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ARTICLE INFO ABSTRACT

Handling Editor : Prof. L.H. Lash The aim of this study was to investigate the toxicity of zinc oxide nanoparticles (ZnO NPs) compared to different

zinc salts (ZnSO4, Zn(NOj3),, and ZnCly) in male mice. For this purpose, 45 male mice were divided into five

Keywords: groups of nine (one control group). Mice were exposed to ZnO NPs and various zinc salts for 28 days, while the
Ecotoxicity control group remained unexposed. After the exposure period, the mice were euthanized, and hematological,
Histopathology

biochemical, enzymatic, and histopathological changes were recorded. Most hematological (RBC, WBC, Hb, Ht
counts), biochemical (cholesterol, triglyceride, glucose, total protein, and albumin), and enzymatic parameters
alkaline phosphatase (ALP), aspartate transaminase (AST), alanine aminotransferase (ALT) were significantly
different in exposed mice compared to the control group (p < 0.05). The number of erythrocytes in mice exposed
to ZnCl, for 28 days (7.84 + 1.41 x 10° mm® was significantly lower than in the control group
(10.11 + 1.14 x10% mm®) (p < 0.05). Additionally, mice exposed to ZnCl had significantly lower white blood
cell (WBC) counts, hemoglobin (Hb), and hematocrit (Ht) levels than the control group (p < 0.05). Zn-exposed
mice developed deformed erythrocytes, including dacrocytes, keratocytes, and ovalocytes, likely due to cyto-
genetically damaged RBC precursors. ZnO NPs and its various salts caused degeneration in hepatocytes, thick-
ening and inflammatory cell infiltration in the renal capsule, congestion in the blood vessels of the lungs, and
swelling of goblet cells in the intestine. Adding to the wealth of literature on the toxicity of ZnO NPs and zinc
salts, especially ZnCl,, our study highlights the ecotoxicity of these compounds in mice. Effective and timely
measures should be taken to reduce the use of ZnO NPs and its various salts worldwide.

Biochemical parameters
Hematological changes
Enzymatic activity

1. Introduction

Nanoparticles (NPs) are now widespread in many industries,
including cosmetics, packaging, automotive, electronics, healthcare,
and textiles. As their production and use grow, so does the risk of human
exposure. Despite their harmful effects, no measures are being taken to
control their spread or limit their production. Enforceable global stan-
dards are urgently needed to protect public and environmental health
[53,75]. Literature review indicates that nanoparticles (NPs) damage
human cell lines through mechanisms like oxidative stress and geno-
toxicity [37,55]. Nanoparticles (NPs), which are less than 100 nm in
size, can easily penetrate cell membranes. Produced as byproducts of
combustion, NPs are linked to negative health impacts and contaminate
soil and water [35,37,78]. Nanoparticles (NPs) can interact with other
environmental pollutants, leading to increased toxicity. Their variable
shape, size, and chemical composition enhance environmental risks.
Warnings highlight NPs’ negative global health impacts and their
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contribution to health inequity [21,27,35,46,73]. Zinc salts such as
ZnCl, cause oxidative stress and inflammation. Research has shown that
zinc chloride affects neurotransmitter levels, leading to increased levels
of aminergic neurotransmitters in various brain regions such as the
hippocampus, olfactory lobe, and cerebellum [32]. Zinc oxide nano-
particles (ZnO NPs) are extensively used in various industries, including
medicine, electronics, chemicals, and consumer products. ZnO NPs are
toxic to various organisms and can damage tissues through mechanisms
like oxidative stress. This damage has been documented in animal
models and human cell lines. Studies have shown histopathological
changes in mice liver and kidney tissues after exposure to ZnO NPs.
Hematology and histopathology are commonly used to study the impact
of pollutants on organisms due to their effectiveness in detecting adverse
effects [70,74,79,80,96]. Hematological biomarkers such as red blood
cells (RBC), white blood cells (WBC), hemoglobin (Hb), and hematocrit
(Ht%) are used to assess the health or sickness of mice, indicating
oxygen-carrying capacity and immune system health. Serum
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parameters, including glucose, total protein, cholesterol, triglycerides,
globulin, albumin, bilirubin, creatinine, and cortisol, provide insights
into metabolism and health status, helping elucidate the toxic effects of
metals. Additional parameters like MCV (Mean Corpuscular Volume),
MCH (Mean Corpuscular Hemoglobin), and MCHC (mean corpuscular
hemogolobin concentration) are important for diagnosing anemia. Liver
enzyme activity is used to detect stress, liver damage, or malfunction
[19,25,74].

Enzymes like aspartate aminotransferase (AST), alanine amino-
transferase (ALT), and alkaline phosphatase (ALP) are primarily pro-
duced in the liver but can leak into the bloodstream under stressful
conditions, making them useful indicators of health and sickness in or-
ganisms [74]. The high level of ALP is associated with an increased risk
of lung cancer and cancer-related mortality [49]. Elevated ALT and AST
indicate liver damage, such as non-alcoholic fatty liver disease and
hepatitis [47,69]. Liver and kidney tissues, known for their high ab-
sorption of pollutants, are suitable for histopathological examination to
assess damage caused by ZnO NPs [71,78]. Studies indicate that metal
oxide nanoparticles and their salts exhibit varying toxic effects on
different tissues. For example, selenium nanoparticles (Se-NPs) are more
toxic to gill and liver tissues of iridescent shark catfish compared to
selenium salts [56]. Conversely, iron nitrate (Fe(NOs)3) salt shows
greater toxicity than Fe3O4 nanoparticles in various tissues of black fish
[78]. Therefore, a comprehensive ecotoxicological assessment
comparing ZnO NPs and zinc salts is essential. This study aims to
investigate the toxicity of ZnO NPs versus its various salts on hemato-
logical parameters, biochemical profiles, liver enzymes, and tissue
damage in the liver, kidney, lung, and intestine of male mice.

