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Abstract. – OBJECTIVE: Cerebral ischemia 
(CI) is a condition in which metabolic stress in-
creases when blood flow is interrupted in a part of 
the brain, resulting in oxygen and glucose depri-
vation. It is known that asprosin (Asp), secreted 
from adipose tissue during fasting, has an effect 
on some metabolic processes such as apoptosis, 
autophagy, and glucose metabolism. This study 
aimed to explain which of the cell death/survival 
Asp induces in the CI/reperfusion model.

MATERIALS AND METHODS: In the study, 
48 male Wistar Albino rats were divided into 6 
groups: Sham, CI, Asp+CI, CI+Asp, CI+Asp+3-
MA, and Asp+CI+3-MA (n=48). CI was created 
using the intraluminal filament technique for 60 
minutes, autophagy inhibitor 3-MA (15 mg/kg/
day) and Asp (1 µg/kg/day) injections were ad-
ministered 3 days before or 3 days during reper-
fusion. Beclin-1, ATG5, ATG7, p62, Bcl-2, Bax, 
active-caspase-3, and active-caspase-9 protein 
levels from brain tissues were determined by the 
Western-Blot method. The infarct area was de-
termined by triphenyl tetrazolium chloride (TTC) 
staining. The Kruskal-Wallis’ test was used to 
compare differences between groups. p<0.05 
was considered statistically significant.

RESULTS: Compared to the Sham group, 
the increase in ischemic area and the de-
crease in Beclin-1, ATG-5, ATG-7, Bcl-2, Bax, 
active-caspase-3 and active-caspase-9 lev-
els in the CI groups are statistically significant 
(p<0.05). The increase of Beclin-1, ATG-7, Bcl-2, 
and Bax levels in the Asp groups is statistical-
ly significant compared to the CI group (p<0.05). 
When Asp+CI groups and CI+Asp groups are 
compared, an increase in Beclin-1 levels in the 
Asp+CI group and the increase in Bcl-2, Bax, ac-
tive-caspase-3/9 and ATG-5 levels in the CI+Asp 
groups are statistically significant (p<0.05).

CONCLUSIONS: Asp has protective and ther-
apeutic effects against CI/R damage. While ap-
plying Asp before ischemia activates the auto-
phagy pathway more, applying it after ischemia 
protects the neuronal death/survival balance by 
activating the apoptosis pathway more.

Key Words:
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phagy, Apoptosis.

Introduction

Stroke is the temporary or permanent im-
pairment of a region or the entirety of the brain, 
resulting from blockages or hemorrhage in the 
vessels supplying the brain1. Stroke is a leading 
cause of morbidity and mortality worldwide. It 
ranks as the second leading cause of death and is 
a primary contributor to acquired adult disabil-
ity2. Approximately 80% of all stroke cases are 
ischemic in nature, and cerebral ischemia (CI) 
is defined3 as the sudden interruption of blood 
flow in a vessel due to occlusion, resulting in ox-
ygen and glucose deprivation, causing excessive 
metabolic stress in a part of the brain. Vascular 
occlusion leads to oxygen and energy depriva-
tion, followed by the formation of reactive oxygen 
species, glutamate release, intracellular calcium 
accumulation, and induction of inflammatory 
processes4. Reperfusion, on the other hand, re-
fers to the revascularization and oxygenation of 
tissues or organs exposed to ischemia. Paradox-
ically, reperfusion of ischemic tissue or organs 
can result in more severe damage compared to the 
damage caused by ischemia alone5. This series of 
events, known as the ischemic cascade, leads to 
irreversible tissue damage (infarction). Two main 
approaches have been developed to treat ischemic 
stroke: neuroprotection and reperfusion.

