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Abstract

The acute and sub chronic toxicity effects of 25.16 nm intraperitoneally- injected
zinc oxide nanoparticles (ZnO NPs) were evaluated. Albino male mice were
exposed to three different doses (25, 50 ,and 100 mg/kg ), depending on the value of
calculated LD50, for 2 and 4 weeks . Considerable changes in organ indexes were
shown with a good relevance to the illustrated histopathological effects which
ranged from multiple hemorrhagic foci in liver, mild swelling and dilatation in
kidney tubules, thickening of intestinal villi, moderate interstitial pneumonia,
especially with the high dose , and sever necrosis of seminiferous tubules in testes of
all studied groups. Significant changes in both hematological and biochemical
parameters as well as thyroid hormones were observed with a considerable increase
in the levels of antioxidant enzymes, in dose and exposure time dependent manner.
The highest accumulated Zn mean values were recorded in the small intestine,
kidney, liver, and spleen, respectively, followed by testes , heart , lung , and brain.
These values followed the same order of the dose dependent manner, which explains
the adverse effects that were recorded. This study proved the ability of using organ
indexes as good tools side by side with the biochemical indicators to explain the
histopathological changes. This study also revealed some histopathological effects
that were not previously recorded as a toxicological effect of ZnO NPs in animal
models.

Keywords: ZnO NPs, bioaccumulation , Organ index , Biochemical parameters ,
Histopathology
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Introduction

With the vast developments in nanotechnology fields, a humerous number of various scales of
nanomaterials have been utilized in different aspects of our life. Nanoparticles are defined as objects
with one or more dimensions ranging from 1 to 100 nm [1]. Among metals containing nanoparticles,
ZnO NPs were the third highest produced NPs over the world with 550 tons, being widely used in
cosmetic products for UV light scattering, especially in sun screens, beauty products, and toothpastes
[2]. ZnO NPs are mostly used in the production of solar cells, LCDs pigments, electronics, rubber,
textiles and chemical fiber [3- 4]. Due to their high surface-to-volume ratio, greater oxidant capacity,
and biopersistence, nanoparticles became the primary source for toxicity research, as they can
penetrate easily through the epithelium and reach to the interstitial pulmonary area. Recently, ZnO
NPs play important roles in nanomedicine, due to their high biocompatibility, easily surface
functionalization, cancer targeting, and drug delivery capacity. They also demonstrated the potential to
overcome the side effects of chemotherapy, radiotherapy, and surgery [5- 6] due to their large surface
area, versatile surface chemistry, phototoxic effect, among other properties. In comparison with other
NP types such as titanium oxide (TiO2) and others, ZnO NPs are considered as one of the most toxic
types of NPs [7- 8], which is attributed to their ion shedding potency, high solubility in acidic
environments, and restricted tendency in neutral one with considerable effect of particle size [9- 10].
The toxicological evaluation of zinc oxide was reported by the Scientific Committee on Cosmetic
Products and Non-food Products (SCCNFP), which indicated that the LD50 of ZnO NPs for rats was
more than 5-g/kg body weight, belonging to the non-toxic chemicals as illustrated by a single oral
ingestion [11]. Despite the growing literature on nanomaterial applications, the information related to
biological effects of nano-ZnO is still scarce and often controversial [12]. There are real needs to
protect our public and environmental health and safety, especially when the standards or guidelines
that can directly control the effects of the nanomaterials do not exist in the present time [13]. The
objective of the current study was to illustrate the lethal as well as the sub chronic hematological,
biochemical, and histopathological effects of intraperitoneally-injected ZnO NPs using three different
doses that were determined depending on the LD50 values. This study is characterized by the
employment of organ indexes as good tools, side by side with the biochemical indicators, to explain
the histopathological changes, especially those which were not previously recorded worldwide as
related to the toxicological effects of ZnO NPs in animal models.
2. Materials and methods
2.1. Nanoparticles

ZnO NPs (10-30 nm as in the specification sheet) were purchased as white to light yellow nano
powder from Skyspring Nanomaterials incorporation , USA , with 99.8% purity, 5.606 g/cm® density
and spherical morphology. Size average and surface morphology were characterized using scanning
probe microscope (SPM) and atomic force microscope (AFM).
2.2. Animal Housing

Healthy adult Swiss albino male mice with an age range of 8-110 weeks and an average weight of
252 gm were purchased from the National Center for Drug Control and Research — Ministry of
Health. All mice were housed under controlled conditions of temperature, humidity, and feeding. All
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animals were treated in accordance with the guidelines of the Care and Use of Laboratory Animals-
National Research Council and the international guidelines for animal experimentation.
2.3. ZnO NPs suspension preparation

The concentrations of ZnO NPs suspension were prepared with deionized distilled water and
homogenized for 20 sec., then exposed to a probe ultrasound sonication in the pulsed mode in an ice
bath for 60 min, as previously described [14].
2.4. Acute toxicity assay of ZnONPs and mortality percentage

The calculation of LD50 for ZnO NPs was carried out by the Probit analysis method from LDO to
LD100, using nine experimental groups and one as a control (6 animals per group). Nine series of
concentrations were intraperitoneally administrated as a single dose and two replicates per
concentration. Live/dead animals were counted after 48 of administration. The probit analysis was
carried out as in the previously published method [15].
2.5. Sub chronic toxicity test for ZnO NPs

One control and three treated groups of mice males (10 animals per group) were used in this
experiment. Depending on the calculated LD50 value, treated groups were intraperitoneally-injected
with 25 mg/kg , 50 mg/kg , and 100 mg/kg of ZnO NPs, three times a week, for four weeks. The
control group received 0.1 ml of distilled water. After 24 of the last dosing, blood samples were
collected for hematological and biochemical tests. Organs (liver, spleen, kidney, brain , small
intestine , testes, lung , and heart) were collected for the bioaccumulation study, organ index, and
histopathological examination.
2.5.1 Body weight and organ index

Initial and weekly body weights of animals were recorded for all groups and the organ index was
calculated for organs (liver , spleen , kidney , small intestine , brain , testis , lung , and heart ) using the
equation described below:

Weight of organ
Organ Index= J gan (mg) x 100

Weight of the body (gm)

2.5.2. Hematological parameters

Hematology analyzer was used to measure the hematological parameters in the collected blood
samples according to the manufacturer instructions and using Quality Control Reagent to assess the
validity of the assays.
2.5.3. Biochemical parameters

Separated sera were used to determine biochemical parameters and hormone levels which were
assayed using specific kits and Quality Control Reagents for validation.
2.5.4. Bioaccumulation study

