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ARTICLE INFO ABSTRACT

Edited by Mohamed Abdel-Daim N-nitrosodiethylamine (ND) is an extremely toxic unavoidable environmental contaminant. Copper'-albumin
(CuAB) complex, a newly developed Cu complex, showed antioxidant and anti-inflammatory potential. Hereby,

Keywords: we explored the plausible neuroprotective role of CuAB complex toward ND-evoked neurotoxicity in mice.

Neurodegenerative diseases Twenty-four male mice were sorted into 4 groups (6 mice each). Control group, mice were administered oral

N-nitrosodiethylamine
Apoptosis
Inflammation
Oxidative stress

distilled water; and CuAB group, mice received CuAB complex at a dose of 817 pg/kg orally, three times weekly.
In ND group, ND was given intraperitoneally (50 mg/kg body weight, once weekly for 6 w). CUAB+ND group,
mice were administered a combination of CuAB and ND. The brain was quickly extracted upon completion of the
experimental protocol for the evaluation of the oxidative/antioxidative markers, inflammatory cytokines, and
histopathological examination. Oxidative stress was induced after ND exposure indicated by a reduction in GSH
and SOD1 level, with increased MDA level. In addition, decreased expression of SOD1 proteins, Nrf2, and 5-HT
mRNA expression levels were noticed. An apoptotic cascade has also been elicited, evidenced by overexpression
of Cyt ¢, Cl. Casp 3. In addition, increased regulation of proinflammatory genes (TNF-a, IL-6, iNOS, Caspl, and
NF-kB (p65/p50); besides, increment of protein expression of P-IKBa and reduced expression of IKBa. Pre-
treatment with CuAB complex significantly ameliorated ND neuronal damage. Our results recommend CuAB
complex supplementation because it exerts neuroprotective effects against ND-induced toxicity.
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O. Shanab et al.

1. Introduction

N-Nitroso compounds are renowned carcinogens that are produced
by biochemical interactions amongst nitrites and secondary amines, and
pose a major health threat (Siddique and Ali, 2016; Tong et al., 2010).
N-nitrosodiethylamine (ND) is one of N-nitroso alkyl compounds
(C2HgN20) that are identified in contaminated water (high-nitrates
water), foods (such as preserved fruits and juices as well as dairy and
meat products) and tobacco smoke. Moreover, some cosmetics and the
degradation of some pharmaceutical drugs can also lead to the genera-
tion of nitroso compounds (Ali et al., 2016; Cahyani et al., 2021). ND
intoxication has mutagenic, carcinogenic, and genotoxic consequences
on various organs (Hebels et al., 2009). Besides the common hepato-
toxicity of ND, the brain is one of the organs that are significantly
affected via either direct neurotoxic injury or hepatotoxicity contributed
to ND-induced neurodegeneration (Tong et al., 2010).

The prime mechanism of ND-induced toxicity is attributed to its
metabolic biotransformation by cytochrome p450 enzymes into reactive
electrophilic ethyl radicals (CH3CH3) which is a deleterious and highly
active metabolite (Hebels et al., 2009). These ethyl radicals fasten the
cellular macromolecules, enhance oxidative stress, and generate
tremendous amounts of reactive oxygen species (ROS) that leads to
cellular prejudice including DNA mutations (alkylating guanin’s N-7),
lipid peroxidation (LPO), damage to proteins, modifications to intra-
cellular signaling cascades, even alterations in gene expression (Ali
et al., 2016; Singh et al., 2023; Tong et al., 2010). Hence, oxidative
distress is a crucial mechanism underlying ND-induced toxicity (Shaar-
awy et al., 2009).

Copper (Cu) is a natural element necessary to ensure cell homeostasis
in the central nervous system (Mujafarkani et al., 2023; Santamaria
et al., 2003). Since the majority of Cu is almost bound entirely to pro-
teins, it functions as a cofactor for various neuroprotective biomolecules
and  proteins (Duncan and  White, 2012) such  the
copper/zinc-superoxide dismutase (namely Cu/Zn-SOD or SOD1) and
ceruloplasmin enzymes, which exemplify prime antioxidant systems in
the brain (Alcaraz-Zubeldia et al., 2001; Santamaria et al., 2003). Based
on the notion that free Cu ions delivery is hard to regulate, poisoning
from excess intake can occur. Organic Cul complexes are thought to be a
promising alternative because they can be chemically altered to regulate
their delivery with increased cell-penetrating activity (Kanemaru et al.,
2011). Cu complexes are created via bonding of Cu by an inorganic
skeleton (Alcaraz-Zubeldia et al., 2001). A cumulative evidence reported
that the biologically active Cu complexes revealed several pleiotropic
biological effects (Duncan and White, 2012) due to their superb anti-
oxidant, and anti-inflammatory properties (Hegazy et al., 2019).

Previous studies suggested the neuroprotective potential of Cu
complex against certain neurotoxicants such as quinolinic acid (Santa-
marfa et al, 2003), and tetrahydropyridine derivatives (Alcar-
az-Zubeldia et al.,, 2001; Rubio-Osornio et al., 2009), and
neurodegenerative disorders such as Alzheimer (Donnelly et al., 2008),
Parkinsonism (Alcaraz-Zubeldia et al., 2009) and Huntington’s disease
(Nguyen et al., 2005; Smriti et al., 2023). cu-albumin (CuAB) complex
is a novel complex, we have previously used; thereby, it has shown
promising antioxidant and anti-inflammatory properties against
aflatoxin-induced hepatorenal cellular damage (Abo-Hiemad et al.,
2022b, 2022a). We exploited the high affinity of Cu to the albumin to
create CuAB complex compounds. Besides, the half-life of Cu is altered
by binding to albumin, as a transport vehicle in plasma; consequently,
albumin is deemed as a promising drug delivery approach (May et al.,
2021).

To the best of our knowledge, a literature survey divulges that, to
date, there is no study has particularly focused on the potential miti-
gating effect of novel CuAB complex supplementation to reduce oxida-
tive and inflammatory brain damage induced by ND exposure.
Furthermore, information about ND-triggered neurotoxicity (neuronal
oxidative stress, inflammation, and apoptosis) is still scarce. Thereby,
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the current study investigates the neuro-modulatory effects of a novel
CuAB complex supplementation on ND-induced neuropathy in mice via
regulating the oxidative/antioxidative balance, inflammatory response,
and cell death-related signaling pathways.

2. Materials and methods
2.1. Sources of chemicals

ND was obtained from Sigma Aldrich (CAS NO: 62-75-9). The CuAB
complex was offered by Professor Ahmed Y. Nassar (Professor of
Biochemistry, Faculty of Medicine, Assiut University, Egypt) as a patent
coordination treaty (PCT) in the International Bureau of World Intel-
lectual Property Organization (WIPO), Geneva, Switzerland/World Or-
ganization (WO) 2008/028497. Briefly, CUAB complex was prepared by
adding a mixture of NaCl and Cu salt solution to a pure homogenous
mixture of egg white peptides at an adjusted pH. However, ND was
freshly prepared in distilled water (1:100 v/v).

2.2. Animals and experimental protocol

Male Wister albino mice weighing 25 g, aged 4-5 w old, were
employed for conducting this experiment. Mice were purchased from
the Faculty of Veterinary Medicine, Assiut University, Egypt’s Centre for
Laboratory Animals. Before starting the experiment, mice were confined
to comfy standard conditions for two weeks. They were housed in three
per cage under the following conditions: temperature (21 + 2 °C), hu-
midity (60 + 5%), and light/dark (12/12 h) cycle. All animals were
given a regular baseline ration as well as free access to water. After
becoming acclimated, experimental mice were sorted to 4 equal sets (6
mice each). Control group; mice were administered oral distilled water
(no treatment was added); CuAB group, animals received CuAB, orally,
at a dose of 817 ug/kg body weight, three times a week, starting from the
2nd w till experiment’s termination after 13 w (Taha et al., 2022). ND
group, which was designated as a positive toxic group, where, mice were
treated with ND, given intraperitoneally (50 mg/kg body weight, once
weekly for 6 w, beginning the 2nd to the 13th w) (Saber et al., 2018;
Younis et al., 2019). In addition, CuAB+ND group, mice were admin-
istered both CuAB and ND at the same abovementioned dosage; thereby,
CuAB was given 6 h before ND exposure.