2. Materials and methods
2.1. ZnO NPs and zinc salts characterization

The ZnO nanoparticles (ZnO NPs) were systematically characterized
using powder X-ray Diffraction (XRD) and Fourier Transform Infrared
Spectroscopy (FTIR) (Spectrum Two, Perkin Elmer, USA). XRD analysis
was performed using equipment from Philips, Netherlands, to determine
the crystal structure of the nanoparticles. FTIR spectroscopy was utilized
to identify the presence and types of functional groups on the ZnO NPs.
The ZnO NPs, obtained with 99 % purity, were sourced from 3302 Twig
Leaf Lane, Houston, TX 77084, USA (Product code: 1314-13-2). Zinc
salts, including ZnSO4-6 H30, Zn(NO3)2-6 H,0, and ZnCly-6 Hz0, were
procured from Merck (Merck, Germany).

2.2. Calculation of the LCsg.g6n, and experimental design

The lethal concentration of ZnO and various salts on male mice
(28-30 g) was investigated according to OECD guideline No. 233 to
finally calculate the LCs_gen. For this purpose, five mice were exposed
to different concentrations of ZnO and its various salts (1, 10, 30, 50,
100, 300, 500 mg/kg bw) for 96 hours with three replicates. Mortality
rates were recorded at 24, 48, 72, and 96 hours at each concentration,
and the lethal concentration 50 was calculated using probit software.
The LCsg96n was calculated to be 500.08, 400.02, 220.11, and
20.03 mg/kg bw for ZnO, ZnSO4, Zn (NO3),, and ZnCly, respectively.
Finally, 50 % of the LCsp_ger, Was selected as the concentration used in
this study.

In this study, 45 male mice (28-30 g) from Birjand University of
Medical Sciences were used. They were kept on a standard diet with free
access to food and water, under controlled conditions (12-hour light/
dark cycle, 20-25°C, and relative humidity). The mice were acclimated
to the lab environment for one week before being randomly divided into
five groups of nine.

The groups were as follows:

e Group A: Control (regular food and water).
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e Group B: 250 mg/kg body weight (bw) of ZnO nanoparticles [96].
e Group C: 200 mg/kg bw of ZnSO4 [96].

e Group D: 110 mg/kg bw of Zn(NO3), [90].

Group E: 10 mg/kg bw of ZnCl; [16].

All groups received their respective treatments via oral gavage for 28
days. Following the completion of the relevant experiments, the mice
were euthanized.

2.3. Measurement of zinc ion concentration in different tissues of mice

During the bioaccumulation period (7, 14, and 28 days), liver, kid-
ney, intestine, and lung tissues from mice exposed to ZnO NPs, ZnSOy,
Zn(NO3),, and ZnCl, were isolated after anesthetization with ketamine-
xylazine. Each tissue was placed in a glass tube with 5 ml of nitric acid
(HNO3) and 2.5 ml of perchloric acid (HClO4). The tubes were heated in
a water bath at 80°C for 4-6 hours until digestion was complete. The
digested samples were filtered, and the remaining liquid was diluted to
20 ml with distilled water. Zinc ion concentration in each tissue was
measured using graphite furnace atomic absorption spectroscopy
(ContrAA 700, Analytik Jena AG, Germany) [53].

2.4. plasma and serum collection

Blood samples were collected from the hearts of anesthetized mice
using a syringe with a 23-gauge needle. A mixture of ketamine and
xylazine was used to anesthetize the mice. The blood was placed in pre-
labeled potassium EDTA anticoagulant tubes, stored in an ice box, and
then transferred to a —20°C refrigerator. For serum collection, 1 ml of
blood was placed in Eppendorf tubes (Pars Payvand Co.) without anti-
coagulant and centrifuged at 3000 rpm for 10 minutes. The supernatant
was transferred to clean, labeled Eppendorf tubes and stored at —20°C
for further tests [93]. Given that chemical euthanasia methods can cause
changes in the quality of tissues and analytes, physical euthanasia
methods such as decapitation were used in this study. This method is
painless and inexpensive, and the animal experiences less fear and
anxiety than chemical methods. Decapitation, as a method of physical
euthanasia, induces rapid and painless death via immediate disruption
of the nervous system, and, unlike chemical euthanasia, does not alter
metabolic markers [97]. In this method, the head of the mouse is quickly
cut off by guillotine [66].

2.5. Bioaccumulation of ZnO NPs and Zinc salts in mice serum

To measure zinc accumulation in the serum, blood was collected
from the mice’s hearts at 7, 14, and 28 days and placed into Eppendorf
tubes. The samples were centrifuged at 3000 rpm for 10 minutes to
separate the serum. The serum was transferred to clean test tubes, mixed
with 2 ml of nitric acid and 1 ml of perchloric acid, and subjected to
acidic digestion in a water bath for 2 hours. After cooling to room
temperature, the samples were filtered to remove impurities, stored in
clean containers, and kept in a refrigerator. They were analyzed a week
later using graphite furnace atomic absorption spectroscopy. The
detection limit for zinc was 0.55 pg/1 with a relative standard deviation
of 2 % [74].

2.6. Hematology

The differential count of RBCs was performed manually after dilution
with an isotonic salt solution using a Neubauer slide. The blood sample
was vigorously shaken to ensure homogeneity. A 1:200 dilution of blood
and isotonic salt solution (0.85 g NaCl in 100 ml distilled water) was
prepared in an RBC counting pipette, and counts were done under a light
microscope. For WBC count, a 1:20 dilution of the blood sample and
Marcano’s solution (2 ml CHzCOOH, 1 ml 1 % dolegensin violet solution,
and 100 ml distilled water) was made using a WBC melange pipette.
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Number RBCs in per mm? of blood = Total number of RBCs counted in 5
small squares of Neuobuer slide x 200 x 10 x 5 (€D)

Number 10 is a correction factor to account for the distance between
slide and slider

Number 200 is a dilution factor

The number of WBCs on the Neuobuer slide (in 4 cells for WBCs) was
then calculated under a microscope using

Number of WBCs per mm3of blood = % x 20 x 10 2)

W: Number of WBCs in each Neuobuer slide house

Number 10 is a correction factor of the distance between slide and
slider

Number 20 is a dilution factor

Hemoglobin levels were estimated by hemoglobinometer.