Sub samples about of 0.25-0.5 gm of organ tissues ( liver , spleen , kidney , small intestine , brain ,
testis , lung , heart ) were obtained from the control and the three experimental groups and digested
individually using a microwave digestion system [16- 17]. The concentrations of silver and zinc were
detected in each sample using a flame atomic absorption spectrophotometer (AAS), with the
concentrations expressed in g of Zn/gm of the sample .
2.5.6. Histopathological study

At the end of the experiments of the toxicological study, liver, kidneys, spleen, and small intestine
were collected from three animals for each of the experimental and control groups. and the organs
were kept in 10% formalin, then routine histological preparations were carried out. The tissues were
further examined using an optical compound microscope to detect any abnormal changes in the organ
tissues.
2.6. statistical analysis

The results are presented as mean + standard error of means (SE). Analysis of variance (ANOVA)
and least significant difference (LSD) were used to explain the differences between means of
parameters in treated and control groups (p<0.05) [18].
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3. Results and discussion
3.1. Characterization of ZnO NPs

According to the granularity distribution chart, the average diameter for ZnO NPs in the sample
was 25.16 nm with a spherical shape as determined using AFM (Figure-1).

Granbardy Comuiaton Distibugion Oin

Percentage(™%)

Cuametzrinm,

Figure 1-Characteristics of ZnO NPs, granularity distribution chart (left), and spherical shape using
AFM (right) .

3.2 Acute toxicity assay of ZnO NPs

Acute toxicity study is better described as LD50, which is defined as the dose which kills 50% of
animals in a group [19]. The LD50 value for the intraperitoneally-injected ZnO NPs was estimated to
be 506.67mg/kg (Table-1; Figure -2). The calculated value of LD50 in the current study was lower
than that recorded by a previous study [20], which was 2225 mg/kg for intraperitoneally-injected ZnO
NPs in mice. The animals used in the sub-chronic study received 1/5th, 1/10th,and 1/20th of the
calculated LD50, standing for 25, 50 , and 100 mg/kg

Table 1- Median lethal dose (LD50) after

B

48 h of intraperitoneal injection with ZnO o
NPs using probit analysis method o ¥ = 5.8516x-10.827
5 6.00
Con. log of Con. Mortality Probits LD50 5 5.00
(mg/kg) ©0 (ma/kg) § >
E
5 400
100 2.00 0 0.00 506.67 2 300
200 2.30 16 4.01 2
300 2.48 16 4.01 ® 2.00
400 2.60 33 4.56 1,00
500 2.70 33 4.56
600 2.78 50 5.00 0.00 ¢
700 285 50 5.00 15 175 2 225 25 275 3 325
800 2.90 83 5.95 Log of concentration
%0 2% 100 733 Figure 2- Toxicity curve of ZnONPs after

48 h of intraperitoneal injection.
3.3 Sub chronic toxicity
3.3.1 Body weight and organ index

Body weight in all exposed groups was decreased after 2 and 4 weeks of injection as compared
with the control group. Statistically, the decrease in body weight was significant (p<0.05) in all ZnO
NPs-treated groups over the time of injection. Although diminished eating and drinking may
contribute to decreased body weight in mice, it does not needs effect in death. Thus, injury caused by
ZnO NPs in mice may be associated closely with the weight leakage [21]. Chen and his group
proposed that the crossing of the brain-blood barrier (BBB) by metal NPs has a direct injurious effect
on the central nervous system which probably results in anorexia and an eventual weight loos [22].
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Another study [23] reported a slight decrease in body weight after daily intraperitoneal injection with
ZnO NPs with concnetrations of 1, 10 , and 100 mg/kg for 14 days. On the other hand, a slight
increase was recorded after oral administration of the same doses. In toxicological evaluation studies,
the organ indexes were vastly used to provide a general concept of toxicity [24]. In this study, clear
increases in the organ index for kidney , heart , lung , and brain were recorded for all three groups
over 2 and 4 weeks of injection compared with control group. Some increase in the small intestine’s
organ index was also observed, especially after 4 weeks in G2 and G3. These increased values were
well correlated with the ZnO NPs accumulation in the organs, as well as with some histopathological
effects such as the swelling in renal tubules and some thickness in the small intestine villi that lead to
increased value of the organ index. Focal necrosis associated with infiltration of mononuclear
leukocytes in lungs was also associated with the mentioned increase in lung weight index. Results of
this study demonstrate a considerable decrease in the mean values of the testes organ index, which
refers to a severe damage in the testicular parenchyma and disorganization and severe necrosis of the
seminiferous tubules in all groups after 4 weeks of injection with different ZnO NPs doses. The
decreased spleen index, except after 2 weeks in G2, and liver index values in comparison with the
control group were histologically manifested as multiple hemorrhagic foci and sever hepatitis (Table-2
and 3). From all the results above, this study concluded a considerable association between weight loss
and the toxic effects of ZnO NPs, which appeared to be dose dependent .

Table 2- Weekly change in body weight (gm) after 4 weeks of intraperitoneal injection with different
doses of ZNONPs.

Body weight (gm) Experimental groups
weight (gm) weight (gm) weight (gm)
Control (G1) 25 mglkg ZnONPs  (G2) 50 mghkg ZnONPs  (G3) 100 mg/kg ZnONPs

Time zero 26.7+036 @ 274066 @ 2864055 844048 °

1st. week 2184067 @ 2124097 @ 2064108 © 205409 °
nd.week 284116 674125 @ 240¢114 0 2591106 °©
3rd week 298137 @ 45:133 @ 25070 @ 20143 P

4th week 07+116 ° 43+119 @ 202+081 @ 193+121 @
LSD 4.00 3.05 2.50 2.10

All data are expressed with mean tstandard error of means (SEM). Similar small letters indicate no significant difference between mean values on p<0.05

Table 3- Organ index values after 2 and 4 weeks of intraperitoneal injection with different doses of ZNnONPs.

