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Abstract
The widespread use and applications of copper oxide nanoparticles (CuO NPs) in daily life make human exposure to these 
particles inevitable. This study was carried out to investigate the deteriorations in hepatic and serum biochemical parameters 
induced by CuO NPs in adult male mice and the potential ameliorative effect of l-arginine and quercetin, either alone or in 
combination. Seventy adult male mice were equally allocated into seven groups: untreated group, l-arginine, quercetin, CuO 
NPs, arginine + CuO NPs, quercetin + CuO NPs, and quercetin + arginine + CuO NPs. Treating mice with CuO NPs resulted in 
bioaccumulation of copper in the liver and consequent liver injury as typified by elevation of serum ALT activity, reduction in 
the synthetic ability of the liver indicated by a decrease in the hepatic arginase activity, and serum total protein content. This 
copper accumulation increased oxidative stress, lipid peroxidation, inflammation, and apoptosis as manifested by elevation 
in malondialdehyde, nitric oxide, tumor necrosis factor-α, the expression level of caspase-3 and bax quantified by qPCR, 
and the activity of caspase-3, in addition to the reduction of superoxide dismutase activity. It also resulted in severe DNA 
fragmentation as assessed by Comet assay and significant pathological changes in the liver architecture. The study proved 
the efficiency of quercetin and l-arginine in mitigating CuO NPs-induced sub-chronic liver toxicity due to their antioxidant, 
anti-inflammatory, and anti-apoptotic properties; ability to inhibit DNA damage; and the potential as good metal chelators. 
The results of histopathological analysis confirmed the biochemical and molecular studies.
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Introduction

Copper oxide nanoparticles (CuO NPs) are among the most 
important engineered nanoparticles due to their excellent 
optical, electrical, catalytic, and antimicrobial properties. 
CuO NPs are widely used in electronics, ceramics, films, 
polymers, inks, lubricant oils, and coatings [1]. Additionally, 
they have shown great promise in the development of 
antibacterial products, as a supplement in livestock 
and poultry feed, and as a component of intrauterine 
contraceptive devices [2]. The widespread use of CuO NPs 

increases the likelihood of the release of CuO NPs into the 
environment and the chance of human exposure to these 
particles [3, 4]. Even though CuO NPs have proven their 
use in biomedical applications, the major disadvantage 
of their use in the medical field is due to their potentially 
toxic effects [5]. Various in vitro and in vivo investigations 
clarified that exposure to CuO NPs produces oxidative stress, 
genotoxicity, immunotoxicity, neurotoxicity, hepatotoxicity, 
nephrotoxicity, and severe splenic injury, as well as DNA 
damage and inflammation [6, 7]. The concomitant use 
of nutraceuticals or botanical metabolites with these 
nanoparticles could reduce their toxicity and provide a safer 
platform. In the current study, we investigated the potential 
protective effects of quercetin and l-arginine.

Quercetin, a polyphenolic flavonoid, is widely found in 
kale, onions, berries, apples, red grapes, broccoli, cherries, 
and tea [8]. It is a versatile molecule with a wide range of 
pharmacological activities, including antioxidant, neuropro-
tective, antiviral, anticancer, cardiovascular, antibacterial, 
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hepatoprotective, and anti-obesity [9]. Quercetin is also 
known as an anti-inflammatory/anti-allergy natural rem-
edy, where it stabilizes the cell membrane of mast cells and 
prevents the release of histamine and other inflammatory 
mediators in the body [10]. The antioxidant properties of 
quercetin play an important role in the prevention and treat-
ment of a variety of disorders [8].

l-Arginine (l-Arg) is a semi-essential amino acid involved 
in multiple areas of human physiology and metabolism. 
l-Arginine is the source of nitric oxide (NO) in biological 
tissues produced from its terminal guanidinium group by 
nitric oxide synthase (NOS). Therefore, arginine possesses 
a potent anti-stress activity [11], regulates cellular redox sta-
tus, and plays an effective role against oxidative stress [12]. 
Several studies have proved that l-arginine has a therapeu-
tic effect on numerous acute and chronic diseases includ-
ing sickle cell chest crisis, pulmonary artery hypertension, 
coronary heart disease, and pre-myocardial infarction [13].

Therefore, the current study aimed to investigate the 
potential hepatoprotective effect of quercetin and/or l-argi-
nine against liver damage induced by copper oxide nanopar-
ticles in adult male mice and explore the associated molecu-
lar mechanisms.

Materials and Methods

Animals

Seventy adult male mice weighing 20–30 g, obtained from 
the Faculty of Veterinary Medicine (Giza, Egypt), were 
housed in steel mesh cages (10/cage) for 1 week for accli-
matization under controlled conditions at 23 °C ± 1 °C with 
a natural 12-h light/dark cycle and 50% ± 5% relative humid-
ity. All mice were fed on standard rodent pellets obtained 
from the Agricultural Industrial Integration Company, (Giza, 
Egypt) and had a free access to water. The experimental 
animals were humanely treated following the Laboratory 
Animal Care and Use Guide from the National Institutes 
of Health (NIH Publications No. 8523, revised 2011). The 
research protocol was approved by the Ethics Committee on 
Animal Use (Code ASU-SCI/ZOOL/2023/5/1).