A hemoglobinometer, consisting of a pipette, hemometer tube, stir-
ring rod, and dropper, was used. Hydrochloric acid was added to the
calibrated hemometer tube up to a designated mark. The tube was
placed in the hemoglobinometer, and 20 pl of blood was pipetted into it.
The blood and acid were mixed with a stirrer and left for 10 minutes to
form hematin acid. Distilled water was then added drop by drop until
the color of the solution matched the calibration tube. The hemoglobin
level (gm/dl) was read from the hemometer tube [42,63].

To measure hematocrit, capillary tubes were filled two-thirds with
blood, and the openings were sealed with hematocrit paste. The tubes
were centrifuged at 3000 rpm for 15 minutes. The percentage of he-
matocrit was then calculated using the Eq. 3 [26,41].

100 x Erythrocyte height
Erythrocyte height and plasma

HCT% = 3
Globular indices such as MCV, MCH and MCHC were calculated
using a Symex xs-800i device.

2.7. Erythrocytes changes

At the end of the 28-day bioaccumulation period, blood was
collected, and a blood smear was prepared on a glass slide. The slide was
air-dried, fixed with methanol, and stained with Giemsa stain. Eryth-
rocyte structural changes were then examined under a light microscope
[39].

2.8. Biochemical analysis

Biochemical markers including cholesterol, triglyceride, glucose,
total protein, albumin, high-density lipoprotein (HDL), low-density li-
poprotein (LDL) along with enzymatic parameters such as Aspartate
Amino Transferase (AST), Alanine Amino Transaminase (ALT), and
alkaline phosphatase (ALP), were analyzed using a Hitachi 917
biochemical autoanalyzer device from Hitachi Company, Japan. Serum
samples, prepared as described earlier, were used for analysis with
commercial kits from Pars Azmoun Company, Iran (Registration Code
34998). Detailed methods can be found in the literature [36,40].

2.9. Histopathological examinations

The tissues (liver, kidney, lung, and intestine) from mice in all five
experimental groups (including one control group) were collected after
28 days. The samples were fixed in 10 % formalin for 24 hours. Dehy-
dration was carried out using a series of alcohol concentrations (50 %,
70 %, 80 %, 90 %, and 96 %), with each step lasting one hour. Subse-
quently, the samples were infiltrated with liquid paraffin for 5 hours at
60 degrees Celsius, followed by embedding and sectioning into 5-micro-
meter sections using a microtome. Hematoxylin-eosin stain was applied
to the sections for visualization. Finally, the tissue sections were
examined and photographed using a Nikon Eclips-E200 light microscope
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[53].
2.10. Statistical analysis

SPSS software version 20 was utilized for data analysis. The
normality of the data was assessed using the Kolmogorov-Smirnov test,
revealing that the data (presented as mean + standard deviation) were
not normally distributed. Consequently, differences between groups
were evaluated using the Kruskal-Wallis non-parametric test, with sig-
nificance set at P < 0.05.

3. Results
3.1. Characterization of Zinc oxide NPs

The properties of ZnO nanoparticles (NPs) were evaluated using X-
ray powder diffraction (XRD) and Fourier Transform Infrared Spec-
troscopy (FTIR), as shown in Fig. 1. The XRD pattern (Fig. 1a) displayed
diffraction peaks at 26 angles of 31.52°, 34.63°, 36.39°, 47.62°, 56.83°,
62.94°, and 68.15°, corresponding to the (100), (002), (101), (102),
(110), (103), and (112) reflection planes of ZnO, respectively[79]. The
FTIR spectrum (Fig. 1b) showed peaks at 433.08 and 1498.35 cm™ ,
indicating Zn-O bonds, a peak at 1740 cm™ corresponding to C—=0
bonds, and a broad band at 3433 cm™ indicating O-H bonds, which may
suggest the presence of impurities or moisture absorption [6,92].

3.2. Zn concentration in different tissues of mice

The bioaccumulation trends of ZnO NPs, ZnSQ4, Zn(NOs3),, and
ZnCly in the liver, kidney, lung, and intestine tissues of mice are illus-
trated in Fig. 2. The bioaccumulation patterns observed are as follows:
for ZnO NPs, ZnSOy4, and Zn(NO3),, the order is intestine > liver > lung
> kidney; for ZnCly, the order is liver > intestine > lung > kidney.
Additionally, the amount of bioaccumulation of these zinc compounds
in various tissues increased over time from 7 to 14 days.

3.3. Bioaccumulation of Znic in mice serum exposed to ZnO NPs and Zinc
salts

Fig. 3 shows the levels of Zinc (ug/1) in the serum of mice exposed to
ZnO NPs and other zinc salts over 7, 14, and 28 days. Zinc bio-
accumulation increased over time, with the highest levels observed at 28
days. After 28 days, the bioaccumulation pattern was: ZnO NPs > ZnSO4
> Zn(NOs3), > ZnCl, > control.

3.4. Impact of ZnO nanoparticles and Zinc salts on hematological
parameters in mice

3.4.1. RBC, WBC, hemoglobin, and hematocrit

The effects of ZnO NPs and the salts ZnSO4, Zn(NO3)2, and ZnCl2 on
hematological parameters in mice are shown in Fig. 4.

The number of RBCs (million/mm3) in the blood of mice exposed to
ZnO NPs (9.74 + 1.16), ZnSO4 (9.18 £ 1.92), Zn(NO3); (8.13 £ 0.65),
and ZnCl; (7.84 + 1.41) had decreased RBC counts compared to the
control group (10.11 + 1.14). This decrease was significant for Zn
(NO3)2 and ZnCl; (p < 0.05).

The number of WBCs (thousand/mm?) in the blood of mice exposed
to ZnO NPs (3.57 + 0.53), ZnSO4 (3.23 + 0.77), and Zn(NO3), (2.78
+ 0.41) showed a decrease in WBC count compared to the control group
(3.60 + 0.62), but this was not significant. In contrast, mice exposed to
ZnCl; (4.38 £ 0.70) had significantly higher WBC counts than the con-
trol group (p < 0.05) (Fig. 5).