2.3. Tissue sampling

Upon completion of the experimental protocol, all mice were placed
in an induction chamber (open-drop technique) for the conventional
inhalation anesthetic protocol; thereby, mice died under prolonged
exposure to 4% isoflurane. The brain was quickly extracted, and one part
was preserved in formalin for subsequent paraffin embedding and
sectioning. While the other fresh parts of fresh brain specimens were
utilized for isolation of RNA/protein and preserved at—80 °C or for a
subsequent oxidative cascade marker investigation, the remaining fresh
tissue pieces were stored at-20 °C.

2.4. Animal behavior and locomotor activity investigation

During the experiment, the mice behavior and motor activity were
investigated. Mice movements (spontaneous horizontal motor activity,
vertical activity, and stereotypic movements) and total travel distance
were recorded using the Panlab Infrared (IR) Actimeter machine (Pan-
lab, Barcelona, Spain). Each mouse was positioned in the middle of a
clear acrylic cage that possessed an opaque black floor. It was connected
to a photoelectric cell and movements were monitored by infrared
beams. The actimeter infrared frames were adjusted according to animal
size with the lower frame at 3 cm high from the box floor to record
horizontal movements and the upper frame at 5 cm high from the box
floor to record vertical movements. The activity of each mouse was
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Fig. 1. Box-and-whisker plots of mice behavior and motor activity. (A) fast movement (B) slow movement. The change in horizontal (C) and vertical motor (D)
activity, (E) resting time, (F) stereo movement, (G) travel distance, (H) total movement. P < 0.05; *ND vs Control; # CuAB-+ND vs ND (n = 6).

acquired for 5 min. The animal was resting when the movements were
less than 2 times/min, slow when movements were 2-5 times/min, or
fast when the animal moved > 5 times per min. All recordings were
registered in a dark isolated room (Abedi et al., 2013; Yamaguchi et al.,
2017). All actimeter testing was done between 8:30 AM and 2:00 PM in a
separate room. The experimental protocol was divided into 2 stages:
first, the animals underwent a habituation phase, during which their

spontaneous locomotor activity was monitored twice daily for 10 min
over the course of 3 days in a row. On the 4th day, during the 2nd 10 min
session, just the locomotor activity was recorded, which had been uti-
lized to establish the daily habit, and was employed in data analysis.
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Fig. 2. Bar plot panel of oxidative stress markers in plasma upon ND and/or CuAB treatment. (A) SOD, superoxide dismutase, (B) GSH, reduced glutathione; (C)

MDA, malondialdehyde. P < 0.01; *ND vs Control; # CuAB+ND vs ND (n = 4).

2.5. Oxidative cascade markers

The levels of Malonaldehyde (MDA, Cat. No. MD2529), SOD1 (Cat.
No. SD2521), and reduced glutathione (GSH; Cat. No. GR2511) were
analyzed in brain tissue using commercial kits from (Biodiagnostics Co,
Giza, Egypt) adhering to the manufacturer’s directions.

2.6. RT-gPCR

Brain tissues were used to extract total RNA utilizing QIAzol Lysis
Reagent (QIAGEN®, QIAzol™, USA) according to the manufacturer’s
recommendations. RNA concentrations and qualities (OD260/0D280 =
2.0) were determined. The first strand cDNAs were generated using 1 pg
RNA of each sample and oligo (dT) primers (PrimeScript™, TaKaRa Bio
Inc, CA, USA) were utilized as templates for RT-PCR analysis based on
the manufacturer’s protocol. Relative quantification of gene expression
was calculated relative to f-actin gene. The PCR using the primers given
in Table S1 (purchased from Vivantis Technologies, Malaysia) was car-
ried out according to Ahmed et al. (2022).

2.7. Western blot analysis

The immunoblotting was conducted in refer to our previous report
(Shanab et al., 2023). Briefly, protein lysate was retrieved from the brain
samples with the addition of a proteinase inhibitor cocktail (Phos-
StopTM, Roche Diagnostics, USA) was then added. A polyvinylidene
difluoride membrane was then used to transfer all the proteins after they
had been electrophoretically separated using SDS-poly acrylamide gel
electrophoresis and loaded in equal amounts. Then, all membranes were
blocked in 1% BSA and incubated in the primary then secondary anti-
bodies (details are shown in Table S2). The Roche Lumi-light Plus kit
and the BioRAD chemidoc were employed to identify the bands. Using

NIH Image J, band intensities were quantified.

2.8. Histopathology alterations evaluation

Fixed brain tissue samples were dehydrated with progressively
increased alcohol concentrations (70%, 80%, 90%, and 100%, respec-
tively). Thereafter, xylene clearance was performed before paraffin
embedding. H&E was used to prepare and stain the sections. A camera-
integrated digital scanning system (DM300, Leica, Germany) was then
used to image the slides. Thereafter, the prominent detected lesions
(necrosis, hemorrhage, and inflammatory cell infiltrations) were scored
in a range from O to 4 according to the degree of injury, with total lesion
scores of 12 (Abdeen et al., 2021).

2.9. Statistical analyses

One-way ANOVA and Dunnett t-tests were employed for multiple
comparisons. Data were expressed as the mean + SE at a significance
level of P < 0.05. RStudio (R version 4.0.2) was employed generate the
bar graphs and multivariate analyses (Hierarchical clustering heatmap,
principal component analysis (PCA), and variable importance projection
(VIP) score).

3. Results
3.1. Locomotor activities and behavioral patterns of mice

As illustrated in Fig. 1, ND intoxication provoked a significant
decrease in motor activities of mice as elucidated by diminishing the
whole traveled and decreasing several kinds of movements (fast, verti-
cal, horizontal, stereotypic, and total movements) while slow movement
and resting time increased confront to the control groups. Contrariwise,
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Fig. 3. mRNA and proteins expression of oxidative biomarkers in brain tissue upon ND and/or CuAB treatment. (A) representative bands for Nrf2, 5HT, and p-actin
genes; Bar plot panel of mRNA levels of Nrf2 (B) and SOD1 (C). (D) Typical immunoblots for Nrf2, and f-actin proteins; (E) Bar plot panel of Nrf2. (F) Typical
immunoblots for SOD1, and p-actin proteins; (G) Bar plot panel of SOD1. All semiquantitative analyses were elaborated after normalization against f-actin. P < 0.01;

*ND vs Control; # CuAB+ND vs ND (n = 4).

preconditioning with CuAB complex robustly counteracted the delete-
rious effect of ND on the motor activities of mice.

3.2. Oxidative/antioxidative status

Results of endogenous antioxidant redox (SOD1 and GSH) together
with the levels of MDA, a LPO biomarker, are displayed in Fig. 2. The
levels of MDA were remarkably enhanced together with drastic

reduction in SOD1 levels and GSH activities following ND exposure that
spotted brain tissue oxidative damage. In addition, oxidative stress was
further assured by decreased protein levels of Nrf2 and SOD1 as well as
dramatic downregulation of mRNA expression levels of Nrf2 and 5-HT in
brain tissue (Fig. 3). ND-triggered oxidative damage was significantly
attenuated by CuAB complex supplementation.



O. Shanab et al.

Ecotoxicology and Environmental Safety 270 (2024) 115841

CuAB+ND

A Control CuAB
P65
P50
IL-6
Casp1
iNOS
TNF-a
B -actin
P65 mRNA " P50 mRNA
60 ]
30
%40 g:.:‘
5 520
L‘cjzo # 810
0 ———— == E 0 —— ] ==
Control CuAB ND CuAB+ND Control CuAB
Casp1 mRNA & iNOS mRNA
30 15
g2 210
i o o
o === == [j o [j
Control CuAB ND CuAB+ND Control CuAB

IL-6 mRNA
* %
20
15
z10
£ #
. []
‘_:_[—, oo === [
ND CuAB+ND Control CuAB ND CuAB+ND
% 15TNF-(J mRNA %
o 10
2
#
] , omm [N E
ND CuAB+ND Control CuAB ND CuAB+ND
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ND (n = 4).