Chemicals

Quercetin (Qu) and l-arginine (l-Arg) were purchased from 
Sigma (St. Louis, MO, USA) and LOBA Chemie (India), 
respectively. Copper oxide nanoparticles (CuO: size 20–30 
nm, purity 99.5%, spherical in shape, black powder, specific 
surface 43.2 m2/g, phase monoclinic, batch # 123332390) 
were obtained from ROTH (Germany).

Experimental Design

Experimental animals were equally divided into seven 
groups (n = 10). Group (1): Control group received distilled 
water by oral gavage. Group (2): Animals received 100 mg/
kg of CuO NPs suspended in distilled water by oral gavage, 
day after day for 8 weeks [3]. Group (3): Mice received 50 
mg/kg of (l-Arg) dissolved in distilled water by oral gavage, 
day after day for 8 weeks [14]. Group (4): Mice received 
50 mg/kg of (Qu) dissolved in warm distilled water by oral 
gavage, day after day for 8 weeks [15]. Group (5): Mice 
received the same previous doses of l-Arg and CuO NPs 
concomitantly. Group (6): Mice received the same previous 
doses of Qu and CuO NPs concomitantly. Group (7): Mice 
received l-Arg, Qu, and CuO NPs concomitantly.

Blood and Tissue Sampling

At the end of the experiment (8 weeks), the animals were 
weighed and then anesthetized using isoflurane after fasting 
for 12 h. Blood samples were withdrawn into capillary tubes 
from the retro-orbital venous plexus. Sera were immediately 
separated by centrifugation at 5000 rpm for five min, then 
aliquoted and stored at – 80 °C until analysis. Immediately 
after sacrifice, liver tissue was perfused, dissected out, and 
divided into three parts; the first part (~ 0.1 g) was placed in 
a sterilized microfuge tube and kept at – 80 °C for qRT-PCR, 
the second part was kept in 10% formalin for histopathologi-
cal examination, and the third part was rinsed in isotonic 
saline solution, blotted dry with filter paper, weighed, and 
homogenized for biochemical assays.

Preparation of Liver Homogenate

Liver homogenate (10%) was prepared by homogenizing 
1:10 w/v of liver tissue in phosphate buffer saline (PBS) pH 
7.2. The homogenate was centrifuged at 3000 rpm for 15 min 
at 4 °C, and then, the supernatant was removed, aliquoted, 
and stored at – 80 °C, till biochemical measurements.

Determination of Copper Accumulation in Liver 
Homogenate

Copper accumulation in the liver was determined by atomic 
absorption according to the method described elsewhere 
[16] using Flame Atomic Absorption (GBC Scientific 
Equipment, Pty Ltd., Australia). The optimum conditions 
for copper were wavelength: 324.8 nm, acetylene flow rate: 
0.5 L min−1, air flow rate: 4.0 min−1, and slit width: 0.7 nm.
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Biochemical Analyses

Liver function tests were carried out by kinetic measur-
ing of serum alanine aminotransferase (ALT) activity [17] 
using a kit from BM Egypt (Cairo, Egypt) and a Beckman 
Coulter analyzer. Total protein (TP) content was deter-
mined in serum using a colorimetric assay kit (SPINRE-
ACT, Spain) [18]. Arginase activity was determined in 
liver tissue as described before [19] using a colorimetric 
assay kit (BioVision, California, USA). Superoxide dis-
mutase (SOD) activity, malondialdehyde (MDA), and NO 
contents were determined in liver homogenate as described 
elsewhere [20–22], respectively. The level of inflamma-
tory marker tumor necrosis factor-α (TNF-α) in serum was 
determined using an ELISA assay kit (CUSABIO, USA) 
[23]. Caspase-3 activity was detected by a colorimetric 
assay kit (MBL, Woburn, USA) [24].

