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Abstract

Background Copper oxide nanoparticles (CuO-NPs) have gained interest due to their availability, efficiency,

and their cost-effectiveness. Betaine is an essential methyl donor and takes part in various physiological activities
inside the body; it is found to have protective and curative effects against various liver diseases. The present study
aimed to evaluate the hepatotoxic effect of CuO-NPs on adult male albino rats and the ability of betaine to alleviate
such hepatotoxicity.

Methods Forty adult male albino Wister rats were grouped into 4 groups (10 rats/group): group | a negative control,
group Il (CuO-NPs) injected with CuO-NPs intra peritoneal by insulin needle (0.5 mg/kg/day), group Il (betaine + CuO-
NPs) administered betaine orally by gavage needle (250 mg/kg/day 1 h before CuO-NPs) and CuO-NPs (0.5 mg/kg/
day) finally, group IV (betaine) administered betaine orally by gavage needle (250 mg/kg/day) for consecutive 28 days.
Blood and liver samples were gathered and processed for biochemical, molecular, histopathological, and immunohis-
tochemical investigations.

Results Group Il displayed a marked rise in alanine aminotransferase (ALT), aspartate aminotransferase (AST),

and malondialdehyde (MDA) levels. Furthermore, there is an excessive upregulation of the inflammatory biomark-
ers interleukin1 beta (IL.-13) and tumor necrosis factor-alpha (TNF-a). On the other hand, substantial reduction

in glutathione (GSH) levels and significant downregulation at glutathione peroxidase (GPx) mRNA gene expression.
Regarding the histopathological deviations, there were severe congestion, dilatation and hyalinization of blood ves-
sels, steatosis, hydropic degeneration, hepatocytic necrosis, increased binucleation, degenerated bile ducts, hyper-
plasia of ducts epithelial lining, and inflammatory cells infiltration. Immunohistochemically, there was a pronounced
immunoreactivity toward IL-16. Luckily, the pre-administration of betaine was able to mitigate these changes. MDA
was dramatically reduced, resulting in the downregulation of IL-1(3 and TNF-a. Additionally, there was a considerable
rise in GSH levels and an upregulation of GPx. Histopathological deviations were substantially improved as diminished
dilatation, hyalinization and congestion of blood vessels, hepatocytes, and bile ducts are normal to some extent. In
addition, IL-18 immunohistochemical analysis revealed marked decreased intensity.
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Conclusion Betaine can effectively reduce the hepatotoxicity caused by CuO-NPs via its antioxidant properties

and its ability to stimulate the cell redox system.

Keywords Copper oxide nanoparticles, Betaine, Liver, Malondialdehyde, Interleukin, Histopathology, Steatosis

1 Background

In the twenty-first century, a new term called nanopar-
ticles (NPs) has been introduced, attracting the interest
of industry and chemistry scientists due to their unique
characteristics [1]. However, NPs characterized by their
minute sizes ranging from 1 to 100 nm have larger sur-
face areas [2]. So, they are used in a wide range of fields,
which in turn opens up new horizons in the fields of
industry and technology [3]. As the rule of life is that eve-
rything has advantages and disadvantages, the high use of
NPs causes the world to fall into many challenges [3].

Metal-oxide NPs, including heavy metal ions, are char-
acterized by their unique shape, aggregation properties,
and surface structure, enabling them to be suitable for
applications in various industries [4]. The most com-
monly used of those metal-oxide NPs is copper oxide
nanoparticles (CuO-NPs) [5]. CuO-NPs have gotten a lot
of attention due to their distinctive benefits and charac-
teristics [6].

Owing to their outstanding thermophysical proper-
ties, CuO-NPs are valuable in several applications in the
electronics technology field, such as electronic chips,
semiconductors, heat transfer systems, and metal catalyst
[7]. Moreover, they are beneficial in the pharmacological
field particularly, in the anti-microbial production and
prevention of diseases caused by methicillin-resistant
Staphylococcus aureus (MRSA) and Escherichia coli (E.
coli) [8]. CuO-NPs are also used in poultry and livestock
production as feed additives and in the metallic coating
industry for the production of lubricants and plastics [9].

As CuO-NPs have excellent biocidal activity, they are
used in water filters and antifouling paint effectively,
but this biocidal activity may be threatening to all liv-
ing creatures and the environment, so it was classified as
an environmental pollutant [10]. The widespread use of
CuO-NPs led to environmental release and contamina-
tion; thus, people are exposed to them through a variety
of sources, including effluents, leaks during shipping and
administration, as well as the inappropriate handling of
raw materials and disposal [9]. These NPs access the body
by inhalation, oral, and dermal routes [11].

CuO-NPs overload can stimulate hepatic, gastroin-
testinal, renal, splenic, and neuronal disorders in rats
via depletion of body antioxidants, reactive oxygen spe-
cies (ROS) generation, and deoxyribonucleic acid (DNA)
damage [12, 13]. Oxidative stress initiated by CuO-NPs
is always associated with inflammatory reactions and

undesirable effects on the process of drug metabolism,
which is accomplished in the liver by inhibiting the
expression of cytochrome P450 (CYP450) enzymes, so
increasing drug-drug interactions risk [14]. CuO-NPs,
like other NPs are characterized by their smaller sizes
than cellular organelles, so they can penetrate the basic
biological membranes easily, interact with living cells and
tissues, and alter their basic functions [15].

Exposure to CuO-NPs induces the elevation of differ-
ent oxidative stress markers [16, 17], raising the intracel-
lular enzymes activities as transaminases and alkaline
phosphatase (ALP), causing cellular leakage and loss of
cell membrane functional integrity [18], and histopatho-
logical deviations in several organs, including the liver [9,
19].

Owing to the continuous modifications in people’s liv-
ing habits and environment, the number of those suffer-
ing from liver disease increases annually worldwide [20].
As the liver (the largest digestive gland) is the most com-
monly targeted organ for cytotoxicity due to its unique
role in storage and energy metabolism, and it is the prin-
cipal site for various biotransformation reactions [21].
Therefore, the liver is more likely to be affected by CuO-
NPs intoxication [9].

Betaine (trimethylglycine) is a type of water-soluble
alkaloid quaternary amine that usually exists in dif-
ferent foods, such as wheat germ, spinach, sugar beet,
wolfberry, and shrimp [22]. It is regarded as a lipotropic
agent and significantly contributes to the transmethyla-
tion pathway, forming S-adenosylmethionine (SAM) and
phosphatidylcholine. The latter is vital for maintaining
cell membrane integrity. Therefore, it affects transmem-
brane signaling, cholinergic neurotransmission, and lipid
metabolism [23].

