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ABSTRACT ARTICLE HISTORY
Objective: Biomarkers such as Osteoprotegerin (OPG), Receptor Activator of Nuclear Received 18 April 2025
Factor k-B (RANK), its ligand RANKL, and Transient Receptor Potential Canonical 1 Accepted 14 July 2025
(TRPC1) have been implicated in the neuroprotective response to neuronal injury, with KEYWORDS

their expression potentially influenced by antioxidant treatments. The objective of this OPG; RANK: RANKL: TRPC:
study was to investigate the effects of Cortexin on the expression of these biomarkers in cerebral ischemia
brain tissue following cerebral ischemia-reperfusion (I/R) injury.

Methods: Thirty-five male Wistar albino rats were divided into five groups: control,

ischemia (45 minutes), I/R (7 days), I/R+ 1 mg/kg Cortexin, and I/R + 2 mg/kg Cortexin.

On day 8, rats were euthanized, and brain and serum samples were collected.

Immunohistochemical staining was used to assess biomarker expression in brain tissue,

while serum total oxidant status (TOS) and total antioxidant status (TAS) were measured

using ELISA.

Results: Oxidative stress analysis showed significantly increased TOS levels (p =0.012;

p=0.005) and decreased TAS levels (p =0.000; p=0.000) in the ischemia and I/R

groups compared to control. Cortexin significantly reduced TOS (p <0.01) and

increased TAS, with 2 mg/kg Cortexin producing TAS levels higher than control

(p < 0.05). Immunohistochemical analysis revealed significantly elevated OPG, RANK,

RANKL, and TRPC1 expression in ischemia and I/R groups (p < 0.001). Cortexin treat-

ment significantly decreased expression of all markers (p < 0.01). No significant differ-

ence was found between ischemia and I/R groups (p > 0.05), suggesting a sustained

inflammatory response.

Conclusion: These findings suggest that Cortexin may exert neuroprotective effects by

modulating oxidative stress and biomarker expression involved in inflammation and

calcium signaling.

Introduction

Ischemic brain injury is emerging as a significant health issue worldwide. One of these health concerns,
stroke, is projected to see a 10% increase in prevalence from 2021 to 2040 [1]. I/R injury happens when
blood flow to a tissue or organ is blocked and then restored after a delay. I/R induces various pathophy-
siological events, including cell death, acidosis, inflammation, arachidonic acid formation, elevated intra-
cellular Ca*> * concentrations, loss of cellular ion homeostasis, free radical-induced toxicity, energy failure,
and leukocyte infiltration [2]. If not adequately treated, ischemic brain injury may result in permanent
neurological deficits and a profound impairment of quality of life.

Cortexin is a polypeptide consisting of 82 amino acids derived from the cerebral cortex of cattle (Bos
taurus) and pigs (Sus scrofa). It is known to support neuronal survival and repair, enhance memory
formation, and regulate brain function in both acute and chronic cerebrovascular disorders [3]. Due to
its small molecular weight (7 kDa), Cortexin can cross the blood-brain barrier. It has also been shown to
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exhibit antioxidant properties by reducing lipid peroxidation and possesses anti-apoptotic effects [4].
Cerebral ischemia/reperfusion (I/R) injury, associated with various pathological cellular processes including
ROS generation, exacerbates neuronal damage [5]. Given its antioxidant and anti-apoptotic properties,
Cortexin has the potential to mitigate some of the detrimental effects of oxidative stress in cerebral I/R
injury.

Recent research has highlighted the involvement of the receptor activator of nuclear factor-kB (RANK)
signaling axis, which includes RANK, receptor activator of nuclear factor kappa-B ligand (RANKL), and
osteoprotegerin (OPG) in various physiological and pathological processes. Initially identified in bone and
immune systems in the late 1990s, this signaling triad regulates cellular and metabolic processes that
influence conditions such as osteoporosis, rheumatoid arthritis, certain cancers, and diabetes mellitus [6].
More recent studies have expanded our understanding of the role these proteins play in neurological
conditions, particularly in neural tissue damage and the reparative processes following ischemic injury [7].
Studies have reported that biomarkers such as OPG, RANK, RANKL, and TRPC1 undergo changes due to
the ROS that accumulate as a result of oxidative stress, and these biomarkers may serve as promising targets
for therapeutic strategies. It has also been suggested that tissue damage could be mitigated by enhancing the
levels of these biomarkers in tissues using antioxidant agents [8]. Given the involvement of oxidative stress
in both I/R injury and the modulation of RANK, RANKL, and OPG, these biomarkers may serve as valuable
targets for therapeutic strategies aimed at reducing damage and promoting recovery in cerebral ischemic
conditions.