Evaluation of DNA Fragmentation

Comet assay was used to evaluate the CuO NPS-induced 
DNA damage according to Singh et al. [25]. Briefly, 500 
mg of chopped liver sample was gently homogenized in 
ice cold phosphate buffer saline (PBS) with a homogenizer 
(Ikemoto Scientific Technology Company Ltd., Japan). 
The homogenate was centrifuged for 10 min at 4 °C and 
15,000 rpm and filtered. A volume of 100 μL of cell sus-
pension was mixed with 600 μL of low melting agarose 
(0.8% in PBS). Then, 100 μL of the mixture was spread on 
pre-coated slides. The coated slides were immersed in lysis 
buffer (0.045 M TBE, pH 8.4, containing 2.5% SDS) for 
15 min to eliminate any proteins. The slides were placed in 
electrophoresis chamber containing the same TBE buffer, 
but devoid of SDS. The electrophoresis conditions were 
2 V/cm for 2 min and 100 mA. Staining with ethidium 
bromide (20 μg/mL) was performed at 4 °C. The observa-
tion was performed while the samples were still humid. 
The DNA fragment migration patterns were evaluated with 
fluorescence microscope (with excitation at 510 nm). The 
comet’s tail lengths were measured from the middle of the 
nucleus to the end of the tail with 40 × for the count and 
measure the size of the comet. Komet 5 image analysis 
software developed by Kinetic Imagining, Ltd. (Liverpool, 
UK) was used for the image analysis linked to a CCD 
camera to assess the quantitative and qualitative extent of 
DNA damage, and the tail moment was calculated by the 
program from the following equation:

where DS1 was the total comet length, DS2 was the comet 
head length, and DS3 was the percent DNA in tail value.

(DS3 ∗ (((DS1 − DS2 )∕2) + ( DS2∕2)))∕100

Molecular Analysis

Caspase-3 and bax gene expression levels were assessed 
in liver tissue by quantitative real-time polymerase chain 
reaction (qRT-PCR). Total RNA extraction kit, reagents 
for cDNA synthesis, and SYBER Green Master Mix were 
obtained from Thermo Scientific (USA). Total RNA was 
isolated from hepatic tissues by triazole reagent according to 
the instructions of the manufacturer and subsequent cDNA 
was synthesized using power first-strand cDNA synthesis 
kits according to the manufacturer protocol. The primer 
sequence for the studied genes is illustrated in Table 1.

The expression levels of caspase-3 and bax genes in 
hepatic tissues were analyzed by qRT-PCR version 1.7 
sequence detection software from PE Biosystems (Foster 
City, CA). The relative expression rate was estimated by 
calculating the difference in expression between the test gene 
and the reference gene (ΔCt) of the groups compared to that 
of the control group (ΔΔCt) and then calculating the fold 
change (2−ΔΔCt). All values were normalized to the reference 
gene (GAPDH).

Histopathological Examination

Samples were taken from the liver of mice in different 
groups and fixed in 10% formalin for 24 h. Specimens were 
washed in tap water, dehydrated in ascending series of ethyl 
alcohol, cleared in xylene, embedded in paraffin wax, sec-
tioned at 4 microns thickness by sledge microtome, and 
stained by hematoxylin and eosin stain for examination by 
light electric microscope [29].

Statistical Analysis

Data were analyzed using the Statistical Package for the 
Social Sciences (SPSS 16) for Windows. The data distribu-
tion was tested by the Kolmogorov–Smirnov test. Data were 
analyzed using one-way analysis of variance (ANOVA) fol-
lowed by Tukey’s test for multiple comparisons. The data 
were expressed as mean ± standard error of the mean (SEM). 
P < 0.05 was considered statistically significant.

Table 1   Primer sequences for caspase-3, bax, and GAPDH 

Genes Primers Reference

Caspase-3 F: 5\−GAG​CTT​GGA​ACG​GTA​CGC​TA-3\

R: 5\−CCG​TAC​CAG​AGC​GAG​ATG​AC-3\
[26]

Bax F: 5\−CGG​CGA​ATT​GGA​GAT​GAA​CTGG-
3\

R:5\CTA​GCA​AAG​TAG​AAG​AGG​GCA​ACC​
-3\

[27]

GAPDH F: 5\AGC​CTC​GTC​CCG​TAG​ACA​A-3\

R: 5\AAT​CTC​CAC​TTT​GCC​ACT​GC-3\
[28]
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Results

Hepatic Copper Accumulation

Administration of CuO NPs caused a significant elevation 
of the copper level in the hepatic tissue as compared to 
the control mice. This indicates the accumulation of CuO 
NPs in the hepatic cells. Treating mice with CuO NPs 
along with either l-Arg or Qu significantly prevented this 
accumulation of copper in the liver tissue compared to the 
CuO NP-intoxicated group (Fig. 1). Animals treated with 
arginine or the combined treatment with l-Arg and Qu 
demonstrated normal hepatic levels of copper comparable 
to that of the control group.

Oxidative Stress and Redox Response

Oral administration of CuO NPs to mice for 8 weeks induced 
hepatic oxidative stress and lipid peroxidation indicated by 
a significant (P < 0.05) increase in hepatic NO and MDA 
levels (Fig. 2a) which was accompanied by a significant 
(P < 0.05) decrease in SOD activity (Fig. 2b). Concomitant 
administration of CuO NPS with l-Arg and/or Qu signifi-
cantly improved the redox state of liver tissue and prevented 
the elevation of MDA and NO levels and the reduction of 
SOD activity.