Various experimental animal stroke models6 
have been developed to investigate stroke patho-
physiology, therapeutic approaches, and mim-
ic processes. Although human ischemic stroke 
formation, causes, and anatomical localization 
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are highly diverse, experimental ischemic stroke 
models offer more precise analyses as they are 
highly repeatable, well-controlled, and standard-
ized. Molecular, genetic, biochemical, and phys-
iological research often requires invasive direct 
access to brain tissue, making animal models 
essential for evaluating stroke pathophysiology 
and drug effects. The formation of endothelial 
plaques is one of the primary causes of ischemic 
damage in mice with a genetic predisposition 
to type 2 diabetes mellitus7. The choice of an 
appropriate animal stroke model may signifi-
cantly influence the success of preclinical stroke 
research for new therapeutic developments. The 
similarity of rat cerebral vascular structure to that 
of humans, ideal body size for easy monitoring 
of physiological parameters, and suitability for 
brain fixation procedures make rats preferable for 
stroke research. The most common method for 
focal ischemic stroke is the intraluminal filament 
occlusion of the middle cerebral artery (MCAO), 
which has been used in over 40% of stroke stud-
ies8. 

The most critical factor for neuronal surviv-
al after a stroke may be the activated defense 
mechanisms rather than the ischemic process 
itself. Developing protective systems for in-
dividuals at high risk of stroke may be more 
crucial in approaches aimed at reducing treat-
ment costs. Activating pre-defense mechanisms 
against neuronal damage may also be effective 
in protective treatments against other neuro-
pathological diseases9.

As an alternative to reduce cerebral dam-
age, various antioxidant treatments with variable 
results have been suggested10. Asprosin (Asp) 
is secreted from white adipose tissue, known 
for secreting adipokines such as leptin and adi-
ponectin11. The majority of studies on Asp in the 
literature are aimed at determining Asp levels in 
different disease groups, and most of them are 
focused on revealing the gluconeogenic and orex-
igenic properties of Asp12. In a study by Wang 
et al13, plasma Asp levels were reported to be 
significantly higher in individuals with impaired 
glucose regulation and newly diagnosed type 2 
diabetes compared to those in the normal glucose 
regulation group. A study14 on mouse insulinoma 
cells revealed that Asp has effects on autophag-
ic parameters. Recent studies in literature have 
shown that Asp may be effective in the treatment 
of various pathological processes associated with 
neuron damage and in the activity of protec-
tive pathways. Asp’s neuroprotective efficacy has 

been demonstrated in various experimental neu-
rological studies15, showing its effectiveness on 
apoptosis and autophagy pathways, in addition to 
its antioxidant activity. However, its effectiveness 
on these pathways in neurological damage due to 
ischemia/reperfusion (I/R) has not been studied 
yet. This study aims to shed light on the rela-
tionship between Asp’s effectiveness and these 
pathways, providing a better understanding of its 
activities in brain tissue in this neuropathophys-
iology.

Materials and Methods

Animals and Drugs
A total of 48 adult male Wistar Albino rats (8 

weeks old, 300-350 g) were purchased from the 
Experimental Animal Research Center of Inonu 
University, Malatya, Turkey. All the animals 
were handled in accordance with the Guidelines 
for the Care and Use of Experimental Ani-
mals16. All animals were randomly assigned to 
cohorts and approved by the Animal Research 
Ethics Committee of Inonu University Faculty 
of Medicine (License No.: 2021/19-3). The rats 
were housed at 21±2°C with a 12/12-hour light-
dark cycle with free access to water and food 
ad libitum with a standard laboratory chow diet. 
The number of groups and rats in each group 
(sample size) was determined according to the 
power analysis based on the values specified. 
Accordingly, the amount of Type I error (α) was 
0.05, the power of the test (1-β) was 0.8, and the 
effect size was 0.82 (large). While the number 
of groups was 6, the minimum sample size re-
quired to find a significant difference between 
the groups was at least 5 in each group for West-
ern Blot (WB) analyses and at least 3 different 
rat tissues from each group for TTC analyses. 
With 8 animals in each group, the total number 
was determined to be 48 rats17. 
Group 1 – Sham Group: Animals in this group 

underwent sham surgery (all surgical opera-
tions outside the vascular capacity were per-
formed). Animals in this group received intra-
peritoneal (ip) administration of 1 ml of visible 
saline (PS, solvent for Asp, and 3-MA) ​​once a 
day for 3 days, starting one hour after Sham 
CI surgery.

Group 2 – CI Group: Animals in this group un-
derwent a 60-minute temporary focal CI fol-
lowed by reperfusion. Starting 24 hours after 
the initiation of reperfusion, animals received 
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ip injections of 1 ml physiological saline (PS, 
solvent for Asp and 3-MA) once a day for 3 
days.

