
Vol.:(0123456789)

Toxicology and Environmental Health Sciences 
https://doi.org/10.1007/s13530-024-00208-w

ORIGINAL ARTICLE

Ameliorative effects of Copper(II) albumin complex against zinc oxide 
nanoparticles induced oxidative DNA damage in Sprague Dawley rats

Aya M. Abdelnaem1 · Hala Fathy1 · Doha Yahia2 · Marwa F. Ali3 · Ahmed Y. Nassar4 · Doaa Almaz1

Accepted: 13 February 2024 
© The Author(s), under exclusive licence to Korean Society of Environmental Risk Assessment and Health Science 2024

Abstract
Objective  The present study was carried out to investigate the possible protective role of copper (II) albumin against zinc 
oxide nanoparticles (ZnONPs) provoked DNA damage and hepatotoxicity in rats.
Methods  Forty adult male Sprague Dawley rats were randomly divided into five groups; Group I: the control group main-
tained on a regular diet, Group II: received 1 ml/day of milk as the solvent of Cu (II) albumin complex, Group III: received 
Cu (II) albumin at 0.03 µg/gm, Group IV: exposed to ZnONPs (400 mg/kg/day), and Group V: exposed to 400 mg/kg/day 
ZnONPs plus Cu (II) albumin. All treatments were administered for 30 days. At the end of the experiment, animals were 
euthanized for collection of blood and liver samples. DNA damage in blood and liver was evaluated by using comet assay, 
while hepatotoxicity was evaluated from histopathological changes of hepatic tissue and liver enzymes (ALT and AST). 
The oxidative status parameters including nitric oxide (NO), glutathione peroxidase, malondialdehyde (MDA), and total 
antioxidant capacity (TAC) were also measured.
Results  The results showed that ZnONPs induced oxidative stress through a significant increase in MDA and NO activities, a 
significant decrease in TAC, and slight decrease in glutathione peroxidase. Significant DNA damage, a significant increase in 
AST, and a slight increase in ALT were accompanied by histological changes in the liver ZnONPs exposed group. Concurrent 
Cu (II) albumin supplement to ZnONPs-treated rats in Group IV reversed most of the histopathological changes and DNA 
damage, significantly lowered ALT and AST levels as well as MDA and NO, and elevated the TAC and GPx.
Conclusion  Based on these results, it can be concluded that Cu (II) albumin effectively protects against ZnONPs-induced 
hepatic dysfunction and DNA damage in rats.
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Introduction

Nanoparticles (NPs) have gained a lot of interest in phar-
maceutical and biotechnological applications due to their 
unique physicochemical properties [40, 78].

Zinc oxide nanoparticles (ZnONPs) protect against UV 
rays so they are commonly found in sunscreens and moistur-
izers. Furthermore, they are used as food additives and pack-
aging due to their antibacterial properties [41]. Because of 
their extensive use, ZnONPs can be introduced to the body 
through different routes i.e., ingestion, inhalation, and paren-
teral injection with little evidence of transdermal penetration 
but in case of injured skin as sunburnt skin, they can cross to 
a minimum extent [47]. The lung, liver, kidneys, and heart 
are the main organs affected by ZnONPs, however, regard-
less of the route of exposure, the liver is the primary target 
of NPs as rich in macrophages where phagocytosis of NPs 
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results in trapping the particle materials within the organ 
resulting in excess reactive oxygen species (ROS) produc-
tion caused by abnormal mitochondrial respiration [27, 75].

Mitochondria appear to be the primary target of ZnONPs, 
which can disrupt protein balance, causing membrane dam-
age or decreasing functionality by modifying the electron 
transport chain or activating the (NADPH) oxidase enzymes 
within the organelle [25].

ROS can bind covalently to DNA molecules by reacting 
with the nucleophilic centers of cells, causing single-strand 
breaks, double-strand breaks, and the production of DNA 
adducts, resulting in DNA damage [38].

ZnONPs, besides ROS production, are hepatotoxic via 
inhibiting the activity and expression of hepatic cytochrome 
P450 (CYP450) enzymes, which results in liver histopatho-
logical abnormalities. Furthermore, zinc accumulates in 
the liver and inhibits the clearance of other medicines and 
substances, resulting in their accumulation and toxicity [68, 
72]. There is no widely accredited treatment but some agents 
showed efficacy in protection against ZnONPs toxicity as 
Silymarin [24], Naringenin [20], and Withania somnifera 
[44]. According to our knowledge, it is the first study to 
investigate the potential role of copper complexes against the 
toxic effects of ZnONPs which we proposed to be beneficial.

Copper displays considerable biochemical action either as 
an essential trace metal (bounded to ceruloplasmin, albumin, 
and other proteins) or as a component of various synthesized 
compounds which are administered exogenously (bounded 
to ligands of various types forming complexes) [34], [53].

Copper is important for the integrity of collagen and 
elastin as required for resistance to nonspecific proteinases 
that cause elastolysis and collagenolysis and enhancing lysyl 
oxidase function which is responsible for the establishment 
of lysine-derived cross-links in connective tissue [59].

Copper complexes are used as antimicrobials, antivirals, 
anti-inflammatory, enzyme-inhibitors, or chemical nucleases 
[34]. Copper complexes have an anti-cancer effect by induc-
ing apoptosis and cleavage of DNA in cancer cells [57].

This study aims to evaluate the toxic effects of ZnONPs 
on DNA, oxidative status, and the liver and to assess the 
ameliorative role of Cu (II) albumin on ZnONPs-induced 
toxicity.