Physiology and Functional Status of the Liver

Oral administration of CuO NPs to mice induced hepatic 
injury indicated by a significant (P < 0.05) elevation of 
serum ALT accompanied by a significant (P < 0.05) reduc-
tion in the hepatic arginase activity (Fig. 3a) and serum total 
protein (Fig. 3b), compared to control mice. Co-adminis-
tration of either l-Arg or Qu protected the mice from the 
deleterious effects of CuO NPs and significantly increased 
arginase activity (P < 0.05) and lowered serum ALT activ-
ity compared with CuO NP-intoxicated group (P < 0.05). 
Combined treatment with arginine and Qu normalized the 
changes in the arginase activity and was superior to each 
treatment alone. Although arginine or Qu prevented the 
reduction in the total protein level, however, this did not 
achieve statistical significance and only when the animals 
were administered with the combined Arg + Qu, the total 
protein level was normalized (Fig. 3b).

Impact of CuO NPs, Qu, and/or l‑Arg on Serum TNF‑α

Sub-chronic exposure of experimental mice to CuO NPs 
resulted in liver tissue inflammation as seen by a significant 
(P < 0.05) rise in serum TNF-α level (Fig. 4). In contrast, 
mice treated with CuO NPs and received quercetin and/or 
l-arginine presented a considerable reduction in their serum 
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Fig. 1   Copper levels in hepatic tissues of different studied groups. 
Data are expressed as mean ± SEM (n = 8). Different symbols are sig-
nificant at P < 0.05 (C: control, Arg: l-arginine, Qu: quercetin, CuO 
NPs: copper oxide nanoparticles)

Fig. 2   Effect of CuO NPs, Qu, 
and/or l-Arg on hepatic a MDA 
and NO levels and b SOD activ-
ity. Data are expressed as mean 
± SEM (n = 8). Different sym-
bols are significant at P < 0.05 
(C: control, Arg: l-arginine, Qu: 
quercetin, CuO NPs: copper 
oxide nanoparticles)
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TNF-α levels (P < 0.05) compared with the CuO NPs group. 
It is worth noting that the combination treatment resulted 
in a better effect in reducing serum TNF-α level (P < 0.05).

Effect of CuO NPs, Qu, and/or L‑Arg 
on the Expression Level of Caspase‑3 & bax Genes 
in Liver Tissue

Administration of CuO NPs to mice elevated the expres-
sion of apoptotic genes and caused a significant increase in 
the relative expression of hepatic caspase-3 and bax genes 
by ~ 8- and fivefold, respectively (Fig. 5). Whereas supple-
menting animals with CuO NPs with quercetin or l-arginine 
resulted in a marked reduction in the relative expression of 
the studied genes (P < 0.05). The combination treatment of 
CuO NP-administered mice with quercetin and l-arginine 
produced better results than individual supplements and 
normalized the gene expression level to the control level.

Effect of CuO NPs, Qu, and/or l‑Arg on Caspase‑3 
Activity in Liver Tissue

Figure 6 demonstrates that animals treated orally with CuO 
NPs expressed higher activity of hepatic caspase-3 com-
pared to the control group (P < 0.05), indicating hepatic 
apoptosis, and confirming the results of the gene expres-
sion. Co-administrating CuO NPs-treated mice with either l-
Arg or Qu significantly prevented the elevation of caspase-3 
activity by 65% and ~ 74%, respectively, compared to the 
CuO NPs group. Furthermore, the combination treatment 
with l-Arg and Qu to CuO NP group normalized the hepatic 
caspase-3 activity.

Effect of Qu and/or L‑Arg on CuO NP‑Induced DNA 
Damage

Administration of CuO NPs to mice resulted in a significant 
increase in DNA fragmentation assessed by Comet assay 

Fig. 3   Effect of oral CuO NPs, 
Qu, and/or l-Arg on a serum 
ALT and hepatic arginase 
activities, b serum total protein. 
Data are expressed as mean ± 
SEM (n = 8) Different symbols 
are significant at P < 0.05 (C: 
control, Arg: l-arginine, Qu: 
quercetin, CuO NPs: copper 
oxide nanoparticles)
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Fig. 4   Changes of serum TNF-α levels in response to CuO NPs, Qu, 
and/or l-Arg. Data are expressed as mean ± SEM (n = 8). Different 
symbols are significant at P < 0.05 (C: control, Arg: l-arginine, Qu: 
quercetin, CuO NPs: copper oxide nanoparticles)
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Fig. 5   Effect of CuO NPs, Qu, and/or l-Arg on caspase-3 and 
bax gene transcripts in liver tissue of all studied groups. Data are 
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in liver tissue (tail DNA) by ~ 106% (Fig. 7), compared 
with the untreated group. Co-administrating CuO NP-treated 
mice with either Qu or l-Arg significantly reduced the tailed 
DNA by 15% and 9% respectively, while combination treat-
ment of CuO NP-administered mice with Qu and l-Arg 
decreased tailed DNA by 21% compared with the CuO NP 
group.