Hb levels in mice exposed to ZnO NPs (14.9 + 4.29) and ZnSO4
(14.8 £+ 2.07) decreased compared to the control group (15.9 + 4.29),
though not significantly. However, the decrease was significant for Zn
(NO3)2 (13.9 £ 2.08) and ZnCl; (13.7 + 3.83) (p < 0.05).
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Fig. 1. (a) X-ray spectroscopy analysis of ZnO NPs and (b) Fourier transform infrared spectroscopy of ZnO NPs (FTIR).

Ht levels in mice exposed to ZnO NPs (46.2 + 12.19), ZnSO4 (44.8
+ 3.13), Zn(NO3)5 (44.1 £ 3.96), and ZnCl, (39.8 + 5.57) decreased
compared to the control group (46.4 + 12.52), with a significant
reduction for ZnCl, (p < 0.05). Behavioral changes observed in mice
exposed to ZnCly include mild tremors, decreased locomotor activity,
restlessness, and increased salivation and tearing, which are less severe
in mice exposed to ZnO NPs, Zn(NO3),, and ZnSO4.

3.4.2. MCV, MCH and MCHC

The changes in MCV, MCH, and MCHC indices across different study
groups are shown in Fig. 5. The results indicate that there are no sig-
nificant differences (p < 0.05) in MCV, MCH, and MCHC levels when
compared to the control group.

3.5. Erythrocyte changes

Fig. 6 illustrates structural changes in erythrocytes after 28 days in
treatment groups compared to the control group. Erythrocytes in the
control group appear normal. Morphological changes observed in
erythrocytes exposed to ZnO NPs include Dacrocyte and Keratocyte
formations. Exposure to ZnSO4 resulted in Dacrocyte and Ovalocyte
formations, while exposure to Zn(NOs), led to Keratocyte, Ovalocyte,
and Schistocyte formations. Mice exposed to ZnCl, exhibited extensive

erythrocyte deformities, including Dacrocyte, Keratocyte, Ovalocyte,
and Schistocyte formations. The results indicate that the severity of
morphological damage in erythrocytes exposed to ZnCl, is notably
higher compared to the other groups.

3.6. Effect of ZnO NPs and Zinc salts on serum biochemical parameters

3.6.1. Cholesterol, triglyceride and glucose levels

Table 1 presents changes in various biochemical parameters in blood
serum following exposure to ZnO nanoparticles (NPs) and zinc salts.
Serum cholesterol levels in mice exposed to ZnO NPs, ZnSO4, Zn(NO3),,
and ZnCl, are higher compared to the control group, with significance
observed only for ZnCly (p < 0.05). Serum triglyceride levels in mice
exposed to ZnO NPs, ZnSO4, Zn(NO3),, and ZnCl, are lower than in the
control group, with significance noted for Zn(NOs); and ZnCly
(p < 0.05). Serum glucose levels in mice exposed to ZnO NPs, ZnSOy4, Zn
(NO3)2, and ZnCl, are significantly higher compared to the control
group (p < 0.05).

3.6.2. Total protein and albumin levels

Based on the results, the findings from Table 1 indicate that the
protein levels in serum exposed to ZnO NPs, ZnSOg4, Zn(NO3),, and ZnCl,
were lower compared to the control group, with significance observed
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Fig. 2. Accumulation of Zinc (ug/g) in the liver, kidney, intestine, and lung tissues of mice exposed to ZnO NPs, ZnSO4, Zn(NO3),, and ZnCl,.
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Fig. 3. Accumulation of Zinc (ug/1) in the blood of mice exposed to ZnO NPs

. Fig. 4. Changes in the number of red and white blood cells, hemoglobin levels,
and other zinc salts.

and hematocrit (%) in mice exposed to Zinc oxide nanoparticles (ZnO NPs) and
other Zinc salts for 28 days: * indicates a significant difference compared to the
only for ZnCl; (p < 0.05). Serum albumin levels exposed to ZnO NPs, control group (p < 0.05).

ZnS04, Zn(NO3),, and ZnCl, were significantly lower than in the control
group (p < 0.05). 3.6.3. HDL and LDL levels
Table 1 shows serum HDL and LDL levels. Based on the results ob-
tained, HDL levels in mice exposed to ZnO NPs and its various salts
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Fig. 5. The hematological effects of exposure to Zinc oxide nanoparticles (ZnO
NPs) in mice over 28 days, compared to exposure to other Zinc salts. Parameters
measured include mean corpuscular volume of erythrocytes (MCV), mean
corpuscular hemoglobin (MCH), and mean corpuscular hemoglobin concen-
tration (MCHC).

decreased compared to the control group. Serum HDL levels in mice
exposed to ZnCl, were significantly (p < 0.05) lower than in the control
group. The results show that LDL levels in the ZnCl, exposed group were
significantly (p < 0.05) higher than the control group.

3.6.4. Impact of ZnO NPs and Zinc salts on enzymatic parameters of serum
Exposure to zinc compounds resulted in a significant increase in liver
enzymes (ALP, AST, and ALT) (p < 0.05), as depicted in Fig. 7.

3.7. The effect of ZnO NPs and zinc salts on the weight and behavior of
exposed mice

Table 2 summarizes the findings related to weight loss and behav-
ioral changes in mice exposed to zinc compounds. All groups exposed to
zinc compounds showed weight loss by the end of the study period, with
significance observed only in the ZnCl, group (P < 0.05). Behaviorally,
mice exposed to ZnCl2 exhibited reduced motor activity and food con-
sumption, with these effects becoming more pronounced over time.

3.8. Histopathological studies

3.8.1. Liver tissue damage

Fig. 8 illustrates a series of histopathological changes observed in the
liver tissue of mice exposed to Zinc oxide nanoparticles (ZnO NPs) and
its various salts. The control group exhibits a normal structure of the
central vein. Mice exposed to ZnO NPs show a dilated central vein (cv).
Liver tissue exposed to ZnSO4 displays dilation of the central vein (cv)
and rupture of the central vein wall (rcv). Histopathological changes in
the liver of mice exposed to Zn(NOs); include dilation of the central vein
(cv) and hepatocyte degeneration (d). Liver tissue from mice exposed to
ZnCly shows dilation of the central vein (cv), portal vein (pv), aggre-
gation of melanomacrophages next to the central vein (m), infiltration of
inflammatory cells (if), and degeneration of liver cells (d). The severity
of liver damage in the ZnCly-exposed group is notably higher compared
to the other groups studied.