One of the plasma membrane cation channels belonging to the transient receptor potential (TRP)
superfamily is TRP canonical (TRPC) channels. TRPC1 is a member of the TRPC sub-family and is the
most widespread channel in the brain [9]. This channel is a non-selective, Ca® * -permeable cation channel
and plays a crucial role in regulating apoptotic processes within the brain [10]. Studies have demonstrated
that TRPC1 contributes to the protection of neurons from injuries caused by cerebral I/R by suppressing
reactive oxygen species (ROS) formation [11]. Pathway enrichment analysis of the selected targets (OPG,
RANK, RANKL, and TRPCI1) may offer deeper insight into the molecular mechanisms influenced by
Cortexin. Furthermore, the potential for synergistic effects with other natural compounds warrants further
investigation [12].

The aim of this study is to examine the effects of Cortexin, a compound known for its antioxidant and
anti-apoptotic properties, on the expression levels of key biomarkers including OPG, RANK, RANKL, and
TRPCL1 in the brain tissues of rats subjected to experimental cerebral I/R. This investigation aims to
elucidate the potential alterations in these biomarkers induced by oxidative stress and to assess the
neuroprotective mechanisms that Cortexin may modulate in the context of cerebral I/R injury.

Materials and methods
Ethics committee approval

This study was approved by the Local Ethics Committee for the Use of Experimental Animals at Adiyaman
University (Approval number: 2019-03-058). The experiments were carried out in compliance with the
‘Guide for the Care and Use of Laboratory Animals’.

Cortexin application

Various doses of Cortexin have been used in previous studies, showing noticeable differences. These include
0.5 mg/kg [13], 1 mg/kg [14-17], 2 mg/kg [18], 3 mg/kg [16], and 4 mg/kg [19]. Notably, even a low dose of
0.5 mg/kg was found to reduce ischemic injury [13]. In our study, we selected 1 mg/kg and 2 mg/kg doses,
which were administered intraperitoneally and acutely for a duration of 7 days.

Power analysis for sample size calculation

The required number of animals per group was determined using G*Power (version 3.1, Universitit
Diisseldorf, Germany), a statistical power analysis tool. Based on a one-way ANOVA with five groups, an
effect size (f) of 0.60 (large), a significance level (a) of 0.05, and a statistical power (1-B) of 0.80, the
minimum sample size required was calculated to be 6 animals per group. To account for potential losses or
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unexpected variability, 7 animals were included in each group, totaling 35 rats. This calculation ensured
sufficient statistical power to detect significant differences among experimental groups in the measured
outcomes.

Experimental groups

In this study, 35 female Wistar Albino rats (Rattus norvegicus), aged 8-10 weeks and weighing between 200
+ 50 g, were divided into 5 groups, with 7 animals per group. During the 8-day experimental period, the rats
were housed at a room temperature of 22 + 2°C with a 12-hour light/dark cycle and were provided with food
and water ad libitum. Prior to surgical procedures, all rats were anesthetized by intraperitoneal (i.p.)
injection of 75 mg/kg Ketamine (Alfamine; Alfasan IBV, Woerden, The Netherlands), and 10 mg/kg
Xylazine (Alfazine; Alfasan IBV, Woerden, The Netherlands).

Group I (Control group) (n=7): On the first day of the experiment, rats in this group underwent only
arterial clamping and intraperitoneal (i.p.) injections, without any additional surgical procedures. To
replace the lost fluids, 5% of the rat’s body weight in sterile saline (SS) was administered. On day 8,
under anesthesia, blood samples were collected intracardiacally, followed by decapitation. Subsequently,
brain tissues were extracted for further analysis.

