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This study aimed to investigate the effects of the calpain inhibitor N-Acetyl-Leu-Leu-norleucinal (ALLN) on
neuroapoptotic cell damage caused by Copper Oxide Nanoparticles (CuO-NP) and exacerbation of damage
through brain ischemia/reperfusion (I/R) in a rat model. Male Wistar Albino rats (n=80) were divided into eight
groups: Control, I/R, CuO-NP, CuO-NP+I/R, I/R+ALLN, CuO-NP+ALLN, CuO-NP+I/R+ALLN, and DMSO.
Biochemical markers (MBP, S100B, NEFL, NSE, BCL-2, Cyt-C, Calpain, TNF-«, Caspase-3, MDA, and CAT) were
measured in serum and brain tissue samples. Histological examinations (H&E staining), DNA fragmentation
analysis (TUNEL) were performed, along with Caspase-3 assessment. The ALLN-treated groups exhibited sig-
nificant improvements in biochemical markers and a remarkable reduction in apoptosis compared to the
damaged groups (CuO-NP and I/R). H&E and Caspase-3 staining revealed damage-related morphological
changes and reduced apoptosis in the ALLN-treated group. However, no differences were observed among the
groups with TUNEL staining. The findings suggest that ALLN, as a calpain inhibitor, has potential implications for

anti-apoptotic treatment, specifically in mitigating neuroapoptotic cell damage caused by CuO-NP and I/R.

1. Introduction

The human brain is a metabolically active organ that is highly sen-
sitive to disruptions in blood flow. Cerebral ischemia occurs when ce-
rebral blood flow falls below a critical threshold, resulting in general or
regional brain damage [1,2]. During the ischemic phase, damage to
oxygen-dependent cells takes precedence [2,3]. When blood flow is
restored, ischemia/reperfusion injury occurs [4]. Reperfusion in-
troduces a sudden influx of oxygen, paradoxically increasing oxidative
stress and triggering additional inflammatory responses, leading to
cellular and tissue damage [5]. Numerous pharmacological strategies
have been suggested to prevent ischemia/reperfusion injury. While the
brain has defense mechanisms against ischemia, the impact of reactive
oxygen species can cause cellular events and mitochondrial dysfunction
[6]. Various animal models, such as global and focal ischemia, are used
to study ischemia/reperfusion injury [7]. Global ischemia reduces blood
flow throughout the brain, while focal ischemia affects specific areas.
Both occlusion models induce global ischemia in rats [1]. Damage raises

the amount inside cells, which turns on metabotropic glutamate re-
ceptors through G-proteins and lets calcium out through the IP3 system
[8].

Copper nanoparticles (Cu-NPs) are extensively utilized in various
industries due to their exceptional properties. With applications ranging
from food packaging, where they contribute to prolonging the shelf life
of food products and inhibiting the growth of bacteria and mold, to
agriculture, where they effectively assist in controlling plant diseases
and pests, Cu-NPs have proven their versatility and efficacy. Further-
more, the use of copper nanoparticles (Cu-NPs) extends to cosmetic
products, particularly sunscreens, due to their ability to safeguard
against skin infections and provide effective shielding against harmful
solar radiation. As a result, CuO-NPs have gained significant popularity
across multiple industries [9-12]. However, it is imperative to consider
the potential risks associated with their usage. The concern lies in the
ability of these nanoparticles to enter the food chain, with their
long-term effects on human health yet to be fully understood. Further-
more, the environmental implications of Cu-NPs should not be
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Fig. 1. Graphical Abstract.

overlooked, as they may have adverse effects on ecosystems. In addition
to other impacts, Cu-NPs are harmful due to their rapid consumption of
hydrogen ions, leading to the formation of highly reactive copper ions.
These characteristics contribute to their potential to harm the environ-
ment and enter the human body through wastewater and other waste
products [13]. Moreover, both Cu and CuO nanoparticles have demon-
strated higher toxicity compared to many other metal and metal oxide
nanoparticles [14]. In conclusion, while Cu-NPs offer various benefits in
terms of their properties and applications, it is crucial to thoroughly
evaluate the potential risks and drawbacks associated with their usage.
A comprehensive and balanced assessment is necessary to ensure their
safe and responsible utilization, considering the potential environmental
and health concerns that may arise.