3.3. Inflammatory pathway

As shown in Figs. 4 and 5, the ND-treated mice exhibited brain
inflammation. This was indicated by the upregulation of mRNA levels of
several inflammation-related genes such as NF-kB/p65, NF-xB/p50, IL-
6, Caspl, iNOS, and TNF-a in the ND-exposed group compared to
other groups. Further, the levels of protein expression of NF-xB/p65, NF-
kB/p50, IL-6, and P-IKBa were dramatically increased, whereas IKBa
substantially decreased following ND-exposure. Remarkably, pretreat-
ment with the CuAB complex leads to noteworthy betterment of ND-
induced neuroinflammation.

3.4. Apoptotic pathway

Alterations in protein and mRNA expression of apoptotic biomarkers

in relation to ND and/or CuAB complex administrations are presented in
Fig. 6. ND exposure considerably induces overexpression of the Cyt c
protein, its cascade proteins, Cl. Casp3 (Casp3-17 and 19). Altogether,
this suggests activation of the apoptotic pathway contrarily to the con-
trol group. In contradiction, we observed well-regulated modulation of
the expression of these proteins when ND-intoxicated mice pretreated
with CuAB complex. These findings corroborate credence to the
assumption that Cu had a significantly inhibitory effect on ND-insulted
apoptosis in brain tissue.

3.5. Hierarchical clustering heatmap, PCA, and VIP Score

PCA was employed to analyze the associations between different
treatment groups and variables. Accordingly, parameters were catego-
rized into three principal coordinate components (PC1, PC2, and PC3),
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that together accounted for 93.5% of the variance. Most of the evaluated
variables were differentiated by PC1 and represented the greater pro-
portion of variance (72%), whilst PC2 (17.3%) and PC3 (4.2%) reflected
the lower proportion of variance. The PCA divulged that the Control,
CuAB, and CuAB+ND groups were aggregated on the left side together
and secluded from those exposed with ND (mostly along the PCI;
Fig. 7A).

The clustering heatmap displayed in Fig. 7B exemplifies an instinc-
tive visual representation of all sets of data, which sums up the signifi-
cant disparity between the levels of all studied parameters in relation to
ND toxicity contrasted to the other groups. These results posit that the
animals exposed to ND exhibited greater injury than animals in the other
groups.

Additionally, the VIP showed that the mRNA expression of NF-kB/
p65, IL-6, Caspl, NF-kB/p50, TNF-a, and resting time, respectively,
were the most influential variables that discerning ND-exposed animals
from the rest (Fig. 7C).

3.6. Histopathological scanning of brain

To verify, biochemical and molecular observations, histological
changes in the brain tissues after ND treatment were investigated and
depicted in Fig. 8. As considered in the Control group, normal feature of
the cerebral cortex’s histological architecture (normal cells of the brain
include neurons as well as endothelial and perivascular cells) was found.
The brain tissues of the ND-treated group showed severe hemorrhagic
changes with mononuclear cell infiltration and focal microglia cell ag-
gregations. In addition, edema of neuronal cells with pyknotic nuclei.
Clear zones were surrounded by degenerated and necrotic neurons.
Variable thinning of the granular and Purkinje cell layers was also
noticed (Fig. 8B, C and D). However, the pretreatment with CuAB
complex significantly restored these alterations toward normal archi-
tecture as shown by apparently normal brain tissue with mild degrees of
necrosis and degeneration in the neurons (Fig. 8F). These findings were
statistically assured by scorning data as present in Fig. 8G, where, ND
exerted a significant damaging effect on neuronal cells when compared
to controls. However, rat-treated with both ND and CuAB showed
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marked improvements than those treated with ND only.
4. Discussion

ND is an extremely toxic unavoidable environmental contaminant,
that poses a serious health hazard after repeated exposure (Lai et al.,
2023; Shaarawy et al., 2009; Shreevastava et al., 2015). Credible evi-
dence robustly proposed that LPO, increased oxidant creation, and
cellular antioxidant insufficiency are considered the fundamental
mechanisms thought to be involved in its pathogenesis (Kabir et al.,
2020; Siddique and Ali, 2016; Tong et al., 2010). The brain is one of the
vital organs particularly vulnerable to ND-induced oxidative damage as
it has an abundance of metabolically active neurons that consume nearly
20% of the total body’s oxygen. Furthermore, the brain’s antioxidant
defenses are relatively poor, and its free radical-scavenging enzymes are
lacking, rendering it less capable of dealing with free ROS (Altyar et al.,
2023; Lan et al., 2016).

Consequently, the current results expound noteworthy oxidative
damage upon ND intoxication, evidenced by a substantial decline in
GSH activity, and SOD1 level along with a marked rise in MDA con-
centration in mice brain tissues. Additionally, the protein and gene ex-
pressions of Nrf2, SOD1, and 5-HT were downregulated. The Nrf2, 5-HT,
SOD1, and GSH play important roles against oxidative damage and can
attenuate cellular injury in neuronal tissues. Intriguingly, Nrf2 signaling
trajectory is a major modulatory mechanism of detoxification that
contributes to boosting the cellular antioxidant capacity (Srivastava
et al., 2016). While 5-HT promotes mitochondrial function, increasing
cellular respiration and ATP, thus protecting the neurons when chal-
lenged by stress (Fanibunda et al., 2019). Furthermore, the antioxidant
defense enzyme, SOD1 catalyzes the dismutation of superoxide anion
radical into oxygen and innocuous hydrogen peroxide, which is subse-
quently scavenged by GSH (Wispriyono et al., 2021). However, when
antioxidants are exhausted, Fenton’s reaction takes place and generates
a significant amount of OH®, which destructively assaults the membrane

lipids, resulting in LPO generation and thereby, accumulation of MDA
(Abdelnaby et al., 2022; Aboubakr et al., 2021). Thus, the brain abun-
dance of easily oxidizable fatty acids makes it more prone to LPO
damage (Lan et al., 2016) which is expounded by worthy raises in MDA
levels in our results. Our histopathological screening further confirmed
the neuronal membrane damage evidenced by cerebral cell degradation,
with thinning of the granular and Purkinje cell layers. These findings
appeared to align with those of antecedent reports that demonstrated
neural tissue’s antioxidant incompetency upon ND exposure (Tong et al.,
2010). In addition, Rajawat (2022) has corroborated the neurotoxic
oxidative and architectural damage in ND-intoxicated mice.

Accordingly, the present investigation exhibited significant behav-
ioral and motor deficits upon ND exposure. This is probably due to the
lipophilic properties of ND making it likely to cross the blood-brain
barrier causing structural, biochemical, and molecular aberrations in
the brain (Tong et al., 2009). ND impaired the gene expressions related
to glial and neuronal constitutes and induced sustained disruptions in
cholinergic neurotransmitter homeostasis (Tong et al., 2009). In addi-
tion, decreased neuromuscular strength could be caused by insulin and
insulin-like growth factor signaling impairment, which has a negative
impact on brain function following ND exposure. It might have modified
the expression of genes related to myelin formation, maturation, integ-
rity, and synaptic plasticity (Rajawat, 2022). Our findings appeared to
be in concordance with those attained by previous reports that exhibited
neurodegeneration after ND administration (Shreevastava et al., 2015).
In the same vein, Rajawat (2022) revealed aberrant behavioral param-
eters caused by ND-induced neurotoxicity.