Group II (Ischemia group) (n =7): On the first day, rats in this group were fixed in a supine position on
the operating table, and the midline of the neck was shaved. After disinfecting the surgical area, a midline
incision was made. Following superficial microdissection, the right common carotid artery (CCA) was
identified and further dissected. The trachea was exposed, and the paratracheal muscles were carefully
dissected to access the internal carotid artery (ICA). A clamp was applied to the ICA, and it was kept
clamped for 45 minutes to induce ischemia. After the ischemic period, blood samples were collected
intracardiacally, and decapitation was performed to extract the brain tissues.

Group III (I/R group) (n = 7): On the first day, rats in this group were fixed in a supine position, the neck
was shaved, and the surgical site was disinfected. After making a midline incision and performing superficial
microdissection, the right common carotid artery (CCA) was identified and dissected to access the internal
carotid artery (ICA). A clamp was placed on the ICA, and ischemia was induced for 45 minutes. Following
the ischemic period, reperfusion was performed. The surgical incisions were sutured, and 5% of the rat’s
body weight in sterile saline was administered to compensate for fluid loss. No further interventions were
performed until day 8, when the rats were anesthetized. Blood samples were collected intracardiacally, and
decapitation was performed to extract brain tissues for analysis.

Group IV (I/R +1 mg/kg Cortexin group) (n=7): On day 1, Cortexin (1 mg/kg/day) was administered
intraperitoneally (i.p.). Following this, rats were subjected to the same surgical procedure as in Group III,
with ischemia induced for 45 minutes by clamping the internal carotid artery (ICA). After the ischemic
period, reperfusion was performed. The surgical incisions were sutured, and 5% of the rat’s body weight in
sterile saline (SS) was administered to replace the lost fluids. Cortexin was then administered daily at a dose
of 1 mg/kg/day from day 1 until day 7. On day 8, under anesthesia, blood samples were taken intracardia-
cally, followed by decapitation, and brain tissues were extracted for further analysis.

Group V (I/R +2 mg/kg Cortexin group) (n =7): On day 1, Cortexin (2 mg/kg/day) was administered
intraperitoneally (i.p.). Rats were subjected to the same procedure as described for Group IV. Ischemia was
induced for 45 minutes by clamping the internal carotid artery (ICA), followed by reperfusion. The surgical
incisions were sutured, and 5% of the rat’s body weight in sterile saline was administered to replace the lost
fluids. Cortexin was administered daily at a dose of 2 mg/kg/day from day 1 until day 7. On day 8, under
anesthesia, blood samples were taken intracardiacally, followed by decapitation, and brain tissues were
extracted for further analysis.

After decapitation, brain tissues were immediately placed in 10% neutral formaldehyde for fixation.
Following routine histological processing, the tissues were embedded in paraffin to form blocks. Sections of
3-5um thickness were obtained from these blocks and immunohistochemically stained to evaluate the
immunoreactivity of OPG, RANK, RANKL, and TRPCI in the brain cortex. Blood samples collected
intracardiacally were centrifuged at 1107 G for 10 minutes (Hettich ROTINA 380/380 R, Germany) to
separate the serum. The antioxidant and oxidant capacity values of the serum were then measured using
the ELISA method.
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Biochemical analyses

Serum total antioxidant (TAS) and oxidant status (TOS) levels

The TOS and TAS levels in serum samples were measured by the ELISA method. TOS (Rat TOS Catalog No:
YLA1392Ra, YL Biotechnology Co., Ltd., Shanghai, China) and TAS (Rat TAS Catalog No: YLA3389Ra, YL
Biotechnology Co., Ltd., Shanghai, China) levels were determined following the procedures outlined in the
kits. Measurements were carried out by Bio-Tek ELX800 (BioTek Instruments, U.S.A.) ELISA reader at
a wavelength of 450 nm, as specified by the manufacturer.