Calpain’s function in neuronal death and nerve injury has been the
subject of numerous research investigations. Calpains are currently
known to be a class of enzymes comprising fifteen members, thanks to
the discovery of distinct isoforms. Two types of calpain, Calpain- I
(u-calpain) and Calpain-II (m-calpain), are found in all tissues and or-
gans, including the brain [15]. Calpain-I and -II require different levels
of calcium for activation. Calpain-I requires micromolar concentrations
of calcium for activation, whereas Calpain-II requires millimolar levels
of it [15]. Calpain-I is involved in controlling dendrite structure and
localized protein synthesis through the cleavage of many critical pro-
teins. Additionally, calpain has been shown to cleave p-catenin, intro-
ducing an effective region that modulates transcriptional activity
[15-17].

Calpain overactivity indirectly leads to lysosomal permeabilization,
resulting in the production of cathepsin-B, Which is this cysteine pro-
tease exacerbates lysosomal membrane rupture and induces mitochon-
drial damage, leading to the release of pro-apoptotic proteins such as
Cytochrome C, Caspase-9, and Caspase-3 [18,19]. In the reperfusion
process, blood flow to the brain is restored. This damages the brain in
several ways, including through neutrophil migration, higher ROS
levels, cerebral edema, and excessive blood loss. The increased ROS
levels cause damage to intracellular proteins and DNA through various

pathways that trigger oxidation and cell death [1]. While ROS are
formed during normal metabolic processes and play a role in critical
physiological mechanisms, they can harm cells when produced in large
amounts due to oxidative stress [6].

Calpains are proteases that work with the cytoskeleton and signal
transduction. They are involved in many physiological and pathophys-
iological processes, such as controlling the cell cycle, apoptosis,
inflammation, ischemia, muscular dystrophies, cataract genesis, Alz-
heimer’s disease, and Parkinson’s disease. It has been established that
activated calpains cause damage to lysosomal membranes during
necrotic cell death. The initial consequence of ischemic events is the
incorporation of calpains into lysosomal membranes, leading to cell lysis
[17,18,20]. An increased level of intracellular Ca®t disrupts the function
of the mitochondrial membrane, resulting in autolysis and cell death.
This process is accompanied by vesiculation of the endoplasmic reticu-
lum, lysosomal swelling, loss of enzymes and proteins, disintegration of
cellular compartments, and break down of membrane integrity [19,21,
22]. In specific investigations, a single-dose calpain inhibitor has been
shown to improve the microenvironment of brain damage by sup-
pressing inflammation and reducing apoptosis, thereby decreasing the
infarct area [23].

The study used an ischemia-reperfusion (I/R) model to damage the
brain, damage, and CuO-NP was used to make damage worse and boost
the effects of ischemia-reperfusion. This approach aimed to evaluate the
protective effect of a calpain inhibitor, such as ALLN, more effectively.
In summary, CuO-NP was used to exacerbate brain damage in the
ischemia-reperfusion model, enabling a more comprehensive under-
standing and assessment of the protective effects of ALLN.

The inhibition of calpain activation, which plays a role in tissue
damage, has gained increasing importance in recent years. Numerous
research studies have explored the involvement of calpain in various
physiological and pathological conditions, including neurodegenerative
diseases, cardiovascular disorders, and cancer. Calpain inhibitors have
been extensively investigated for their potential therapeutic applications
in these conditions. Several calpain inhibitors have been identified and
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Fig. 2. Schematic chart of the Neurological Calpain Inhibitor-I (ALLN) on CuO-NP Induced and Brain Ischemia-Reperfusion.

tested for their ability to prevent or reduce calpain-mediated cellular
damage and disease progression. Therefore, many research studies have
investigated the effects of calpain inhibitors, including ALLN, in various
cellular and animal models. Although a considerable amount of research
has been conducted on this topic, further investigations are necessary to
fully comprehend the mechanisms and potential therapeutic applica-
tions of calpain inhibition. There are more than a dozen known calpain
inhibitors, and in this study, a calpain inhibitor called ALLN was used
(Fig. 1).

2. Materials and methods
2.1. Materials and chemicals

All chemicals used in the study, including N-Acetyl-Leu-Leu-Nor-
leucinal (ALLN) and CuO-NP nanoparticles, were purchased from com-
mercial suppliers such as Sigma-Aldrich and Merck (St. Louis, MO, USA).
These chemicals were either of analytical grade or the highest available
grade and were utilized without any additional purification steps.
Throughout the experiments, ultra-pure water was consistently
employed.