Congruence to mounting evidence, inflammation and oxidative
stress are robustly associated. Thus, we proposed that inflammation is a
potential mechanism involved in NDAE-prompted neuropathy. It was
noted that the Nrf2 expression knockdown boosted the NF-kB pathway
and enhanced ROS, and iNOS levels (Srivastava et al., 2016). The NF-xB
(NF-xB/p50, NF-xB/p65), a key transcriptional inducer of the inflam-
matory processes expressed in both neurons and glia, is sequestered in
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the cytosol in an inactive state via its association with the IKBa complex
(Albensi, 2019; Duan et al., 2014). Upon oxidative stress, IKBa is
phosphorylated (P-IKBa) leading to the release of the p50/p65 dimer to
the nucleus and fastening the DNA to activate the transcription of
proinflammatory genes, resulting in cytokine storms (Shih et al., 2015).
NF-kB/p50 and NF-kB/p65 together with Caspl (inflammatory medi-
ated caspases) pathway, activate the outrage of proinflammatory cyto-
kines and as well as adhesion molecules that boost inflammatory
response and stimulate the recruitment of inflammatory cells in brain
tissues (Lindbergh et al., 2020; Molla et al., 2020). In line with this
assertion, our trial spotted noteworthy upregulation of mRNA expres-
sion of the proinflammatory genes, NF-xB/p65, NF-kB/p50, IL-6, Casp1,
iNOS, and TNF-a in neuronal tissue. In addition, their protein levels are
also increased while reducing the IkBu protein expression, indicating
neuroinflammation. This data is congruent with our histological inves-
tigation, where noteworthy inflammatory cell incursions in brain tissue

were demonstrated. Notably, following ND exposure, upregulation of
the expression of these inflammatory mediators was formerly noted in
various studies (Lindbergh et al., 2020). Sadeeshkumar et al. (2017)
found that ND exposure evoked inflammation in the brain as indicated
by the prominent immune reaction of NF-xB in neurons. Additionally,
Radovits et al. (2008) and Abdeen et al. (2021) reported that enhanced
iNOS expression is correlated with inflammation and tissue damage.
Apoptosis is a hallmark in several neurodegenerative disorders
(Saleem, 2021). ND has been shown to cause irreversible mitochondrial
membrane disintegration, releasing the cytochrome c (Cyt c) to the
cytosol (Pinto et al., 2019); as a consequence, the Casp3 is activated
(Glushakov et al., 2018) with its downstream apoptotic genes triggering
the apoptotic pathway (Shaarawy et al., 2009). Furthermore, the
well-known apoptosis inhibitor Nrf2 (Srivastava et al., 2016), is
decreased upon ND exposure. The current study divulged a significantly
increased expression of apoptotic proteins (cleaved Casp3-17,
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Casp3-19), and Cyt c confirming neuro apoptosis of ND-exposed mice.
Hence, in consonance with earlier reports, our findings obviously pro-
pose the embodiment of apoptotic pathways in ND-induced brain injury
(De La Monte et al., 2009). These data are in the same vein as study of
Mohammed et al. (2019) who found over-expression of caspases in mice
hepatocytes following ND exposure.

Cu is a crucial trace mineral in the brain tissue in which it abundantly
accumulates playing a key role in various neurophysiological processes
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(An et al., 2022; Gromadzka et al., 2020). It is expelled from nerve
terminals influencing neuronal transmission via interacting with syn-
aptic proteins and neurotransmitter receptors (An et al., 2022).
Furthermore, it is involved in the myelination of neurons and cate-
cholamine biosynthesis (Rubio-Osornio et al., 2009). Based on this, the
pretreatment with CuAB complex significantly counteracted the dele-
terious effect of ND on the locomotor function and behavioral activities
of mice. Furthermore, the current histopathological examination
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Fig. 9. The molecular underpinnings for CuAB’s protective effects after ND-induced neurotoxicity.

conferred noteworthy protection, demonstrated by considerable
improvement of brain architecture with Cu treatment. Our findings are
congruent with those obtained by Desai and Kaler (2008) who reported
that administration of Cu complexes revealed neuroprotection against
neurotoxic compounds-induced motor incoordination.

Recently, there is an evidence corroborating that CuAB complex
consumption enhances the endogenous antioxidant enzymes activity via
upregulating the expression of oxidative stress genes, especially Nrf2-
dependent antioxidant defenses which in turn prevent neuronal death
(Abo-Hiemad et al., 2022b; Fujie et al., 2016). Besides, Cu act as a
cofactor for SOD1 enzyme enhancing its activity (Duncan and White,
2012; Nevitt et al., 2012). Moreover, if combined with albumin, Cu" ions
have been found to block ROS generation (Abo-Hiemad et al., 2022b).
As confirmed by prior research, copper complexes show prophylactic
effect against a variety of diseases and are able to decrease oxidative
stress and increase the levels of antioxidant enzymes in the body
(Elgazzar et al., 2012; Shatat et al., 2013; Taha et al., 2022). By these
mechanisms, in the current research, CuAB complex was capable of
suppressing LPO by restoring the GSH, and SOD1 nearly to normal
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levels. That beneficial impact was further confirmed by a remarkable
increase in brain protein and mRNA expression of Nrf2, SOD1, and 5-HT,
which affords protection against oxidative stress. Our findings agree
with the former reports of Abo-Hiemad et al., (2022b) who reported that
CuAB complex could preserve the hepatic cells against oxidative damage
caused by aflatoxicosis.

In addition, Cu'complexes have also exhibited profound anti-
inflammatory properties through blocking the NF-kB activation by
suppressing the upstream signal-regulating IkBa phosphorylation
(Abo-Hiemad et al., 2022a; Elgazzar et al., 2012). Moreover, the puta-
tive inhibition of NF-kB by Nrf2 reduces the inflammatory reaction and
promotes mitigation of neurotoxicity (Gao et al., 2022). In addition, Cu
suppresses iNOS mRNA and protein expression (Radovits et al., 2008).
In the same vein, our investigation emphasizes the inhibitory effect of
CuAB complex on proinflammatory mediators’ expression (NF-kB/p65,
NF-kB/p50, IL-6, Caspl, iNOS, and TNF-a). Also, reflected in our his-
tology by reduced inflammatory cell infiltration and cell damage when
Cu was provided to ND-intoxicated animals. This result confirms the
potential anti-inflammatory properties of this novel Cu complex which
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was also confirmed by Abo-Hiemad et al. (2022b) and Abo-Hiemad et al.
(2022a) study.

According to our results, CuAB complex supplementation exhibited a
potent protective effect against ND-elicited increment of apoptotic
proteins, Cl Caspa3, Cyt c protein levels in brain tissues. In conformity
with our results, a previous investigation demonstrated the protective
activity of Cu against liver apoptosis (Abo-Hiemad et al., 2022b).

We conducted a multivariate statistical analysis using PCA to
assemble the multiple contributions from diverse interventions on the
brain tissue. Each treatment was primarily distinguished on the PC1 axis
(72%). ND-exposed animals might be discriminated substantially from
the other treatments as evidenced by their gathering on the left side of
the gel, apart from other treatments. The CuAB+ND group, on the other
hand, was closely clustered with the Control and CuAB groups. The
clustering heatmap revealed observable variations in all variable con-
centrations with respect to ND exposure contrasted to the other groups.
Thus, these results robustly corroborate the proposed protective effect of
CuAB complex against ND toxicity. Fig. 9 highlights the molecular
mechanisms that underlie the protective effect of CuAB upon ND-
intoxication. Based on these findings, we propose that pre-treatment
with CuAB complex could alleviate the ND-induced neuronal damage.

5. Conclusions

All data revealed that ND could pass to brain tissues and induce
neuronal damage via several pathways, including oxidative stress,
apoptosis, inflammation, and structural changes in brain tissues. CuAB
complex supplementation could abrogate ND-inflicted neuronal dam-
age. This neuroprotective effect of CuAB complex is credited to its
antioxidant, anti-apoptotic and anti-inflammatory properties alongside
its ability to restore the normal architecture of the injured brain tissues.
We, therefore, suggest the supplementation of CuAB complex could be
an efficient neuroprotective strategy against diseases or toxins associ-
ated with neurodegeneration.

Funding

The authors extend their appreciation to the Deanship of Scientific
Research at King Khalid University for funding this work through small
group Research Project under grant number RGP1/368/44. This
research was also funded by the Princess Nourah bint Abdulrahman
University Researchers Supporting Project number
(PNURSP2023R127), Princess Nourah bint Abdulrahman University,
Riyadh, Saudi Arabia.

