mice.
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183 and tyrosine-185 residues.44 The ERK1/2 is induced by
growth factors and mitogens through phosphorylation within
a conserved threonine–glutamine–tyrosine motif. The protein
p38 is also activated by inflammatory cytokines leading to its
phosphorylation by MKK3 on threonine-180 and tyrosine-182
which regulate inflammation.45 Moreover the MAPK signaling
cascades also regulate the release of inflammatory proteins
such as COX-2. A possible pathway for ZnO NP induced inflam-
mation in mouse liver is shown in Fig. 8.

Conclusions

To our knowledge, this is the first study to report the age
dependent immunotoxic effects of ZnO NPs through intraperi-
toneal administration. The findings of this study demonstrate
that, compared to the juvenile and adult mice, the aged mice
are more susceptible to ZnO NP induced immunotoxicity. This
raises concerns particularly regarding the immunomodulatory
effects of NPs in elderly and susceptible populations.
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