3.8.2. Kidney tissue damage
Fig. 9 illustrates histological damage in the kidney tissue of mice
exposed to Zinc oxide nanoparticles (ZnO NPs) and various zinc salts
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after 28 days. The control group displays normal kidney tissue structure.
Kidney tissue exposed to ZnO NPs shows thickening and inflammatory
cell infiltration in the renal capsule (g). Exposure to ZnSO4 results in
thickening and inflammatory cell infiltration in the renal capsule (g) and
degeneration in the lining epithelium of tubules (d). Kidney tissue
exposed to Zn(NOs)2 exhibits perivascular inflammatory cell infiltration
(m) and degeneration in the lining epithelium of tubules (d). Damage in
the kidney tissue of mice exposed to ZnCl, is severe, characterized by
perivascular inflammatory cell infiltration (m), focal inflammatory cell
infiltration between tubules in the perivascular area (v), and thickening
and inflammatory cell infiltration in the renal capsule (g).

3.8.3. Lung tissue damage

Fig. 10 depicts histopathological damages observed in the lung tissue
of mice exposed to Zinc oxide nanoparticles (ZnO NPs) and various zinc
salts after 28 days. In the control group, normal structures of air alveoli
(a) and bronchioles (b) are observed. Lung tissue exposed to ZnO NPs,
ZnS04, and Zn(NO3), shows peribronchiolar inflammatory cell infil-
tration (m) and emphysema in air alveoli (e). Exposure to ZnCl; results
in severe histopathological damage in the lungs, including emphysema
in air alveoli (e), peribronchiolar inflammatory cell infiltration (m), and
congestion of blood vessels (v).

3.8.4. Intestine tissue damage

Fig. 11 depicts the impact of Zinc oxide nanoparticles (ZnO NPs) and
various zinc salts on the intestinal tissue of mice following 28 days of
exposure. The control group exhibits normal intestinal tissue structure.
Mice exposed to ZnO NPs showed swelling of goblet cells (SG) and an
increase in goblet cell number (INGC). Similarly, exposure to ZnSO4
resulted in goblet cell swelling (SG) and increased goblet cell count
(INBC). In mice exposed to Zn (NO3), and ZnCl,, there was observed
swelling and an increase in both goblet cell (SG) and blood cell numbers
(INBC). Notably, the intestinal tissue damage intensity was notably
higher in the ZnCl2-exposed group compared to others.

4. Discussion

Metal nanoparticles, including zinc oxide nanoparticles (ZnO NPs),
have infiltrated our environment and daily lives with minimal precau-
tionary measures. This has had significant adverse impacts on the
environmental health of organisms, as revealed by literature reviews
highlighting their cytotoxic, genotoxic, and epigenetic effects [86].
Various organisms, including mice studied here, are particularly sus-
ceptible to these pollutants, showing changes in molecular physiology
and behavior. Exposure to ZnO NPs and its salts resulted in altered levels
of red and white blood cells, structural deformities in erythrocytes, and
extensive histopathological damage in liver, kidney, lung, and intestinal
tissues among the studied mice.

4.1. Bioaccumulation of ZnO NPs and Zinc salts

Various studies examining the toxicity and bioaccumulation of
different nanoparticles and their salts present conflicting findings. Some
research suggests that metal nanoparticles exhibit greater toxicity and
bioaccumulation compared to their corresponding salts [18,48],
whereas other studies indicate that metal salts can be more toxic than
their nanoparticles [53,78,80]. In our study, all tested compounds were
found to bioaccumulate in mice tissues. Specifically, ZnO NPs, ZnSOy,
and Zn (NO3),; showed a bioaccumulation pattern of intestine > liver
> lung > kidney based on the obtained results.

Furthermore, the bioaccumulation pattern of ZnCl, is liver, intestine,
lung and kidney, respectively. Surprisingly, despite the accumulation of
ZnO more than ZnCl, in various tissues, ZnCl, caused significant damage
to the blood and tissues of mice. This discrepancy suggests that while
ZnO NPs may accumulate in tissues, potentially reducing their toxicity
through sequestration, other zinc salts like ZnCly;, which do not
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Fig. 6. The effects of Zinc oxide nanoparticles (ZnO NPs) and other Zinc salts on the structure of erythrocytes in mice following 28 days of exposure.

accumulate as much in tissues, may circulate more freely within the
digestive system, leading to greater damage across various tissues [53].
The high metabolic activity observed in the liver and intestinal tissues
likely contributes to the pronounced accumulation of ZnO NPs in these
areas [78].

In a similar study, Kharkan and collogues found that nickel oxide
nanoparticles (NiO NPs) predominantly accumulated in the intestinal
tissue of black fish (Capoeta fusca), whereas nickel sulfate (NigO4),
nickel nitrate (Ni (NOs3)3), and nickel chloride (NiCly) accumulated
primarily in the kidney. They observed that the high metabolic activity
of the intestine facilitated the absorption of NiO NPs, potentially
reducing its toxicity through sequestration in tissues. In contrast, other
nickel compounds were absorbed to a lesser extent in tissues, allowing
them to circulate more freely and potentially cause more widespread
damage across different tissues [53].

Sayadi et al. [78] found that iron oxide nanoparticles (Fe304 NPs)
accumulate more readily in the tissues of black fish compared to iron

nitrate (Fe (NOg3)3), which is present in lower amounts. Despite higher
accumulation of Fe3O4 NPs in black fish tissues, Fe (NO3)3 induced
greater damage in these tissues [78]. Additionally, Zinicovscaia et al.
[100] reported that silver nanoparticles exhibited the highest bio-
accumulation in liver tissue, followed by the brain, with the lowest
accumulation observed in the blood of mice.

4.2. Bioaccumulation of Zinc in mice blood exposed to ZnO NPs and Zinc
salts

This study confirms significant bioaccumulation of zinc in mice
serum and highlights the severe toxic effects of both zinc oxide nano-
particles (ZnO NPs) and zinc salts. Zinc was found to accumulate
extensively in various tissues, leading to oxidative damage, which aligns
with previous findings in the literature.