Organ index
Organs Control G1 (25 mglkg ZnO NPs) G2 (50 mglkg ZnO NPs) 63 (100 mg/kg ZnO NPs)
2 weeks 4weeks 2 weeks 4 weeks 2 weeks 4weeks LSD
Liver 640 £010 ¢ 5781012 @ 583£029 a0 324023 b¢ 673012 ¢ 577007 @ 6.05£008 ® 053
Spleen 064 £005 & (073002 © 060£004 @ (644003 067£004 ¢ 0574001 2 061£001 @ 009
Kidney 135 £003 @ 153+0.08 @ 1554003 @  146£002 @ 1584003 & 165003 ° 2041014 ¢ 0.4

Smallintestine 12504003 ©  9.95$025 2 10371017 ®  1125:066 @ 14374038 @ 1161041 @ 19181074 ¢ 182

Testes 120 £001 ¢ 088005 P 067£010 @ 088003 ° 068005 @ 0.76£004 & 065¢001 @ 015
Brain 143 1000 @ 1611002 b 176+001 ¢ 176003 ¢ 207£001 ¢ 161£0.04 b 216£004 ¢ 009
Lung 083 £002 @ 086004 @ 002+004 @ (944003 be 110£004 ¢ 085£0.00 & 098003 ¢ 0L
Heart 050 £000 @ 066001 be 065£002 b (0731002 ¢e 0.75£000 & 0674003 be 0.70£001 @ 005

All data expressed with mean # standard error of means (SEM), simillar small letters means no significant difference between means values on p<0.05
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3.3.2. Hematological parameters

All ZnO NPs-treated groups exhibited clear decreases in red blood cells (RBC) count and
hemoglobin (Hb) values (p<0.05), along with an increase in the concentration and prolonged injection
period in comparison with the control group (Table-4). The lowest mean values of RBC counts and
Hb concentrations were recorded with clear differences among the groups which were related to
anemia due to the increase in immunogenic responses [25], or among subjects with disorders in
signaling pathways and disturbance in cell maturation that affects RBC*‘s division and other cell
development events [26]. According to another report [27], growth inhibition and anemia were
induced by copper and iron deficiency as excessive zinc was present in animal dietary, which was
also confirmed later by other studies [28-29]. White blood cells (WBCs) are considered the
functionally active cells of specific and nonspecific immune responses, with their count reflecting a
whole picture of the immune system function [30]. WBCs mean counts were decreased in all groups,
reaching their lowest values after 4 weeks of injection. This result indicates the suppression of the
immune system that renders the animal susceptible to any external dangerous agent [31], which could
explain the clear histopathological effects that are described below. These results are in agreement
with those obtained by other authors [32] after intravenous and intraperitoneal injection with 96 nm
Cu NPs and ZnO NPs in male Wistar rats for 14 and 28 days. Ben-Slama and her group stated an
increased WBC count with no significant difference compared with the control group after five days
of 10 mg/kg ZnO NPs oral administration [33]. The decrease in lymphocyte and monocyte counts
follows the same manner described for the WBC in ZnO NPs-injected groups, which marks an
immune system dysfunction [34].

3.3.3. Biochemical parameters

A significant increase (P<0.05) was found in CHO, TG, and LDL concentrations in the
experimental groups, in a manner that depended on both the injected dose and time of exposure. The
highest mean values recorded were 130.00+ 00.82 mg/dL , 104.00+2.08 mg/dL , and 83.10+0.41
mg/dL for CHO , TG, LDL, respectively after 4 weeks of treatment in G3 (Table-4). This elevation
in CHO levels was related to the increase in the level of LDL-associated cholesterol, as indicated by
the apparently unchanged HDL concentration. According to a previous investigation [35], these
deteriorations in lipid profile could fundamentally lead to the induction of inflammation and oxidative
stress along with increased production of free radicals resulting, as a result of treatment with ZnO NPs.
These are the major mechanisms that can trigger lipid metabolism deterioration by the interaction of
generated reactive oxygen species with unsaturated chains of fatty acid in the membrane lipids,
leading to lipid peroxidation that promotes the lipid profile’s disturbance [36].

Many previous studies [27, 37, 23] demonstrated that excess zinc oxide adminstration can result in
liver damage and dysfunction, leading to elevated serum levels of liver enzymes such as AST , ALT ,
and ALP. These elevations in levels of liver function markers in response to the adminstration of ZnO
NPs were correlated to the elevation in the intracellular Zn concntration that eventually led to hepatic
injury [27]. Another report [19] also elucidated that the elevation of intracellular zinc concentration
levels can drive hepatic injury or failuer. The current study showed significantly increased
concentrations of AST , ALT , and ALP (p<0.05) in mice injected for 4 weeks with 25, 50 , and 100
mg/kg ZnO NPs in comparison with the control group. These results still suggested a liver damage or
dysfunction which is confirmed by the histopathological finding described later. These results come in
agreement with those of a previous investigation [23] which showed liver dysfunction in ICR mice
after intraperitoneal and oral adminstration of 1, 10, and 100 mg/kg ZnO NPs . Also, another study
[38] showed a clear a dose-dependent increase in the levels of liver enzymes after adminstration of
ZnO NPs , as also described later after intravenous and intraperitoneal administration of three
different doses of ZnO NPs [32]. The results demonstrated significant increase (p<0.05) in urea
concentration in the experimental groups compared with the control one, with a clear concentration-
dependent manner which marked the severity of toxicological dysfunction effects in the kidney. These
effects are confirmed by the high creatinine mean concentrations that provides similar implications as
those derived from levels of urea, especially under the consideration of using creatinine as a good
index of renal function [39- 40]. These increased levels in urea and creatinine were used as markers of
kidney damage which was also proved by histological microscopic examination. A statically
significant and dose-dependent increase (p<0.05) in serum mean levels of SOD and GPx enzymes was
also observed in the treated animals. This increase could be related to the increase in oxidative stress,
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as stated by previous study [41]. In addition, the results showed of reductions in meanvalues of T3 and
T4 hormones, with significant difference between the treated and control groups (p<0.05). These
reductions in hormone concentrations might be related to the increased oxidative stress [42], as a result
of the high levels of ROS generated by nanoparticles in addition to the extensive ability of these
particles of tissue penetration that lead to inflammation or structural and functional disruption [43-
44]. On the other hand, the results also recorded TSH mean values that were significantly increased in
the ZnO NPs-injected groups (p<0.05) compared with the control one. Such an elevation was obvious
in the three experimental groups G1, G2 , and G3. The highest mean value was recorded in G3 with
0.26 £0.01 pU/ml. Previous data suggested that the high intake of zinc can change the processes of
thyroid hormones production and secretion, in addition to the reduction of thyroid effects which may
be due to the elimination of the regulatory action of thepituitary gland, and the attenuation in
circulated thyroid hormones that may mark the hypothyroidism as Zn toxicity [45]. Also, zinc-induced
thyroid hormone reduction could be related to its effects on the activity of deiodinase through its
antioxidant properties [46]. Results of the current study agree with those of another group [47] which
demonstrated the deleterious effects resulting from the intraperitoneal injection of 5, 10. 20 and 40
mg/kg ZnO NPs in rats, as represented by the dose-dependent increased TSH levels, which was
significant with the high dose .