CRediT authorship contribution statement

Obeid Shanab: Conceptualization, Methodology, Investigation,
Formal analysis, Resources, Writing — original draft, Project adminis-
tration. Laila Mostafa: Conceptualization, Methodology, Investigation,
Validation, Writing — original draft. Ahmed Abdeen: Conceptualiza-
tion, Investigation, Software, Writing — original draft, Writing — review
& editing, Visualization, Supervision. Rania Atia: Software, Validation,
Data curation, Writing — original draft. Ahmed Y. Nassar, Conceptual-
ization, Methodology, Data curation, Writing — original draft. Moham-
med Youssef: Conceptualization, Methodology, Formal analysis, Data
curation, Writing — original draft, Visualization. Samah F. Ibrahim:
Software, Resources, Writing — original draft, Writing — review & edit-
ing, Funding acquisition. Zainab M Maher: Methodology, Formal
analysis, Data curation, Writing — original draft, Visualization. Florin
Imbrea: Software, Formal analysis Resources, Writing — original draft,
Writing — review & editing, Funding acquisition. Liana Fericean: Data
curation, Formal analysis, Writing — original draft. Khaled Ghareeb:
Methodology, Validation, Writing — original draft. Tabinda Hasan:
Validation, Data curation, Writing — original draft, Visualization. Heba
I. Ghamry: Validation, Resources, Writing — original draft, Funding

12

Ecotoxicology and Environmental Safety 270 (2024) 115841

acquisition. Reem T. Atawia: Investigation, Software, Formal analysis,
Data curation, Writing — original draft. Omar Sadeq: Software, Vali-
dation, Writing - original draft, Visualization. Afaf Abdelkader:
Investigation, Writing — original draft, Writing — review & editing,
Visualization, Supervision.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data Availability
Data will be made available on request.
Acknowledgments

The authors extend their appreciation to the Deanship of Scientific
Research at King Khalid University for funding this work through samll
group Research Project under grant number RGP1/368/44. In addition,
this paper is published from the project 6PFE of the University of Life
Sciences “King Mihai I from Timisoara and Research Institute for Bio-
security and Bioengineering from Timisoara. The authors also extend
their appreciations to the Princess Nourah bint Abdulrahman University
Researchers Supporting Project number (PNURSP2023R127), Princess
Nourah bint Abdulrahman University, Riyadh, Saudi Arabia. All sup-
ported provided by the Center of Excellence in Screening of Environ-
mental Contaminants (CESEC), Benha University, Egypt was respected.

Institutional review board statement

The use of research animals and the study’s design were endorsed by
the Ethics Committee for the Control and Prevention of Cruelty to
Experimental Animals of the Faculty of Veterinary Medicine at South
Valley University (Approval no. 32).

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.ecoenv.2023.115841.

References

Abdeen, A., Samir, A., Elkomy, A., Aboubaker, M., Habotta, O.A., Gaber, A., Alsanie, W.
F., Abdullah, O., Elnoury, H.A., Baioumy, B., Ibrahim, S.F., Abdelkader, A., 2021.
The potential antioxidant bioactivity of date palm fruit against gentamicin-mediated
hepato-renal injury in male albino rats. Biomed. Pharmacother. https://doi.org/
10.1016/j.biopha.2021.112154.

Abdelnaby, A., Abdel-Aleem, N., Mansour, A., Abdelkader, A., Ibrahim, A.N., Sorour, S.
M., Elgendy, E., Bayoumi, H., Abdelrahman, S.M., Ibrahim, S.F., Alsaati, I.,
Abdeen, A., 2022. The combination of tamarindus indica and coenzyme Q10 can be
a potential therapy preference to attenuate cadmium-induced hepatorenal injury.
Front. Pharmacol. 13, 1-14. https://doi.org/10.3389/fphar.2022.954030.

Abedi, P.M., Delaville, C., De Deurwaerdere, P., Benjelloun, W., Benazzouz, A., 2013.
Intrapallidal administration of 6-hydroxydopamine mimics in large part the
electrophysiological and behavioral consequences of major dopamine depletion in
the rat. Neuroscience 236, 289-297. https://doi.org/10.1016/j.
neuroscience.2013.01.043.

Abo-Hiemad, H.M., Mohamed, M.A., Nassar, A.Y., Shatat, A.R., Soliman, M., Sayed, A.
M., 2022a. Impact of copper II albumin complex on kidney impairment induced by
aflatoxin B1 in rats. Egypt. J. Chem. 65, 68-78. https://doi.org/10.21608/
ejchem.2022.100401.4686.

Abo-Hiemad, H.M., Nassar, A.Y., Shatat, A.R., Mohamed, M.A., Soliman, M.,
Abdelrady, Y.A., Sayed, A.M., Abo-Hiemad, H.M., Nassar, A.Y., Shatat, A.R.,
Mohamed, M.A., Soliman, M., Abdelrady, Y.A., Sayed, A.M., 2022b. Protective effect
of copper II-albumin complex against aflatoxin Bl-induced hepatocellular toxicity:
The impact of Nrf2, PPAR- y, and NF- kB in these protective effects Hend. J. Food
Biochem. 46, 14160 https://doi.org/10.1111/jfbc.14160.

Aboubakr, M., Abdelkader, A., Habotta, O.A., Adel, N., Emam, M.A., Abdelhiee, E.Y.,
Shanab, O., Shoghy, K., Elnoury, H., Soliman, M.M., Ibrahim, S.F., Abdeen, A., 2021.
Cefepime and diclofenac sodium combined treatment-potentiated multiple organ


https://doi.org/10.1016/j.ecoenv.2023.115841
https://doi.org/10.1016/j.biopha.2021.112154
https://doi.org/10.1016/j.biopha.2021.112154
https://doi.org/10.3389/fphar.2022.954030
https://doi.org/10.1016/j.neuroscience.2013.01.043
https://doi.org/10.1016/j.neuroscience.2013.01.043
https://doi.org/10.21608/ejchem.2022.100401.4686
https://doi.org/10.21608/ejchem.2022.100401.4686
https://doi.org/10.1111/jfbc.14160

O. Shanab et al.

injury: role of oxidative damage and disrupted lipid metabolism. J. Biochem. Mol.
Toxicol. 35 https://doi.org/10.1002/jbt.22929.

Ahmed, N., El-Rayes, S.M., Khalil, W.F., Abdeen, A., Abdelkader, A., Youssef, M.,
Mabher, Z.M., Ibrahim, A.N., Abdelrahman, S.M., Ibrahim, S.F., Abdelrahaman, D.,
Alsieni, M., Elserafy, O.S., Ghamry, H.I.,, Emam, H.T., Shanab, O., 2022. Arabic gum
could alleviate the aflatoxin B1l-provoked hepatic injury in rat: the involvement of
oxidative stress, inflammatory, and apoptotic pathways. Toxins (Basel) 14. https://
doi.org/10.3390/toxins14090605.

Albensi, B.C., 2019. What is nuclear factor kappa B (NF-kB) doing in and to the
mitochondrion? Front. Cell Dev. Biol. 7, 1-7. https://doi.org/10.3389/
fcell.2019.00154.

Alcaraz-Zubeldia, M., Rojas, P., Boll, C., Rios, C., 2001. Neuroprotective effect of acute
and chronic administration of copper “II"” sulfate against MPP+ neurotoxicity in
mice. Neurochem. Res. 26, 59-64. https://doi.org/10.1023/A:1007680616056.

Alcaraz-Zubeldia, M., Boll-Woehrlen, M.C., Montes-Lopez, S., Pérez-Severiano, F.,
Martinez-Lazcano, J.C., Diaz-Ruiz, A., Rios, C., 2009. Copper sulfate prevents
tyrosine hydroxylase reduced activity and motor deficits in a Parkinson’s disease
model in mice. Rev. Investig. Clin.

Ali, F., Rahul, Jyoti, S., Fatima, A., Khanam, S., Naz, F., Siddique, Y.H., 2016. Protective
role of curcumin against N-nitrosodiethylamine (NDEA)-induced toxicity in rats. Sci.
Pharm. https://doi.org/10.3797/scipharm.1506-06.

Altyar, A.E., Kensara, O.A., Sayed, A.A., Aleya, L., Almutairi, M.H., Zaazouee, M.S.,
Elshanbary, A.A., El-Demerdash, F.M., Abdel-Daim, M.M., 2023. Acute aflatoxin B1-
induced hepatic and cardiac oxidative damage in rats: ameliorative effects of morin.
Heliyon 9, 21837. https://doi.org/10.1016/j.heliyon.2023.e21837.

An, Y., Li, S., Huang, X., Chen, X., Shan, H., Zhang, M., 2022. The role of copper
homeostasis in brain disease. Int. J. Mol. Sci. 23, 1-23. https://doi.org/10.3390/
ijms232213850.