Previous reports have indicated that betaine has its
anti-inflammatory effect via inhibition of reactive species
(RS) production and modulation of the ratio of reduced
glutathione (GSH) to oxidized glutathione (GSSG) [24]. It
diminishes the possibility of inflammation through inhi-
bition of tumor necrosis factor alpha (TNF«) and inter-
leukin-6 (IL-6) expression [22]. Betaine is regarded as a
cytoprotective agent in various organs, including the liver
[25]. It has previously been used in the treatment of liver
diseases such as liver cirrhosis and necrosis caused by
carbon tetra chloride (CCl4) [26].

Recently, hepatic disease has become one of the most
prevalent diseases worldwide, and the increasing use of



Hashim et al. Beni-Suef Univ J Basic Appl Sci (2024) 13:47

hepatotoxic NPs, including CuO-NPs, should be mini-
mized [27]. Therefore, searching for alternative agents
instead of drugs should be taken into consideration.
Betaine is a naturally existing, available substance and
there is a scarcity in using betaine against CuO-NPs. For
these reasons, this research turned attention toward the
betaine protective effect against CuO-NPs hepatotoxic-
ity. Our main objective of this study is to investigate the
hepatotoxicity of CuO-NPs and the ability of betaine to
alleviate this toxicity at histopathological, immunohisto-
chemical, biochemical, and molecular levels in the liver
of adult male albino rats.

2 Methods
2.1 Chemicals and reagents
Betaine C.H;;NO,, Amargain industrial complex

(Opp.S.T. stand, LBS, marg, Khopat Thane Mumbai,
Mabharashtra, India) was purchased from El-Mekkawy
Company, Cairo, Egypt.

Copper (II) nitrate trihydrate with the linear formula
Cu (NO,),-3H,O as a chemical material from Sigma-
Aldrich Company (Darmstadt, Taufkirchen, Germany)
was used without further refining. Raw egg white from
surrounding chickens was used without drying or any
further purification.

All chemicals and reagents used were of analytical
grade.

2.2 Preparation route of CuO-NPs

In a glass beaker, about 2.43 g of Cu (NO,),-3H,0O was
mixed well with 10 ml of egg white until the formation
of a homogeneous precursor. The precursor was gen-
tly heated on a hot plate for 5 min., and then, the heat
of treatment increased gradually until it reached 300 °C
within 10 min. It was noted that the crystal water under-
went a smooth process of vaporization, resulting in the
generation of a significant amount of foam through
convection. At a temperature of 300 °C, a spark sponta-
neously erupted on one edge of the beaker and rapidly
spread across the entire mass, resulting in the formation
of a chunky and voluminous substance inside the beaker.
The product has been transferred into agate mortar and
ground to obtain a very fine powder. The fine powder was
finally transferred to a porcelain crucible and laid into a
muffle at 700 °C for 2 h for calcination.

2.3 Instrumentation

Fourier-transform infrared (FTIR) spectra were
recorded on a Nicolet iS10, Thermo-Fisher Scientific,
USA, using a KBr pellet. X-ray diffraction (XRD) analy-
sis of distinctly mixed solids was performed on an XRD
instrument from the Bruker AXS D8 advance diffractom-
eter (Bruker, Karlsruhe, Germany) using Cu Ka radiation
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(A=1.5406 A) under 40 kV and 40 mA. The crystallite
size of CuO present in the investigated solid was calcu-
lated using Scherrer equation based on XRD line broad-
ening [28].

g Ba
B cosB

where d is the average crystallite size of the phase being
studied, B is the Scherrer constant (0.89), A is the wave-
length of the X-ray beam being employed, f is the full-
width half maximum (FWHM) of diffraction, and 0 is
the Bragg’s angle. The Raman shift of the samples was
collected on an I-Raman Plus 532S portable laser Raman
spectrometer conducted with a BAC151C Raman Video
Micro-sampling System (B&W TEK, USA) and 20-100x
lenses. The micrographs of CuO-NPs were performed
by transmission electron microscopy (TEM) using JEOL
JAX-840A and JEOL model 1230 (JEOL, Tokyo, Japan)
at an operating voltage of 25 and 100 keV, respectively.
It was performed by drop-coating the ethanol suspen-
sion of the synthesized CuO onto carbon-coated copper
grids (40 pum x40 pm mesh size). The samples were then
dried and kept under a vacuum prior to being loaded into
a specimen holder. The average diameter, size-distribu-
tion analysis, and zeta potential(ZP) were performed on
aqueous sample suspensions using a Zeta Sizer (ZS), a
ZS-Nano instrument, from Malvern Instruments Ltd.
(Malvern, UK). For ZP measurements, the sample was
dispersed in water and sonicated for 30—-60 min. prior to
assessment.

2.4 Animal grouping and experimental design

2.4.1 Experimental animals and ethical approval

Forty adult male Wistar albino rats (180-200 g,
4-5 months) were obtained from VACSERA animal
house, Abasia, Egypt. Rats were maintained in polypro-
pylene cages under similar environmental laboratory
conditions (temperature, relative humidity, and lighting).
They were fed a well-adjusted and balanced diet as well as
free access to distilled water. All animals were treated and
cared for humanely. The protocol was ethically adopted
by the Faculty of Veterinary Medicine at Cairo Univer-
sity’s Institutional Animal Care and Use Committee
(IACUC) (protocol no. Vet CU 03162023754).

2.4.2 Experimental design

After 2 weeks of acclimation period, rats were randomly
grouped into four groups (#=10, 5 animals per cage) for
28 consecutive days according to the dietary treatments.
Group I (negative control); served as the untreated nega-
tive control group and was nourished with a balanced diet
and pure distilled water. Group II (CuO-NPs-exposed
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group); rats were daily intraperitoneally injected with
CuO-NPs dissolved in saline (0.5 mg/kg body weight/
day) by insulin needle according to Mohamed Mowafy
et al. [29]. Group III (betaine plus CuO-NPs) received
daily betaine dissolved in saline orally by gavage needle
(250 mg/kg body weight/day) according to Abdel-Daim
and Abdellatief [30], then one hour later intraperitoneally
injected with CuO-NPs (0.5 mg/kg body weight/day) by
insulin needle. Group IV (betaine) received daily only
betaine orally by gavage needle (250 mg/kg body weight/
day).