Tahle 4- Hematologicd and biochemical parameters means values inmice after 2 and 4 weeks in control
and intraperitones imected groups with different doses of Z00 NP3 25 mgfkg (G1), 50 mgfkg (G2) | and
100 mgfkz (G
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3.3.4 Bioaccumulation study

Among their unique properties, nanoparticles have a tendency to aggregate. Furthermore, some
metal-containing nanoparticles have the ability of forming and releasing ions that easily enter the
blood stream and reach the vital organs. The overload of metal ions may lead to a serious tissue
damage [48-49]. In the present study, the accumulation of ZnO NPs (G1 25, G2 50 , and G3 100
mg/kg) in different organs was determined after 2 and 4 weeks of repeated intraperitoneal injection.
Statistically, highly significant differences (p<0.05) were obvious among concentration means in
different organs, with a tendency to increase as the dose concentration and treatment duration increase.
Liver, the major reticuloendothelial phagocytic system, recorded significant levels of Zn, especially
after 4 weeks of injection in the G3 experimental group (89.38+1.53 pg/gm; Figure-3; table 5). This is
attributed to the highly capturing and retaining capacity [50 - 51] of Kupffer cells mainly, followed by
hepatocytes and endothelial cells [52- 53]. Important concentrations of Zn were observed in spleen
after 2 and 4 weeks of injection in all groups (with a range of 5.94+0.18 pg/gm -79.38 +£0.51 pg/gm ).
These values can be explained by the massive filtering activity by non specific scavenging properties
of the red pulp macrophages and marginal zone to nanoparticle uptake [54]. Roughly all nanoparticle
types, especially those with small dimensions of size, are known to have a high probability of
clearance through kidneys. Thus, they have a high chance of accumulation and causing some adverse
effects [55]. Important mean values of Zn were observed in kidney (in a range of 11.56+0.18 pg/gm —
100.63+0.51 pg/gm ), again with dose, concentration. and duration-dependent manner . These
considerable levels may indicate the deposition of an uncleared portion of Zn in the basement
membrane of renal glomerulus units [56]. The highest mean levels of accumulated Zn were found in
the intestine in all experimental groups and over the two time points of 2 and 4 weeks (with a range of
13.44+0.18 pg/gm -113.13+£0.51 pg/gm), iindicating the high excretion ability of the intraperitoneally-
injected ZnO NPs by the intestine into the feces . In the testes, considerable concentrations were
observed in ZnO NPs treated groups compared with the control group. The highest mean
value(56.00+£2.04 pg/gm) were observed in G3 after 4 weeks of repeated injection, with non
significant difference compared to those recorded in the same group after 2 weeks of injection. These
results identified the ability of ZnO NPs to cross the blood- testes barrier with an obvious deposition
ability in testes, which explains the potential adverse effects [57]. Gradual accumulation of Zn in the
brain in a dose and duration-dependent manner was also demonstrated (with a range of 12.81+0.18
pg/gm -35.63+0.51 pg/gm), but still with lower levels than those recorded in other organs [28]. Other
researches demonstrated the ability of ZnO NPs to penetrate the BBB and considered brain as one of
the target organs. In the lung, the bioaccumulation profile followed a trend that depended on the
administrated dose, recording their highest mean levels of Zn after 4 weeks in the G3 experimental
groups (43.75+1.02 pg/gm). This trend was explained by a numbers of researchers to be related to an
increased deposition percentage in the sub epithelial zone of basement membrane. The predominant
accumulation of ZnO NPs in lungs of Sprague-Dawley rats was illustrated [58] after two weeks of
repeated exposure at levels relevant to occupational exposure levels (<5 mg/m3). In the heart, the
highest mean levels of 56.75+ 3.06 pug/gm were observed in G3 after 4 weeks of repeated injection.
These results agree with a number of previous studies. One investigation [59] evaluated the level of
ZnO NPs deposition in the heart, following the oral administration of 100 and 300 mg/kg ZnO NPs for
28 days. The authors noted a significant increase in Zn concentration in the heart compared with the
control group.
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3.3.5. Histopathological study

Normal cytoarchitecture of liver lobules and hepatocytes were observed in most liver sections of
G1 after 4 weeks of injection with 25 mg/kg ZnO NPs (Figure 4-B). The zone of hepatocytes showed
mild cellular swelling with hyper cellulartiy of kupffer cells at the lobules periphery in G2 (50 mg/kg
ZnO NPs) (Figure 4-C). In G3, these effects were developed to show disorganized hepatic lobules and
hepatic cords with severe cloudy swelling of hepatocytes in the level of the sub capsular area. The
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whole liver parenchyma showed multiple hemorrhagic foci, which was first detected as a
histopathological effect of ZnO NPs, along with severe hepatitis associated with infiltration of
mononuclear cells after injection with 100 mg/kg ZnO NPs (Figure 4-D). Thus was correlated with the
above mentiioned increase in the levels of ALT and AST in the blood, which can be used as good
indicators for the hepatic alternations on the cellular level. Therefore, the considerable increase in the
activity of these enzymes in mice treated with ZnO NPs could explain the ability of this type of
nanoparticles to cause hepatic injury. Normal renal cortex and medulla appeared in kidney sections
after 4 weeks of injection in G1 (Figure 5-A), while the sections showed severe cloudy swelling in the
tubules of the renal cortex and medulla in G2 (Figure5-C). In addition to these marked signs, other
tubules showed mild cloudy swellings with mild dilatation of the collecting tubules in G3 (Figure4-D).
These results were indicated by previous biochemical tests of renal function, with elevation in urea
and creatinine mean levels and increase in the organ index of kidney, showing possible renal damages
that were approved the by histopathological examination. The damage in membrane sodium-potassium
pumping process may have led to the observed swelling in the renal tubules in some groups treated
with ZnO NPs, as a first appearance of almost all sorts of cellular injury that led to the increase in
kidney organ index as mentioned before. The results of ZnO NPs histopathological examination in the
current study agree with previous studies in regard to the demonstration of glomeruli epithelial cell
degeneration and swelling in the renal tubules after 5 days of oral administration of 333.33 mg/kg
ZnO NPs (20-30 nm) in Wister female rats [1], and after 75 days of oral administration of 100 mg/kg
of ZnO NPs (100 nm) in Wister male rats [60]. No effects were detected in the spleens of all three
ZnO NPs treated groups (Figure 6- B, C and D). Sections of the small intestine in Glgroup were
similar to those in the control (Figure 7-B), while the sections illustrated moderate enteritis in G2,
characterized by thickening of the villi with focal thickening of the lamina propria associated with
disappearance of the crypts duet infiltration of mononuclear leukocytes (Figure 7-C). This thickening
in the villi was marked with an increase in the population of goblet cells associated with mucus in G3
(Figure 7-D). The results of the current study clearly indicated the disrupting effects of the
intraperitoneally-administrated ZnO NPs on the normal structure of microvilli that led to infiltration of
inflammatory cells and mucoid degeneration as a response to the attempts of the nanoparticles to cross
the protective small intestinal barrier and disturb the function of microvilli. From these histological
results, we can explain the observed reduction in body weight in the experimental groups as resulting
from the impairing effects on the microvilli, leading to the reduction of the absorption function. The
infiltration of inflammatory cells, mainly lymphocytes. along with the thickening in the villi and the
increased mucoid degeneration clearly explained the increase in the intestinal weight index. Normal
appearance of lung parenchyma was shown after 4 weeks of injection in G1 and G2 (Figures 8-B and
C). A first worldwide record of multiple focal necroses as an adverse effect of intraperitoneally-
injected ZnO NPs is indicated here and associated with infiltration of mononuclear leukocytes
(lymphocytes) and moderate interstitial pneumonia, as illustrated in G3 (Figure 8-D). These effects
were also correlated with increased serum levels of antioxidant enzymes (SOD and GPx) and
increased lung organ index compared with the control group, as mentioned before. It was previously
shown [61] that rapid ZnO NPs dissolution inside the phagosomes was the main reason of the severe
lung injury. Moderate to severe inflammation and alveolar wall devastation with moderate interstitial
inflammation were also illustrated by another investigation [23] after 14 days of intraperitoneal
injection with 1, 10 and 100 mg/kg ZnO NPs. An obvious alveolar inflammation was also reported [62]
after eight weeks of the last dose of intratracheal instillation of ZnO NPs. In comparison with the
control, the sections of testes in G1, G2, and G3 (Figure9-B,C, and D) showed severe damages of the
testicular parenchyma, disorganized and severely necrotic seminiferous tubules, and macrovacuolation
of germ cells, which may be related to the inflammatory response and explains the above mentioned
significant decrease in testes weight index . This is the first record of this type of ZnO NPs
histopathological effects in the testes following the intraperitoneal injection of all studied doses. A
previous investigation [63] demonstrated a degeneration in seminiferous tubules with interstitial
edema in rats after 10 week intraperitoneal injection with 5 mg/kg ZnO NPs. However, no obvious
histopathological effects on the testes were reported by another study [64] after 6 weeks of 500 mg/kg
oral administration in rats .
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Figure 4 — Liver sections showing histopathological effects in control and G1, G2, and G3
groups after 4 weeks of intraperitoneal injection with 25 , 50 , and 100 mg/kg ZnO NPs,
respectively. Control group (A) shows normal structure of the liver including the capsule,
central vein (Cv), Hepatocyte cords, and sinusoids. (B) normal appearance of liver G2, (C)
swelling of hepatocyte at the periphery of lobules (Arrows), (D) area of cellular swelling
(arrows) & multi hemorrhagic foci (H) in G3. H&E stain.