Group 3 – CI+Asp Group: Animals in this group 
underwent a 60-minute temporary focal CI 
followed by reperfusion. One hour after the 
initiation of reperfusion and for the following 
3 days, animals received ip injections of 3 µg/
kg/1 ml/day dose of Asp18.

Group 4 – CI+Asp+3-MA Group: Animals in this 
group underwent a 60-minute temporary focal 
CI followed by reperfusion. One hour after the 
initiation of reperfusion and for the following 
days, 3 days ip injections of 3 µg/kg/1 ml/day 
dose of Asp and 15 mg/kg/1 ml/day dose of the 
autophagy inhibitor 3-MA19.

Group 5 – Asp+CI Group: Animals in this group 
received ip injections of 3 µg/kg/1 ml/day dose 
of Asp for three days. On the 6th day, a 60-min-
ute temporary focal CI was induced, followed 
by reperfusion. Starting one hour after reper-
fusion initiation and for the following days, 
3 days of ip injections of 1 ml physiological 
saline were given.

Group 6 – Asp+CI+3-MA Group: Animals in 
this group received ip injections of 3 µg/kg/1 
ml/day dose of Asp for three days. On the 6th 
day, a 60-minute temporary focal CI will be 
induced, followed by reperfusion. Starting one 
hour after reperfusion initiation and for the 
following 3 days, ip injections of 15 mg/kg/day 
of 3-MA were administered.

Creation of MCAO/R Model 
Anesthesia was induced in rats with intraperi-

toneal administration of 70 mg/kg ketamine and 
8 mg/kg xylazine. Throughout the experiment, 
the body temperatures of the subjects were main-
tained at a constant range of 36.5-37°C, monitored 
by a rectal temperature probe. A Laser-Doppler 
blood flow meter (Moor Instruments, Axminster, 
Devon, UK) was used for continuous monitoring 
of regional cerebral blood flow. The focal isch-
emia model was created by occluding the right 
middle cerebral artery using the intraluminal 
filament technique. After 60 min of ischemia, the 
monofilament was withdrawn to initiate reperfu-
sion. The Sham CI/R group underwent the same 
surgical operation without filament insertion. At 
the end of the required period, the rats were sac-
rificed under anesthesia, and brain tissues were 
collected. Brain tissues were TTC frozen on dry 
ice and stored at -80°C under suitable conditions 
until the day of the analysis for WB analyses. 

Measurement of Infarct Area
On the third day following reperfusion, rats 

were euthanized, and their frozen brain tissues 
were 6, sectioned into 2 mm thick coronal slic-
es. The brain sections were then incubated in a 
1% solution of TTC (2,3,5-triphenyl tetrazolium 
chloride) (Sigma-Aldrich, USA) at 37°C for 30 
minutes. This resulted in normal brain tissues 
being stained red, while infarcted tissue appeared 
white. The percentage of infarct areas was cal-
culated using the following formula: (area of the 
contralateral hemisphere - non-infarct area of the 
ipsilateral hemisphere)/ (non-infarct area of the 
ipsilateral hemisphere) × 100.