2.5 Sample collection and preparation

Finally, at the end of the experimental period before
blood sampling, animals were inhaled with 2% isoflu-
rane. Blood samples were collected from the retro-orbital
venous plexus without an anticoagulant. Then centrifu-
gation of these blood samples at 3000 rpm for 10 min
for separation of the serum. Later on, serum was stored
at—20 °C for liver function assessment. Then cervical
decapitation for all animals and liver samples were col-
lected. A part of these obtained liver samples was stored
at—80 °C for evaluation of oxidative stress markers and
analysis of quantitative real-time polymerase chain reac-
tion (QRT-PCR). The remaining part of the collected liver
samples was kept in a 10% neutral-buffered formalin
solution (10% NBF) for histopathological and immuno-
histochemical examinations.

2.6 Biochemical investigation

2.6.1 Liver function test (liver biomarkers)

Assessment of serum alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) activities was per-
formed using commercial reagent kits following the pro-
vided instructions (Bio-diagnostic Co., Giza, Egypt).

2.6.2 Oxidative stress biomarkers

Reduced glutathione (GSH) and malondialdehyde
(MDA) levels were determined in hepatic tissue

Table 1 Primer sequence used for gRT-PCR
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homogenates using colorimetric kits purchased from
Bio-diagnostic Co., Giza, Egypt, following the manufac-
turer’s instructions.

2.6.3 qRT-PCR analysis for glutathione peroxidase (GPx),
tumor necrosis factor-alpha (TNF a), and interleukin 1
beta (IL-1B) genes

The relative abundance of hepatic GPx, TNFa, and, IL-1p

messenger ribonucleic acid (mRNA) was determined by

qRT-PCR analysis using Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) as a housekeeping gene, as
viewed in Table 1 [31]. Nearly, 100 mg of liver tissue was
used for total RNA extraction using a total RNA Extrac-
tion Kit (Applied Biotechnology, EX02) [32]. After con-
firming RNA concentration and purity, RT-PCR was
carried out using a complementary DNA (cDNA) syn-
thesis kit (Applied Biotechnology, AMP 11) [33]. SYBR

green PCR Master Mix (Applied Biotechnology, AMP 03)

was used for quantitative assessment of cDNA amplifica-

tion for each gene [34]. Negative controls, which are tem-
plate-free, were included [35]. The relative transcription
levels were calculated using the comparative 2 —-AACT

method [36].

2.7 Histopathological examination
2.7.1 Light microscopy (L.M.)
Liver samples were carefully dissected from all rats in
all groups and fixed in 10% NBF for 48 h. After proper
fixation, these samples were washed, dehydrated in
ascending grades of ethyl alcohol, cleared in xylene,
and embedded in paraffin. They were cut at 3—4 pum
in thickness for paraffin sections obtained by rotatory
microtome, deparaffinized, and stained by hematoxylin
& eosin (H&E) according to Bancroft and Gamble [37].
Photomicrographs were captured at different powers
to study the histopathological changes using the Leica
DM500 microscope and camera (LEICA ICC50 HD).

For the detection of the deviations in the liver tissue,
microscopic lesions grading and scoring for hepatic

Gene symbol Gene description Accession number Primer sequence
GAPDH Glyceraldehyde3-phosphate dehydroge-  NC_0051034 F: 5'-ACCACAGTCCATGCCATCAC-3'
nase R: 5'-TCCACCACCCTGTTGCTGTA-3'
GPX Glutathione peroxidase M21210.1 F: 5'-CTCTCCGCGGTGGCACAGT-3'
R: 5-CCACCACCGGGTCGGACATAC-3'
TNFa Tumor necrosis factor alpha NM_012675.3 F: 5'-ACACACGAGACGCTGAAGTA-3'
R: 5'-GGAACAGTCTGGGAAGCTCT-3'
IL-13 Interleukin-1 beta NM_031512.2 F: 5'- TTGAGTCTGCACAGTTCCCC -3

R:5'- GTCCTGGGGAAGGCATTAGG -3'
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damage was achieved and evaluated according to
Hashim et al. [38]. The hepatic damage was assessed in
at least six sections, demonstrating six rats/group for
any histopathological deviations. These histopathologi-
cal lesions were graded and scored on a scale of 0—4 in
this fashion: (0) normal histological structure without
any deviation, mild (1<25%), moderate (2=25-50%),
severe (3=50-75%), and extensive severe tissue damage
(4>75%).

2.7.2 Immunohistochemical examination

2.7.2.1 Interleukin 1 beta (IL-18) IL-1p is a potent pro-
inflammatory cytokine. Liver sample paraffin sections
were dewaxed and hydrated (Merck 1109). Followed by
thermal repair to the section antigen, then elimination of
endogenous peroxidase activity through incubation for
10 min with 3% H,0, occurs. Next, they were washed
with phosphate-buffered saline (PBS) 3 times for 2 min.
Later, 30-min incubation at 37 °C with E-IR-R217A (Nor-
mal Goat Blocking Buffer) is done. After that, careful
shaking was needed to remove the extra fluid. The next
step was incubation with the 1ry antibody (Anti-Rabbit
IL-1 beta recombinant multiclonal rabbit—antibody
[RM1009], Abcam Company, catalog No: ab283818) with
a 1:500 dilution and incubation at 20:37 °C for 1 h. After
that, they were 3 times washed with PBS 2 min each. It
is followed by the dryness of the section using absorbent
paper. Later on, incubation with E-IR-R217B (poly perox-
idase-anti-mouse IgG) at room temperature for 20 min
is done followed by the washing step (PBS for 2 min. 3
times). Fresh 3,3'-diaminobenzidine (DAB) was prepared.
The DAB coloring period is controlled until obtaining a
tan or brownish yellow. Next, the section is rinsed with
deionized water. Following this, the chromogenic reaction
is terminated. Subsequently, the counterstaining process
is carried out, followed by the steps of dehydration, trans-
parentizing, and sealing. Then incubation with the 2ry
antibody (biotinylated mouse anti-rabbit immunoglobu-
lin) for 30 min (the avidin—biotin complex) is done [39].

2.7.2.2 Evaluation of immunohistochemical observations
(area percent) for IL-1 B The Leica Quin 500 analyzer
computer system is utilized for the analysis of immuno-
histochemically stained sections. The immunohistochem-
istry reactions in each group were evaluated by analyzing
5 fields from different slides. The reactions were quantified
as a percentage of the total area observed with a magnifi-
cation power of 400X using light microscopy. Irrespective
of the level of staining intensity, the regions demonstrating
a positive immunohistochemical response were selected
for assessment. The mean value and standard error (SE)
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were assessed for each sample and subjected to statistical
analysis.

