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ARTICLE INFO ABSTRACT

Keywords: Vascular dementia (VaD), primarily caused by chronic cerebral hypoperfusion (CCH), is characterized by pro-
Aﬂgioge“eﬁs‘ gressive cognitive decline associated with neurovascular dysfunction. The present study aimed to investigate
Brain ischemia whether systemic administration of irisin, an exercise-induced myokine, modulates cognitive performance and
EeN;erl;g VEGF-associated angiogenic signaling in the hippocampus under CCH conditions. Thirty-eight adult male Wistar
Memory albino rats were randomly assigned to five groups: control, sham, irisin, ischemia, and ischemia + irisin. CCH
Myokine was induced via permanent bilateral common carotid artery occlusion. Irisin (100 ng/kg) was administered

intraperitoneally three times per week for four weeks. Cognitive performance was assessed using the Morris
Water Maze, and VEGF-positive vascular profiles were quantified within a standardized hippocampal area (1
mm? per section). CCH resulted in significant impairments in spatial learning and memory, accompanied by a
reduction in VEGF-positive vascular profiles in the hippocampus. In healthy rats, irisin administration was
associated with improved memory performance and increased VEGF-positive vascular profiles. In ischemic rats,
irisin treatment was linked to partial improvements in memory parameters and VEGF-associated vascular
changes, although these effects did not reach statistical significance. Learning-phase outcomes were more var-
iable. Notably, the number of VEGF-positive vascular profiles positively correlated with spatial memory per-
formance. These findings suggest that beyond its known neuroprotective properties, irisin may contribute to
cognitive support through modulation of angiogenesis-associated signaling under CCH. While further studies are
required to clarify optimal dosing strategies and mechanistic pathways, irisin may represent a promising
adjunctive candidate for vascular cognitive impairment, particularly in individuals unable to engage in regular
physical exercise.

Vascular dementia

1. Introduction Epidemiological evidence suggests that varying degrees of cerebral

hypoperfusion may occur in a large proportion of elderly individuals,

Vascular dementia (VaD) is the second most common cause of de-
mentia after Alzheimer's disease and represents a major contributor to
cognitive decline in the aging population (Kalaria et al., 2008). One of
the key mechanisms underlying VaD is chronic cerebral hypoperfusion
(CCH); a condition characterized by a persistent reduction in cerebral
blood flow caused by vascular insufficiency. Prolonged hypoperfusion
disrupts neuronal energy metabolism and leads to progressive impair-
ments in learning and memory (Venkat et al., 2015; Wang et al., 2024).
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highlighting its important role in the development of vascular cognitive
impairment (Iadecola, 2013). At the same time; the global number of
people living with dementia is expected to nearly double every two
decades (Prince et al., 2013). Despite the growing clinical burden of
VabD; there is still no approved pharmacological treatment specifically
targeting cognitive decline associated with this condition. Therefore;
experimental studies aimed at understanding the mechanisms of
vascular cognitive impairment and identifying potential therapeutic
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strategies remain of considerable translational importance (Fu et al.,
2023). In preclinical research; permanent bilateral common carotid ar-
tery occlusion (BCAO) in rodents is widely used as an experimental
model of CCH because it reproduces several neuropathological and
behavioral features observed in VaD (Stanojlovic et al., 2014).

Physical exercise is widely recognized as an effective non-
pharmacological intervention for improving outcomes in ischemic
brain disorders (MacKay-Lyons et al., 2020). In recent years; increasing
attention has been directed toward skeletal muscle as an endocrine
organ that releases signaling molecules known as myokines during
physical activity. These molecules can act through autocrine; paracrine;
or endocrine mechanisms and influence multiple physiological systems
(Giudice and Taylor, 2017). Among them; irisin has attracted particular
interest. Irisin is an exercise-induced myokine that is released from
skeletal muscle during physical activity and is able to cross the
blood-brain barrier (BBB). Experimental studies have suggested that
irisin may influence several neuroprotective pathways within the central
nervous system (Islam et al., 2021; Jodeiri Farshbaf and Alvina, 2021;
Ruan et al., 2019). It has therefore been proposed that irisin may
contribute, at least in part, to the cognitive benefits associated with
regular physical exercise (Wrann, 2015).

In addition to neuroprotective mechanisms, exercise is also known to
promote angiogenesis, which may improve tissue perfusion and support
functional recovery in ischemic conditions (Tang et al., 2018). Recent
studies have shown that irisin can stimulate angiogenic responses in
several peripheral ischemic tissues; including bone and cardiac muscle
(Kan et al., 2022; Yang et al., 2021). However, whether irisin exerts
similar angiogenesis-related effects in the brain under conditions of CCH
remains largely unknown.