Cahyani, D.M., Miatmoko, A., Hariawan, B.S., Purwantari, K.E., Sari, R., 2021. N-
nitrosodiethylamine induces inflammation of liver in mice. J. Basic Clin. Physiol.
Pharmacol. https://doi.org/10.1515/jbepp-2020-0475.

De La Monte, S.M., Tong, M., Lawton, M., Longato, L., 2009. Nitrosamine exposure
exacerbates high fat diet-mediated type 2 diabetes mellitus, non-alcoholic
steatohepatitis, and neurodegeneration with cognitive impairment. Mol.
Neurodegener. 4, 1-21. https://doi.org/10.1186/1750-1326-4-54.

Desai, V., Kaler, S.G., 2008. Role of copper in human neurological disorders. Am. J. Clin.
Nutr. 88, 8555-858S. https://doi.org/10.1093/ajen/88.3.855s.

Donnelly, P.S., Caragounis, A., Du, T., Laughton, K.M., Volitakis, I., Cherny, R.A.,
Sharples, R.A., Hill, A'F., Li, Q.X., Masters, C.L., Barnham, K.J., White, A.R., 2008.
Selective intracellular release of copper and zinc ions from bis(thiosemicarbazonato)
complexes reduces levels of Alzheimer disease amyloid-p peptide. J. Biol. Chem. 283,
4568-4577. https://doi.org/10.1074/jbc.M705957200.

Duan, D., Zhang, S., Li, X., Guo, H., Chen, M., Zhang, Y., Han, J., Lv, Y., 2014. Activation
of the TLR/MyD88/NF-kB signal pathway contributes to changes in IL-4 and IL-12
production in piglet lymphocytes infected with porcine circovirus type 2 in vitro.
PLoS One. https://doi.org/10.1371/journal.pone.0097653.

Duncan, C., White, A.R., 2012. Copper complexes as therapeutic agents. Metallomics 4,
127-138. https://doi.org/10.1039/c2mt00174h.

Elgazzar, U.B., Nassar, A. yassein, Esmail, M.N., Abdallah, M.S., 2012. Role of copper-
albumin complex in treatment of gastric ulcer in rats. J. Appl. Sci. Res. 8,
5789-5798.

Fanibunda, S.E., Deb, S., Maniyadath, B., Tiwari, P., Ghai, U., Gupta, S., Figueiredo, D.,
Weisstaub, N., Gingrich, J.A., Vaidya, A.D.B., Kolthur-Seetharam, U., Vaidya, V.A.,
2019. Serotonin regulates mitochondrial biogenesis and function in rodent cortical
neurons via the 5-HT2A receptor and SIRT1-PGC-1a axis. Proc. Natl. Acad. Sci. U. S.
A. 166, 11028-11037. https://doi.org/10.1073/pnas.1821332116.

Fujie, T., Murakami, M., Yoshida, E., Tachinami, T., Shinkai, Y., Fujiwara, Y.,
Yamamoto, C., Kumagai, Y., Naka, H., Kaji, T., 2016. Copper diethyldithiocarbamate
as an activator of Nrf2 in cultured vascular endothelial cells. J. Biol. Inorg. Chem. 21,
263-273. https://doi.org/10.1007/s00775-016-1337-z.

Gao, W., Guo, L., Yang, Y., Wang, Y., Xia, S., Gong, H., Zhang, B.K., Yan, M., 2022.
Dissecting the crosstalk between Nrf2 and NF-kB response pathways in drug-induced
toxicity. Front. Cell Dev. Biol. 9, 1-21. https://doi.org/10.3389/fcell.2021.809952.

Glushakov, A.O., Glushakova, O.Y., Korol, T.Y., Acosta, S.A., Borlongan, C.V.,

Valadka, A.B., Hayes, R.L., Glushakov, A.V., 2018. Chronic upregulation of cleaved-
caspase-3 associated with chronic myelin pathology and microvascular
reorganization in the thalamus after traumatic brain injury in rats. Int. J. Mol. Sci.
19, 1315.

Gromadzka, G., Tarnacka, B., Flaga, A., Adamczyk, A., 2020. Copper dyshomeostasis in
neurodegenerative diseases—therapeutic implications. Int. J. Mol. Sci. 21, 1-35.
https://doi.org/10.3390/ijms21239259.

Hebels, D.G.A.J., Jennen, D.G.J., Kleinjans, J.C.S., de Kok, T.M.C.M., 2009. Molecular
signatures of N-nitroso compounds in Caco-2 cells: Implications for colon
carcinogenesis. Toxicol. Sci. https://doi.org/10.1093/toxsci/kfp035.

Hegazy, A.M., Farid, A.S., Hafez, A.S., Eid, R.M., Nasr, S.M., 2019. Hepatoprotective and
immunomodulatory effects of copper-nicotinate complex against fatty liver in rat
model. Vet. World 12, 1903-1910. https://doi.org/10.14202/vetworld.2019.1903-
1910.

Kabir, T., Uddin, S., Abdeen, A., Ashraf, G., Perveen, A., Hafeez, A., Bin-jumah, M.N.,
Abdel-daim, M.M., 2020. Evidence linking protein misfolding to quality control in
progressive neurodegenerative diseases. Curr. Top. Med. Chem. 20, 1-19. https://
doi.org/10.2174/1568026620666200618114924.

Kanemaru, Y., Momiki, Y., Matsuura, S., Horikawa, T., Gohda, J., Inoue, J.I.,
Okamoto, Y., Fujita, M., Otsuka, M., 2011. An artificial copper complex
incorporating a cell-penetrating peptide inhibits nuclear factor-xB (NF-kB)

13

Ecotoxicology and Environmental Safety 270 (2024) 115841

activation. Chem. Pharm. Bull. 59, 1555-1558. https://doi.org/10.1248/
cpb.59.1555.

Lai, Y., Zhang, T., Huang, L., Li, W., Lin, W., 2023. Monitoring cell viability in N-
nitrosodiethylamine induced acute hepatitis and detection of hydrazine in solution
and gas phase with Dual-function fluorescent probes. J. Hazard. Mater. https://doi.
org/10.1016/j.jhazmat.2022.130207.

Lan, A.P., Chen, J., Chai, Z.F., Hu, Y., 2016. The neurotoxicity of iron, copper and cobalt
in Parkinson’s disease through ROS-mediated mechanisms. BioMetals 29, 665-678.
https://doi.org/10.1007/510534-016-9942-4.

Lindbergh, C.A., Casaletto, K.B., Staffaroni, A.M., Elahi, F., Walters, S.M., You, M.,
Neuhaus, J., Contreras, W.R., Wang, P., Karydas, A., Brown, J., Wolf, A., Rosen, H.,
Cobigo, Y., Kramer, J.H., 2020. Systemic tumor necrosis factor-alpha trajectories
relate to brain health in typically aging older adults. J. Gerontol. - Ser. A Biol. Sci.
Med. Sci. 75, 1558-1565. https://doi.org/10.1093/GERONA/GLZ209.

May, N.V., Jancso, A., Enyedy, E.A., 2021. Binding models of copper(II)
thiosemicarbazone complexes with human serum albumin_ a speciation study.
Molecules 26, 2711.

Mohammed, M.M., Ramadan, G., Zoheiry, M.K., El-Beih, N.M., 2019.
Antihepatocarcinogenic activity of whey protein concentrate and lactoferrin in
diethylnitrosamine-treated male albino mice. Environ. Toxicol. 34, 1025-1033.
https://doi.org/10.1002/tox.22773.

Molla, M.D., Akalu, Y., Geto, Z., Dagnew, B., Ayelign, B., Shibabaw, T., 2020. Role of
caspase-1 in the pathogenesis of inflammatory-associated chronic noncommunicable
diseases. J. Inflamm. Res. 13, 749-764. https://doi.org/10.2147/JIR.S277457.

Mujafarkani, N., Ahamed, F.M.M., Babu, K.S., Debnath, S., Sayed, A.A., Albadrani, G.M.,
Al-Ghadi, M.Q., Kumarasamy, V., Subramaniyan, V., Kamaraj, C., Abdel-Daim, M.
M., 2023. Unveiling a novel terpolymer-metal complex: a detailed exploration of
synthesis, characterization, and its potential as an antimicrobial and antioxidant
agent. Heliyon 9, e20459. https://doi.org/10.1016/j.heliyon.2023.e20459.