Histopathological Findings

Histopathological abnormalities observed in the liver 
architecture of CuO NP-intoxicated mice (Fig. 8b and c) 
confirmed the liver injury and biochemical alterations 
reported. Photomicrographs of liver tissue from this group 
showed markedly dilated central veins with detached lin-
ing, expanded portal tracts with markedly dilated congested 
portal veins, and a marked portal inflammatory infiltrate, 
compared with the normal hepatic architecture of untreated 
mice (Fig.  8a). In addition, hepatocytes apoptotic and 
marked hydropic changes as well as areas of intra-lobular 
inflammatory infiltrate were detected (Fig. 8b and c). Liver 
sections from l-Arg-administered mice showed average cen-
tral veins with slightly dilated portal veins and mild portal 
inflammatory infiltrate (Fig. 8d). Photomicrograph of liver 
sections from Qu-administered mice demonstrated aver-
age central veins with average portal veins and average bile 
ducts (Fig. 8e). Moreover, liver sections of l-Arg and CuO 
NP-administered mice showed average central veins with 
surrounding hepatocytes, mild hydropic changes, average 
portal tracts with average portal veins and average bile ducts, 
as well as average hepatocytes in peri-portal area (Fig. 8f), 
while liver sections from Qu and CuO NP-administered 
mice revealed dilated central veins with marked peri-venular 
inflammatory infiltrate, average portal tracts with average 

portal veins and mild hydropic changes in hepatocytes 
(Fig. 8g). Obviously, histopathological examination of liver 
sections of mice administrated with l-Arg, Qu, and CuO 
NPs showed average central veins, with dilated congested 
portal veins, average bile ducts, and mild hydropic changes 
in hepatocytes (Fig. 8h).

Discussion

The widespread use and applications of CuO NPs in the 
daily life makes human exposure to these particles inevita-
ble. When CuO NPs come into contact with living organ-
isms, their nano-size, large surface area, and increased 
physicochemical reactivities can cause interactions with 
biomolecules causing serious cellular and tissue damage 
[30, 31]. The primary mechanism of CuO NP toxicity is 
attributed to the overproduction of reactive oxygen species 
(ROS), progression of oxidative stress, inflammation, bio-
molecule destruction, and genotoxicity. These effects occur 
when CuO NPs contact with the cell membrane and pass 
via tiny endocytic vesicle [32–34]. Excessive production of 
ROS is critical in the induction and progression of several 
diseases including liver disease [35]. In the current study, 
we investigated the role of quercetin and/or l-arginine in 
protecting or ameliorating the hepatotoxicity induced by 
copper oxide nanoparticles along 2-month duration period.

Regardless of their size, shape, dosage, or kind of sub-
stance, metal NPs typically accumulate in the liver. As indi-
cated by the current findings, oral delivery of CuO NPs to 
mice (group 4) resulted in considerable copper buildup in 
the liver tissue causing hepatic injury. Our results are in 
agreement with previous studies [35, 36]. The higher bioac-
cumulation of copper in the liver is attributed to the liver 
fenestration and discontinuous endothelia which allow NPs 
of up to 100 nm to pass through blood into the parenchyma 
of the liver [37]. Treating the intoxicated animals with Qu 
and/or l-Arg led to a considerable decrease in the hepatic 
copper level. Qu and arginine could enhance copper elimina-
tion or bind copper preventing its accumulation in the liver. 
Quercetin has metallothionein induction and copper chelat-
ing properties [38]. Metallothionein is an endogenous metal 
chelator in enterocytes that has a higher affinity for copper 
than for zinc, causing it to bind luminal copper and prevent-
ing it from entering the circulation [39]. Arginine is a chiral 
α-amino acid with a tetrahedral stereo-center and a guani-
dine group forming a side chain that takes part in H-bonding 
and salt bridges [40]; thus, it can bind to Cu+2 ions forming 
Arg-Cu complex. Gao et al. [41] detected no increase in 
Cu+2 intracellular accumulations after Cu-Arg transport in 
Caco-2 cells. The authors related this observation to the high 
affinity of Cu+2 to amino acid residues in proteins.
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Fig. 6   Caspase-3 activity in hepatic tissue of all experimental groups. 
Data are expressed as mean ± SEM (n = 8). Different symbols are sig-
nificant at P < 0.05 (C: control, Arg: l-arginine, Qu: quercetin, CuO 
NPs: copper oxide nanoparticles)
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Transition metals, including copper, are involved in ROS 
generation via the Fenton-type reaction mechanism, in which 
the metal ion reacts with H2O2 to produce hydroxyl radicals, 
which are extremely reactive and toxic to biological mol-
ecules, in addition to the oxidized metal ion itself [42]. CuO 