2.8 Statistical analysis

The results were expressed as the mean + SE. For normal-
ity, using the Shapiro—Milk test, the parametric data were
analyzed by using one-way analysis of variance (ANOVA)
to determine the significance of the mean between the
groups, followed by a Tukey post hoc test. The nonpara-
metric data of histopathological scoring were analyzed by
the Kruskal-Wallis test, followed by the Mann—Whitney
U test to compare groups according to Noshy et al. [40].
A P value<0.05 was considered statistically significant.
The data were analyzed using SPSS software version 25.

3 Results

3.1 Characterization of CuO-NPs

3.1.1 XRD

From the previously studied XRD pattern of the CuO-
NPs, all the previously reported peaks [41] of the as-
prepared compound are found in high purity with good
intensity. Moreover, the found planes are well matched
to Tenorite [JCPD file No. 01-080-1916], which revealed
monoclinic CuO crystallites. The value of the crystallite
size was calculated using the Scherrer equation based on
the main diffraction line (111) and found to be 18 nm.
These typical crystal surfaces verify the single-phase
nanoscale formation of crystalline CuO particles.

3.1.2 TEM

Figure 1 displays a TEM image of the CuO-NPs produced
from the combustion technique and shows some agglom-
erations as well as many spherical and monoclinic-like
structures with moderate sizes ranging from 8 to 20 nm
as appeared in the previous study at different power [41].

3.1.3 ZP measurements

Figure 2 shows the obtained results of the ZP and
dynamic light scattering (DLS) of the as-prepared CuO-
NPs. The surface charge (ZP) is found to be—23.2 mV,
which implies the possible affinity of the CuO-NPs
toward the charged biological cells. The size average of
about 100% of the dispersed sample in water is 314.5 nm,
with a polydispersity index (PDI) of 0.491.

3.1.4 FTIR

The FTIR spectrum of the CuO-NPs synthesized via
combustion technique (Fig. 3) shows bands at 3665 (w),
2986 (s), 2884 (s), 1397 (w), 1065 (s), 896 (sh), 652 (sh),
591 (s), and 530 (s) cm —1.



(2024) 13:47

Hashim et al. Beni-Suef Univ J Basic Appl Sci

Page 6 of 20

Fig. 1 TEM images of CuO-NPs
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Fig. 2 Particle size distribution by number of the CuO-NPs

3.1.5 Raman

The Raman active modes of CuO-NPs resulted in three
peaks around 284, 330, and 623, respectively, as shown in
Fig. 4.

3.2 Biochemical analysis
3.2.1 Liver function tests
Figure 5 reveals that CuO-NPs significantly elevated
ALT and AST activities when compared with the control

group (p<0.05). The betaine -co-treated group showed
a significant decrease in ALT and AST activities when
compared with the CuO-NPs-exposed group (p <0.05).

3.2.2 Oxidative stress biomarkers

Oxidative stress biomarkers of liver tissue were deter-
mined by the assessment of GSH and MDA levels. CuO-
NPs induced oxidative stress in the hepatic tissue, which
was indicated by a significant decrease in GSH and an
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increase in MDA in comparison with the control group
(P<0.05). As shown in Fig. 6, betaine co-treatment ame-
liorated the oxidative stress induced by CuO-NPs via
the significant increase in GSH and decrease in MDA
levels in comparison with the CuO-NPs-treated group
(P<0.05).

3.2.3 gRT-PCR analysis for GPx, TNFa, and IL 13 genes

3.2.3.1 Hepatic mRNA relative expression of GPx
gene The GPx gene showed a significant down-regu-
lation in the CuO-NPs-exposed group by 0.18-fold in
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Fig. 5 Effects of CuO-NPs and betaine on ALT and AST activities (U/L) in male albino rats. Data are represented as mean + SEM. Groups having
different letters are significantly different from each other at P<0.05. Groups having similar letters are non-significantly different from each other
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Fig. 8 Effects of CuO-NPs and betaine on mRNA relative expression of some inflammation-related genes (A) TNFa (B) IL-13 in male Albino rat. Data
are represented as mean =+ SEM. Groups having different letters are significantly different from each other at P<0.05. Groups having similar letters
are non-significantly different from each other at P<0.05
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hepatic tissues compared with the negative control one
(P<0.05). Betaine co-treatment significantly upregulated
the expression level of the GPx gene in comparison with
the CuO-NPs group (p <0.05) as shown in Fig. 7.

3.2.3.2 mRNA relative expression of some inflamma-
tion-related genes (TNFa and IL-1f3) According to the
data obtained in Fig. 8, CuO-NPs significantly upregu-
lated the liver expression of the TNFa and IL-1p genes
by 3.72 and 4.08-fold, respectively, compared with the
control group (P<0.05). Betaine co-treatment resulted
in significantly downregulated hepatic expression of both
genes in comparison with the CuO-NPs-treated group
(P<0.05).

3.3 Histopathological examination

3.3.1 Light microscopic observations

3.3.1.1 Hepatic parenchyma Examination of control
rats (group I) liver sections stained with H&E exhibited
a normal histoarchitecture of hepatic parenchyma with
the presence of normal central veins from which hepatic
cords were radiated. These hepatic cords were separated
by normal hepatic sinusoids and consisted of hepatocytes,
which appeared polygonal in shape with central, spheri-
cal, and euchromatic nuclei (Fig. 9A).

In contrast, examination of liver sections of CuO-NPs-
exposed rats (group II) demonstrated injurious histo-
pathological deviations in comparison with those of the
control group, such as congestion, dilatation, and hyalini-
zation with some vacuolation in the central veins. Hem-
orrhage beside the central vein was also noticed (Fig. 9B).
For the sinusoids, they appeared dilated when compared
with those of the control one. Regarding hepatocytes,
some of them displayed fatty accumulation (severe micro
vesicular steatosis) (Fig. 9C). Others revealed foamy cyto-
plasmic vacuolation and ballooning (hydropic degenera-
tion). These vacuoles coalesced leading to the complete
loss of the acidophilia in some hepatocytes (Fig. 9C, D).

(See figure on next page.)
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Some hepatocytes appeared with pyknotic nuclei and
condensed acidophilia, representing necrosis either in
individual cells resembling single-cell necrosis (Fig. 9B)
or in groups of cells resembling spotty or focal necro-
sis. The necrotic area was also vacuolated. In addition,
there was an increase in the amount of binucleated cells
(Fig. 9E). The disorganization of hepatic cords was also
noticed (Fig. 9D).