Western Blot Analyses 
We examined the expressions of Bax, Bcl-2, 

Cas-3, Cas-9, ATG-5, ATG-7, Beclin, and p-62 in 
the brains of the rats by WB. In WB analyses, the 
experiments were conducted in accordance with 
the standardized method established in previous 
studies20. Tissue samples were homogenized us-
ing steal beads (Next Advance BBY24M, Inc. 
Innovative Lab Products for the Life Sciences, 
USA) in ice-cold lysis buffer (ab156034, RIPA, 
Abcam, Cambridge, UK) at pH 7.4. Samples were 
homogenized in RIPA (ab156034, Abcam, Cam-
bridge, UK) buffer supplemented with protease 
inhibitors (ab201111, Abcam, Cambridge, UK). 
BCA assays (BCA Protein Quantification Kit 
ab102536, Abcam, Cambridge, UK) were used to 
quantify protein concentration. The same amount 
of protein was loaded into each well, which, de-
pending on the antibody, ranged from 25 to 50 
μg. Proteins were resolved by Sodium Dodecyl 
Sulphate-Polyacrylamide Gel Electrophoresis 
(SDS-PAGE) and transferred to polyvinylidene 
difluoride (PVDF) membranes (1620177, Biorad 
Life Sciences Research, USA) as described. Fol-
lowing the transfer with a trans-blot turbo trans-
fer system (Thermo Scientific, Waltham, MA, 
USA), the membrane was blotted for 1 hour in 
a 5% milk powder solution prepared with TBS 
(Tris-Buffer-Saline) containing Tween 20 and 
washed 3 times with TBS/T 10 minutes apart. 
Then, membranes were incubated with the fol-
lowing primary antibodies: CAS-3 (E-AB-22115, 
Elabscience, Texas, USA), CAS-9 (E-AB-15091, 
Elabscience, Texas, USA), Bax (E-AB-66518, 
Elabscience, Texas, USA), p-62 (E-AB-70387, 
Elabscience, Texas, USA), ATG-5 (E-AB-10814, 
Elabscience, Texas, USA), ATG-7 (E-AB- 22151, 
Elabscience, Texas, USA), Bcl-2 (E-AB- 60788, 
Elabscience, Texas, USA), Beclin (E-AB- 81447, 
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Elabscience, Texas, USA), and β-Actin (ab8226, 
Abcam, Cambridge, UK) in 5% BSA powder 
overnight at +4°C. Following primary antibody 
incubation, membranes were washed 3 times with 
TBS/Tween 20 (935 B, Sigma-Aldrich, USA) for 
10 minutes. Then, incubated with peroxidase-con-
jugated secondary antibody in a 5% milk powder 
solution prepared with TBS/Tween 20 for 1 hour 
at room temperature. Following the washing of 
the membrane, it was treated with luminol and 
peroxide (Thermo Scientific Pierce ECL; 32106, 
USA) mixed in a 1:1 ratio and viewed under the 
UVP Syngene GBox Chemi-XRQ Gel Docu-
mentation System (version: 4.03.05 Cambridge, 
UK). The β-actin antibody was used as a loading 
control and viewed following washing steps after 
treatment with a secondary antibody. Densitome-
try analyses were performed using ImageJ (USA 
National Institutes of Health, available at: https://
imagej.net/ij/). Arbitrary densitometry units were 
assigned; data were presented as mean±SEM. 
The expression of the target protein was normal-
ized to that of the β-Actin protein expression. 
The WB data in the figures and supplemental 
figures represent more than three independent 
experiments.

Statistical Analysis 
The data obtained from the study were made 

using the program developed by the faculty mem-
bers of Inonu University Faculty of Medicine, 
Department of Biostatistics and Medical Infor-
matics, and made available as an open access 
program21. In data analysis, first of all, controls 
were made to prevent missing and erroneous 
data and excessive variable/outlier problems, and 
corrections were made if necessary. Quantitative 
data were summarized as mean±SD, and qual-
itative data were summarized as numbers (per-
centage). In order to compare the examined vari-
ables between groups with a one-way analysis of 
variance, conformity to normal distribution and 
homogeneity of variances (Levene’s test) were 
checked. When these assumptions were met, the 
difference between the group means, one-way 
analysis of variance, and multiple comparisons 
were made with the Tukey HSD test when the 
variances were homogeneous and with the Tam-
hane T2 when they were not. In cases where the 
normality assumptions were not met, the Krus-
kal-Wallis H test was used, and the Conover test 
was used for multiple comparisons. A p<0.05 was 
considered statistically significant.

Results

Evaluation of Infarct Area
According to our findings, infarct areas were 

determined with TTC staining in Figure 1. No in-
farct area was observed in the brains of sham-op-
erated rats. Infarct area increased by 44.25% in 
the CI group compared to the Sham group, while 
it was 13.13% in the Asp+CI group treated with 
Asp, and the decrease of 31.12% in the Asp+CI 
group was statistically significant (p<0.05). In 
fact, areas were 29.76% in the CI+Asp group, 
27.43% in the CI+Asp+3-MA group, and 16.43% 
in the Asp+CI+3-MA group. Asp application 
before CI provided a statistically significant de-
crease in infarct areas compared to the groups in 
which Asp was applied after CI (p<0.05). 