Materials and methods

Chemicals

Copper (II) albumin complex was obtained from Prof. 
Ahmed Yassin Nassar—who was awarded a patent for 
developing such a complex, according to the patent coop-
eration treaty (PCT) in the International Bureau of World 

Intellectual Property (WIPO), Geneva, Switzerland / World 
Organization (WO) 2008/028497.

Zinc oxide nanoparticles (ZnONPs) were prepared at the 
Faculty of Science, Assiut University as follows:

Zinc Chloride (ZnCl2) (Alpha Chemika, India) was pur-
chased as a white odorless fine powder with particle size 
< 100 nm and molecular weight: 81.39 g/mol, ZnONPs were 
synthesized by hydrothermal method using ZnCl2 and NaOH 
precursors [30].

Animals and treatment

Forty adult male rats weighing between 180 and 220 g were 
obtained from the Animal House, Faculty of Medicine, 
Assiut University, and received humane care in compli-
ance with the animal guidelines and ethical regulations of 
Assiut University. The study was conducted between Janu-
ary 2021 and August 2021 at the Faculty of Medicine, Assiut 
University, Egypt. All rats were left to acclimatize 14 days 
before the experiment in plastic cages free from any source 
of chemical contamination under controlled conditions and 
maintained at a natural light-dark cycle. The rats had free 
access to tap water and a balanced diet before and during 
the experiment.

Experimental design

Rats were randomly divided into five groups as follows:
Group I (control) (n=5): each rat received a regular diet 

and tap water for 30 days.
Group II (n=5): animals received 1 ml/day of milk (sol-

vent of Cu (II) albumin complex) orally by gavage, in addi-
tion to regular diet and tap water for 30 days.

Group III (copper (II) albumin complex): (n=10) rats 
received copper (II) albumin complex dissolved in milk 
(1 ml/day) with dosage adjusted to contain 0.03 µg/g body 
weight gavaged once daily for 30 days.

Group VI (ZnONPs): (n=10) rats received (400 mg/kg/
day) of Zinc oxide nanoparticles dissolved in 1 ml distilled 
water orally by gavage for 30 days. This dose represents 1/15 
of the oral LD50 of ZnONPs according to [77].

Group V (ZnONPs + Copper (II) albumin complex): 
(n = 10) rats received copper(II) albumin complex dissolved 
in milk (1 ml/day) with dosage adjusted to contain 0.03 µg/g 
body weight 1 h later, rats received ZnONPs (400 mg/kg/
day) dissolved in 1 ml distilled water both gavaged once 
daily for 30 days. All animals were observed after adminis-
tration for any morbidity or mortality.

Necropsy and sampling

At the end of the experiment, the body weight for each rat 
was recorded then animals were euthanized under diethyl 
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ether anesthesia. Blood samples were collected from the 
descending aorta. Whole blood samples (1 ml) were col-
lected in Ethylene Diamine Tetra Acetic acid (EDTA) tubes 
[74] and used immediately for the comet assay which was 
done at the Forensic Laboratory of Forensic Medicine and 
Toxicology Department at the Faculty of Veterinary medi-
cine. Blood samples (3 ml) were collected in sterile plain 
tubes, and centrifuged at 3000 rpm for 15 min to separate 
the serum that was maintained at −20 °C till biochemical 
analysis [74].

Liver samples were collected, weighted, and inspected 
for gross abnormalities then recorded for calculation of the 
absolute and relative liver weight for each rat in all groups. 
Relative liver weight (%) was calculated by the equation 
(absolute liver weight/total body weight × 100).

Liver samples then were divided into two portions. One 
was used immediately for comet assay; the other part was 
preserved in 10% buffered formalin for histopathological 
examination.

DNA damage detection by using comet assay 
(single‑cell gel electrophoresis)

DNA damage in blood and liver was determined using comet 
assay according to [63] as follows:

Sample homogenization

Liver specimens (0.5 g) were separately minced, suspended 
in a homogenizing buffer (0.075 M NaCl, 0.024 M Na2E-
DTA, pH 7.5), and then gently homogenized using bench-
top homogenizer (PRO Scientific, USA) at 800 rpm. The 
homogenate was then centrifuged for 10 min at 0 °C at 1500 
rpm to obtain the nuclei. The precipitate was resuspended 
in a chilled homogenizing buffer and then left to settle for 
1–2 min. Whole blood samples (20 µl) were mixed with 2% 
low melting agarose and then spread on the frosted slides.

Preparation of frosted slides

Frosted slides were layered twice with 100 μL of 1% nor-
mal agarose. Seventy-five microliter of nuclear suspension 
(supernatant) was mixed with 75 μL of 2% low melting aga-
rose (LMA) and the mix was layered on the slide. Finally, on 
the surface, 100 μL of normal agarose was quickly layered 
and covered with another slide, and left to gel.

Lysing and electrophoresis

The slides were immersed in a chilled lysis solution (2.5 M 
NaCl, 100 mM Na4EDTA,10 mM Tris, 0.1% sodium lauryl 
sulfate (SDS), 10% dimethyl sulfoxide, and Triton X-100) 
and held for 60 min in the dark at 4 °C. The slides were 

put on a horizontal gel electrophoresis platform (Cleaver 
Scientific Ltd., UK) in chilled electrophoresis solution (300 
mM NaOH and 1 mM Na2EDTA, pH 13) for 10 min. Elec-
trophoresis was performed in the dark for 15 min at 25 V and 
approximately 300 mA, then the slides were rinsed with 400 
mM Tris buffer to neutralize the excess alkali at pH 7.5 for 
7 min. The neutralized slides were allowed to dry at room 
temperature.