M.R. Yazdanshenas et al.

Table 1
Results of biochemical biomarkers of toxicity in mice exposed to Zinc oxide
nanoparticles and other Zinc salts for 28 days.

Parameters Days  Control ZnO ZnSO4 Zn ZnCl,
NPs (NOs3)
Cholesterol 28 151 157 153 167 189
(mg/dl) +7.5 +18.8 +12.2 +30.1 + 39.6*
Triglyceride 28 193 191 177 168 168
(mg/dl) +46.3 +34.3 +28.3 + 23.5% + 30.2%
Glucose (mg/ 28 101 137 134 143 224
d +19.1 +17.8* +13.4* +15.7* + 53.7*
Protein (mg/ 28 3.9 3.9 3.1 3.4 2.7
d) +0.5 +0.4 +0.3 +0.5 + 0.5%
Albumin 28 3.7 2.8 2.8 29 2.2
(mg/dl) +0.4 +0.5% +0.4% +0.4* +0.6*
HDL (mg/dl) 28 49 43 43 41 27
+6.5 +11.2 +9.4 +14.6 +6.3*
LDL (mg/dl) 28 51 53 53 57 83

+13.1 +9.7 +10.3 +17.2 + 14.8*

Values are represented as means + SD (n = 3). The different superscripts show
significant differences (P < 0.05)

4.3. RBC, WBC, Ht and Hb count

Exposure to ZnO NPs and various zinc salts resulted in significant
hematopoietic tissue damage in mice, as evidenced by altered RBC
morphology and micronuclei formation [81,83]. Compared to the con-
trol group, mice exposed to these compounds showed a notable decrease
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in RBC count, WBC count, Hb and Ht levels (p < 0.05). Notably, WBC
count was significantly higher in the ZnCly-exposed group compared to
controls (p < 0.05). These findings underscore the damaging effects of
ZnO NPs and zinc salts on the structure and function of hematopoietic
cells, consistent with previous research [57].

Exposure to ZnCl2 resulted in anemia in mice, characterized by
normocytic type as indicated by stable MCV, MCH, and MCHC levels
compared to the control group (Fig. 5). The reduced counts of RBCs,
hematocrit, and hemoglobin suggest that anemia may stem from
impaired red blood cell production in the bone marrow rather than
hemolysis, as MCV did not increase, which would typically occur in
hemolytic anemia. The significant declines in hematocrit and hemo-
globin levels observed in mice exposed to ZnO NPs and other zinc salts
likely result from the accumulation of these compounds in erythrocytes,
leading to structural and functional changes and consequent detrimental

Table 2
Weight changes of mice exposed to zinc oxide nanoparticles and zinc salts. *
denotes significant difference with the control group.

Control 7 Days 14 Days 28 Days
30+1.15 30 +2.24 29 +1.38
ZnO NPs 28 +2.71 27 +£2.16 26 + 2.52
ZnSO, 28 +3.12 26 + 3.62 26 + 2.93
Zn (NO3), 29 +1.18 29 +£1.73 27 £1.37
ZnCl, 30 +£2.15 27 +£1.62 25 +2.18*

300

B Control B Zno NPs [l Zoso4 ] zn (vO,), [l Z o1,

250

200

150

100

50

ALP (UL)

AST (U/L)

ALT (U/L)

Fig. 7. summarizes the blood serum enzyme activity in mice exposed to Zinc oxide nanoparticles (ZnO NPs) and other Zinc salts for 28 days (n = 2). The enzymes
evaluated include alkaline phosphatase (ALP), aspartate amino transferase (AST), and alanine amino transferase (ALT). * denotes a significant difference compared to

the control group (P < 0.05).
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Fig. 8. Histopathological liver damage observed in mice exposed to Zinc oxide nanoparticles (ZnO NPs) and various zinc salts after 28 days. CV: Dilatation in the
central vein; RCV: Rupture of the wall of the central vein; D: Degeneration in hepatocytes; PV: Dilatation in the portal vein; M: Aggregation of melanomacrophage
next to the central vein; IF: Infiltration of inflammatory cells. Images were captured using H&E staining at 40x magnification.

effects [9]. Similar findings of decreased RBCs, WBCs, hemoglobin, and
hematocrit in animals exposed to various nanoparticles and salts have
been reported in other studies [10,29,89].

The widespread use of ZnO NPs and various zinc salts, notably ZnCl,,
has proceeded without adequate precaution for decades, leading to
evident dangers to human health and the environment. Restricting the
use of these compounds is crucial, alongside prioritizing the cleanup of
contaminated sites as a top global priority.

4.4. Calculated hematological indices

The study observed that changes in RBC, Hb, and Ht values could
influence calculated indices such as MCV, MCH, and MCHG, as they are
derived from these parameters. However, no significant differences were
detected in MCV, MCH, and MCHC levels among mice exposed to ZnO

NPs, ZnSOy4, Zn (NO3)z, and ZnCly in this research. This finding aligns
with similar observations in current literature [51,74,87,93].

4.5. Structural changes in erythrocytes

The current study highlights the significance of investigating eryth-
rocyte morphology in toxicological research, as it provides insights into
the effects of toxins on living systems. After 28 days of exposure to
various Zn compounds, this research observed significant erythrocyte
deformations (Fig. 6). Red blood cells exposed to zinc oxide nano-
particles exhibited morphological changes, specifically the formation of
Dacrocytes (tear-drop shaped cells) and keratocytes (cells with horn-like
projections). Exposure to ZnSOj4 resulted in the formation of Dacrocytes
and ovalocytes (elliptical-shaped red blood cells). In contrast, exposure
to Zn(NO3), induced the formation of schistocytes (crescent-shaped or
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Fig. 9. Histopathological kidney damage observed in mice exposed to Zinc oxide nanoparticles (ZnO NPs) and various zinc salts after 28 days. g: Thickening and
inflammatory cell infiltration in the renal capsule; m: Perivascular inflammatory cell infiltration; d: Degeneration in the lining epithelium of tubules; v: Focal in-
flammatory cell infiltration between tubules in the perivascular area. Images were captured using H&E staining at 40x magnification.

triangular fragmented red blood cells) in addition to Dacrocytes and
ovalocytes. Exposure to ZnCl, induced severe morphological alterations,
resulting in the presence of Dacrocytes, keratocytes, ovalocytes, and
schistocytes (crescent-shaped or triangular fragmented red blood cells).