Immunohistochemical analyses

Immunohistochemical staining was conducted with slight modifications using the avidin-biotin-
peroxidase complex (ABC) method [20]. Paraffin blocks were sectioned into 4-6-pum-thick slices and
deparaffinized. Primary antibodies (OPG, RANK, RANKL, and TRPC1) were diluted to 1/200 and
applied using the Thermo Scientific ™ TP-015-HA commercial kit. The antibodies used included OPG
(Osteoprotegerin Antibody, E-10: sc-390,518, Mouse monoclonal IgG, Santa Cruz Biotechnology, Inc.,
U.S.A.), RANK (Antibody B-8: sc-390,655, Mouse monoclonal IgG, Santa Cruz Biotechnology, Inc.,
U.S.A.), RANKL (Antibody G-1: sc-377,079, Mouse monoclonal IgG, Santa Cruz Biotechnology, Inc.,
U.S.A.), and TRPC1 (Polyclonal antibody, bs -10,404 R, Biossusa, U.S.A.). Positive and negative controls
were carried out according to the directions of the manufacturer. After applying AEC chromogen, the
slides were counterstained with Mayer’s Hematoxylin and examined under a light microscope (Leica
DM500 Nussloch, Germany). The slides were subsequently evaluated and photographed using a Leica
DM500 microscope (Leica DFC295). Immunoreactivity was scored based on the intensity (0: none,
+0.5: very weak, +1: weak, +2: moderate, +3: strong) and the extent (0.1: <25%, 0.4: 26-50%, 0.6:
51-75%, 0.9: 76-100%) of staining. A histoscore was calculated by multiplying the intensity score by the
extent score.

Statistical analyses

All statistical analyses were performed using GraphPad Prism (version 9.0, GraphPad Software, San Diego,
CA, U.S.A.). Data were expressed as mean + standard deviation (SD). The normality of the data distribution
was assessed using the Shapiro-Wilk test. Comparisons among multiple groups were conducted using one-
way analysis of variance (ANOVA), followed by Tukey’s post hoc test to identify pairwise differences.
A p-value of less than 0.05 was considered statistically significant.

Results
Serum TAS and TOS levels assesments

The oxidative stress parameters measured in this study indicated a decrease in serum TAS levels in the
ischemia and I/R groups compared to the control, I/R +1 mg/kg Cortexin, and I/R +2 mg/kg Cortexin
groups, while TOS levels were found to be elevated. Serum TOS levels were comparable across the
control, I/R +1 mg/kg Cortexin, and I/R +2 mg/kg Cortexin groups (p = 0.850; p = 0.183, respectively).
Serum TOS levels were found to be higher in the ischemia and I/R groups than in the control group
(p=0.012; p=0.005, respectively). In the I/R +1 mg/kg Cortexin and I/R +2 mg/kg Cortexin groups,
serum TOS levels were lower than in the ischemia group significantly (p =0.01; p = 0.004, respectively).
Furthermore, the I/R group exhibited higher serum TOS levels compared to both the I/R +1 mg/kg
Cortexin and I/R +2 mg/kg Cortexin groups (p = 0.000; p =0.000, respectively) (Table I). However, no
significant difference in serum TOS levels was observed between the ischemia and I/R groups (p = 0.224)
(Table I). When compared to the control group, serum TAS levels were significantly lower in the
ischemia and I/R groups (p =0.000; p =0.000, respectively). However, in the I/R +1 mg/kg Cortexin
group, serum TAS levels were compatible with the control group; whereas they were higher in the I/R
+2mg/kg Cortexin group (p=0.710; p =0.008, respectively). Additionally, serum TAS levels were
elevated in both the I/R +1 mg/kg Cortexin and I/R +2 mg/kg Cortexin groups compared to the I/R
group (p=0.008; p=0.000, respectively) (Table II). However, serum TAS levels were similar between
the ischemia and I/R groups (p =0.201) (Table I).
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Table I. Effects of cortexin treatment on antioxidant and oxidant levels during the I/R injury.