2.2. Animals

250-300 g Wistar Albino male rats aged 6-8 weeks were used in the
experiments. The rats were kept in standard animal care cages with a 12-
hour day/night cycle, maintained at a constant temperature of 22+3°C
and a constant humidity of 55+5%. The rats were placed in separate
cages and acclimated to laboratory conditions for two days before
starting the experiments. The animal training and treatments were
conducted in accordance with authorized institutional animal care
standards and aligned with the Istanbul Medipol University for Labo-
ratory Animals. The Istanbul Institutional Animal Ethics Committee (no.
38828770-604.01.01-E.15939) at the University of Istanbul Medipol
approved all animal procedures used in this study.

2.3. Experimental design and treatment schedule

The above steps were applied to the determined groups. The groups
are explained according to the numbers below, and the experimental

phase is shown on the chart (Fig. 2). A total of 80 rats were randomly
divided into eight groups:

A. Control group (n=10): The rats were given 2 mL of physiological
saline (SF) by gavage for five days.

B. I/R Group (n=10): The rats in this group were given 2 mL of saline
by gavage for five days, and 60 minutes after the last day, an I/R damage
model was induced.

C. CuO-NP Group (n=10): The rats in this group were given 200 mg/
kg copper oxide nanoparticles by gavage for five days.

D. CuO-NP+I/R Group (n=10): The rats in this group were given
200 mg/kg copper oxide nanoparticles by gavage for five days. An I/R
model was induced 60 minutes after the last day.

E. I/R+ALLN Group (n=10): The rats in this group were given 2 mL
of saline by gavage for five days. After 60 minutes, an I/R model was
induced, and 20 mg/kg of the calpain inhibitor ALLN was given
15 minutes later.

F. CuO-NP+ALLN Group (n=10): The rats in this group were given
200 mg/kg copper oxide nanoparticles by gavage for five days, and
15 minutes after the last day, 20 mg/kg of the calpain inhibitor ALLN
was given.

G. CuO-NP+I/R+ALLN Group (n=10): The rats in this group were
given 200 mg/kg copper oxide nanoparticles by gavage for five days. An
I/R model was induced 60 minutes after the last day, and 15 minutes
later, 20 mg/kg of the calpain inhibitor ALLN was given.

H. Solvent group (n=10): The rats in this group were given 2 mL of
physiological saline by gavage for five days. After 60 minutes, an I/R
model was induced, and 15 minutes later, a DMSO solution containing
the dissolved calpain inhibitor was administered.

e Histological and biochemical parameters were evaluated using
tissue and serum samples obtained from 80 rats (n=10 in each group).

e Animal experiments were conducted in groups, with each group
lasting approximately 7-10 days.

After 24 hours of the experiment, following anesthesia, blood was
collected intracardially. The collected blood samples were then centri-
fuged, and the resulting serum samples were stored at —80 °C. Subse-
quently, the rats were decapitated, and the brain tissues were frozen on
dry ice and kept at —80 °C until the study. For histological studies, tissue
sections were obtained using a cryostat, and these sections were fixed.
Following fixation, the sections underwent staining and immunohisto-
chemical examination.
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Fig. 3. Biochemical Parameters Measured in Serum. This figure presents the levels of a.MBP, b.S100, c.NEFL, and d.NSE in different groups (n=10). The data are
presented as mean + S.D. in each group. Significant differences (p<0.05) were observed between the Control and I/R, CuO-NP, CuO-NP+I/R, I/R-+ALLN, and CuO-
NP-+ALLN groups, as indicated by the corresponding letters (A-F) and numbers (1—3). Specifically, the numbers 1, 2, and 3 indicate p-values of less than 0.001, 0.01,

and 0.05, respectively (n=10).
2.4. Nanoparticle infusion

The rats in the study were administered orally 200 mg/kg body
weight of CuO-NP nanoparticles (Sigma-544868) by gavage. This pro-
cedure was applied once a day for five days in groups 3, 4, 6 and 7 [24].

2.5. Ischemia/Reperfusion (I/R) model

The rats in groups 2, 4, 6, and 7 were allowed to drink water freely
during the period, and the operation was performed. Singh and Chopra
had previously described a model of transient global cerebral ischemia.
After 20 minutes, the clamp was released, and blood flow was re-
initiated before closing it with the incision. Saline (5 mL) was injected
intraperitoneally at 37°C to prevent fluid loss during surgery [25]
(Fig. 2).

2.6. ALLN application

Rats in groups 4, 5, and 6 were intraperitoneally injected with
20 mg/kg of ALLN (Merck) 15 minutes after I/R. ALLN was dissolved in
2 mL of dimethyl sulfoxide (DMSO), and the solvent group received only
2 mL of DMSO intraperitoneally [26,27].