Examination of the slides

Slides were stained with 50 μL (20 μg/mL) ethidium bro-
mide (Wako Pure Chemical Industries, Ltd., Japan), then 
examined by a fluorescence microscope (Olympus BX-43, 
Japan) equipped with a green filter, the nuclei on the slides 
were viewed at a 200-fold magnification. At least 150 nuclei 
per sample were analyzed by the Comet Assay Software 
Project (CASP).

Serum biochemical parameters

Oxidative stress parameters

Determination of serum glutathione peroxidase (GPx) activ‑
ity  The serum levels of GPx were estimated using a com-
mercially available kit (catalog number: E-BC-K096-S.), 
according to the manufacturer’s instructions (Elabscience 
Biotechnology Co., Ltd., Houston, TX, USA) by spectro-
photometer (Colorimetric method) by the method of [56].

Assay of  malondialdehyde (MDA)  MDA was measured by 
spectrophotometric method; using a kit applied by Biodiag-
nostic, Egypt: catalog number: MD 25 29; according to the 
method described by [39].

Assay of  total antioxidant capacity (TAC)  Total antioxi-
dant capacity (TAC) was measured by spectrophotometric 
method; using a kit supplied by Biodiagnostic, Egypt; cata-
log number TA 25 13 according to the method described 
by [43].

Assay of  Nitric oxide  Nitric oxide (NO) was measured by 
spectrophotometric method; using a kit supplied by Bio 
Diagnostics, Egypt; catalog number: NO 25 33; according 
to the method described by [52].

Liver function tests

Aspartate aminotransferase (AST)  AST was measured by 
colorimetric method using kit supplied by Spectrum Diag-
nostics, Egypt; catalog number: 260 001 according to the 
method described by [23].
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Assay of  Alanine aminotransferase (ALT)  ALT was meas-
ured by colorimetric method using kit supplied by Spectrum 
Diagnostics, Egypt; catalog number: 264001 according to 
the method described by [23].

Histopathology

After fixation, all tissue samples were routinely processed 
for conventional histopathological examination according 
to [70] as follows:

Tissue samples were washed in tap water and then kept in 
70% ethyl alcohol overnight. Dehydration of the specimens 
was done by immersion in ascending grades of ethyl alcohol 
(70%, 80%, 90%, and 100%) for half an hour each. Tissue 
samples were cleared with xylene and embedded in paraffin 
wax and then blocked by fresh molten paraffin. 5-µm thick 
sections were cut and stained with hematoxylin and eosin 
stain for histopathological examination by light microscopy. 
(CX31; Olympus, Tokyo Japan) and photographed using a 
digital camera (Topview, LCMos10000KPA, China).

In addition, all the microscopic lesions of the liver for 
each group were presented in tables to demonstrate the type 
of lesion and severity according to [26] as demonstrated in 
(Table 1)

Statistical analysis

Statistical analyses were conducted using SPSS software 
package version 26.0. Data were analyzed by using one-
way analysis of variance (ANOVA) followed by post hoc 

lowest significant difference (LSD) multiple range test for 
comparison between control and exposed groups. All data 
were expressed as mean ± SE for all experimental and con-
trol animals. P < 0.05 was considered significant compared 
to control.

Results

There were no apparent clinical signs observed through-
out the experiment in all groups. There were also no gross 
abnormalities within the liver samples of all groups.

Liver weight

There were no significant changes in the absolute and 
relative weight of rats’ livers in all experimental groups 
(Table 2).

DNA damage parameters (Comet assay)

The results showed that there were nonsignificant differ-
ences regarding mean values of all DNA damage parameters 
among control group and group II detected either in blood or 
liver or between the control group and copper (II) albumin 
exposed group either in blood or liver by ANOVA test fol-
lowed by post hoc (LSD), so we used the control group as a 
standard reference in comparison with other treated groups. 
DNA damage in each group is expressed in Fig. 1 while 
different degrees of DNA damage found in the ZnONPs-
exposed group are expressed in Figs. 2 and 3.

DNA damage parameters in blood

The results showed a significant (P<0.001) increase in the 
mean values of both DNA damage parameters (tail DNA% 
and tail length (µm) in the blood of the ZnONPs-exposed 
group when compared with the control group. Treatment 
of the exposed animals with copper (II) albumin (ZnONPs 
+ copper (II) albumin) significantly (P<0.001) reduced the 

Table 1   Scoring of inflammation and destruction in liver:

Pathological lesions Score

No lesions 0
Hyperemia 1
Cloudy swelling of hepatocytes 1
Vacuolar degeneration 2
Mononuclear cell infiltration 2
Necrosis in hepatocytes (1–3 hepatocytes) 2
Necrosis in hepatocytes (> 3 hepatocytes) 3
Hemorrhage 3

Table 2   Absolute and 
relative weight of liver in all 
experimental groups

Data are expressed as mean ± SE. N number of rats
a   Non significant changes among groups

Groups Control
N = 5

Group (II)
N = 5

Copper (II) 
albumin N = 10

ZnONPs
N = 10

ZnONPs + copper 
(II) albumin
N = 10

absolute weight (g) 5.20 ± 0.55a 4.80 ± 0.13a 4.46 ± 0.24a 4.30 ± 0.31a 6.34 ± 0.49a

Relative weight (%) 3.09 ± 0.31a 2.86 ± 0.05a 2.44 ± 0.40a 2.47 ± 0.12a 3.03 ± 0.16a
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DNA damage parameters in blood when compared with the 
ZnONPs-exposed group. ZnONPs+ copper (II) albumin 
group has no significant changes when compared with con-
trol indicating that DNA damage has improved to be near 
normal status (Table 3).