TOS TAS
Groups Median (mean-max) P value Median (mean-max) P value
Control 4,86 (3,04-6,30)% < 0,05 15,27 [12, 55]- [16, 46]% <0,05
Ischemia 12,25 [10, 01]- [18,21] ® 6,25(4,23-7,36)
I/R 26,45 [8,22,23]* 1,36(1,10-2,36)™
I/R +1 mg/kg Cortexin group 3,65 (2,68-4,45) *° 10,01 [8,12,21] 2
I/R +2 mg/kg Cortexin group 2,75 (1,86-5,48)% 13,04 [10, 871- [8,14] ®

3compared to the control group, compared to the ischemia group, “compared to the I/R (p < 0,05).

Table IIl. Comparison of the histoscore levels of TRPC1, OPG, RANK, and RANKL immunoreactivity across the groups.

TRPC1 OPG RANK RANKL
Median (mean- Median (mean- Median (mean- Median (mean-
Groups max) P value max) P value max) P value max) P value
Control 0,1(0,1-0,3* <005  0,1(0,1-0,2° <005  02(0,1-03° <0,05 0,2(0,1-0,4) <0,05
Ischemia 0,9 (0,8-1,2) ° 1,2(09-2,4) © 1,2(0,8-1,8) ° 0,9(0,8-1,2) °
I/R 1,2(0,2-2,4)* 1,8(0,6-2,4)* 1,8 [1,2,4]° 1,8 [1,2,7] &
I/R +1 mg/kg Cortexin 02 (0,1-0,4) 2 0,4(0,2-0,6) ® 0,4(0,2-0,6) ® 0,1(0,1-0,4) *°
group
I/R +2 mg/kg Cortexin 02 (0,1-0,3 0,4(0,2-0,6) * 0,100,1-0,2) ® 03(0,1-0,4) *°
group

compared to the control group, Pcompared to the ischemia group, ‘compared to the I/R (p < 0,05).

Immunohistochemical analysis of OPG immunoreactivity in brain cortex

OPG immunoreactivity was comparable in the control group (Figure la), the I/R +1 mg/kg Cortexin
group (Figure 1d), and the I/R +2mg/kg Cortexin group (Figure le) (p=0.697; p = 0.112, respec-
tively). In contrast, OPG immunoreactivity was significantly higher in the ischemia (Figure 1b) and 1/
R groups (Figure 1c) compared to the control group (p=0.000; p=0.000, respectively). However,
OPG immunoreactivity was significantly reduced in the I/R +1mg/kg Cortexin and I/R +2 mg/kg
Cortexin groups compared to the ischemia group (p=0.022; p = 0.012, respectively). Additionally,
OPG immunoreactivity was higher in the I/R group than in both the I/R +1 mg/kg Cortexin and I/R
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Figure 1. Immunoreactivity of OPG in brain tissue. (black arrow) (a): control group, (b): ischemia group,(c): IR group, (d): IR
+1mg/kg cortexin group, (e): IR +2 mg/kg cortexin group, immunohistochemical staining, Mayers Hematoxylen, AEC
chromogen scala bar: 50 pm).
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+2mg/kg Cortexin groups (p=0.007; p=0.003). No significant difference in OPG immunoreactivity
was observed between the ischemia and I/R groups (p =0.823) (Figure 5).

Immunohistochemical analysis of RANK immunoreactivity in brain cortex

RANK immunoreactivity was similar in the control group (Figure 2a), the I/R +1 mg/kg Cortexin group
(Figure 2d), and the I/R +2 mg/kg Cortexin group (Figure 2e) (p = 0.145; p = 0.458, respectively). Compared
to the control group, RANK immunoreactivity was significantly higher in the ischemia (Figure 2b) and I/R
groups (Figure 2¢) (p = 0.003; p = 0.000). However, in the I/R +1 mg/kg Cortexin and I/R +2 mg/kg Cortexin
groups, RANK immunoreactivity was significantly reduced compared to the ischemia group (p =0.012;
p =0.000, respectively). Furthermore, RANK immunoreactivity in the I/R group was higher than in both the
I/R +1 mg/kg Cortexin and I/R +2 mg/kg Cortexin groups (p = 0.035; p = 0.000). No statistically significant
difference in RANK immunoreactivity was observed between the ischemia and I/R groups (p =0.557)
(Figure 5).