The study reveals that ZnCl, exposure causes significantly more se-
vere morphological damage to erythrocytes compared to other groups.
Dacrocytes form teardrop shapes, keratocytes result from fibrin strands
cutting erythrocytes, ovalocytes appear oval-shaped, and schistocytes
are fragmented erythrocytes often triangular in shape [67]. Nano-
particles, including Zn compounds, can induce toxicity by interacting
with cell receptors, cytoplasm, or organelle membranes, leading to
structural and functional cellular changes that disrupt normal cell
function [58]. Previous research by Pleskova et al. [67] demonstrated
that magnetite nanoparticles can penetrate erythrocyte membranes,
causing poikilocytosis and anisocytosis. Studies on various organisms
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have shown that nanoparticles like silver nanoparticles can induce nu-
clear pyknosis, vacuolated cytoplasm, and micronuclei in erythrocytes,
emphasizing their toxic effects [74,82,95].

4.6. Biochemical parameters

4.6.1. Cholesterol, triglycerides, and glucose level

Exposure to Zinc compounds resulted in elevated blood cholesterol
levels in mice, a recognized biomarker of stress induced by environ-
mental toxicants [54]. The rise in cholesterol was associated with liver
dysfunction, as indicated by changes in ALP, AST, and ALT enzyme
activities (Fig. 7 and Fig. 8) [74]. Similar effects have been observed
with other heavy metals, where increased cholesterol levels correlated
with liver tissue disturbance and enzyme activity changes [77,8]. These
findings underscore the impact of environmental contaminants on lipid



M.R. Yazdanshenas et al.

Toxicology Reports 14 (2025) 102003

Fig. 10. summarizes histopathological lung damage observed in mice exposed to Zinc oxide nanoparticles (ZnO NPs) and various zinc salts after 28 days. Control
group: Normal structure of air alveoli (a) and bronchioles (b). e: Emphysema in air alveoli, m: Peribronchiolar inflammatory cell infiltration, v: Congestion of blood

vessels. The images were captured using H&E staining at 40x magnification.

metabolism and liver function in various organisms [50,74,94].

The study results indicate that exposure to ZnO NPs, ZnSOg4, Zn
(NOs3)2, and ZnCly led to lower serum triglyceride levels compared to the
control group, with significant differences observed for Zn (NO3), and
ZnCly (p < 0.05). This reduction in triglycerides in the blood is often
associated with liver damage and dysfunction, as suggested by previous

research [74]. These findings are consistent with other studies that have
reported similar effects of environmental contaminants on lipid meta-
bolism [21,59].

The study found that exposure to zinc compounds, including ZnO
NPs, ZnSOy4, Zn (NO3)2, and ZnCly, resulted in increased blood glucose
levels in mice, indicating stress and increased energy expenditure to
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Fig. 11. Histopathological Intestine Damage in Mice Exposed to Zinc Oxide Nanoparticles (ZnO NPs) and Various Zinc Salts After 28 Days. SG: Swelling of the
number of goblet cells, INGC: increase in the number of goblet cells, INBC: increase in the number of blood cells. Images were captured using H&E staining at 40x

magnification.

cope with stressors. This rise in glucose levels suggests mechanisms such
as the breakdown of stored glycogen or accelerated gluconeogenesis, a
metabolic process generating glucose from non-carbohydrate sources,
which is enhanced during stress [74]. Similar effects on glucose meta-
bolism have been reported in other studies investigating the impact of
environmental stressors on organisms [20,24,38].
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4.6.2. Total protein and albumin level

The study observed decreased levels of total protein and albumin in
mice exposed to zinc compounds, indicating potential liver and kidney
damage that could impair protein synthesis [74]. Albumin, crucial for
transporting various substances in the blood, particularly reflects liver
function [84]. The reduction in protein levels may be linked to increased
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gluconeogenesis, a process that provides energy in response to stress
induced by zinc exposure [74]. This study’s findings align with previous
research highlighting the impact of zinc compounds on protein meta-
bolism and organ function [11,12,3].

4.6.3. HDL and LDL levels

high-density lipoprotein (HDL) and low-density lipoprotein (LDL)
are lipoproteins made of fat and protein. HDL is known as "good
cholesterol" because it carries cholesterol to the liver to be excreted from
the body. In fact, HDL helps the body get rid of excess cholesterol. And
hence, it is less likely to lodge in the arteries. In contrast, LDL is called
“bad fat” because it carries cholesterol to your arteries, where it can
build up in your artery walls. Based on the results obtained, ZnCl, causes
a significant decrease in HDL and a significant increase in LDL compared
to the control group. These results are consistent with other studies [99,
5].

4.6.4. ALP, AST and ALT activities

The study highlights significant elevations in serum ALP, AST, and
ALT levels in mice exposed to various zinc compounds, suggesting liver
injury and hepatocyte damage [33]. These enzymes are crucial in-
dicators of liver function and their increase in serum can signify liver
dysfunction due to zinc toxicity [88]. ALP, associated with hepatocyte
membrane integrity, showed alterations, indicating potential damage to
liver cells [61]. This aligns with ecotoxicological findings where serum
enzymes serve as sensitive biomarkers of pollutant exposure and health
risks in organisms [64]. Previous studies also support our findings on the
toxic effects of zinc compounds on liver enzymes [14,4,58,62,74].

4.7. Histopathological studies

4.7.1. Liver tissue damage

The liver, a vital organ, plays a central role in detoxifying pollutants
in organisms [7]. Comprising 80 % of liver cells, hepatocytes’ mem-
brane health is crucial for proper liver function. Physicochemically, ZnO
NPs can disrupt liver function due to their properties, potentially
entering liver cells and causing dysfunction in mice [13,2].