Hepatic DNA damage parameters

The results showed a significant (P<0.001) increase 
in the mean values of both DNA damage param-
eters (tail DNA%, tail length (µm)) in the liver of the 

ZnONPs-exposed group when compared with the control 
group. Treatment of the exposed animals with copper (II) 
albumin (ZnONPs + copper (II) albumin) significantly 
(P<0.001) reduced the DNA damage parameters in the 
liver when compared with the ZnONPs-exposed group 
(Table 4).

Serum biochemical parameters

Oxidative stress parameters  The results showed nonsig-
nificant (P>0.05) differences regarding mean values of all 

Fig. 1   Comet assay in control 
and exposed groups. A control 
group showing intact circu-
lar nuclei (blue arrows), B 
copper(II) albumin group show-
ing intact circular nuclei (blue 
arrows), C ZnONPs-exposed 
group showing different degrees 
of DNA damage (yellow 
braces), D ZnONPs + copper(II) 
albumin group showing intact 
circular nuclei (blue arrows), as 
well as short tail comets (yellow 
arrows)

Fig. 2   Different degrees of 
DNA damage from zero to 4 
in blood and liver. A and B 
showing intact circular nuclei (0 
degree), C: mild DNA damage 
(degree 1), D: moderate DNA 
damage (degree 2). E and F 
severe DNA damage degree 3 
and 4)
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parameters of oxidative stress among control group and 
group II by ANOVA test followed by post hoc (LSD), so we 
used control group as a standard reference in comparison 
with other treated groups.

Glutathione peroxidase (GPx) (U/mL)  The results showed 
a nonsignificant decrease (P>0.05) in the mean value of 

(Gpx) in the ZnONPs-exposed group when compared 
with the control group but there was a significant increase 
(P<0.001) in the mean value of (Gpx) in ZnONPs+ copper 
(II) albumin group when compared with ZnONPs-exposed 
group.

Fig. 3   Different degrees of 
DNA damage by using Comet 
Assay Software Project (CASP) 
software. The blue area repre-
sents the comet tail, while the 
dark red circle represents the 
comet head boundaries. A and 
B no DNA migration in undam-
aged cell. C Mild increase in 
DNA migration to the tail. D 
Moderate increase in DNA 
migration. E and F Severe DNA 
damage with increased DNA 
migration and tail length

Table 3   DNA damage parameters (tail DNA%, tail length (µm)) in blood of control group, copper (II) albumin exposed group, ZnO nanoparti-
cles exposed group and ZnO nanoparticles + copper (II) albumin exposed group

Data are expressed as mean ± SE. N = number of rats
In each row, matching of the letters between 2 groups indicates that there is no significant change between them (P > 0.05), while different letters 
(a, b, c) indicate significant changes among groups

DNA damage parameters Control
N = 5

Copper (II) albumin N = 10 ZnONPs
N = 10

ZnONPs + copper 
(II) albumin
N = 10

Tail DNA% 0.79 ± 0.06a 0.80 ± 0.07a 2.57 ± 0.17b 1.17 ± 0.07a

Tail Length 3.74 ± 0.49a 4.20 ± 0.53a 10.03 ± 0.94b 4.81 ± 0.61c

Table 4   Hepatic DNA damage parameters (tail DNA %, tail length (µm)) in control, copper (II) albumin exposed group, ZnO nanoparticles 
exposed group and ZnO nanoparticles + copper (II) albumin exposed group

Data are expressed as mean ± SE. N = number of rats
In each row, matching of the letters between 2 groups indicates that there is no significant change between them (P > 0.05), while different letters 
(a, b, c) indicate significant changes among groups

DNA damage parameters Control N = 5 Copper (II) albumin N = 10 ZnONPs
N = 10

ZnONPs + copper 
(II) albumin
N = 10

Tail DNA% 0.65 ± 0.14a 0.59 ± 0.13a 2.70 ± 0.34b 1.57 ± 0.18c

Tail Length 3.48 ± 1.0a 3.96 ± 0.91a 13.08 ± 2.85b 6.33 ± 1.30c
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Nitric oxide (NO) (µmol/ml)  The results showed a signifi-
cant increase (P<0.05) in the mean value of (NO) in the 
ZnONPs-exposed group when compared with the control 
group while there was a significant decrease (P<0.001) 
in the mean value of (NO) in ZnONPs+ copper (II) albu-
min group when compared with ZnONPs-exposed group. 
ZnONPs+ copper (II) albumin group has no significant 
changes when compared with control group indicating 
that NO has turned to near normal levels (Table 5).

Malondialdehyde (MDA) (nmol/ml)  The results showed a 
significant increase (P<0.001) in the mean value of (MDA) 
in the ZnONPs-exposed group when compared with the con-
trol group while there was a significant decrease (P<0.05) 
in the mean value of (MDA) in ZnONPs+ copper (II) albu-
min group when compared with ZnONPs-exposed group 
(Table 5).

Total antioxidant capacity (TAC) (µMol/L)  The results 
showed a significant decrease (P<0.001) in the mean value 
of TAC in the ZnONPs-exposed group when compared with 
the control group while there was a significant increase 
(P<0.05) in the mean value of TAC in ZnONPs+ copper 
(II) albumin group when compared with ZnONPs-exposed 
group (Table 5).