2.7. Parameters measured in serum

The serum levels of Rat Myelin Basic Protein (MBP) (E-EL-R0642),
Rat S100B (S100 Calcium Binding Protein B) (E-EL-R0868), Rat Neu-
rofilament, Light Polypeptide (NEFL) (E-EL-R2536), and Rat Neuron
Specific Enolase (NSE) (E-EL-R0058) were measured using ELISA assays.

2.8. Parameters measured in brain tissue

First, the brain tissues were homogenized. The brain tissues were
removed, weighed, and stored at —80°C until the study. The tissues were
thawed and then homogenized by adding a 1:10 phosphate buffer so-
lution (PBS) (pH 7.2). The resulting homogenates were then centrifuged
at 5000 x g for 10 minutes at +4°C. The supernatants obtained were used
for measurement. The levels of B-cell Lymphoma/Leukemia 2 (Bcl-2) (E-
EL-R0096), Rat Cytochrome C (Cyt-C) (E-EL-R0160), Rat Calpain I
(CAPN1) (E-EL-R2537), Tumor Necrosis Factor Alpha (TNF-a) (E-EL-
R0019), and Caspase-3 (CASP3) (E-EL-R2537) in brain tissue were
measured using an ELISA assay.

The levels of malondialdehyde (MDA) in brain tissue were measured
by reaction with thiobarbituric acid (TBA) to form a colored product.
Samples were treated with mixtures containing SDS, acetate buffer,
TBA, and distilled water. After incubation and centrifugation, the
resulting supernatant was used for measurement. The absorbance values

of the samples were measured at 532 nm, and the concentrations were
calculated using a standard curve. The total protein levels of the same
homogenates were measured, and the MDA concentrations of the sam-
ples were normalized to the total protein. The results represent the tissue
MDA levels in nmol/mg protein [28]. The measurement of catalase
(CAT) levels in brain tissue involves the catalytic breakdown of H305.
The rate of HyOy decomposition by CAT was measured spectrophoto-
metrically based on its absorption of light at 230 nm. The specific ac-
tivity of catalase (U/mg protein) was calculated by dividing the catalase
activity by the amount of protein [28]. The protein content of the ho-
mogenates obtained from brain tissue was measured using the Bradford
method [28].

2.9. Histological findings in brain tissue

Brain tissue samples were collected and stored at —80°C for histo-
logical experiments until use. Subsequently, the tissue was sectioned
into 17 pm-thick coronal sections using a cryostat (CM1950) (Leica,
Wetzlar, Germany). These sections were then stained with hematoxylin-
eosin (H&E) (Empire Genomics, BPK 4088-2) according to the manu-
facturer’s instructions for light microscopy examination. For Caspase-3
immunofluorescence and method applications, the tissue sections were
frozen and then fixed with 4% PFA at room temperature for 20 minutes.
After fixation, sections were blocked with a blocking agent (10% normal
goat serum, 3% bovine serum albumin, 0.1% sodium azide, and 1%
Tween-20) for 1 hour at room temperature. Slides were incubated
overnight at 4°C with the primary antibody anti-Caspase-3 (1:200,
Abcam 13837) without washing. The following day, sections were
washed with PBS and incubated at room temperature for an hour with
goat anti-rabbit immunoglobulin G (IgG) H&L-Alexa Fluor 488 (1:500;
ab 150077). A dye called DAPI (D1306, Thermo Scientific) was used to
color the nuclei in TUNEL and caspase-3 immunofluorescence experi-
ments. The images were captured using a confocal microscope LSM 780
(Carl Zeiss, Oberkochen, Germany). For TUNEL assays, sections were
fixed with 4% PFA at room temperature for 20 minutes and then labeled
with TUNEL (11684795910, F. Hoffmann-La Roche Ltd., Basel,
Switzerland) according to the

manufacturer’s instructions.

2.10. Statistical analysis

Statistical analysis was performed using SPSS (Statistical Package for
Social Sciences) Windows 26.0 software. The normality of the data
distributions was assessed using the Kolmogorov-Smirnov and Shapiro-
Wilk tests. For normally distributed data, group comparisons were
performed using one-way ANOVA and Tukey HSD tests, and the results
were presented as the mean + standard deviation (SD). Non-normally
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Fig. 4. Biochemical Parameters Measured in Brain Tissue. This figure presents the levels of a.BCL-2, b.Cyt-C, c.CAPN1, d.TNF-a, e.Caspase-3, f.MDA, and g.CAT in
brain tissue samples different groups (n=10). The data are presented as mean + S.D. in each group. Significant differences (p<0.05) were observed between the
Control and I/R, CuO-NP, CuO-NP+I/R, I/R+ALLN, and CuO-NP+ALLN groups, as indicated by the corresponding letters (A-F) and numbers (1—3). Specifically, the
numbers 1, 2, and 3 indicate p-values of less than 0.001, 0.01, and 0.05, respectively (n=7).

distributed data were analyzed using the Kruskal-Wallis test, and post-
hoc multiple comparisons were conducted using the Tukey HSD test.
The results were presented as the median, 25th percentile, and 75th
percentile. Variable relationships were evaluated using Pearson and

Spearman correlation tests. A p-value of less than 0.05 was considered
statistically significant.