40'x
Figure 5- Sections in kidney. Control group (A) section in renal cortex shows capsule
(arrow), glomerulus and normal renal tubules (Rt), normal appearance of renal
parenchyma G1(B), cortical cloudy swelling of renal tubules in G2 group (C), sub
capsular vacular degeneration (arrows) & cloudy swelling in G3(D). H&E stain.
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Figure 6- Sections in the spleen. Control group (A) a magnified section showing megakaryocytes
(Mg), lymphocytes (black arrow), macrophages (red arrow), blood vessel (Bv) & septum (se),
normal appearance of splenic parenchyma in G1(B) , G2(C) , G3(D). H&E stain.

propria (P), epithelium (E), crypt of Lieberkiihn (CI) and tunica muscularis (Tm) in G1(B )
and G2(C), normal appearance of intestinal villi and epithelial crypts , increased goblet cells
(Black arrows) & muocoid degeneration (Red arrow) in G3 (D). H&E stain.
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Figure 8- Sections in the lung. Control group (A) showing bronchioles (B), alveolar sac
(As), alveolar duct (Ad), alveolus (A) & blood vessel (Bv) in G1 (B) and G2 (C), normal
appearance of lung parenchyma in G3 ([ a sith multiple focal necrosis (N) B 10derate
interstitial pneumonia (Arrows). H&E stain.
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Figure 9- Sections in the testes. (A) Control group showing tunica albuginea (Ta) &
seminiferous tubules (St). , severe necrosis of seminiferous tubules and macrovacuolation of
germ cells in G1 (B) and G2 (C) , disorganized testicular lobules with necrosis and depletion
of seminiferous tubules in G3 (D). H&E stain.

Conclusions

Marked effects on body weight and organ index along with hematological and biochemical
parameters were noticed, combined with severe histopathological effects as adverse effects of
intraperitoneally-injected ZnO NPs. The small intestine , kidney , liver , and spleen were the main
target organs of the accumulated ZnO NPs. This study proved the ability of using the organ index as a
good tool side by side with the biochemical indicators to explain the histopathological changes. Also,
this study indicated some adverse histopathological effects that were not recorded before as
toxicological impacts of ZnO NPs in animal models.

54



Razooki and Rabee Iragi Journal of Science, 2020, Vol. 61, No.1, pp: 42-58

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Esmaeillou, M., Moharamnejad, M., Hsankhani, R., Tehrani, A. A. and Maadi, H. 2013. Toxicity
of ZnO nanoparticles in healthy adult mice, Environmental Toxicology and Pharmacology , 35:
67-71.

Serpone, N., Dondi, D. and Albini, A. 2007. Inorganic and organic UV filters: their role and
efficacy in sunscreens and suncare products, Inorganica Chimica Acta , 360: 794-802.

Dastjerdi, R. and Montazer, M. 2010. A review on the application of inorganic nano-structured
materials in the modification of textiles: focus on anti-microbial properties, Colloids and Surfaces
B: Biointerfaces , 79(1):5-18.

Song, W. Zhang, J., Guo, J., Zhang, J., Ding, F., Li, L. and Sun, Z. 2010. Role of the dissolved
zinc ion and reactive oxygen species in cytotoxicity of ZnO nanoparticles, Toxicological Letters,
199(3): 389-397.

Jiang, J., Pi, J. and Cai, J. 2018. The Advancing of Zinc Oxide Nanoparticles for Biomedical
Applications, Hindawi Bioinorganic Chemistry and Applications. ID 1062562, : 1-18
https://doi.org/10.1155/2018/1062562.

Martinez-Carmona, M., Gun’ko, Y. and Vallet-Regi, M. 2018. ZnO nanostructures for drug
delivery and theranostic applications, Nanomaterials, 8(4): 268. doi: 10.3390/nan0o8040268.
Watson, C., Ge, J., Cohen, J., Pyrgiotakis, G., Engelward, B.P. and Demokritou, P. 2014. High-
throughput screening platform for engineered nanoparticle-mediated genotoxicity using
CometChip technology , ACS American Chemical Society Nano , 8: 2118-2133.