Liver function tests

The results showed nonsignificant (P>0.05) differences 
regarding mean values of ALT and AST between control 
group (I) and group (II) were detected by ANOVA test 
followed by post hoc (LSD) or between group I and cop-
per (II) albumin exposed group, so we used the control 
group (I) as a reference in comparison with other treated 
groups.

AST (U/L)

The results showed significant increase (P<0.05) in the 
mean value of AST of ZnONPs-exposed group (III) when 
compared with group I while there was significant decrease 
(P<0.05) in the mean value of AST in ZnONPs+ copper 
(II) albumin group when compared with ZnONPs-exposed 
group (Table 6).

ALT (U/L)

The results showed nonsignificant increase in the mean val-
ues of ALT in ZnONPs-exposed group when compared with 
group I and a nonsignificant decrease (P<0.05) in the mean 
value of ALT in ZnONPs+ copper (II) albumin group when 
compared with ZnONPs-exposed group (Table 6).

Table 5   Oxidative stress parameters (glutathione peroxidase (GPx), 
nitric oxide (NO), malondialdehyde (MDA) and total antioxidant 
capacity (TAC)) in serum of control group, copper (II) albumin 

exposed group, ZnO nanoparticles exposed group and ZnO nanopar-
ticles + copper (II) albumin exposed group

Data are expressed as mean ± SE. N = number of rats
In each row, matching of the letters between 2 groups indicates that there is no significant change between them (P > 0.05), while different letters 
(a, b, c) indicate significant changes among groups

Control
N = 5

Copper (II) albumin
N = 10

ZnONPs
N = 10

ZnONPs + cop-
per (II) albumin
N = 10

Gpx 97.40 ± 4.30a 150.20 ± 11.05b 63.16 ± 4.35a 157.66 ± 22.21b

N.O 27.46 ± 1.32a 25.96 ± 0.76a 33.40 ± 0.45b 24.16 ± 1.56a

MDA 9.06 ± 0.27a 8.83 ± 0.18a 11.23 ± 0.13b 9.90 ± 0.05c

TAC​ 1.43 ± 0.08a 1.46 ± 0.06a 0.28 ± 0.04b 0.60 ± 0.05c

Table 6   ALT and AST levels in serum of control group, copper (II) albumin exposed group, ZnO nanoparticles exposed group and ZnO nano-
particles + copper (II) albumin exposed group

Data are expressed as mean ± SE. N = number of rats
In each row, matching of the letters between 2 groups indicates that there is no significant change between them (P > 0.05), while different (a, b, 
c) letters indicate significant changes among groups

Control
N = 5

Copper (II) albumin
N = 10

ZnONPs
N = 10

ZnONPs + Copper 
(II) albumin
N = 10

ALT 16.33 ± 0.88a 16.66 ± 1.76a 17.66 ± 1.76a 16.66 ± 0.66a

AST 20.66 ± 2.18a 25.00 ± 5.29a 35.66 ± 3.17b 21.00 ± 1.15a
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Histopathological findings

There were no gross pathological abnormalities among dif-
ferent groups detected by inspection.

Group I: control  The liver of the control group showed nor-
mal hepatic architecture on microscopic examination of 
H&E stained tissue sections from the livers of both control 
group and group II. Hepatic cords are radiated from the cen-
tral vein, separated by blood sinusoids (Fig. 4A, B). Hepato-
cytes are polyhedral in shape with acidophilic cytoplasm 
and vesicular nuclei.

Group III: copper (II) albumin complex‑treated group  Micro-
scopic examination of H&E stained tissue sections from the 
liver post administration of copper (II) albumin complex 
only revealed normal hepatic architecture (Fig. 4C).

Group IV (Zinc oxide nanoparticles (ZnONPs)  Histopatho-
logical examination of the liver of rats exposed to Zinc 
oxide nanoparticles revealed some changes throughout the 
hepatic lobules of all examined rats. These changes were 
expressed by the focal proliferation of Kupffer cells between 
hepatic cords (Fig.  5A). The inflammatory reaction was 
clear as stated by perivascular infiltration of mononuclear 
inflammatory cells was extensive in some cases (Fig. 5B), 
while was minimal in other cases. Periportal infiltration of 
inflammatory cells was also observed (Fig. 5C, D).

The angiopathic changes were very obvious in this group, 
such as the formation of mixed thrombus consisting of 
WBCs, RBCs, platelets, and fibrin (Fig. 5F) associated with 
perivascular infiltration of inflammatory cells (Fig. 5E, F).

Congestion of central veins and some vessels of the por-
tal area were seen as characteristic vascular changes in the 
liver accompanied by vacuolar degeneration of hepatic tissue 
affecting a considerable number of hepatocytes (Fig. 6A, 
B). Interstitial hemorrhage between hepatic cords was also 
observed (Fig. 6C). In other serial examined sections, the 

dissociation of hepatic cords around the damaged central 
vein which suffered from sloughed lining layer of endothe-
lial cells was very evident (Fig. 6D).