Fig. 5. Morphology of the CA3 region of the hippocampus was examined using Hematoxylin and Eosin (H&E) staining. Shows the morphological changes (indicated
by black arrows) observed: A.Control group, B.I/R group, and C.CuO-NP+I/R+ALLN group (n=7).
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Fig. 6. Assessment of Apoptotic Cell Density using Caspase-3 Immunofluorescence Staining. The density of apoptotic cells was examined using Caspase-3 immu-
nofluorescence staining. No apoptotic cells were observed in the Control and DMSO groups (A and B), while apoptotic cells were present in the CuO-NP (C), I/R (D),
and CuO-NP+I/R (E) groups (indicated by white arrows). The CuO-NP+ALLN (F), I/R+ALLN (G), and CuO-NP+I/R+ALLN (H) groups showed a decrease in
apoptotic cell density. The images were magnified at 20X for A-H (n=7). (B-H: include digital zoom.).

3. Results
3.1. Biochemical parameters measured in serum

The study’s findings demonstrated that a rat model with CuO-NP and
I/R damage could receive ALLN, a calpain inhibitor. The levels of MBP,
S$100, NEFL, and NSE in the serum of the rats were measured, and their
statistical analysis of these measurements is presented (Fig. 3). When
comparing the levels of MBP, S100, NEFL, and NSE between the treat-
ment groups (I/R+ALLN, CuO-NP+ALLN, and CuO-NP+I/R+ALLN),
and the damaged groups (I/R, CuO-NP, and CuO-NP+I/R), a decrease
was observed in the all treatment group as a whole. This decrease

showed statistically significant differences between the MBP and NSE
markers (p>0.5, p<0.001, p<0.01). Regarding S100 levels, a significant
decrease was observed only between the CuO-NP+I/R+ALLN and CuO-
NP-+I/R groups (p<0.001). However, it was determined that the
reduction in NEFL levels did not show a statistically significant differ-
ence among any treatment group (p>0.5).

3.2. Biochemical parameters measured in brain tissue

Furthermore, the levels of Bcl-2, Cyt-C, CAPN1, TNF-a, Caspase-3,
MDA, and CAT in the brain tissue of the rats were also measured, and
the results are presented (Fig. 4). The levels of Bcl-2 were compared

Fig. 7. Assessment of Apoptotic Cell Density using the TUNEL Method. The TUNEL method was used to assess apoptotic cell density. The Control and DMSO groups
(A and B) showed no significant difference in apoptotic cell density compared to the CuO-NP (C), I/R (D), and CuO-NP+I/R groups (E). Similarly, there was no
significant difference in apoptotic cell density observed between the treatment groups (CuO-NP+ALLN (F), I/R+ALLN (G), and CuO-NP+I/R+ALLN (H)) and the
damaged or control groups. The images were magnified at 10X for A-H and 20X for a-h (n=7).
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between the damaged groups (I/R, CuO-NP, and CuO-NP+I/R) and the
treatment groups (I/R+ALLN, CuO-NP+ALLN, and CuO-NP+l/
R+ALLN). There were statistically significant differences in the order of
rise (p>0.5, p>0.5, p<0.001). The levels of Cyt-C, TNF-a, CAPN1,
Caspase-3, MDA, and CAT showed statistically significant differences in
the order of decrease when comparing the treatment groups to the
damaged groups (p>0.5, p>0.5, p<0.001), (p>0.5, p<0.01, p>0.5),
(p>0.5, p>0.5, p>0.5), (p>0.5, p>0.5, p>0.5), (p>0.5, p>0.5,
p<0.01), (p>0.5, p<0.5, p<0.01). Only in the I/R+ALLN group were no
statistically significant differences observed in any of the markers, but
significant differences were observed in the CuO-NP+I/R+ALLN group
compared to the overall damaged group.