Happily, on examination of liver sections from those
co-treated with betaine (group III), there was a partial
recovery demonstrated by obvious improvement in the
injurious histopathological changes. The hepatic cords
appeared regular with a reduction in dilatation and con-
gestion of the central vein with, a complete disappearance
of hyalinization and vacuolation. However, the dilatation
of sinusoids was also reduced, but some sinusoids were
still dilated. Some hepatocytes returned to their normal
appearance to a great extent and appeared nearly normal,
but others still had pyknotic nuclei (Fig. 9F). Moreover,
there was a noticeable decrease in the amount of binucle-
ated cells (Fig. 9G).

Examination of betaine-treated rats (group IV) liver
sections showed a normal histoarchitecture of hepatic
parenchyma resembling the control group in the pres-
ence of a normal central vein, displayed intact endothe-
lium, and radiating from it cords of hepatocytes, which
appeared polygonal with central, spherical, and vesicular
nuclei. Normal hepatic sinusoids separate these cords
(Fig. 9H).

3.3.1.2 Portal triad Examination of control rats (group
I) liver sections stained with H&E exhibited a normal his-
toarchitecture of the portal triads, surrounded by inter-
lobular connective tissue consisting of normal branches of
portal veins and hepatic arteries with their intact tunics.
Normal bile ducts with their simple cuboidal epithelial
lining were also demonstrated (Fig. 10A).

Fig. 9 Liver section (hepatic parenchyma) of albino rats (H&E x400) A control group (Group |) presenting normal architecture; central vein (CV)
displayed intact endothelium, radiating from it cords of hepatocytes, which appeared polygonal with central, spherical and vesicular nuclei (black
arrows), and normal blood sinusoids separate these cords (yellow arrows). B: E CuO-NPs-exposed rats (Group Il) revealing B dilatation, congestion
(yellow star) and hyalinization (H) with vacuolation (black circle) of central vein (CV), hemorrhage (red arrow), and some hepatocytes detected

with pyknotic nuclei and more acidophilic cytoplasm (single cell necrosis) (white circles). C Severe microvesicular steatosis (black chevrons),

and vacuolation of hepatocytes (blue circles) and sinusoidal dilatation (yellow arrows). D Hepatic cord disorientation (red star), some hepatocytes
exhibited cytoplasmic vacuolation and ballooning (black arrows), and others suffered from complete loss of their acidophilia (red circles). E
Hepatocytic alterations in the form of focal or spotty necrosis (black stars), vacuolation (black circle), and obvious increase of binucleated cells
(green chevrons). F-G Betaine-co-treated rats (Group Ill) exhibited partial recovery appeared as: F decreased congestion & dilatation of central vein
(CV) and sinusoids (yellow arrow) but some sinusoids still dilated (grey arrow), nearly normal hepatocyte (black arrows), and others still suffering
from nuclear pyknosis (green arrow). G Reduction at binucleation (green chevrons). Notice: regular hepatic cords with nearly normal hepatocytes
(black arrow) and sinusoids (yellow arrow). H Betaine-treated rats (Group IV) displayed normal central vein (CV), cords of hepatocytes (black arrows),

and normal blood sinusoids separate these cords (yellow arrows)
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On the other hand, examination of liver sections of
CuO-NPs-exposed rats (group II) presented numerous
histopathological deviations in the portal triads when
compared with those of the control group. These devia-
tions were in the form of severe congestion and dilatation
of portal vein branches, as well as dilatation of hepatic
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artery branches. Hemorrhage and interstitial edema lead-
ing to dispersion of the portal area structures were also
noticed (Fig. 10B). Moreover, hyalinization and vacu-
olation appeared in the portal areas (Fig. 10C). With
regard to the bile ducts, some of them appeared degen-
erated with vacuolation of their epithelial lining, and
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Fig. 10 Liver section (portal triad) of albino rats (H&E x400); A control group (Group |) portal area [bile duct (BD), branch of hepatic artery (HA)
(white arrow) and branch of portal vein (PV)]. B C CuO-NPs-exposed rats (Group II) revealing: B degenerated portal area; severely dilated &
congested portal vein branch (PV) and dilated hepatic artery branch (HA), hemorrhage (red arrows), degenerated bile ducts (BD), and edema (black
lines). C Degenerated bile duct (BD) with epithelial hyperplasia (white arrows), inflammatory cell infiltration (yellow asterisks), and hyalinization (H)
with vacuolation (black circle) D Betaine-co-treated rats (Group Ill) exhibited partial recovery appeared as bile ducts are nearly normal (BD), decrease
at dilatation and congestion of portal vein branch (PV). E Betaine-administered rats (Group IV) showing normal portal area [bile duct (BD), hepatic

artery (HA)]

others appeared with epithelial hyperplasia (Fig. 10B, C).
Inflammatory cell infiltration at portal areas was a char-
acteristic feature of CuO-NPs intoxication (Fig. 10C).

Fortunately, the co-treatment with betaine in group
III could alleviate the deleterious changes in the portal
triad through a reduction in dilation and congestion of
its vessels in comparison with group II and the complete
absence of hyalinization. Regarding the bile ducts, there
was a marked improvement (Fig. 10D).

Finally, examination of liver sections of betaine-treated
rats (group IV) (Fig. 10E) resembled those from the con-
trol group and presented a normal histoarchitecture of
the portal triads.

For confirmation of the hepatoprotective effect
of betaine against CuO-NPs intoxication at the

histoarchitecture level, histopathological scoring was
obtained. This scoring revealed a significant variance
(p<0.05) between different groups by analysis of those
co-treated with betaine; there was a significant reduction
(p<0.05) when compared to those intoxicated with CuO-
NPs, as shown in Tables 2 and 3 in the hepatic paren-
chyma and portal triad, respectively.