Group V (ZnONPs+copper (II) albumin complex)  Micro-
scopic examination of H&E stained liver tissue sections 

Fig. 4   Histopathological liver sections of control groups and cop-
per (II) albumin complex group, A Liver of control group showing 
normal hepatic architecture, hepatic cords radiated around the central 

vein H&E. B Liver of group (II) showing normal hepatic architecture 
H&E. C Liver of copper (II) albumin complex group showing normal 
hepatic architecture H&E Bar = 20

Fig. 5   Histopathological Liver sections of zinc oxide nanoparti-
cles exposed group showing, A focal proliferation of Kupffer cells 
between hepatic cords (star). B perivascular infiltration with mono-
nuclear inflammatory cells (star). C and D portal areas infiltrated 
with mononuclear inflammatory cells (star). E: perivascular lympho-
cytic infiltration (notched arrow) H&E, bar = 20. F mixed thrombosis 
(star), perivascular lymphocytic infiltration (notched arrow). H&E, 
bar = 100
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from the ZnONPs + copper (II) albumin group revealed 
fewer microscopic changes as follows:

Most of the hepatic cords are normal in their architecture 
(Fig. 7A). There were mild alterations such as focal areas 
of granular degeneration in some hepatic cords (Fig. 7B). 
Portal area infiltration with monocytes (Fig. 7C). Focal pro-
liferation of Kupffer cells between hepatic cords (Fig. 7D). 
Perivascular lymphocytic infiltration was also observed in a 
low number of cases (Fig. 7E, F).

Angiopathic changes were minimal. These changes were 
manifested by slight congestion of some blood vessels 
(Fig. 8A). Thrombus formation was also detected in some 
blood vessels (Fig. 8B). These diagnostic lesions were asso-
ciated with the sloughing of endothelial cells of the central 
vein (Fig. 8C, D).

Histopathological scoring of hepatic lesions 
in different groups:

There was a significant increase (P<0.001) in hepatic 
lesions in the ZnONPs group when compared with the con-
trol group However, the hepatic lesions were significantly 
decreased (P<0.001) in the ZnONPs + copper (II) albumin 
group when compared with ZnONPs group. In comparison 
between the control group, group (II), and copper (II) albu-
min groups there were no significant changes (P>0.05) in 
hepatic lesions. The histopathological scoring is presented 
in (Table 7).

Fig. 6   Histopathological Liver sections of zinc oxide nanoparticles 
exposed group showing, A vacuolar degeneration of hepatic tis-
sue (arrow heads). B congestion of blood vessels (star), C hemor-
rhage between hepatic cords (arrows). D dissociation of hepatic 
cords (arrow heads) and sloughing of endothelial cells of central vein 
(arrow). H&E, bar = 20

Fig. 7   Histopathological Liver sections of zinc oxide nanoparticles 
intoxicated groups treated with copper (II) albumin showing A nor-
mal hepatic architecture. B granular degeneration of hepatic cords. C 
portal areas infiltrated with mononuclear inflammatory cells (star). D 
Focal proliferation of Kupffer cells between hepatic cords (star). E 
and F perivascular lymphocytic infiltration (notched arrow). H&E, 
bar = 20

Fig. 8   Histopathological Liver sections of zinc oxide nanoparticles 
intoxicated groups treated with copper (II) albumin showing A con-
gestion of blood vessel (star). B thrombus formation (star). C and D 
sloughing of endothelial cells of central vein (arrow). H&E, bar = 20
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Discussion

ZnONPs are frequently utilized in paints, coatings, and 
semiconductors, as well as cosmetics including sunscreens, 
foot care, ointments, and a variety of other topical applica-
tions [14].

The present study used the comet assay (single-cell gel 
electrophoresis) for the detection of the possible DNA dam-
age in the blood and liver of rats quantified by comet tail 
length and the percentage of DNA in the tail. Tail length is 
the distance of DNA migration from the body of the nuclear 
core [15, 73]. The results of the present study showed that 
exposure of rats to ZnONPs increased both DNA damage 
parameters in blood and liver. This damage has a direct 
relation with oxidative stress parameters as MDA and NO 
increased while GPx and TAC decreased and this result may 
confirm the rule of oxidative stress in induction of DNA 
damage.

These results are similar to several studies that also con-
firmed the DNA damage on different levels and proved its 
relation to oxidative stress as the oxidative stress-mediated 
mechanisms are thought to be responsible for ZnONPs’ 
genotoxicity [6, 65].

Sharma et al. [65] reported a significant increase in the 
DNA damage parameters in rats livers exposed to 300 mg/
kg ZnONPs for 14 days. Furthermore, ZnONPs generate an 
oxidative environment that depletes antioxidant cell repair 
mechanisms.

The present results are in harmony with most of the previ-
ous reports that have revealed the potential DNA damage of 
ZnONPs; however, a number of studies reported negative 
results in which ZnONPs demonstrated no or minor DNA 
damage [4, 13]. This contrast can be explained by the dif-
ferences in species as these studies were applied to Dros-
ophila melanogaster. Also, Kwon et al. [45] study had shown 
that ZnONPs did not induce DNA damage in rats when the 
administered doses were (500, 1000, and 2000 mg/kg) three 
times by gavage at 0, 24, and 45 h. The short period of expo-
sure could be the reason for the contrasting results.

It should be noted that several previous studies have dem-
onstrated the positive effect of Cu (II) albumin complex on 
oxidative stress induced by various toxicants, however, and 
to the extent of our knowledge, there are no publications 
available evaluating the effect of such complex following 

the exposure to ZnONPs particularly or its effect on DNA 
damage resulting from any toxicant.

The present study found that the use of copper (II) albu-
min complex along with ZnONPs (group IV) significantly 
reduced the DNA damage parameters.

This result may be attributed to the role of copper as it is 
a suitable cofactor for a wide range of enzymes and com-
pounds because it participates in redox and catalytic chem-
istry [34].

In the current study oxidative stress triggered by ZnONPs 
was indicated by the significant rise of both MDA and NO 
levels along with decreased levels of both GPx and TAC in 
the serum of ZnONPs-exposed rats.