3.3. Histopathological studies

The morphological examinations using hematoxylin and eosin
(H&E) staining were conducted to observe the structural changes in the
CA3 region of the hippocampus. According to the findings, the study
investigated morphological alterations in the hippocampus. Light mi-
croscopy examinations revealed areas where cell organization was dis-
rupted in the hippocampus belonging to the injury group. It was
observed that the organization in the ALLN application was similar to
the control group. These results suggest that ALLN may be effective in
preserving hippocampal neurons and reversing the effects of damage
(Fig. 5). The results of Caspase-3 immunofluorescence staining also
provide noteworthy findings. In the control group, no Caspase-3-
positive cells were observed. In the DMSO and injury groups, caspase-
3 immune-positive cells were seen. However, in the ALLN treatment
groups, a few Caspase-3-positive cells were seen (Fig. 6). On the other
hand, evaluations of apoptotic cell density using the TUNEL method
yielded different results. There was no significant difference in apoptotic
cell density between the damage group, control group, and DMSO
group, as well as the ALLN treatment groups. These results suggest that
different apoptosis detection methods can influence the outcomes
(Fig. 7).

4. Discussion

Irreversible brain cell damage resulting from I/R is one of the most
critical health problems concerning mortality and morbidity. When
reviewing the literature on the subject, it becomes evident that calpain
inhibitor-I (ALLN) exhibits therapeutic effects on different damages.
Brain ischemia injury and copper nanoparticle injury are two types of
neurodegenerations that the calpain-I inhibitor could be used to treat.
Investigating calpain inhibitors as a novel combination treatment
technique to enhance the cellular effects of brain damage is worth
considering [23]. In this study, we looked into the effects of calpain
inhibitor-I (ALLN) on treating I/R and CuO-NP-related brain damage.
We designed different experimental groups to reveal the effects of
CuO-NP on the damage. We examined the damage mechanisms in
groups exposed to CuO-NP, groups undergoing brain I/R, and groups of
rats in which brain tissue was more damaged by exposure to both. One of
the essential differences distinguishing I/R from other diseases is that it
develops suddenly, and most deaths occur within the first few hours. For
this reason, researchers conduct numerous studies on this subject to
prevent I/R and reduce complications that may arise after I/R. More-
over, CuO-NP, widely used in the food and packaging industry, can also
enter the body through different foods and cause toxic effects on the
organs. Likewise, nanoparticles, substances used in different sectors, can
quickly enter the body and cause toxic damage. Therefore, in this study,
we investigated the effect of ALLN on more severe injuries caused by
brain I/R after acute CuO-NP exposure. According to the biochemical
criteria used to measure the damage caused within the brain tissues of
rats, the effect of ALLN was found to be successful.

This is one step of the project that will develop new ways with cal-
pain inhibitor-I to prevent brain damage caused by CuO-NP. The
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findings we have obtained through ELISA analysis suggest that ALLN can
eliminate the adverse effects on the brain [26,27,29,30].

Mitochondria are crucial in maintaining cellular stability and initi-
ating cell death pathways. To determine the optimal timing for admin-
istering ALLN to the experimental group, we focused on releasing the
anti-apoptotic protein Bcl-2 from mitochondria. Previous studies
found that administering ALLN after I/R helped increase Bcl-2 levels,
thereby protecting brain cells from apoptosis. Ischemic and hypoxic
damage trigger nervous system cell death by releasing cytokines and
activating cell death receptors. Our study found apoptosis, damage to
the mitochondria, release of cytochrome C into the cytoplasm, increased
caspase, and nuclear condensation, which is similar to what other
studies have found [31].

Our results show that inhibiting calpain is helpful in lowering TNF-a
levels, which is an inflammatory marker, to stop brain cells from dying
in rats that were given I/R and CuO-NP. Furthermore, our study supports
the notion that ALLN has potent anti-inflammatory properties. These
findings align with those of Das and Izumi colleagues, who have
confirmed the critical role of inflammation in the development of
neurodegenerative diseases. Our data emphasize the mechanisms by
which ALLN can safeguard brain cells against these processes [31,32].

The results of our study show that I/R and CuO-NP exposure lowers
Bcl-2 levels, which causes cell death signals to start earlier and more
caspases to be activated. Calpain activation, which includes caspase-3
activation, has been observed to increase. Moreover, our results reveal
that cytochrome c cleavage due to I/R and CuO-NP exposure causes an
increase in Caspase-3 levels, which can be counteracted by ALLN
treatment. These observations are consistent with the studies conducted
by Das and Smith [29,31,33].