Evaluation of the Level of Markers 
Associated with the Autophagy Pathway

To investigate whether Asp, a potent neu-
roprotective agent against CI/R injury, might 
play a role in rescuing damaged neuronal cells 
by inducing autophagy, we examined the level 
of autophagy-related proteins (Beclin-1, ATG-5, 
ATG-7, and p62) by WB analysis in Figure 2A. 
The concurrent increase in Beclin-1, ATG-5, and 
ATG-7 proteins and a decrease in p62 indicate 
activation of autophagy.

Following 60 min of CI, Beclin-1 protein levels 
were decreased in the CI group. However, Asp 
treatment after CI increased more than in the 
CI+Asp groups (p<0.05) (Figure 2B). According 
to our results, the increase in ATG-5 and ATG-
7 protein levels in 3-MA treated groups after 
CI was statistically significant compared to CI 
groups (Figure 2C-D) (p<0.05). Additionally, the 
p62 protein levels (Figure 2E) were increased 
after CI and significantly reduced at the end of CI 
after the administration of 3-MA (p<0.05). 

Evaluation of the Level of Markers 
Associated with the Apoptosis Pathway

The cleavage of caspase-3 and 9 plays a crit-
ical role in cell death in apoptosis by activating 
DNA fragmentation, and their activation was as-
sessed by WB (Figure 3A). Following CI, cleaved 
caspase-3-9 (Figure 3B) protein levels decreased 
in CI groups. However, Asp treatment increased 
the cleaved caspase-3-9 (Figure 3C), but adminis-
tration of 3-MA decreased (p<0.05).  In addition, 
Bcl-2 (Figure 3D) and BAX (Figure 3E) protein 
levels were lower in the CI compared to the Sham 
group (p<0.05). The increase in Bcl-2 and BAX 
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protein levels in Asp-treated groups was statisti-
cally significant compared to CI group (p<0.05). 

The results showed that Asp significantly reduced 
the key apoptotic protein levels in the CI. 

Figure 1. Asp treatments decreased the infarct area after CI. During the reperfusion period after CI, when the duration of 
Asp treatment was extended from 3 days, it was determined that the infarct area decreased even more. Different letters (a, b, c, 
d, and e) were statistically different from each other (p<0.05). The Kruskal-Wallis H test was used to evaluate the infarct area 
results of the groups. When significant differences were detected between groups, multiple pairwise comparisons were made 
using the Mann-Whitney U test with Bonferroni correction (p<0.05). 
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Figure 2. Asp treatment induced autophagy marker protein levels during the reperfusion period after CI. Western images of autophagy markers (A), Beclin/β-actin (B), ATG-5/β-
actin (C), ATG-7/β-actin (D), p-62/β-actin (E). Asp treatment groups marked with different letters (a, b, and c) are statistically different from each other (p<0.05). The differences 
between the groups marked with the same letters are not statistically significant. The Kruskal-Wallis H test was used to evaluate the Western blot results of the groups. When 
significant differences were detected between the groups, multiple pairwise comparisons were made using the Mann-Whitney U test with Bonferroni correction. 
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Figure 3. Asp treatment is effective on apoptosis markers suppressed during CI/R. Western images of apoptotic and antiapoptotic markers (A), cleaved caspase-3/β-actin (B), 
caspase-9/β-actin (C), Bcl-2/β-actin (D), Bax/β-actin (E).  Groups marked with different letters (a, b, and c) are statistically different (p<0.05). The differences between the groups 
marked with the same letters are not statistically significant. The Kruskal-Wallis H test was used to evaluate the Western blot results of the groups. When significant differences 
were detected between the groups, multiple pairwise comparisons were made using the Mann-Whitney U test with Bonferroni correction.
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Discussion

The brain stands as the most susceptible or-
gan to various ailments, including ischemia. Ce-
rebral ischemia or stroke, a leading global cause 
of mortality and disability, necessitates the swift 
restoration of blood flow as the primary treat-
ment. Despite the successful reestablishment of 
cerebral blood flow, ensuring the supply of ox-
ygen and energy, a risk of progressive neuronal 
degeneration remains. Unfortunately, numer-
ous interventions targeting such pathways have 
proven22 only partially effective, with countless 
clinical trials failing to demonstrate therapeutic 
efficacy against ischemic stroke. Consequently, 
there is a growing interest in unraveling the 
mechanisms underlying endogenous neuronal 
protection and repair, offering potential avenues 
for innovative strategies23.