Similar findings have been described in which ZnONP 
cytotoxicity was induced by oxidative stress, resulting in 
antioxidant depletion as evidenced by high amounts of lipid 
peroxidation end products and reduced antioxidant status 
in the liver [83], brain [6], testis [33], and lungs [32] of rats 
exposed to ZnONPs.

The study of Syama et al. [71] revealed that on treatment 
of bone marrow mesenchymal stem cells isolated from mice 
with ZnONPs at a dosage of 70 mg/ml, ZnONPs exhibited 
cytotoxicity and significantly high ROS induction.

Also, Mansouri et al. [48] reported that the Injection of 
ZnONPs resulted in a significant rise in oxidative stress in 
the liver tissue, owing to an increase in lipid peroxidation 
(MDA) and a significant decrease in superoxide dismutase 
and glutathione peroxidase enzyme activities.

Previous studies have found that ZnONPs-enhanced 
oxidation is linked to a reduced antioxidant state and sup-
pressed antioxidant enzyme activity in the rats’ livers [5, 
31, 48, 83]. According to [49], the formation of ROS by 
ZnONPs has been related to their nanoscale and semicon-
ductor properties.

In the present study, rats received copper (II) albumin 
complex along with ZnONPs, both MDA and NO were 
significantly decreased, while both TAC and Gpx serum 
levels were increased. These findings can be attributed to 
the antioxidant activity of the copper (II) albumin complex. 
The reducibility of Cu as a micronutrient and its bioactive 
peptide complex form, which plays an important role in 
endogenous antioxidant defense mechanisms, could also 
explain the elevation in TAC with copper (II) albumin com-
plex treatment [9].

Table 7   Statistical comparison of histopathological score of hepatic lesions observed by light microscope in all experimental groups

Data are expressed as mean ± SE
In each row, matching of the letters between 2 groups indicates that there is no significant change between them (P > 0.05), while different (a, b, 
c) letters indicate significant changes among groups

Groups Control Group (II) Copper (II) albumin ZnONPs ZnONPs + copper (II) albumin

Hepatic lesions 0.6 ± 0.4a 0.37 ± 1.09a 0.90 ± 0.23a 9.1 ± 0.31b 5.0 ± 0.25c
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These findings are in accordance with the study of 
Mohamed et al. [51] that reported a significant decrease in 
MDA and an increase in TAC in rats exposed to 10% total 
body surface area full-thickness thermal burn and treated 
with copper (II) albumin complex to evaluate its efficacy on 
thermal wound healing.

Moreover, Abo‐Hiemad et al. [2] reported improvement 
in the levels of GSH, MDA, and NO which were adversely 
affected in the aflatoxicated rat group.

Also, the levels of antioxidant enzymes (GPx, GR, GST, 
SOD, and ceruloplasmin) in Bromobenzene-intoxicated rats 
were reversed to normal levels, and also NO and lipid per-
oxidation levels were significantly decreased after copper 
(II) albumin complex treatment [1].

These findings also agree with other studies using simi-
lar copper complexes as Shatat et al. [66] who reported a 
decrease in NO and lipid peroxides levels in hepatic tissue 
and an increase in antioxidant cellular chemicals such as 
GSH and total thiols when the copper complex was used to 
assess its protective role against aflatoxicosis.

Copper complexes can enhance the activity of the super-
oxide dismutase enzyme (SOD), reducing oxidative stress 
[11, 16, 17, 37, 79]. Cu complexes can be regarded as 
scavengers of oxygen-free radicals because of their SOD-
mimetic action, or by promoting SOD synthesis because 
Cu complexes are good suppliers for SOD biosynthesis. 
Cu–zinc and manganese are essential components for the 
two major SOD enzymes’ accelerated biosynthesis [42] 
which explains the positive effects on oxidative stress status 
of the complex on ZnONPs + copper (II) albumin group.

Clinically, an increase in serum hepatic enzymes (ALT 
and AST) suggests serious hepatic dysfunction or injury [67, 
82]. AST is primarily a mitochondrial enzyme that is utilized 
particularly with other enzymes to diagnose and confirm the 
course of hepatotoxicity [76]. ALT, on the other hand, is 
found largely in the cytoplasm of hepatocytes so its elevation 
is an early biomarker of cellular necrosis and hepatotoxic-
ity [60].

In the current study the results showed that there was 
a significant increase in liver transaminases in the group 
treated with ZnONPs when compared to the control group. 
Similar results were reported when rats were given ZnONPs 
at a dose of (10 mg/kg/day) for 28 days orally [80].

Ben-Slama et al. [8] reported that after 5 days of suba-
cute oral administration of ZnONPs (10 mg/kg) to rats, an 
increase in AST and ALT enzymes was observed.

Similarly, significant increase in hepatic transaminases 
was found in mice given ZnONPs (300 mg/kg) for 14 days 
[65], rats given 100 mg/kg ZnONPs orally on a daily basis 
for 75 days [83], rats receiving 100 mg/kg ZnONPs intra-
peritoneal every other day for 10 days [50] and rats given 
100, 200, 300 mg/kg ZnONPs orally on a daily basis for 14 
days [3].

In chicken given a nutritional supplement of ZnONPs, 
ALT, and AST levels were unlikely lowered [22]. The 
diversity in animal species could explain the conflicting 
results. On the other hand, other study indicated no sta-
tistically significant changes in the ALT and AST enzyme 
levels upon exposure of rats to ZnONPs [69]. This disa-
greement could be explained by the difference in ZnONPs 
administration routes, as the authors reported their find-
ings using ZnONPs administered dermally.