Our research showed that calpain inhibitors can reduce the severity
of cell damage in I/R and CuO-NP models by preserving the axon-myelin
structure and preventing axonal degradation, indicating that calpain
inhibitor therapy may hold promise in the treatment of neurodegener-
ative diseases. In this study, ALLN treatment also helped protect brain
cells by stopping calcineurin from taking part in the apoptotic process
and reducing S100B levels. Interestingly, Berger and Donato et al. re-
ported increased S100B levels in damage groups. To learn more about
the intracellular signaling pathways involved in the survival-enhancing
effects of ALLN, we investigated whether ALLN supports brain cells
through intracellular signaling cascades. High intracellular Ca?" and
calpain activation levels can lead to apoptotic cell death through various
mechanisms. Our finding that a calcineurin inhibitory mutant is ma-
lignant and suppresses apoptosis suggests that calcineurin is the primary
mediator of apoptotic death signals [34-36].

Neurofilaments (NFs) are structural proteins that comprise the
cytoskeleton of nerve cells’ dendrites and axons. When an ischemic
event occurs in the brain, NFs can become part of the cytoskeleton and
cause mechanical damage to nervous tissue. However, if NFs continue
dissociating, they can lead to neuronal death and dysfunction in the
central nervous system. Research by Aronowski, Gresle, and Kobek has
shown that changes in NFs also occur in axonal damage following
traumatic brain injury. The results of our study support these findings, as
we observed recovery in the groups treated with ALLN after I/R and
CuO-NP exposure, which was indicated by a decrease in NF value
[37-39].

After five days of exposure to CuO-NP, cell damage due to ROS takes
place in brain cells. Malondialdehyde (MDA), one of the oxidant pa-
rameters that show damage in neurological disorders, increased, and a
decrease in catalase (CAT), one of the antioxidant parameters, was
observed. In our study, we found that the levels of MDA, an oxidant
parameter that reflects damage in neurological disorders, rose, and the
levels of CAT, an antioxidant parameter, declined in groups with brain
damage. Our results indicate that in the treatment groups given ALLN,
the values of MDA and CAT remained comparable to those of the control
group [24,28,40].

Brain injury biomarkers, including NSE, S-100p, and MBP, have been
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Table 1
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Biochemical Parameters Measured in Serum. This table presents the levels of MBP, S100, NEFL, and NSE in serum markers from different groups (n = 10). The data are
presented as mean =+ S.D. in each group. Significant differences (p<0.05) were observed between the Control and I/R, CuO-NP, CuO-NP+I/R, I/R+ALLN, and CuO-
NP+ALLN groups, as indicated by the corresponding letters (A-F) and numbers (1—3). Specifically, the numbers 1, 2, and 3 indicate p-values of less than 0.001, 0.01,

and 0.05, respectively.

Groups N MBP (ng/mL /mg pro) S100B (pg/mL /mg pro) NEFL (pg/mL /mg pro) NSE (pg/mL /mg pro)
Control 10 1.81+0.58 265.46+67.20 102:+28 4.13+0.74
I/R 10 2.54+0.27A1 B 340.08+54.36 14146353 8.32+1.814!
CuO-NP 10 3.2440.33"! 405.39+88.91 2384431183 9.79+1.58A1 Bl
CuO-NP+I/R 10 3.68+0.2541 B 828.93+91.4871 BL. €1 353479AL B 7.32+1.3671 B
I/R+ALLN 10 2.32+0.254% ¢1. b1 294.85+139! 119453¢% P! 5.45+0.884% ¢1. b1
CuO-NP+ALLN 10 1.85+0.2081 €1, P1. E3 299.61+130.06"! 185+81P2 4.16+1.058% €1 D1 E2
CuO-NP+I/R+ALLN 10 3.12+0.43A1 B2 D2 E1, F1 5074149.42A2 D1, E2, F2 278+69A1 B2 E1 6.22:+1.47A1 B2 D2 E1, F2
DMSO 10 2.10+0.21€% D1 504.69+180.56"% Pl E2 F2 251+72A1 B3, E2 4.22:+0.74%!

Table 2

Biochemical Parameters Measured in Brain Tissue. This table presents the levels of BCL-2, Cyt-C, CAPN1, TNF-a, Caspase-3, MDA, and CAT in brain tissue samples from
different groups (n=7). The data are presented as mean =+ S.D. in each group. Significant differences (p<0.05) were observed between the Control and I/R, CuO-NP,
CuO-NP+I/R, I/R+ALLN, and CuO-NP+ALLN groups, as indicated by the corresponding letters (A-F) and numbers (1—3). Specifically, the numbers 1, 2, and 3 indicate

p-values of less than 0.001, 0.01, and 0.05, respectively.