3.3.2 IL-1B Immunohistochemical analysis

Liver sections investigation against IL-1 immunoreac-
tivity revealed a negative immunoreaction in those that
belonged to the control rats (Group I) (Fig. 11A). On the
other side, there was an intense positive immunoreaction
in those CuO-NPs-intoxicated rats (Group II) (Fig. 11B).
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Table 2 Microscopic lesions histopathological scoring in different groups of rats at liver (hepatic parenchyma)

Control rats CuO-NPs-exposed Betaine-co-treated Betaine- P value Fvalue
rats rats administered rats
Congestion and dilatation ~ 0+0° 4+0° 154120 0+0° 0.000 285.000
of vessels
Hemorrhage 0+0° 3+1° 140%° 0+0° 0.000 222,500
Hyalinization 0+0° 4+1° 0.5+12P 0+0° 0.000 132.059
Steatosis 0+0° 4+025° 140.5% 0+0° 0.000 139.118
Degeneration 0+0° 35+1° 5+1%P 0+0° 0.000 110.000
Necrosis 0+0° 35+1° T+1%P 0+0° 0.000 115.588
Binucleation 1+0° 4+Q° 3410 140° 0.000 190.000
Results are determined as median *interquartile range for six rats for the same group
#p<0.05 in relation to the CuO-NPs group
b p <0.05 in relation to the control group
Table 3 Microscopic lesions histopathological scoring in different groups of rats at liver (portal triad)
Control rats CuO-NPs- Betaine-co- Betaine- P value F value
exposed rats treated rats administered rats

Congestion and dilatation of vessels 0+0° 4+0P 154130 0+0° 0.000 285.000
Hemorrhage 0+0° 3+1P 1+0%P 0+0° 0.000 222500
Hyalinization 0+0° 4+1° 05+1%F 0+0° 0.000 132,059
Bile duct degeneration 0+0° 4+0.25P 140.5% 0+0° 0.000 139.118
Edema 0+0° 35+1° 154120 0+0° 0.000 110000
Inflammatory cells infiltration 0+0° 35+1° 1.5+13P 0+0° 0.000 115.588

Results are determined as median tinterquartile range for six rats for the same group

4 p<0.05 in relation to the CuO-NPs group

b p<0.05 in relation to the control group

By examination of betaine-co-treated rats (Group III),
there was a great decrease in immunoexpression against
IL-1p (Fig. 11C). Sections from betaine-treated rats
(Group IV) showed negative immunoreactivity against
IL-1p as the control one (Fig. 11D).

IL-1p expression quantification proved that CuO-NPs
indicated high expression with a significant difference
from (P<0.05) other groups. Moreover, betaine-co-
treated rats (group III) decreased with a significant differ-
ence from all other groups (P<0.05) (Table 4).

4 Discussion
CuO-NPs are extensively used in different life domains
as a result of their exclusive physiochemical and biologi-
cal properties [16]. The tinny size of CuO-NPs facilitates
their ability to penetrate and accumulate into different
body tissues and organs, including the liver, disrupting
their habitual structure as well as affecting the organs’
normal function [42].

Betaine is a glycine derivative that has been extensively
used for its protective effects against several hepatic dis-
eases, such as alcoholism, fatty liver, and cirrhosis [43].

As the liver represents the principal detoxifying and
metabolic organ of the body, about 10% of the population
around the world suffers from liver diseases [44]. In addi-
tion, it is recognized as a crucial organ that plays a sig-
nificant role in capturing and eliminating nanoparticles,
aided by its reticuloendothelial system [45]. Regardless
of the wide use of betaine as a hepatoprotective agent,
its exact cytoprotection mechanism remained question-
able, and there is a scarcity in its use to counteract the
CuO-NPs hepatotoxicity. The current study shed light
on assessing the capability of betaine to diminish the
hepatotoxicity resulting after intraperitoneal injection of
CuO-NPs.

Copper (II) nitrate trihydrate was used in the prepa-
ration as a water-soluble copper source, and it acts as
a strong oxidizing agent. Fresh egg white was used as a
particle size control agent at various calcination tempera-
tures because of its accessibility and suitable price [46].
The egg white is a biological liquid that has great levels of
amino acids and proteins, such as albumin and lysosomes
[47, 48]. These amino acids have a structure that can act
as a stabilizer in the production of nanoparticles [49]. In
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Fig. 11 Immunohistochemically examined liver sections against IL-13 immunoreactivity (x400) A control rats (Group I) revealed negligible reaction.
B CUO-NPs intoxicated rats (Group Il) revealed intense positive reaction (arrows). C Betaine-co-treated rats (Group Ill) revealed moderate reaction

(arrows). D Betaine-treated rats (Group V) exhibited negligible reaction

Table 4 1L-1(3 area (%) in liver sections of different groups

Controlrats  CuO-NPs-exposed rats

Betaine-co-treated rats

Betaine-administered rats Pvalue Fvalue

IL-1B area% (mean+(SE))  0.02+0.016°¢  2255+0.6%¢

83+0.320d

0.02+0.007°¢ 0.000 875.951

Results are presented as means + standard error (SE), n=3 rats/group. Different superscript letters in the same row indicate significant differences as ®signifies control
negative group (Gp I), |"signiﬁes CuO-NPs-exposed rats (GP Il), “signifies betaine-co-treated rats (Gp Ill), and dsigniﬁes betaine-administered rats (Gp IV), p <0.05

related research around the world, attempts are made
to use industrial and natural amino acids that are com-
monly costly [50].

The ZP gives important information about the surface
charge of the CuO-NPs and their potential electrostatic
attraction to biological targets, subsequently affecting
their toxicity and activity. The surface charge (ZP) was
found to be—23.2 mV, which implies the possible affin-
ity of the CuO-NPs toward the charged biological cells,
therefore affecting their efficacy [51]. The size average of
about 100% of the dispersed sample in water is 314.5 nm,
with a polydispersity index (PDI) of 0.491. The PDI value
indicates the polydisperse particle size distributions and
the formation of CuO-NPs. The functionalized CuO-NPs

with a negative surface charge might exhibit electrostatic
repulsion between cell membranes and nanoparticles
[52].

The FTIR spectrum of CuO-NPs synthesized via com-
bustion technique showed bands at 3665 (w), 2986 (s),
2884 (s), 1397 (w), 1065 (s), 896 (sh), 652 (sh), 591(s),
and 530 (s)cm™. The weak band around 3665 cm™! is
due to the vibration mode of the absorbed water, while
the bending mode exhibited a peak around 1400 cm™
[53]. Two strong bands around 2986 and 2884 cm ™! can
be seen, and they are attributed to symmetric and asym-
metric stretching vibrations of the C-H bond of the
organic matter [54]. Moreover, the appearance of bands
in the range 400-600 cm™! which are related to the
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metal-oxygen (Cu—-O) bond, confirmed the formation
of CuO-NPs from combustion synthesis [55]. The Cu—
O-H bonds led to a bending absorption band around
900 cm™!, while the band at 1065 cm™! is attributed to
the C-O stretching vibration [56].