Liu, J., Feng, X., Wei, L., Chen, L., Song, B. and Shao, L. 2016-a. The toxicology of ion-
shedding zinc oxide nanoparticles. Critical Reviews in Toxicology, : 1-20, doi:
10.3109/10408444.2015.1137864.

Mudunkotuwa, I.A., Rupasinghe, T., Wu, C.M. and Grassian, V.H. 2012. Dissolution of ZnO
nanoparticles at circumneutral pH: a study of size effects in the presence and absence of citric acid,
Langmuir .28: 396-403.

Jiang, C. and Hsu-Kim, H. 2014. Direct in situ measurement of dissolved zinc in the presence of
zinc oxide nanoparticles using anodic stripping voltammetry, Environmental Science Processecess
Impacts , 16: 2536-2544.

SCCNFP. 2003. Evaluation and opinion on: Zinc oxide. Scientific committee on cosmatic products
andnon-foodproducts , 24th plenary meeting , Brussels.

Adamcakova-Dodd, A., Stebounova, L.V., Kim, J.S., Vorrink, S.U., Ault, AP. and
O’Shaughnessy, P.T. 2014. Toxicity assessment of zinc oxidenanoparticles using sub-acute and
sub-chronic murine inhalation models, Particle and Fibre Toxicology, 11(1): 1-15.

Kumar, R., Chauhan, M., Sharma, N. and Chaudhary, G. R. 2018. Chapter one: Toxic Effects of
Nanomaterials on Environment, In: Environmental Toxicity of Nanomaterials, edited by: Kumar,
V., Dasgupta, N. and Ranjan, S. pp: 537, DOI: https://doi.org/10.1201/9781351252966.

NIST. 2012. Preparation of nano particle dispersions from powderd material using ultrasonic
dispersion , Taurozzi, J.S. , .Hackley, V.A, Wiesner, M.R. (Eds) , National Institute of Standard
and Technology ,1(1):1-15 .

Finney, D. 1971. Probit Analysis, 3rd edition. 333. Cambridge University Press, London, pp: 39—
48.

EPA 1996. Method 3052. Microwave assisted acid digestion of siliceous and organically based
matrics. SW-846, Environmental Protection Agency, pp:1-20

Mangum, S. J. 2009. Microwave Digestion — EPA Method 3052 on the Multiwave 3000,
PerkinElmer Inc, USA , pp:1-3.

Gerry, P., Michael, J. 2002. Experimental Design and Data analysis for Biologists, Cambridge
University press, New York.

Akhila,J. S. , Deepa, S. and Alwar, M. C. 2007. Acute toxicity studies and determination of
median lethal dose, Current Science, 93(7): 917-920.

Shaker,A.M. , EI-Shahawy, A., Zaki, A.H. , Abdel-Rahim, E.F. and Khedr, M.H. 2017. Estimation
The Median Lethal Dose and Inhibitory Concentration of TiO2, SiO2, ZnO and CuO

55


https://doi.org/10.1155/2018/1062562
https://dx.doi.org/10.3390%2Fnano8040268
https://doi.org/10.1201/9781351252966

Razooki and Rabee Iragi Journal of Science, 2020, Vol. 61, No.1, pp: 42-58

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Nanoparticles on Human Hepatoma HEPG2 Cells , International Journal of Pharmaceutical and
Phytopharmacological Research (IJPPR) , 7(6): 18-23.

Wang, D., Li, H., Liu, Z., Zhou, J. and Zhang, T. 2017. Acute toxicological effects of zinc oxide
nanoparticles in mice after intratracheal instillation, International Journal of Occupational and
Environmental Health, pp: 9. DOI:10.1080/10773525.2016.1278510.

Chen, H., Dorrigan, A., Saad, S., Hare, D. J., Cortie, M. B. and Valenzuela, S. M. 2013. In vivo
study of spherical gold nanoparticles: inflammatory effects and distribution in mice. PLOS ONE,
8(2):1-8. DOI:10.1371/journal.pone.0058208.

Hong, T-K. , Tripathy, N., H-J. Son, Ha, K-T. , Jeong, H-S and Hahn, Y-B. 2013. A
comprehensive in vitro and in vivo study of ZnO nanoparticles toxicity, Journal of Matererials
Chemestry B, 1: 2985-2992.

Liu, J.-H. , Ma, X,, Xu, Y., Tang, H., Yang, S-T., Yang, Y-F., Kang, D-D. , Wang, H. and Liu,
Y. 2016-b. Low toxicity and accumulation of zinc oxide nanoparticles in mice after 270-day
consecutive dietary supplement , Toxicological Research , pp:1-16 ,DOI:10.1039/C6TX00370B.
Kim, S., Choi, J.E. and Choi, J. 2009. Oxidative stress-dependent toxicity of silver nanoparticles
in human hepatoma cells, Toxicology in Vitro. 23: 1076-1084.

Gopinath, P., Gogoi, S.K., Sanpui, P., Paul, A., Chattopadhyay, A. and Ghosh, S.S. 2010.
Signaling gene cascade in silver nanoparticle induced apoptosis, Colloids and Surfaces
B: Biointerfaces , 77(2): 240-245 .

Wang, B., Feng, W.Y., Wang, M., Wang, T.C., Gu, Y.Q. and Zhu, M.T. 2008. Acute toxicological
impact of nano- and submicro-scaled zinc oxide powder on healthy adult mice , Journal of
Nanoparticle Research ,10: 263— 276 , DOI: https://doi.org/10.1007/s11051-007-9245-3.

Ko, JW., Hong, E.T., Lee, I.C., Park, S.H., Park, J. and Seong, N.W. 2015. Evaluation of 2-week
repeated oral dose toxicity of 100 nm zinc oxide nanoparticles in rats, Lab Animal Research , 31:
139-147, DOI: https://doi.org/10.5625/lar.2015.31.3.139.

Kong, T., Zhang, S-H. , Zhang, J-L. , Hao, X-Q., Yang, F., Zhang, C., Yang, Z-J. , Zhang, M -Y .,
and Wang, J. 2018. Acute and Cumulative Effects of Unmodified 50-nm Nano-ZnO on Mice,
Biological Trace Element Research, pp: 1-11, DOI: https://doi.org/10.1007/s12011-017-1233-6.
Abd AL-Rhman, R. M., Ibraheem, S. R., and AL-Ogaidi, I. 2016. The Effect of Silver
Nanoparticles on Cellular and Humoral Immunity of Mice in Vivo and in Vitro, lragi Journal of
Biotechnology , 15(2): 21-29.