Immunohistochemical analysis of RANKL immunoreactivity in brain cortex

RANKL immunoreactivity was similar in the control group (Figure 3a), the I/R +1 mg/kg Cortexin group
(Figure 3d), and the I/R +2 mg/kg Cortexin group (Figure 3e) (p =0.979; p=0.256, respectively). In
contrast, RANKL immunoreactivity was significantly elevated in both the ischemia (Figure 3b) and I/R
groups (Figure 3¢) compared to the control group (p = 0.006; p =0.001). However, RANKL immunoreac-
tivity was significantly reduced in the I/R +1 mg/kg Cortexin and I/R +2 mg/kg Cortexin groups when
compared to the ischemia group (p = 0.005; p = 0.004). Furthermore, RANKL immunoreactivity was higher
in the I/R group compared to both the I/R +1 mg/kg Cortexin and I/R +2 mg/kg Cortexin groups (p = 0.001;
p =0.028). No significant difference in RANKL immunoreactivity was observed between the ischemia and
I/R groups (p = 0.568) (Figure 5).

Immunohistochemical analysis of TRPC1 immunoreactivity in brain cortex

TRPC1 immunoreactivity was comparable in the control group (Figure 4a), the I/R +1 mg/kg Cortexin
group (Figure 3d), and the I/R +2 mg/kg Cortexin group (Figure 3e) (p = 0.264; p = 0.651, respectively). In
contrast, TRPC1 immunoreactivity was statistically elevated in both the ischemia (Figure 3b) and I/R groups
(Figure 3c) compared to the control group (p = 0.000; p = 0.000). However, it was reduced expressively in
the I/R +1 mg/kg Cortexin and I/R +2 mg/kg Cortexin groups compared to the ischemia group (p = 0.016;
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Figure 2. Immunoreactivity of RANK in brain tissue. (black arrow) (a): control group, (b): ischemia group,(c): IR group, (d): IR
+1mg/kg cortexin group, (e): IR +2 mg/kg cortexin group, immunohistochemical staining, Mayers Hematoxylen, AEC
chromogen scala bar: 50 pm.
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Figure 3. Immunoreactivity of TRPC1 in brain tissue.(black arrow) (a): control group, (b): ischemia group,(c): IR group, (d): IR
+1 mg/kg cortexin group, (e): IR +2 mg/kg cortexin group, immunohistochemical staining, Mayers Hematoxylen, AEC
chromogen scala bar: 50 um).
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Figure 4. Immunoreactivity of RANKL in brain tissue. (black arrow) (a): control group, (b): ischemia group, (c): IR group, (d):
IR +1 mg/kg cortexin group, (e): IR +2 mg/kg cortexin group, immunohistochemical staining, Mayers Hematoxylen, AEC

chromogen scala bar: 50 pm.

p =0.002). Moreover, TRPCI immunoreactivity was elevated in the I/R group than in both the I/R +1 mg/kg
Cortexin and I/R +2 mg/kg Cortexin groups (p =0.013; p=0.002). No significant difference in TRPC1
immunoreactivity was observed between the ischemia and I/R groups (p = 0.947) (Figure 5).

Discussion

The results of this study indicate that ischemia and ischemia/reperfusion (I/R) increased oxidative stress, as
shown by elevated serum TOS levels and decreased TAS levels. However, in the I/R +1 mg/kg and I/R +2
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Figure 5. Histoscore analysis of OPC, RANK, RANKL, and TRPC1 expression in different experimental groups. Bar graphs
represent the quantification of immunohistochemical staining for OPC (top left), RANK (top right), RANKL (bottom left), and
TRPC1 (bottom right) across five groups: control, ischemia, I/R, I/R +1 mg Cortexin, and I/R +2 mg Cortexin. Data are shown
as mean =* standard deviation. *< 0.05 , **< 0.01, ***< 0.001.

mg/kg Cortexin groups, serum TOS levels significantly decreased, and TAS levels increased, suggesting
a protective effect of Cortexin in reducing oxidative stress. Additionally, similar improvements were
observed in the expression of OPG, RANK, and RANKL, which are involved in inflammation and bone
metabolism. Cortexin treatment appears to exert protective effects by reducing oxidative damage and
inflammation. Moreover, it was observed that Cortexin reduced TRPC1 expression, potentially helping to
regulate calcium homeostasis. These findings highlight the potential therapeutic benefits of Cortexin in
alleviating oxidative stress and inflammation associated with ischemic injury.