The liver exposed to ZnO NPs shows a dilated central vein, while
mice exposed to ZnCly exhibit more severe liver damage including
dilation in the central and portal veins, aggregation of melanoma-
crophages, inflammatory cell infiltration, and liver cell degeneration.
This indicates that ZnCly induces more pronounced liver damage
compared to other compounds studied. Nanoparticles entering the body
accumulate in the liver and kidneys, where they are absorbed by cells.
Liver macrophages remove nanoparticles, generating free radicals. Free
radicals from ZnO NPs may lead to lipid peroxidation of liver mem-
branes, reducing membrane fluidity, disrupting cell structure, and ulti-
mately causing liver cell damage [88].

Abd-Alsahib and Faris [2] reported that graphene oxide nano-
particles (GO NPs) induce damage in liver cells of mice, including nu-
cleus proliferation, thickening, inflammatory cell infiltration, and tissue
bleeding. Sayadi and Kharkan [77] found that exposure to various heavy
metals causes structural damage in the gill tissue of black fish (Capoeta
fusca), such as fusion and shortening of secondary lamellae, and in in-
testinal tissue, they observed swelling and increased numbers of goblet
cells. Kharkan et al. [53] studied the effects of NiO NPs and its salts on
black fish gills, noting fusion and shortening of secondary lamellae, with
Ni (NO3)2 showing greater damage than NiO NPs. Abd El-Aziz et al. [1]
investigated the impact of Fe304 NPs on mice liver tissue, observing
changes in liver cell morphology and the formation of inflammatory
Kupffer cells. These studies highlight various detrimental effects of
nanoparticles and heavy metals on different tissues and organisms,
underscoring their potential toxicological impacts.

4.7.2. Kidney tissue damage
The kidney tissue is particularly vulnerable to pollutants like
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nanoparticles, which accumulate there extensively [91]. Studies confirm
that ZnO NPs and its salts induce toxicity through oxidative stress and
lipid peroxidation, leading to oxidative responses and apoptosis [44]. In
mice exposed to ZnO NPs and its salts, histopathological analysis
revealed perivascular and focal inflammatory cell infiltrations, as well as
thickening and inflammatory cell infiltration in the renal capsule
(Fig. 9). The small size of nanoparticles enhances their surface area,
making them highly reactive and increasing their absorption across
biological membranes [23]. As the use of ZnO NPs grows, so does the
potential for increased exposure to these nanoparticles [13,68].

In studies similar to this research, Esmaeillou et al. [30] found that
ZnO NPs induce severe toxicological effects on the kidney, including
glomerular segmentation, hydropic degeneration in epithelial cells,
necrosis of tubular epithelial cells, and swelling in proximal tubule
epithelial cells. Fadia et al. [31] reported that gold nanoparticles (GNPs)
cause congested vessels, lymphocytic infiltration, tubular degeneration,
and necrosis in mice kidney tissue. Ibrahim et al. [45] observed
diminished and distorted glomeruli, leukocyte infiltration, edema
exudate, and necrosis in mice kidney exposed to GNPs. These findings
align with previous studies highlighting the nephrotoxic effects of
nanoparticles [22,28,65].

4.7.3. Lung tissue damage

Histological examinations revealed significant damage in the lung
tissue of mice exposed to ZnO NPs and its various salts, including
emphysema in air alveoli, peribronchiolar inflammatory cell infiltration,
and dilatation/congestion of blood vessels (Fig. 10). The severity of
these injuries was notably higher in the group exposed to ZnCly
compared to others. Due to their small size, pollutants like ZnO NPs can
easily enter the lungs, initiating biological and toxicological responses.
The initial damage observed in lung tissues includes destruction of
alveolar walls leading to emphysema. Oxidative stress is implicated as a
potential mechanism underlying lung damage, where ZnO NPs and its
salts induce excessive production of free radicals. These reactive oxygen
species can bind to lipids, proteins, and DNA, exacerbating oxidative
stress and causing tissue damage [34,85].

Studies on various nanoparticles highlight their detrimental effects
on lung tissues. Wu et al. [98] found that amine-polystyrene nano-
plastics (APS-NPs) induce oxidative stress leading to destruction of lung
alveolar walls in mice. Rashad and Abdelwahab [72] reported that ti-
tanium dioxide nanoparticles (TiO2 NPs) cause thickening of inter-
alveolar septa and increased macrophage presence in mouse lungs. Han
et al. [43] observed in rats that copper oxide nanoparticles (CuO NPs)
lead to alveolar wall thickening and necrosis, attributing these damages
to oxidative stress triggered by CuO NPs. Similar findings from other
studies corroborate these results [15,60], emphasizing the role of
oxidative stress in nanoparticle-induced lung damage.

4.7.4. Intestine tissue damage

Research on the effects of metals and nanoparticles on various tissues
has extensively focused on organs like the liver and kidney, yet the
impact on intestinal tissues has been relatively understudied. The in-
testine serves as a critical route for exposure to a wide range of toxic
substances and is directly susceptible to their effects [17]. This study
documents significant damage in the intestines of mice exposed to ZnO
NPs and its various salts, including swelling and increased numbers of
goblet cells, and elevated blood cell counts. Among these compounds,
ZnCl, causes notably severe damage compared to others. The increasing
use of ZnO NPs and zinc salts raises concerns about heightened exposure
for humans and other organisms. While zinc is essential in small
amounts for enzyme and protein activation, elevated concentrations can
be toxic to many species. Zinc’s ability to penetrate cell membranes can
lead to various histological damages within cells [52]. Studies by Sayadi
et al. [78,79] and Kharkan et al. [53] similarly report on nanoparticles
and metal salts causing intestinal damage in black fish, including
swelling and increased goblet cell numbers. The severity of damage
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varies among different compounds, with some salts like Fe (NO3)3 and
NiCl, causing more significant harm. These findings align with other
research documenting similar impacts [77,76].

5. Conclusions

ZnO NPs and its various salts cause significant changes in biochem-
ical parameters, liver enzymes, hematology, and histopathology of mice
compared to the control group. In light of these findings, urgent mea-
sures are needed to restrict the use of ZnO NPs and zinc salts, mitigate
environmental contamination, and prioritize the cleanup of affected
sites. Adopting stringent regulations and comprehensive risk assess-
ments can help safeguard human health and ecosystem integrity against
the growing threat posed by metal nanoparticles.
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