NPs consume hydrogen ions faster in the stomach and are 
converted into cupric ions with higher toxicity [43]. Once 
inside the mitochondria, CuO NPs increase ROS production 
by interfering with the electron transport chain, activating 
the NADPH-like enzyme system, and causing membrane 

Fig. 7   DNA fragmentation 
in liver tissues assessed by 
Comet assay. Three samples 
are presented for each group. 
Control group (1–3), CuO 
NP group (4–6), l-arginine 
group (7–9), quercetin group 
(10–12), and CuO NPs + l-Arg 
group (13–15). CuO NPs + Qu 
group (16–18), CuO NPs + l-
Arg. + Qu group (19–21)
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Fig. 8   a Photomicrograph of a section in the liver of control mice 
showing average central veins (CV) with average portal tract, average 
portal vein (PV) and average bile duct (black arrow) (H&E × 200). 
b CuO NP-treated liver section showing a markedly dilated central 
vein (CV) with detached lining (black arrow) and expanded por-
tal tract with markedly dilated portal vein (PV), average bile duct 
(BD), and marked portal inflammatory infiltrate (yellow arrow) 
(H&E × 200). c Liver from Cu ONPs group showing expanded por-
tal tract with average bile duct (BD), marked portal inflammatory 
infiltrate (black arrow), and hepatocytes showing apoptosis (yellow 
arrow) and marked hydropic change I peri-portal area (blue arrows) 
(H&E × 400). d Liver of l-arginine group, showing average central 
vein (CV), and portal tract with dilated portal vein (PV), and mild 
portal inflammatory infiltrate (black arrow) (H&E × 200). e Liver 

section from quercetin group showing average central vein (CV), 
and average portal tracts with average portal vein (PV) and average 
bile duct (black arrow) (H&E × 200). f Photomicrograph of a section 
in the liver of CuO NPs + l-arginine group showing average central 
vein (CV), average portal tract (black arrows), and average hepato-
cytes (blue arrow) (H&E × 200). g Photomicrograph of a section in 
the liver of CuO NPs + quercetin group, showing dilated central vein 
(CV) with marked peri-venular inflammatory infiltrate (black arrow), 
and portal tract showing average portal vein (PV) (H&E × 200). 
h Photomicrograph of a section in the liver of CuO NPs + l-argi-
nine + quercetin group presenting average central vein (CV), portal 
tract showing dilated congested portal vein (PV), and average bile 
duct (black arrow) (H&E × 200)
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depolarization due to damage to membrane phospholipids 
[44].

Nitric oxide (NO) and peroxynitrite are two examples 
of reactive oxygen and nitrogen species (ROS/RNS) that 
are hypothesized to be important pathophysiologic media-
tors of CuO NP-induced hepatotoxicity [45]. In the current 
study, the significant increase in hepatic NO level in the 
CuO NP-intoxicated group versus control animals is a sign 
of oxidative stress promotion in the liver tissue. This could 
be explained by the fact that CuO NPs increase inducible 
nitric oxide synthase 2 (iNOS2) activity in the liver, which 
in turn produces massive amounts of NO radical that inter-
acts with oxygen radicals to generate peroxynitrite, a pow-
erful oxidative and nitrosative agent that causes damage to 
hepatocytes [46]. Cells usually respond to oxidative burden 
by fortifying their antioxidant defense mechanism. How-
ever, the imbalance between oxidative burden and defense 
mechanism induces protein oxidation, lipid peroxidation, 
DNA damage, and apoptosis [35]. In the present study, the 
CuO NP-treated group presented a disturbance in the cell 
redox tone manifested by an increase in the MDA as well as 
a decrease in the antioxidant enzyme SOD in the liver tis-
sue. It is widely accepted that SOD is a sensitive marker of 
liver damage as it scavenges superoxide anions to form H2O2 
[47]. As interpreted by Gupta et al. [48], CuO NP-induced 
reduction in SOD protein was related to the ability of Cu 
ions to interact with the cysteine residues of SOD causing 
misfolding of the α-helix and β-sheet. Our results revealed 
that supplementing CuO NP-intoxicated mice with Qu and/
or l-Arg effectively prevented the increase in the hepatic 
MDA and NO levels and increased the SOD activity. Qu has 
a potent inhibitory activity against the production of NO [49, 
50]. Coinciding with our findings, Abdelhalim et al. [51] 
observed reduced levels of hepatic MDA in gold NP-treated 
rats administered with either Qu or l-Arg. Also, Liang et al. 
[52] demonstrated a dose-dependent depression of ROS and 
MDA levels with a significant elevation in the expression 
and activity of antioxidant enzymes in rats after oral admin-
istration with l-Arg. Supplementing CuO NP-treated mice 
with Qu effectively protected the hepatocytes by suppressing 
the ROS generation, scavenging lipid peroxidation products, 
and upregulating the activity of antioxidant enzymes such 
as SOD [53]. The free radicals scavenging activity of l-Arg 
was attributed to the electron transport mechanism, where 
l-Arg exerts its antioxidant activity by donating electrons 
to free radicals, thus terminating their chain reactions [52].