After extended periods of ischemia or hypoxia, re-establishing blood flow to the tissue leads to over-
production of reactive oxygen species (ROS), which is an important factor in cerebral I/R injury. This results
in increased apoptosis, causing damage to brain tissue. Given the limited therapeutic approaches for
ischemic stroke, research in this area continues to grow [21]. Study on ischemic stroke found that the
patient group had lower circulating TAS levels and higher malondialdehyde (MDA) levels compared to the
healthy control group [22]. In another study, it was explored whether serum TAS concentration could
reflect the severity and outcome of ischemic stroke. The study reported that TAS concentration was lower in
the ischemia group, suggesting that it could serve as a marker for the clinical outcome of ischemic stroke
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[23]. A study investigating the potential of serum TAS concentrations in the first week of cerebral infarction
as a predictor of mortality revealed a significant decrease in serum TAS levels [15]. Furthermore, another
study demonstrated an increase in serum TOS levels during the acute phase in patients with hemorrhagic
stroke [24]. The oxidative stress analysis revealed that serum total antioxidant status (TAS) levels were
significantly reduced and total oxidant status (TOS) levels were elevated in both the ischemia and I/R groups
compared to the control, indicating a pronounced oxidative stress response following cerebral injury. In
contrast, treatment with Cortexin at both 1 mg/kg and 2 mg/kg effectively improved oxidative balance.
Specifically, TOS levels in these treatment groups were significantly lower than in the ischemia and I/R
groups and were statistically similar to the control group, suggesting that Cortexin mitigated the oxidative
burden. TAS levels in the I/R +1 mg/kg Cortexin group were comparable to control values, while those in
the 2 mg/kg Cortexin group were even higher than in the control, indicating a potential dose-dependent
enhancement of antioxidant defense. The biochemical results of our study align with findings suggesting
that serum TAS and TOS levels, resulting from excessive ROS production, contribute to oxidative stress.
This emphasizes the importance of exploring potential therapeutic agents, such as Cortexin, which could
mitigate oxidative damage and improve outcomes in ischemic stroke.

In ischemic stroke, oxidative stress can lead to the disruption of the blood-brain barrier (BBB) [8]. The
BBB restricts the passage of pathogens and large or hydrophilic molecules. Moreover, the BBB structure
limits the effectiveness of certain antioxidant agents for neuroprotection [25]. Cortexin, an antioxidant
agent, has the ability to cross the blood-brain barrier [26]. In a study on spinal cord ischemia, cortexin was
found to reduce spinal cord damage and exhibit protective effects [27]. Another study evaluating the
efficacy of neurotrophic drugs in ischemic stroke models reported that cortexin demonstrated antioxidant
activity and neuroprotective effects [28]. Prospective placebo-controlled studies on neonates with severe
brain damage and encephalitis have confirmed the neuroprotective and stress-reducing effects of Cortexin.
These studies demonstrated that the addition of Cortexin to early-stage treatment significantly enhanced
recovery [22]. A study involving epileptic patients found that incorporating Cortexin into standard
treatment protocols led to a substantial reduction in seizure frequency and an increased number of patients
achieving remission. Furthermore, improvements were observed in symptoms such as headache, vertigo,
fatigue, cognitive disorders, anxiety, depression, and arterial hypertension [29, 30]. A study examining the
effects of cortexin on memory impairment found that 86.7% of children aged 7-12 years demonstrated
improvement following Cortexin treatment. These findings further support the accumulating evidence that
Cortexin may be a promising candidate for therapeutic strategies in ischemic stroke