In the present study Treatment of rats by copper (II) 
albumin complex along with ZnONPs, showed a promi-
nent decrease in liver transaminases. Similarly, copper (II) 
albumin complex had been reported to restore the elevated 
levels of both ALT and AST and the depressed levels of 
total proteins and albumin to near normal levels reversing 
the hepatotoxic effect of Bromobenzene [1] and aflatoxin 
[2].

These results are in accordance with Salama et al. [62] 
that reported significant decrease in liver transaminases and 
alkaline phosphatase when copper complex was applied on 
a nonalcoholic fatty liver rat model and when it was used 
to evaluate its protective effects against aflatoxicosis [66].

Similar findings, treatment with copper nicotinate com-
plex resulted in an improvement, indicating that the copper 
complex has an antioxidant and hepatocellular protective 
action [19]. Moreover, the alterations in transaminases were 
a positive indication for the copper complex’s preventive 
impact against hepatic tissue collapse caused by ZnONPs.

The hepatoprotective effect of Cu complexes maybe 
attributed to the anti-inflammatory, anticancerous, antifi-
brotic, and antioxidative mechanisms of action [57, 59, 12].

The current study investigated the effect of ZnONPs on 
rat liver as it is a target organ where the majority of nano-
particles tend to accumulate [35].

In the current study, the architecture of the livers of rats 
exposed to ZnONPs was altered, with angiopathic changes 
such as dilated congested veins and sinusoidal congestion, 
thrombosis, and extravasation of blood. Sinusoidal dilatation 
in hepatic lesions was attributed to hepatocytic atrophy and 
necrosis or as a result of sinusoidal endothelial injury [55].

The observed vascular changes were accompanied by 
dispersed inflammatory cellular infiltration in the lobular 
and portal triads as the proliferation of Kupffer cells and 
lymphocytic infiltration. This is in line with the findings 
of Landsiedel et al. [46], who found that ZnONPs can also 
raise neutrophil counts. The infiltration of inflammatory 
cells caused by ZnONPs could indicate that these particles 
interact with interstitial hepatic tissues, resulting in a variety 
of immunological responses [36]. Kupffer cell hyperplasia 
following ZnONPs exposure was also observed in [3, 28] 
that could be a defensive mechanism against hepatic oxida-
tive stress caused by ZnONPs [54, 61].
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ZnONPs caused an inflammatory profile in the hearts and 
lungs of rats [58] in pancreas, liver, and stomach [21] and 
pathological changes in mice liver as hepatocytic necrosis, 
kidney as segmentation of glomeruli, epithelial hydropic 
degeneration, tubular epithelial cells necrosis, and swelling 
of the proximal tubular epithelium [10].

In this study, hepatocytic vacuolization, hydropic degen-
eration, and focal regions of hepatic necrosis were also 
observed. The hydropic hepatocyte degeneration and vacu-
olization observed suggests that ZnONPs may alter fluid 
homeostasis, increasing intracellular water permeability and 
a huge influx of water and Na [5, 64]. Furthermore, hepato-
cyte degeneration may follow lysosomal hydrolytic enzyme 
leakage that leads to enhanced cytoplasmic degeneration [5].

The development of cell lysis and cell debris may be the 
basis of necrotic foci, which could trigger phagocytic infil-
tration [18]. The development of ROS by NPs is reported 
to induce cell death and hepatocyte injury through necrosis 
[81]. Moreover, the necrotic effects of ZnONPs have been 
linked to hepatocyte vacuolization [29].

Similar results were reported when rats were given 
ZnONPs at a dose of (10 mg/kg/day) for 28 days orally 
[80],100, 200, 300 mg/kg body weight for 14 days orally 
[3], 300 mg/kg body weight for 14 days [48] 1 g/kg body 
weight for 5 consecutive days [29], and 100 mg/kg body 
weight every second day for 10 days [50].

In this study rats that received copper (II) albumin com-
plex along with ZnONPs showed a significant decrease in 
the hepatic lesions when compared with the ZnONPs group. 
Similarly, livers from Cu (II) albumin complex-treated 
groups maintained their normal structure of the central 
vein and portal area with only very small foci of lymphoid 
cells, and the hepatocyte necrosis was markedly regressed 
in contrast to the histopathological pattern in the livers of 
aflatoxicated rats [2].

These results were also confirmed by the improvement 
to a nearly normal state exerted by Cu (II) albumin complex 
on hepatitis indicated as (leukocytic infiltration and blood 
vessels congestion), fatty degeneration, fatty change (steato-
sis), hepatic necrosis, and nuclear changes in Bromobenzene 
exposed rats’ liver [1].

The observed hepatoprotective effect of Cu (II) albumin 
complex may be attributed to the anti-inflammatory, antioxi-
dant / radical scavenging activities exerted by the complex 
[1, 66], [2]. Also, Cu complexes have SOD-mimetic activity, 
enhance the function of lysyl oxidase and improve Cu–Zn-
SOD synthesis which are all necessary for the repair of con-
nective tissue elements.

Some authors thought that the cytoprotective actions 
of copper complexes are due to their capacity to limit the 
release of nitric oxide through NOS down-regulation [7].

Conclusion

Sub-chronic exposure of rats to ZnONPs-induced DNA 
damage, oxidative stress and hepatotoxicity. Cu (II) albu-
min complex has an ameliorative role in preventing DNA 
damage, and maintaining the normal structure of the hepatic 
tissues owing to alleviating the oxidative stress induced by 
ZnONPs.
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