Asprosin has been reported24 to have multi-
ple effects on CNS and peripheral tissues and 
organs. Asprosin has an essential impact on 
regulating appetite, glucose metabolism, IR, cell 
apoptosis, and autophagy via multiple down-
stream signaling pathways. However, studies in 
literature examining behavioral tests following 
Asp injection in a CI/R model are quite limit-
ed25.

Furthermore, in CI/R studies26,27, studies in 
which reperfusion was provided for longer than 
24 h and otofagia and apoptosis pathways were 
examined are very limited. In a study23 on a 
60-min CI model, Asp was administered before 
the initiation of reperfusion, and it was reported 
that Asp improved the infarct area score in the 
neurologic evaluation performed of reperfusion. 
In CI/R studies performed to date, it has been 
reported17 that agents with autophagic activity 
injection reduce the infarct area after 24 h27. In 
one28 of the CI/R studies in which reperfusion 
was provided longer than 24 h, the infarct area 
was determined on the 3rd day of reperfusion. In 
addition, it can be said that some reduction in the 
infarct area can be observed as the reperfusion 
time is prolonged. However, Asp application 
leads to a much greater decrease in the infarct 
area. In this sense, our study is compatible with 
other studies in the literature. It has been stated 
that Asp provides neuroprotection by preventing 
the release of cytochrome c from mitochondria, 
elevating the level of anti-apoptotic protein Bcl-
2, and inhibiting caspases, which are pro-apop-
totic proteins. According to our results, it can be 
said that after 60 min of ischemia, before and 

after Asp administration, neuronal cell loss in 
the penumbra area is prevented.

Some studies29 indicate that autophagy plays a 
protective role in CI, while others30 indicate that 
autophagy plays a role as a cell death pathway in 
CI25. Asp has been suggested to have an effect 
on the autophagy pathway in myocardial infarc-
tion; however, whether autophagy is a beneficial 
ischemia process has not been fully clarified in 
these studies. To date, the impact of Asp on the 
role of autophagy has not only been studied in 
CI/R injury but also in neonatal cerebral hypox-
ic-ischemia models. According to our results, it 
can be said that 3-day Asp treatment stimulates 
autophagy, and Asp treatment increases auto-
phagy levels even further. In addition, it was 
determined that the level of cleaved caspase-3 
protein increased during the 3-day reperfusion 
period, but it decreased over time during the 
ongoing reperfusion period. However, distin-
guishing between autophagy and apoptosis as 
cell death pathways within the initial 24 hours 
can pose challenges. This is because, according 
to one study31, neuronal autophagy was reported 
to be induced after 48 hours, contrasting with 
other organs. Autophagy, alongside apoptosis, 
can function as a cell death pathway when 
the physiological stress conditions surpass the 
cell’s adaptive capabilities. Therefore, analyzing 
autophagy within the first 24 hours in CI may 
portray it as a cell death pathway. The difficulty 
in determining whether autophagy serves as a 
cell death or survival pathway in CI may arise 
from the fact that autophagy is typically exam-
ined in the infarct area, which predominantly 
consists of the core region where cells have al-
ready committed to the death pathway. To gain 
a clearer understanding, it is essential to focus 
on the penumbra area during autophagy exam-
ination, as this region holds the key to cell fate. 
Optimal autophagic activity in ischemic cells 
can promote cellular survival by eliminating 
damaged organelles and cellular components 
instead of pushing the cell toward demise32. 
Previous research33 has suggested an intricate 
interplay between autophagy and apoptosis, in-
dicating the potential sharing of molecular in-
ducers and regulatory mechanisms. Moreover, it 
has been proposed that autophagy can influence 
caspase-mediated apoptosis. Our findings align 
with this perspective, as the levels of Beclin-1, 
ATG-5, and ATG-7 were observed to increase, 
while p-62 and cleaved caspase-3 caspase-9 
decreased.
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Conclusions

Asp has protective and therapeutic effects 
against CI/R damage. While applying Asp before 
ischemia activates the autophagy pathway more, 
applying Asp after ischemia protects the neuronal 
death/survival balance by activating the apoptosis 
pathway more.
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