Nevitt, T., Ohrvik, H., Thiele, D.J., 2012. Charting the travels of copper in eukaryotes
from yeast to mammals. Biochim. Biophys. Acta - Mol. Cell Res. https://doi.org/
10.1016/j.bbamcr.2012.02.011.

Nguyen, T., Hamby, A., Massa, S.M., 2005. Clioquinol down-regulates mutant huntingtin
expression in vitro and mitigates pathology in a Huntington’s disease mouse model.
Proc. Natl. Acad. Sci. U. S. A. 102, 11840-11845. https://doi.org/10.1073/
pnas.0502177102.

Pinto, M., Vempati, U.D., Diaz, F., Peralta, S., Moraes, C.T., 2019. Ablation of
cytochrome C in adult forebrain neurons impairs oxidative phosphorylation without
detectable apoptosis. Mol. Neurobiol. 56, 3722-3735. https://doi.org/10.1007/
512035-018-1335-y.

Radovits, T., Ger6, D., Lin, L.N., Loganathan, S., Hoppe-Tichy, T., Szabd, C., Karck, M.,
Sakurai, H., Szabd, G., 2008. Improvement of aging-associated cardiovascular
dysfunction by the orally administered copper(I)-aspirinate complex. Rejuvenation
Res. 11, 945-956. https://doi.org/10.1089/1ej.2008.0762.

Rajawat, N.K., 2022. Neurotoxicity of N-nitrosodimethylamine (NDMA) in Swiss albino
mice and neuroprotection by nanocurcumin. Mater. Today Proc. 69, A30-A41.
https://doi.org/10.1016/j.matpr.2023.04.014.

Rubio-Osornio, M., Montes, S., Pérez-Severiano, F., Aguilera, P., Floriano-Sanchez, E.,
Monroy-Noyola, A., Rubio, C., Rios, C., 2009. Copper reduces striatal protein
nitration and tyrosine hydroxylase inactivation induced by MPP+ in rats.
Neurochem. Int. 54, 447-451. https://doi.org/10.1016/j.neuint.2009.01.019.

Saber, S., Mahmoud, A.A.A., Goda, R., Helal, N.S., El-ahwany, E., Abdelghany, R.H.,
2018. Perindopril, fosinopril and losartan inhibited the progression of
diethylnitrosamine-induced hepatocellular carcinoma in mice via the inactivation of
nuclear transcription factor kappa-B. Toxicol. Lett. https://doi.org/10.1016/j.
toxlet.2018.05.036.

Sadeeshkumar, V., Duraikannu, A., Ravichandran, S., Kodisundaram, P., Fredrick, W.S.,
Gobalakrishnan, R., 2017. Modulatory efficacy of dieckol on xenobiotic-
metabolizing enzymes, cell proliferation, apoptosis, invasion and angiogenesis
during NDEA-induced rat hepatocarcinogenesis. Mol. Cell. Biochem. 433, 195-204.
https://doi.org/10.1007/s11010-017-3027-8.

Saleem, S., 2021. Apoptosis, autophagy, necrosis and their multi galore crosstalk in
neurodegeneration. Neuroscience. https://doi.org/10.1016/j.
neuroscience.2021.06.023.

Santamaria, A., Flores-Escartin, A., Martinez, J.C., Osorio, L., Galvan-Arzate, S.,
Chaverri, J.P., Maldonado, P.D., Medina-Campos, O.N., Jiménez-Capdeville, E., M.,
Manjarrez, J., Rios, C., 2003. Copper blocks quinolinic acid neurotoxicity in rats:
contribution of antioxidant systems. Free Radic. Biol. Med. 35, 418-427.

Shaarawy, S.M., Tohamy, A.A., Elgendy, S.M., Abd Elmageed, Z.Y., Bahnasy, A.,
Mohamed, M.S., Kandil, E., Matrougui, K., 2009. Protective effects of garlic and
silymarin on NDEA-induced rats hepatotoxicity. Int. J. Biol. Sci. 5, 549-557. https://
doi.org/10.7150/ijbs.5.549.

Shanab, O., El-rayes, S.M., Khalil, W.F., Ahmed, N., Abdelkader, A., Aborayah, N.H.,
Atwa, A.M., Mohammed, F.I., Nasr, H.E., Ibrahim, S.F., Khattab, A.M., Alsieni, M.,
Behairy, A., Fericean, L., Mohammed, L.A., Abdeen, A., 2023. Ecotoxicology and
environmental safety nephroprotective effects of Acacia senegal against aflatoxicosis
via targeting inflammatory and apoptotic signaling pathways. Ecotoxicol. Environ.
Saf. 262, 115194 https://doi.org/10.1016/j.ecoenv.2023.115194.

Shatat, A.R., Eldien, H.M.S., Nassar, M.Y., Mohamed, A.O., Hussein, A.H.M., El-Adasy, A.
B.A., Khames, A.A., Nassar, A.Y., 2013. Protective effects of copper (I)-nicotinate
complex against aflatoxicosis. Open Toxicol. J. 6, 1-10. https://doi.org/10.2174/
1874340401205010001.

Shih, R.H., Wang, C.Y., Yang, C.M., 2015. NF-kappaB signaling pathways in neurological
inflammation: a mini review. Front. Mol. Neurosci. 8, 1-8. https://doi.org/10.3389/
fnmol.2015.00077.


https://doi.org/10.1002/jbt.22929
https://doi.org/10.3390/toxins14090605
https://doi.org/10.3390/toxins14090605
https://doi.org/10.3389/fcell.2019.00154
https://doi.org/10.3389/fcell.2019.00154
https://doi.org/10.1023/A:1007680616056
http://refhub.elsevier.com/S0147-6513(23)01345-3/sbref10
http://refhub.elsevier.com/S0147-6513(23)01345-3/sbref10
http://refhub.elsevier.com/S0147-6513(23)01345-3/sbref10
http://refhub.elsevier.com/S0147-6513(23)01345-3/sbref10
https://doi.org/10.3797/scipharm.1506-06
https://doi.org/10.1016/j.heliyon.2023.e21837
https://doi.org/10.3390/ijms232213850
https://doi.org/10.3390/ijms232213850
https://doi.org/10.1515/jbcpp-2020-0475
https://doi.org/10.1186/1750-1326-4-54
https://doi.org/10.1093/ajcn/88.3.855s
https://doi.org/10.1074/jbc.M705957200
https://doi.org/10.1371/journal.pone.0097653
https://doi.org/10.1039/c2mt00174h
http://refhub.elsevier.com/S0147-6513(23)01345-3/sbref20
http://refhub.elsevier.com/S0147-6513(23)01345-3/sbref20
http://refhub.elsevier.com/S0147-6513(23)01345-3/sbref20
https://doi.org/10.1073/pnas.1821332116
https://doi.org/10.1007/s00775-016-1337-z
https://doi.org/10.3389/fcell.2021.809952
http://refhub.elsevier.com/S0147-6513(23)01345-3/sbref24
http://refhub.elsevier.com/S0147-6513(23)01345-3/sbref24
http://refhub.elsevier.com/S0147-6513(23)01345-3/sbref24
http://refhub.elsevier.com/S0147-6513(23)01345-3/sbref24
http://refhub.elsevier.com/S0147-6513(23)01345-3/sbref24
https://doi.org/10.3390/ijms21239259
https://doi.org/10.1093/toxsci/kfp035
https://doi.org/10.14202/vetworld.2019.1903-1910
https://doi.org/10.14202/vetworld.2019.1903-1910
https://doi.org/10.2174/1568026620666200618114924
https://doi.org/10.2174/1568026620666200618114924
https://doi.org/10.1248/cpb.59.1555
https://doi.org/10.1248/cpb.59.1555
https://doi.org/10.1016/j.jhazmat.2022.130207
https://doi.org/10.1016/j.jhazmat.2022.130207
https://doi.org/10.1007/s10534-016-9942-4
https://doi.org/10.1093/GERONA/GLZ209
http://refhub.elsevier.com/S0147-6513(23)01345-3/sbref33
http://refhub.elsevier.com/S0147-6513(23)01345-3/sbref33
http://refhub.elsevier.com/S0147-6513(23)01345-3/sbref33
https://doi.org/10.1002/tox.22773
https://doi.org/10.2147/JIR.S277457
https://doi.org/10.1016/j.heliyon.2023.e20459
https://doi.org/10.1016/j.bbamcr.2012.02.011
https://doi.org/10.1016/j.bbamcr.2012.02.011
https://doi.org/10.1073/pnas.0502177102
https://doi.org/10.1073/pnas.0502177102
https://doi.org/10.1007/s12035-018-1335-y
https://doi.org/10.1007/s12035-018-1335-y
https://doi.org/10.1089/rej.2008.0762
https://doi.org/10.1016/j.matpr.2023.04.014
https://doi.org/10.1016/j.neuint.2009.01.019
https://doi.org/10.1016/j.toxlet.2018.05.036
https://doi.org/10.1016/j.toxlet.2018.05.036
https://doi.org/10.1007/s11010-017-3027-8
https://doi.org/10.1016/j.neuroscience.2021.06.023
https://doi.org/10.1016/j.neuroscience.2021.06.023
http://refhub.elsevier.com/S0147-6513(23)01345-3/sbref46
http://refhub.elsevier.com/S0147-6513(23)01345-3/sbref46
http://refhub.elsevier.com/S0147-6513(23)01345-3/sbref46
http://refhub.elsevier.com/S0147-6513(23)01345-3/sbref46
https://doi.org/10.7150/ijbs.5.549
https://doi.org/10.7150/ijbs.5.549
https://doi.org/10.1016/j.ecoenv.2023.115194
https://doi.org/10.2174/1874340401205010001
https://doi.org/10.2174/1874340401205010001
https://doi.org/10.3389/fnmol.2015.00077
https://doi.org/10.3389/fnmol.2015.00077