The liver has several crucial roles, including metal stor-
age, metabolism, and detoxification [54]. Results of the 
current investigation show that mice given oral sub-chronic 
dose of CuO NPs demonstrated a large rise in ALT activity, 
which is a marker of liver injury. When the liver is injured, 
the hepatocyte transport function is impaired, which causes 
plasma membrane leakage and increases enzyme levels in 

the blood [50]. The liver produces total protein, and when 
the liver is damaged, production of these proteins is either 
diminished or entirely stopped. Total protein concentrations 
may provide information about the condition of the liver 
and the type of injury [55]. The liver also contains large 
amounts of arginase, an enzyme involved in the urea cycle 
that hydrolyzes l-arginine to l-ornithine and urea [56]. CuO 
NP-induced hepatocyte damage was also indicated by low 
levels of total protein and arginase in the intoxicated group 
in the current study implying the presence of hepatic insuf-
ficiency. In accordance, Lei et al. [3] found a dose-dependent 
increase in AST, ALP, ALT, and total bilirubin, as well as 
creatinine, lactate dehydrogenase, and BUN, whereas total 
protein and triglycerides levels declined significantly. On the 
contrary, non-significant alterations in serum biochemical 
liver and kidney parameters with mild transient minor liver 
damage were observed by Maciel-Magalhães et al. [57] on 
the day14, after exposing rats to a single acute oral dose of 
CuO NPs (2000 mg/kg). As presented by the current data, 
treating CuO NP-intoxicated mice with Qu, l-Arg, or their 
combination caused a significant reduction in ALT activ-
ity, as well as a significant elevation in total protein and 
arginase levels as compared to CuO NP-intoxicated group. 
The administration of these antioxidants prevented the del-
eterious effects of the copper nanoparticles and efficiently 
protected the hepatocytes. In accordance with our findings, 
Qu induced a significant reduction in the release of liver 
enzymes in cirrhotic rats induced by carbon tetrachloride 
[49]. This healing potency of quercetin may be attributed to 
its powerful antioxidant effect. Qu or l-Arg reduced levels 
of ALT and total protein in gold NP-treated rats [51]. This 
indicates that l-Arg and Qu prevented the lipid peroxidation 
of the cell membrane which resulted in the leakage of ALT. 
This seems to be the possible mechanism since both L-Arg 
and Qu reduced the MDA and NO, and elevated SOD activ-
ity in the current study. Additionally, l-Arg was found to 
enhance the antioxidant response and induce the synthesis of 
hepatic reduced glutathione (GSH) by stimulating the over-
expression of hepatic arginase, thus providing l-glutamate, 
and activating nuclear factor erythroid 2-related factor 2 
(Nrf2; a key transcription factor for antioxidant mechanism 
against oxidative stress pathway [52, 58]

Our results revealed that oral administration of CuO NPs 
to mice caused a significant elevation in serum TNF-α. In 
accordance, Sakr et al. [59] reported a marked elevation 
in splenic TNF-α in rats intoxicated with CuO NPs. The 
observed elevation in serum TNF-α levels may be due to 
the increase in ROS production and activation of nuclear 
factor-κB (NF-κB), a family of inducible transcription factors 
that mediates the induction of pro-inflammatory cytokines, 
such as TNF-α, IL-1, and IL-6 [60]. On the other hand, a 
significant reduction in TNF-α was detected in sera of mice 
groups supplemented with Qu, l-Arg, or their combination. 
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Qu has a potent inhibitory activity against NO and TNF-α 
production in lipopolysaccharide-stimulated Kupffer cells 
[61]. Furthermore, Qu reduced inflammatory pain in Swiss 
mice by inhibiting oxidative stress and cytokine production, 
implying that Qu has anti-inflammatory properties in vivo 
[62]. l-Arg supplementation protects against oxidative dam-
age and inflammatory responses caused by various patholog-
ical conditions [63]. Dietary l-Arg maintained normal liver 
morphology and function by suppressing the acute phase 
response of mast cells through the NO pathway and thus the 
production of TNF-α [64]. l-Arg inhibited the NF-kB DNA 
binding and stabilized the I-kB complex, which may account 
for the depletion of pro-inflammatory cytokines [65]. Much 
evidence suggests that the nutrient mixture of l-Arg and 
Qu can reduce the inflammatory response in experimentally 
induced inflammation by downregulating the expression of 
pro-inflammatory cytokines [14, 66]. The ability of these 
antioxidant agents to inhibit the expression of inflammatory 
mediators may explain their protective actions against CuO 
NP hepatotoxicity in mice.