There are nine zone-center optical phonon modes with
symmetries 4Au+5Bu+Ag+2Bg; which represent the
Raman spectrum of the prepared CuO-NPs. As calcu-
lated previously, only three Ag+2Bg from the nine zone-
center optical phonon modes are Raman active [57].
These Raman active modes of CuO-NPs resulted in three
peaks around 284, 330, and 623, respectively, those are
close to the reported wavenumbers in the literature [58,
59].

The accumulation of NPs in various tissues of live crea-
tures might lead to a dose-dependent elevation of cellular
ROS [60]. There is increasing evidence suggesting that
oxidative stress and inflammation are significant factors
in the development of toxicity caused by NPs [40]. There-
fore, we conducted an experimental study using adult
rats to examine and compare changes in liver tissue after
exposure to CuO-NPs. Our study also aimed to investi-
gate the protective effects of betaine, a potent antioxi-
dant, by analyzing oxidant and antioxidant biomarkers as
well as pro-inflammatory cytokines.

The current study found that administering CuO-NPs
to rats led to the emergence of liver dysfunction, oxida-
tive stress, and inflammation. The study demonstrated a
notable increase in the liver function enzymes ALT and
AST, as well as in the concentration of MDA, a biomarker
for lipid peroxidation. Additionally, there was an eleva-
tion in the levels of the pro-inflammatory cytokines IL-1p
and TNF-a. Conversely, there was a significant decrease
in the concentration of total GSH and the expression
level of the GPx enzyme.

Once liver cells are harmed, ALT and AST enzymes
are released immediately into the bloodstream, serving
as the primary indicators of liver malfunction. In typical
circumstances, these enzymes are present in significant
amounts in the hepatocytic cytoplasm. However, with
liver damage, they are released into the bloodstream,
as previously mentioned by Contreras-Zentella and
Hernéndez-Muioz [61].This is exactly what our results
indicate, which is in accordance with Tang et al. [62],
Abdel-Azeem et al. [63], Sutunkova et al. [64].

The induction of oxidative stress is widely recognized
as a primary mechanism behind the toxicity of nanopar-
ticles [36]. Multiple studies have reported that excessive
production of reactive oxygen species (ROS) caused by
CuO-NPs disrupts the equilibrium between the liver’s
oxidative and antioxidant mechanisms. This disruption
leads to lipid peroxidation through the generation of ROS
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and MDA, which is strongly associated with the decline
in antioxidant enzymes, as indicated by the present study.

Nano-copper has the ability to penetrate many bio-
logical barriers and enter the bloodstream, where it may
accumulate in the liver and interact with large biologi-
cal molecules, resulting in oxidative damage [65]. The
primary factor leading to organ damage induced by Cu-
NPs is oxidative stress [62]. ROS, in turn, act as media-
tors to activate the immune system [66]. Inflammation is
an additional way in which CuO-NPs cause toxicity. Cells
can counteract the excessive oxidative stress response
by upregulating the production of cytokines like TNF-a
[67]. Interleukin (IL-1) cytokines family are expressed as
central inflammatory mediators. Particularly, IL-1f has a
vital role in the defense response to damages and injuries
[68]. The results of this research were in line with Tang
et al. [62], Abdel-Azeem et al. [63]. Moreover, the inflam-
matory effect of CuO-NPs was confirmed immunohisto-
chemically by enhancing the immunoreactivity toward
IL-1B in liver sections of rats exposed to CuO-NPs tox-
icity (GP II). The same result was conducted earlier by
Dumoulin et al. [69] who analyzed IL-1f in the liver of
patients with chronic hepatitis C. This over-expression
resulted from the ability of CuO-NPs to enhance the
inflammatory process via proinflammatory mediators
released as IL-1p and TNFa [70].

The presence of CuO-NPs will exacerbate liver dys-
function by inducing oxidative stress and triggering an
inflammatory response. Due to their minimal adverse
effects and significant safety profile, natural products
have emerged as a prominent area of research for human
health concerns.

Interestingly, the findings demonstrated that betaine
administration markedly decreased the blood concentra-
tions of liver function enzymes, as well as the hepatic tis-
sue levels of MDA. Concurrently, the levels of GSH and
GPx exhibited a notable increase. Furthermore, betaine
can significantly mitigate liver impairment generated by
CuO-NPs by a mechanism that involves the decrease of
the pro-inflammatory cytokines IL-1p and TNFa. Several
prior studies have demonstrated the hepatoprotective
properties of betaine against various forms of liver dam-
age [71].

The observed activation of the antioxidant system may
be attributed to the upregulation of genes responsible for
antioxidant defense. Tang et al. [62] also reported com-
parable findings. Betaine has the ability to augment the
antioxidant activity of liver cells, stimulate the growth
and renewal of liver cells, and preserve or safeguard the
functioning of mitochondria and Golgi apparatus. Prior
studies hypothesized that betaine’s antioxidant activities
were attributed to its capacity to eliminate free radicals
[72].
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The efficacy of betaine in combating oxidative stress is
contingent upon its lipotropic properties, which facili-
tate its easy passage through the lipid bilayer mem-
brane and diffusion into the intracellular compartment
[73]. Betaine functions as a provider of methyl groups
for the conversion of homocysteine to methionine in a
metabolic process facilitated by betaine-homocysteine
methyltransferase (BHMT). Studies have demonstrated
that administering betaine to rats increases the levels
of hepatic methionine and S-adenosylmethionine via
inducing BHMT [74]. GSH is a crucial chemical that is
created based on this pathway and serves as a notable
endogenous antioxidant. The anti-inflammatory prop-
erties of betaine have been extensively documented in
multiple investigations, including those by Zhai et al
[71], Arumugam et al. [72]. The immunohistochemical
analysis verified the anti-inflammatory impact of betaine
by demonstrating a significant reduction in the intensity
of IL-1B immunoexpression in liver sections of rats co-
treated with betaine (group III). Thus, betaine may have
the potential to decrease the production of C-reactive
protein, IL-6, and TNFa activities, as well as suppress
the pro-inflammatory production and release of IL-1p
[75]. The key factor contributing to betaine’s anti-inflam-
matory activity is the increase in the antioxidant defense
system [72]. Betaine, a potent antioxidant, mitigated the
production of inflammatory mediators and enhanced tis-
sue regeneration by diminishing degenerative alterations
[76].