O. Shanab et al.

Shreevastava, A.K., Shariff, A., Nag, T.C., Srinivas, M., 2015. Effect of postnatal exposure
to N-nitrosodiethylamine on the myenteric plexus of rat. Int. J. Anat. Res. 3,
1497-1504. https://doi.org/10.16965/ijar.2015.277.

Siddique, Y.H., Ali, F., 2016. Protective effect of epigallocatechin gallate against N-
nitrosodiethylamine (NDEA) induced toxicity in rats. Cogent Biol. 2, 1141451.
https://doi.org/10.1080/23312025.2016.1141451.

Singh, N., Vishwas, S., Kaur, A., Kaur, H., Kakoty, V., Khursheed, R., Chaitanya, M.V.N.
L., Babu, M.R., Awasthi, A,, corrie, L., Harish, V., Yanadaiah, P., Gupta, S., Sayed, A.
A., El-Sayed, A., Ali, L., Kensara, O.A., Ghaboura, N., Gupta, G., Dou, A.M.,
Algahtani, M., El-kott, A.F., Dua, K., Singh, S.K., Abdel-Daim, M.M., 2023.
Harnessing role of sesamol and its nanoformulations against neurodegenerative
diseases. Biomed. Pharmacother. 167, 115512 https://doi.org/10.1016/j.
biopha.2023.115512.

Smriti, Singla, M., Gupta, S., Porwal, O., Nasser Binjawhar, D., Sayed, A.A., Mittal, P., El-
Demerdash, F.M., Algahtani, M., Singh, S.K., Dua, K., Gupta, G., Bawa, P., Altyar, A.
E., Abdel-Daim, M.M., 2023. Theoretical design for covering Engeletin with
functionalized nanostructure-lipid carriers as neuroprotective agents against
Huntington’s disease via the nasal-brain route. Front. Pharmacol. 14, 1-15. https://
doi.org/10.3389/fphar.2023.1218625.

Srivastava, S., Blower, P.J., Aubdool, A.A., Hider, R.C., Mann, G.E., Siow, R.C., 2016.
Cardioprotective effects of Cu(II)ATSM in human vascular smooth muscle cells and
cardiomyocytes mediated by Nrf2 and DJ-1. Sci. Rep. 6, 7 https://doi.org/10.1038/
s41598-016-0012-5.

Taha, L., Maher, Z., Nassar, A., Abdallah, M., Embark, H., Youssef, M., Abdeen, A.,
Moftah, R., Madhyastha, H., Shanab, O., 2022. Molecular mechanism of Copper

14

Ecotoxicology and Environmental Safety 270 (2024) 115841

Albumin Complex on NDEA induced brain vascular damage via promoting VEGF
expression. SVU-Int. J. Vet. Sci. 5, 68-76. https://doi.org/10.21608/
svu.2022.133515.1192.

Tong, M., Neusner, A., Longato, L., Lawton, M., Wands, J.R., De La Monte, S.M., 2009.
Nitrosamine exposure causes insulin resistance diseases: relevance to type 2 diabetes
mellitus, non-alcoholic steatohepatitis, and Alzheimer’s disease. J. Alzheimer’s Dis.
https://doi.org/10.3233/JAD-2009-1155.

Tong, M., Longato, L., de la Monte, S.M., 2010. Early limited nitrosamine exposures
exacerbate high fat diet-mediated type 2 diabetes and neurodegeneration. BMC
Endocr. Disord. 10 https://doi.org/10.1186/1472-6823-10-4.

Wispriyono, B., Jalaludin, J., Kusnoputranto, H., Pakpahan, S., Permata Aryati, G.,
Pratama, S., Librianty, N., Rozaliyani, A., Fitriani Taufik, F., Novirsa, R., 2021.
Glutathione (GSH) and superoxide dismutase (SOD) levels among junior high school
students induced by indoor particulate matter 2.5 (PM2.5) and nitrogen dioxide
(NO2) exposure. J. Public Health Res. https://doi.org/10.4081/jphr.2021.2372.

Yamaguchi, H., Hara, Y., Ago, Y., Takano, E., Hasebe, S., Nakazawa, T., Hashimoto, H.,
Matsuda, T., Takuma, K., 2017. Environmental enrichment attenuates behavioral
abnormalities in valproic acid-exposed autism model mice. Behav. Brain Res. 333,
67-73. https://doi.org/10.1016/j.bbr.2017.06.035.

Younis, N.S., Ghanim, A.M.H., Saber, S., 2019. Mebendazole augments sensitivity to
sorafenib by targeting MAPK and BCL-2 signalling in n-nitrosodiethylamine-induced
murine hepatocellular carcinoma. Sci. Rep. 9, 1-16. https://doi.org/10.1038/
$41598-019-55666-x.


https://doi.org/10.16965/ijar.2015.277
https://doi.org/10.1080/23312025.2016.1141451
https://doi.org/10.1016/j.biopha.2023.115512
https://doi.org/10.1016/j.biopha.2023.115512
https://doi.org/10.3389/fphar.2023.1218625
https://doi.org/10.3389/fphar.2023.1218625
https://doi.org/10.1038/s41598-016-0012-5
https://doi.org/10.1038/s41598-016-0012-5
https://doi.org/10.21608/svu.2022.133515.1192
https://doi.org/10.21608/svu.2022.133515.1192
https://doi.org/10.3233/JAD-2009-1155
https://doi.org/10.1186/1472-6823-10-4
https://doi.org/10.4081/jphr.2021.2372
https://doi.org/10.1016/j.bbr.2017.06.035
https://doi.org/10.1038/s41598-019-55666-x
https://doi.org/10.1038/s41598-019-55666-x

	Modulatory mechanisms of copperII-albumin complex toward N-nitrosodiethylamine-induced neurotoxicity in mice via regulating ...
	1 Introduction
	2 Materials and methods
	2.1 Sources of chemicals
	2.2 Animals and experimental protocol
	2.3 Tissue sampling
	2.4 Animal behavior and locomotor activity investigation
	2.5 Oxidative cascade markers
	2.6 RT-qPCR
	2.7 Western blot analysis
	2.8 Histopathology alterations evaluation
	2.9 Statistical analyses

	3 Results
	3.1 Locomotor activities and behavioral patterns of mice
	3.2 Oxidative/antioxidative status
	3.3 Inflammatory pathway
	3.4 Apoptotic pathway
	3.5 Hierarchical clustering heatmap, PCA, and VIP Score
	3.6 Histopathological scanning of brain

	4 Discussion
	5 Conclusions
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data Availability
	Acknowledgments
	Institutional review board statement
	Appendix A Supporting information
	References