Abdelhalim, M. A. K. and Moussa, S. A. A. 2012. The Dimensional Hematological Alterations
Induced in Blood of Rats In vivo by Intraperitoneal Administration of Gold Nanoparticles .
Journal of Nanomedicine and Nanotechology, 3(4): 1- 6 P, DOI: http://dx.doi.org/10.4172/2157-
7439.1000138.

Ashajyothi, C., Handral, H. K. and Chandrakanth, K. R. 2018. A Comparative In Vivo Scrutiny of
Biosynthesized Copper and Zinc Oxide Nanoparticles by Intraperitoneal and Intravenous
Administration Routes in Rats, Nanoscale Research Letters , 13(93): 1- 15p.

Ben-Slama, 1., Mrad, I., Rihane, N., Mir, L.E.L., Sakly, M. and Amara, S. 2015. Sub-Acute Oral
Toxicity of Zinc Oxide Nanoparticles in Male Rats, Journal of Nanomedicine and Nanotechology,
6(3): 1-6, DOI: https://doi.org/10.4172/2157-7439.1000284.

Tang, H-Q. , Xu, M., Rong, Q., Jin, R-W. | Liu, Q-J., and Li, Y-L. 2016. The effect of ZnO
nanoparticles on liver function in rats, International Journal of Nanomedicine, 11: 4275-4285.
Diab, A. E-A. A., lbrahim, S.S.A., ELbahaie, E. S., El Shorbgy, I. M.1., and Abdel-halim, W. S.
2018. Zinc Oxide Nanoparticles-Induced Neurotoxicity And Possible Mitigating Effects Of
Artemisia judaica And Vitamin C. Research Journal of Pharmaceutical, Biological and Chemical
Sciences, 9(5): 519-531.

Nagi, A., Soliman, S.A., Eman, S. and Ali, K.H. 2017. Possible mitigating effects of caloric
restriction or Portulaca oleracea extract on obese rat, International Journal of Medical Research
and Pharmacological Science. 4(1): 21-34.

Schliess, F., Gorg B.and Hdussinger, D. 2009. RNA oxidation and zinc in hepatic
encephalopatny and hyperammonemia, Metabolic Brain Disease, 24: 119. DOI:
https://doi.org/10.1007/s11011-008-9125-2.

Soheili, S., Moradhaseli, S., Shokouhian, A. and Ghorbani, M. 2013. Histopathological effects of
ZnO nanoparticles on liver and heart tissues in wistar rats, Advance Bioresearch, 4(2): 83-8.

56


https://www.ncbi.nlm.nih.gov/pubmed/?term=Gopinath%20P%5BAuthor%5D&cauthor=true&cauthor_uid=20197232
https://www.ncbi.nlm.nih.gov/pubmed/?term=Gogoi%20SK%5BAuthor%5D&cauthor=true&cauthor_uid=20197232
https://www.ncbi.nlm.nih.gov/pubmed/?term=Sanpui%20P%5BAuthor%5D&cauthor=true&cauthor_uid=20197232
https://www.ncbi.nlm.nih.gov/pubmed/?term=Paul%20A%5BAuthor%5D&cauthor=true&cauthor_uid=20197232
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chattopadhyay%20A%5BAuthor%5D&cauthor=true&cauthor_uid=20197232
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ghosh%20SS%5BAuthor%5D&cauthor=true&cauthor_uid=20197232
https://doi.org/10.1007/s11051-007-9245-3
https://doi.org/10.5625/lar.2015.31.3.139
https://doi.org/10.1007/s12011-017-1233-6
http://dx.doi.org/10.4172/2157-7439.1000138
http://dx.doi.org/10.4172/2157-7439.1000138
https://doi.org/10.4172/2157-7439.1000284
https://link.springer.com/journal/11011
https://doi.org/10.1007/s11011-008-9125-2

Razooki and Rabee Iragi Journal of Science, 2020, Vol. 61, No.1, pp: 42-58

39.

40.

41,

42,

43.

44,

45,

46.

47,

48.

49,

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

Perrrone, R.D., Madias, N.E. and Levey, A.S. 1992. Serum creatinine as an index of renal function:
new insights into old concepts, Clinical Chemestry, 38: 1933-1953.

Dalton, R. N. 2010. Serum Creatinine and Glomerular Filtration Rate: Perception and Reality,
Clinical Chemistry, 56(5): 687—689.

Abbasalipourkabir, R., Moradi, H., Zarei, S., Asadi, S., Salehzadeh, A., Ghafourikhosroshahi, A.,
Mortazavi, M. and Ziamajidi, N. 2015. Toxicity of zinc oxide nanoparticles on adult male Wistar
rats, Food and Chemical Toxicology, 84: 154-160.

Hassanin, K.M., Abd El-Kawi, S.H. and Hashem, K.S. 2013. The prospective protective effect of
selenium nanoparticles against chromium-induced oxidative and cellular damage in rat thyroid.
International Journal of Nanomedicine, 8; 1713-1720.

Boas, M. , Feldt-Rasmussen, U., and Main, K.M. 2012. Thyroid effects of endocrine disrupting
chemicals, Molcular and Cellular Endocrinology, 355: 240-248.

Clausen,C.A. , Kartal, S. N. , Arango, R. A., and Green, F. 2011. The role of particle size of
particulate Nano-zinc oxide wood preservatives ontermite mortality and leach resistance,
Nanoscale Research Letters, 6: 1- 427, doi: 10.1186/1556-276X-6-427.

Dean C. E., Hargis, B. M. and Hargis, P.S. 1991. Effects of zinc toxicity on thyroid function and
histology in broiler chicks, Toxicological Letters, 57: 309- 318.

Ibrahim, H. S., Rabeh, N.M., ALshymaa, A. and ELden, S. 2016. Effect of Selenium and Zinc
Supplementation on Hypothyroidism in Rats, ARC Journal of Nutrition and Growth (AJNG), 2(2):
16-27, DOI: http://dx.doi.org/10.20431/2455-2550.0202002.

Reza, E.H., Mohammad, F., Leila, S., Vahid, Y. B., Somayeh, B. and Esmail, A. 2013.
Investigation the Zinc Oxide Nanoparticle’s Effect on Sex Hormones and Cholesterol in Rat , Int
Research Journal of Biological Science , 2(8): 54-8.

Choi, S-J. and Choy, J-H. 2014. Biokinetics of zinc oxide nanoparticles: toxicokinetics, biological
fates, and protein interaction, International Journal of Nanomedicine, 9(2): 261-2609.

Paek, H.-J., Lee, Y.-J., Chung, H.-E. , Yoo, N.-H. , Lee, J.-A , Kim, M.-K. , Leg, J. K., Jeong, J.,
and Choi, S.-J. 2013. Modulation of the pharmacokinetics of zinc oxide nanoparticles and their
fates in vivo, Nanoscale. 5: 11416-11427.