The results of the current study verified several histo-
pathological deviations in the hepatic tissue of rats sub-
jected to CuO-NPs (GP II) in comparison with those of
the control group (GPI) and those administered with
betaine (GPVI). These deviations included severe conges-
tion, dilatation, and hyalinization of the central veins and
portal vein branches, as well as dilatation of the hepatic
artery’s branches and sinusoids, plus hemorrhage. These
findings came in agreement with Arafa et al. [3], Ghon-
imi et al. [77]. Arafa et al. injected rats intraperitoneally
with 3 and 50 mg/kg for 7 successive days, and Ghonimi
et al. subjected rats to a daily dose of CuO-NPs of 5, 10,
and 25 mg/kg intraperitoneally for 9 days. These vascu-
lar changes might be attributed to mononuclear cell infil-
tration [78]. In addition, the ability of Cu-NPs to elevate
the production level of vasodilators as prostaglandin E2
(PGE2) and enhance the inflammatory process via proin-
flammatory mediator release as IL-1p and TNF « [70]. As
well as, the authors of the current study hypothesize that
the severe vascular congestion of the central and portal
veins may cause mechanical pressure on their wall, lead-
ing to its impairment and rupture, causing blood extrava-
sation (hemorrhage).
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The hepatocytic alterations observed in this study, such
as fatty accumulation (severe steatosis) and hydropic
degeneration, ranged from cytoplasmic vacuolations
and ballooning of the cell to complete loss of cellular
acidophilia. These observations were in parallelism with
Ghonimi et al. [77], Tohamy et al. [79]. Tohamy et al.
orally gave rats at a dose of 100 mg/kg for 14 consecutive
days. CuO-NPs also led to hepatocellular necrosis, which
ranged from single-cell necrosis to a group of cells or
focal area of the liver (focal or spotty necrosis). De Jong
et al. [19], Tohamy et al. [79] also confirmed the necrotic
lesions caused by CuO-NPs. De Jong et al. treated rats
orally with 0.1 mg/20 g for 5 successive days. Cheville
[80] hypothesized hepatocytic alterations, as they are the
main site for toxicity due to their lower content of oxygen
and having several toxin receptors on their surfaces. Also,
these observed hepatocytic deviations may be a result of
the release of Cu which is a water-soluble ion, as men-
tioned by Elhussainy and El-Shourbagy [81]. The cellular
swelling might be attributed to the disturbance of the
ion pump of the plasma membrane, which disturbs the
fluid homeostasis, which in turn results in the entrance
of fluid inside the cell [82]. Besides, hepatocytic balloon-
ing and vacuolation may be a type of defense mechanism
versus any harmful substances [83]. The occurrence of
lipid droplets signifies a reduction in cytoplasmic pro-
tein synthesis, so triglycerides transport for prevention
of lipoprotein formation [80]. Loss of cellular acidophilia
may be attributed to loss of cellular organelles [38]. Cho
et al. [84] assumed that CuO-NPs diminish the viability
of the cell via DNA binding, leading to DNA damage and
consequently cell death. Cho et al. [84] added that the
cell toxicity is due to the marked elevation of IL-1p, IL-8,
and TNF-a. Furthermore, oxidative stress and excessive
lipid peroxidation cause mitochondrial failure and, finally
cell death [85]. Also, Tohamy et al. [79] postulated that
hepatocytic necrosis is due to a reduction in protein syn-
thesis. The current study also demonstrated an abnormal
increase in the binucleated cells, which regards a type of
detoxification response of the liver and a modification
of the activity of the cell cycle [86]. The disorientation of
hepatic cords could be a result of these hepatocytic devi-
ations that caused failure of cellular contact with neigh-
boring cells.

This investigation also demonstrated histopatho-
logical alterations in the portal triads, such as degener-
ated bile ducts, hyperplasia of the duct epithelial lining,
and infiltration with mononuclear inflammatory cells.
Abdelazeim et al. [27], Tohamy et al. [79] also noted
these results. As CuO toxicokinetics revealed, the over-
loaded Cu™ ions in circulation are eliminated via the
liver through the bile duct in the bile and absorbed
through the intestine, partially later on pumped again



Hashim et al. Beni-Suef Univ J Basic Appl Sci (2024) 13:47

via the portal vein back to the liver [87]. This may initi-
ate portal area deviations as a self-defense mechanism,
which regards ductular reaction as an essential factor for
hepatic regeneration during damage to both hepatocytes
and cholangiocytes [88].

Interestingly, the light microscopical investigations for
liver sections from those co-treated with betaine (GP III)
in comparison with those of group II displayed partial
recovery in the form of reduction of dilation and conges-
tion of affected blood vessels and complete disappear-
ance of hyalinization and vacuolation. Some hepatocytes
are nearly normal with central, spherical, and vesicular
nuclei while others still have pyknotic nuclei. Concern-
ing portal triads, there was a great reduction in their
histopathological changes and they appeared nearly nor-
mal. These observations were concomitant with those
of Abdel-Daim and Abdellatief [30], Heidari et al. [43].
Abdel-Daim and Abdellatief administered betaine to alle-
viate abamectin toxicity by 250 mg/kg daily for 10 days
orally, and Heidari et al. concluded that betaine admin-
istration at doses of 10 and 50 mg/kg could lessen altera-
tions in the hepatic tissue of cirrhotic animals. These
improvements in hepatic tissue are due to the powerful
antioxidant capacity of betaine [89]. Besides its ability
to maintain the structural integrity and normal func-
tions of plasma membranes [89]. Betaine can maintain
membranes’ normal status via its assistance in the meth-
ylation of cell membranes and, consequently sustain
phosphatidylcholine-phosphatidylethanolamine balance
[90]. Betaine also promotes the oxidation process of fatty
acids and improves lipid metabolism, as well as increas-
ing high-density lipoprotein cholesterol (HDL-c) level,
which interprets the reduction of hepatic steatosis [91].
The reduction of inflammatory cell infiltration is due to
betaine obstructing the nuclear factor-kB (NF-kB) sign-
aling pathway, which controls several genes involved in
inflammation, such as TNFa, IL-1p, and IL-23 [22].

5 Conclusion

Based on this investigation, we have shown that CuO-
NPs have the potential to disrupt the normal function-
ing of the liver through biochemical, histopathological,
and immunohistochemical changes. Additionally, betaine
has been found to be effective in reducing these changes.
Hence, we suggest administering betaine as a safeguard-
ing agent to individuals who are anticipated to be more
susceptible to CuO-NPs exposure, particularly those
residing in industrial regions. Despite the administra-
tion of betaine, mild degenerative changes are still pre-
sent in the hepatic tissue. Therefore, additional research
is necessary to discover the optimal dosage for maximum
improvement, particularly since this is the first study to
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utilize betaine as a protective agent against hepatotoxic-
ity caused by CuO-NPs.
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