Through controlling the neuroinflammatory response, the OPG/RANK/RANKL pathway contributes to
neuroprotection in cases of cerebral ischemia and brain damage. Numerous investigations using animal and
cell models have shown that after ischemia, there is an increase in the expression of RANK, RANKL, and
OPG [31]. Although microglial cell activation of the RANK/RANKL system may be neuroprotective at first,
over time, this system’s dysregulation can worsen tissue damage. Notably, OPG expression that is either too
high or too low may paradoxically have neurotoxic effects [32]. Given their established roles in neuroin-
flammation, ischemia-specific expression alterations, and the necessity to investigate their reactions in light
of cortexin’s possible neuroprotective effects, this research chose OPG, RANK, and RANKL for our
investigation in order to learn more about their reactions with cortexin in ischemic brain injury.
Shimamura et al. [33] determined that RANK mRNA levels increased in the infarcted area between 4 and
12 hours following brain ischemia. Additionally, RANKL mRNA expression was elevated at the 7th and
48th hours, while OPG mRNA expression showed an increase at the 12-24 hour and 72 hour time points.
Another study suggested that elevated OPG levels may contribute to heightened post-ischemic inflamma-
tion through its modulation of the RANK/RANKL signaling pathway, thereby playing a critical role in the
regulation of ischemic brain injury via the OPG/RANK/RANKL axis [34]. TRPC channels may exert
neuroprotective or neurotoxic effects, varying according to the subtype involved and the nature of the
pathological conditions. TRPC1 has been shown to exert a protective effect against cerebral ischemia/
reperfusion-induced neuronal injury by suppressing ROS production, as evidenced in both MCAO and
OGD models [5]. This effect is mediated not by Ca* * influx itself, but through TRPC1’s interaction with the
NADPH oxidase component Nox4, promoting its degradation and preventing the assembly of the active
oxidase complex [5, 35]. In an I/R mouse model, the absence of TRPC1 in the early stages was found to
increase ROS production, thereby exacerbating damage caused by cerebral I/R [36]. Conversely, prolonged
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overexpression of TRPC1 has been reported to exert neuroprotective effects against dopaminergic neuro-
toxins and brain hemorrhage [37]. Our research align with previous literature, demonstrating that in both
ischemia and I/R groups, the expression of OPG/RANK/RANKL and TRPC1 biomolecules increased in the
brain cortex region at 45 minutes of ischemia and after 7 days of reperfusion, compared to the control
group. Cortexin treatment at both 1 mg/kg and 2 mg/kg doses effectively reduced the immunoreactivity of
all four markers to levels that were comparable to or approaching those of the control group, with
statistically significant differences observed when compared to the ischemia and I/R groups. Notably, no
significant differences were observed between the ischemia and I/R groups for any of the markers,
indicating that the inflammatory response persisted beyond the reperfusion phase without treatment As
a final remark, while there were differences between the cortexin doses in terms of TAS and TOS, there were
no differences in terms of immunoreactivities between different doses of cortexin.

Despite the promising results observed in this study, there are limitations. The study focused primarily
on the biochemical markers of oxidative stress and inflammation, and did not explore other potential
mechanisms by which cortexin might exert its neuroprotective effects. Future studies should investigate the
molecular pathways involved in cortexin’s neuroprotective properties in greater detail. Second, the study
only investigated the effects of cortexin at specific doses and time points; additional research is needed to
determine the optimal dosage and treatment duration for maximum efficacy. Third, one of the limitations
of this study is the absence of behavioral assessments to evaluate functional neurological recovery. One
important limitation of this study is the translational challenge associated with Cortexin. Since Cortexin is
derived from animal brain tissue, concerns may arise regarding potential immunogenicity, batch-to-batch
variability, and safety for human use. Lastly, the study did not include long-term follow-up to assess the
sustainability of cortexin’s effects on recovery and neuronal function, which warrants further investigation.

In conclusion, the results of this study suggest that cortexin exerts neuroprotective effects by reducing
oxidative stress and inflammation in ischemic injury, as evidenced by improved serum TOS and TAS levels,
and enhanced expression of biomarkers involved in inflammation and calcium homeostasis. These findings
also suggest the potential therapeutic benefits of cortexin in mitigating the detrimental effects of ischemia
and ischemia/reperfusion injury, offering a promising approach to stroke management. However, further
research is necessary to elucidate the molecular mechanisms underlying cortexin’s effects, establish optimal
dosages, and assess the long-term sustainability of its neuroprotective properties.
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