Groups N  BCL-2 (nmol/mgpro)  Cyt-C (ng/mg CAPN1 (ng/mg TNF-a (pg/mg Caspase-3 (ng/mg MDA (nmol/mg CAT (pmol/mg
pro) pro) pro) pro) pro) pro)
Control 7 0.1040.02 0.64+0.07 0.16+0.02 617.10+133 3.54+0.18 5.4140.28 0.87+0.13
I/R 7 0.07+0.01%? 0.88+0.08* 0.2740.04 673.90452 4.55+0.46" 6.71+0.60*> 0.7440.05 A3
CuO-NP 7 0.0640.02"2 1.12+0.08*! 0.3340.05"* 849.59+69"% B3 513+0.18" 7.3740.26" 0.7140.08"2
CuO-NP+I/R 7 0.0540.01%! 1.29+0.0241 B2 0.4440.05"1: B2 1053.82+27A1 5.08+0.56! 7.87+0.0141 B2 0.69+0.06*2
B1
I/R+ALLN 7 0.0740.03%3 0.79+0.07¢% D2 0.22+0.03°2 613.93+52¢1 P 4.0140.50%% P2 6.26+0.49¢% D1 0.84+0.08%% D2
CuO-NP+ALLN 7 0.0840.02F2 0.98+0.224% D3 (,25+0.14"2 56486+106°% P! 4,92+0.1571 B3 7.12+40.07A1 E1 0.83+0.09% D2
CuO-NP+1/ 7 0.1040.018% €1 PL. 0.69+0.26> P 0.27+0.10% 813.50+414% ¥ 4.6440.54? 6.73+0.474% P2 0.88+0.125% ¢
R+ALLN E2, F3 F3, F2 D2
DMSO 7 0.0840.02¢% P2 0.76+0.27¢% D1 0.18+0.08%> D2 807.4241154% 3.64+0.275% €L DL 6 454.0,16%% DL 0.81+0.05%> D3

E2,F2 F2 F3

extensively studied in the literature and have been found to be useful
indicators of traumatic and ischemic brain injury. Although NSE is
commonly considered a definitive biomarker of neuronal damage, some
studies have reported conflicting results due to its presence in red blood
cells and platelets. Our study found that NSE levels were elevated after I/
R and CuO-NP exposure, but treatment with ALLN significantly reduced
NSE levels [34-36,41,42]. An increase in NSE levels has been observed
after multiple traumas, but this increase is not specific to brain cell
injury formation. As a result, its usefulness as a differential marker for
measuring the extent of brain injury is limited. Our study found that NSE
levels were higher after I/R and CuO-NP exposure, but the high NSE
levels were significantly reduced in the groups treated with ALLN [34,
36,41,42].

5. Conclusion

The fact of that calpain and caspases were activated more after I/R
and CuO-NP exposure in our animal model shows that brain cells were
damaged. In rats, we saw an increase in apoptotic neuronal death signals
at the same time as an increase in calpain and caspase after they were
exposed to CuO-NP and had an I/R injury. Our findings show that the
calpain inhibitor used for treatment might have a protective effect, as
shown by the lower levels of apoptosis after I/R and CuO-NP exposure.
This leads us to conclude that the calpain inhibitor may have a protec-
tive effect in different severity levels of damage, as indicated by the
apoptotic results. TNF-a levels, a pro-inflammatory cytokine measured
after I/R and CuO-NP exposure, showed significant changes in various
groups. In our study, brain damage had an impact on the activity of free
oxygen radicals and lipid peroxides, which are involved in activating the
chemotaxis of neutrophils. ALLN positively affected the changing ROS
values. Our study used MBP, NEFL, NSE, and B (S100), which have
various intracellular and extracellular regulatory activities, as markers
of neuronal damage. Significant differences were found in these four

markers before and after treatment. The levels of cytochrome C, a pro-
tein in the mitochondrial membrane that plays a part in cell death
signaling pathways inside mitochondria, showed that I/R and CuO-NP
exposure damaged the mitochondrial membrane. The inhibition of
proteases may protect axons, neurons, and glia, making it a potential
therapeutic target for preventing brain cell damage. Our research has
found that increased calpain is crucial in causing apoptotic cell damage
in rats and brain models exposed to CuO-NP. Understanding when and
how cells die in the brain after ischemia through necrosis and apoptosis
has helped us show that calpain inhibitor-I (ALLN) can stop brain cells
from dying permanently and could be used as a treatment. In conclusion,
ALLN has the potential to be a valuable substance for preventing brain
damage and could contribute to future studies on cell damage in the
human brain.
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