Wei, Y., Quan, L., Zhou, C. and Zhan, Q. 2018. Factors relating to the bio distribution &
clearance of nanoparticles & their effects on in vivo application, Nanomedicine, 13(12): 1495-
1512. ISSN 1743-5889.

Stern, S.T. and McNeil, S.E. 2008. Nanotechnology safety concerns revisited, Toxicol. Sci., 101:
4-21.

Zang, X. Y., Guo, J. L., Geng, X. F., Li, P. F., Sun, J. Y., Wang, Q. W. and Xu, C. S. 2016.
Proteome analysis of the liver in the Chinese fire-bellied newt Cynops orientalis , Genetics and
Molcular Research, 15(3): 3, doi:10.4238/gmr.15037993.

Chrastina, A. and Schnitzer, J.E. 2010. lodine-125 radiolabeling of silver nanoparticles for in vivo
SPECT imaging, International Journal of Nanomedicine, 5: 653-659.

Hoshyar, N. , Gray, S. , Han, H. and Bao, G. 2016 .The effect of nanoparticle size on in vivo
pharmacokinetics and cellular interaction , Nanomedicine , 11(6): 673-692 .

Wu, T. and Tang, M. 2017. Review of the effects of manufactured nanoparticles on mammalian
target organs , Journal of Applied Toxicology , 38(1):25-40 , DOI:10.1002/jat.3499 .

Kim, Y.S., Song, M.Y., Park, J.D. , Song, K.S., Ryu, H.R. and Chung, Y.H. 2010. Subchronic
oral toxicity of silver nanoparticles, Particle and Fibre Toxicology, 7: 1-20, doi:10.1186/1743-
8977-7-20 .

Wang Z., Qu, G., Su, L., Wang, L., Yang, Z., Jiang, J., Liu, S. and Jiang, G. 2013. Evaluation of
the biological fate and the transport through biological barriers of nanosilver in mice, Current
Pharmaceutical Design, 19(37): 6691-6697.

Chuang, H-C., Juan, H-T., Chang, C-N., Yan, Y-H., Yuan, T-H., Wang, J-S., Chen,H-C., Hwang,
Y-H., Lee, C-H. and Cheng, T-J. 2013. Cardiopulmonary toxicity of pulmonary exposure to
occupationally relevant zinc oxide nanoparticles, Nanotoxicology, 8(6): 593-604, DOI: 10.3109/
17435390.2013.8098009.

Kermanshahi, R. K. , Hojati, V. and Shiravi, A. 2015. Zinc Oxide Nanoparticles Absorption Rate
in the Heart Tissue of Female Mice, Journal of Chemical Health Risks, 5: 193-198.

57


https://dx.doi.org/10.1186%2F1556-276X-6-427
http://dx.doi.org/10.20431/2455-2550.0202002
http://www.ncbi.nlm.nih.gov/pubmed/23621535
http://www.ncbi.nlm.nih.gov/pubmed/23621535
http://www.ncbi.nlm.nih.gov/pubmed/23621535
http://www.ncbi.nlm.nih.gov/pubmed/23621535
http://www.ncbi.nlm.nih.gov/pubmed/23621535
http://www.ncbi.nlm.nih.gov/pubmed/23621535
http://www.ncbi.nlm.nih.gov/pubmed/23621535
http://www.ncbi.nlm.nih.gov/pubmed/23621535
https://www.ncbi.nlm.nih.gov/pubmed/23621535
https://www.ncbi.nlm.nih.gov/pubmed/23621535

Razooki and Rabee Iragi Journal of Science, 2020, Vol. 61, No.1, pp: 42-58

60.

61.

62.

63.

64.

Yousef, M. I., Mutar, T. F. and Kamel, M. A. 2019. Hepato-renal toxicity of oral sub-chronic
exposure to aluminum oxide and/ or zinc oxide nanoparticles in rats, Toxicology Reports. 6: 336—
346.

Cho, W.S., Duffin, R.,Howie, S.E., Scotton, C.J., Wallace, W.A., Macnee, W., Bradley,
M., Megson, |.L. and Donaldson, K. 2011. Progressive severe lung injury by zinc oxide
nanoparticles; the role of Zn2+ dissolution inside lysosomes, Particle and Fibre Toxicology, 6: 8-
27. doi: 10.1186/1743-8977-8-27.

Luyts, k. , Broucke, S.V.D., Hemmeryckx, B. , Poels, K. , Scheers, H., Casas, L., Vanoirbeek, J.
B., Nemerya, Hoet, P.H.M. 2018. Nanoparticles in the lungs of old mice: Pulmonary inflammation
and oxidative stress without procoagulant effects, Science of the Total Environment, 644: 907-915.
Ibrahim,W. M., Oda, S. S. and Khafaga, A. F. 2017. Pathological Evaluation of The Effect of Zinc
Oxide Nanoparticles on Chromium-Induced Reproductive Toxicity in Male Albino Rats,
Alexandria Journal of Veterinary Science AJVS , 53(2): 24-32.

Jo, E., Seo, G., Kwon, J.-T., Lee, M., Lee, B. cheun, Eom, 1., Kim,p., Choi, K. 2013. Exposure to
zinc oxide nanoparticles affects reproductive development and biodistribution in offspring rats.
The Journal of Toxicological Sciences, 38: 525-530. doi:10.2131/jts.38.525.

58


https://www.ncbi.nlm.nih.gov/pubmed/?term=Cho%20WS%5BAuthor%5D&cauthor=true&cauthor_uid=21896169
https://www.ncbi.nlm.nih.gov/pubmed/?term=Duffin%20R%5BAuthor%5D&cauthor=true&cauthor_uid=21896169
https://www.ncbi.nlm.nih.gov/pubmed/?term=Howie%20SE%5BAuthor%5D&cauthor=true&cauthor_uid=21896169
https://www.ncbi.nlm.nih.gov/pubmed/?term=Scotton%20CJ%5BAuthor%5D&cauthor=true&cauthor_uid=21896169
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wallace%20WA%5BAuthor%5D&cauthor=true&cauthor_uid=21896169
https://www.ncbi.nlm.nih.gov/pubmed/?term=Macnee%20W%5BAuthor%5D&cauthor=true&cauthor_uid=21896169
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bradley%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21896169
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bradley%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21896169
https://www.ncbi.nlm.nih.gov/pubmed/?term=Megson%20IL%5BAuthor%5D&cauthor=true&cauthor_uid=21896169
https://www.ncbi.nlm.nih.gov/pubmed/?term=Donaldson%20K%5BAuthor%5D&cauthor=true&cauthor_uid=21896169