There is a well-established link between NP-induced 
toxicity, DNA damage, lipid peroxidation, and oxidative 
stress, where the generated ROS react with DNA molecules 
causing damage to purine and pyrimidine bases as well as 
the DNA backbone [67]. As indicated in the present study, 
sub-chronic exposure of mice to CuO NPs resulted in mas-
sive genotoxicity and DNA damage. In agreement, Aziz and 
Abdullah [68] discovered genetic damage in Labeo rohita 
erythrocytes after 15, 30, and 45 days of treatment with 
70.79 mg/L and 117.99 mg/L of 32.84 nm and rod shape 
CuO NPs. The highest genetic damage index was exhibited 
by the cells at the maximum dosage and treatment dura-
tion. In addition to the role of the generated oxidative stress 
in DNA damage following CuO NP exposure, damage of 
DNA can occur through the direct contact of CuO NPs 
with DNA, the DNA repair system, or DNA-related pro-
teins, resulting in DNA breaks, deletions, mis-segregation, 
or nondisjunction [69]. Treating CuO NPs-intoxicated ani-
mals with Qu and/or l-Arg significantly protected against 
this DNA damage in accordance with previous studies [49, 
65, 70]. Qu is well known for its capacity to reduce free 
radicals by donating hydrogen ions to them which lowers the 
generation of hydroxyl radicals or by scavenging ROS and 
decreasing DNA strand breaks and oxidized bases [71]. The 
antioxidant action of Qu is related to its ability to scavenge 
oxy radicals at several places throughout the lipid bilayer 
due to its pentahydroxyflavone structure, which allows it 
to bind metal ions via the orthodihydroxyphenolic arrange-
ment [50]. As aforementioned, l-Arg’s antioxidant impact is 
achieved by scavenging free radicals via electron transport 
pathways and boosting the antioxidant defense system [52, 
58]. However, the precise protective mechanism of action of 
l-Arg is unknown yet.

The ROS and genotoxicity caused by CuO NPs would 
lead to apoptosis by activating the mitochondrial apoptotic 
pathway, which involves overexpression of Bax, transloca-
tion of Bax into the mitochondrial membrane, and enhance-
ment of caspase-3 activity. Caspase activation is critical 
in the execution of apoptosis. Our findings revealed a sig-
nificant upregulation in the relative expression of hepatic 
caspase-3 and bax genes as well as a significant elevation 
in caspase-3 activity in CuO NP-administered mice. Other 
previous studies have found that CuO NPs directly induce 
apoptosis by altering the expression of apoptotic genes [35, 
72]. CuO NPs induce mitochondrial damage through the 
direct interaction of undissolved NPs with the ROS-derived 
lipid peroxides causing disruption of membrane integrity 
and release of apoptotic enzymes [73].

Supplementing CuO NP-intoxicated mice with l-Arg or 
Qu individually or in combination demonstrated a signifi-
cant downregulation of the expression of caspase-3 and bax 
genes and a significant reduction of the caspase-3 activity. 
This supports the anti-apoptotic properties of l-Arg and Qu. 
Furthermore, our observations coincide with the findings 
of Abdelazeim et al. [50] who demonstrated that Qu down-
regulated the expression of bax and inhibited the activity of 
caspase-3 in the liver of rats intoxicated with CuO NPs. In 
addition, l-Arg exerted a protective effect against necrosis 
and apoptosis caused by experimental ischemic and reperfu-
sion in rat liver through the upregulation of BcL2 and NO 
synthesis [74].

By changing the membrane fluidity through ROS, damag-
ing DNA, and inducing apoptosis, CuO NPs would have a 
detrimental effect on the architecture of the liver. The his-
topathological investigation revealed that sub-chronic oral 
administration of CuO NPs resulted in massive deterioration 
in the liver cells of mice which confirms the biochemical 
findings. This observation is consistent with a previous study 
[35]. Applying Qu and/or l-Arg with CuO NPs reduced the 
toxic effect of CuO NPs on the liver architecture. The com-
bination treatment showed the most pronounced ameliora-
tive effect. Qu significantly reduced the histopathological 
changes in the liver of copper oxide nanoparticles-treated 
rats in a previous study [49]. Our observations are also in 
line with the previous study of Sharma et al. [13] who dem-
onstrated the hepatoprotective effect of l-Arg on paraceta-
mol-intoxicated rats.

Conclusion

Sub-chronic oral administration of CuO NPs to mice resulted 
in the bioaccumulation of copper in the liver. Copper pro-
duces free radicals that trigger oxidative insult, depletion 
of antioxidants, inflammation, DNA damage, liver injury, 
and apoptosis with a clear impact on the architecture of 
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the liver. The study proved the efficiency of quercetin and 
l-arginine in mitigating CuO NP-induced liver toxicity due 
to their antioxidant and anti-inflammatory properties, abil-
ity to inhibit DNA damage, and the potential to act as good 
metal chelators.
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