Enhancing angiogenesis in ischemic tissues remains challenging with
conventional pharmacological approaches. Although surgical in-
terventions may improve perfusion in selected cases, they are often not
feasible in diffuse vascular diseases. For this reason, exercise-based
rehabilitation is commonly recommended for patients with ischemic
disorders (Qi et al., 2022). However; many individuals affected by
vascular cognitive impairment are elderly and frequently present with
comorbidities that limit their ability to engage in regular physical ac-
tivity. Prolonged hospitalization; advanced age; increased body mass
index; and reduced motivation may further restrict mobility in these
patients (Chulakadabba et al., 2020). These limitations highlight the
need for alternative strategies capable of mimicking the beneficial ef-
fects of exercise.

Although the detrimental effects of CCH on hippocampal structure
and cognitive function have been extensively documented, therapeutic
approaches targeting neurovascular adaptation in this context remain
limited. Irisin, an exercise-induced myokine with established neuro-
protective properties, has been shown to influence angiogenic processes
in peripheral ischemic tissues (Liao et al., 2019; Zhang et al., 2019).
However, whether irisin can regulate angiogenesis-associated vascular
signaling in the brain under chronic hypoperfusion conditions remains
largely unknown. To our knowledge, no previous study has directly
examined the relationship between systemic irisin administration, hip-
pocampal VEGF-associated vascular signaling, and spatial memory
performance in a chronic cerebral hypoperfusion model. Addressing this
gap provides the rationale for the present study.

Therefore, the present study aimed to investigate the effects of sys-
temic irisin administration on cognitive function and VEGF-associated
vascular changes in a rat model of CCH. By exploring the relationship
between irisin-mediated vascular signaling and spatial memory perfor-
mance, this study seeks to provide further insight into the potential role
of irisin in neurovascular adaptation under hypoperfusive conditions.
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2. Materials and methods
2.1. Ethics statement

This study was conducted with the approval of the Balikesir Uni-
versity Animal Research Centre Local Ethics Committee (approval date:
07.07.2023; approval number: 2023/7-6). All experimental procedures
were performed in accordance with the Guide for the Care and Use of
Laboratory Animals and the principles of the 3Rs (Replacement,
Reduction, and Refinement).

2.2. Animals

This study was carried out using 38 male Wistar albino rats (10
weeks old, 250-300 g) obtained from the Experimental Animal Pro-
duction, Care and Research Center of Balikesir University. The animals
were housed in standard cages with free access to water and laboratory
chow. They were maintained under a 12 h light/12 h dark cycle at a
constant room temperature of 23 + 2 °C and relative humidity of 60%.
All procedures and reporting followed the Animal Research: Reporting
of In Vivo Experiments (ARRIVE) guidelines.

2.3. Experimental design

The rats were randomly divided into 5 groups: (1) Control (n = 7),
(2) sham (n = 8), (3) ischemia (n = 8), (4) irisin (n = 7), (5) ischemia +
irisin (n = 8). Considering that the mortality rate following BCAO sur-
gery has been reported to be approximately 25% within the first 14
postoperative days, the number of animals allocated to the surgical
groups was slightly higher (Wang et al., 2020). Sample size adequacy
was evaluated a priori using G*Power 3.1 (Heinrich Heine University;
Diisseldorf; Germany). A one-way ANOVA (fixed effects; omnibus test)
with five groups; an alpha level of 0.05; and an effect size 0.65 was
assumed. The effect size (f = 0.65) is consistent with standard practice in
rodent experimental studies; where medium-to-large effect sizes are
commonly used for power analyses (Erdogan, 2024). Under these as-
sumptions, the minimum required total sample size to achieve a statis-
tical power of 0.80 was calculated as 35 animals (approximately seven
animals per group). Therefore, despite the mortality observed in the
ischemia groups, the final sample size remained within the range
required to maintain adequate statistical power.

No experimental procedure was performed in the control group. The
sham group underwent bilateral exposure of the common carotid ar-
teries without occlusion. The ischemia groups underwent BCAO. Irisin
treatment was administered exclusively to the irisin and ischemia +
irisin groups at a dose of 100 ng/kg via intraperitoneal injection. The
control, sham, and ischemia-only groups did not receive irisin. A
graphical timeline illustrating the experimental schedule is provided in
Supplementary Fig. S1.

2.4. BCAO model

Chronic cerebral hypoperfusion was induced by BCAO under anes-
thesia (80 mg/kg ketamine and 8 mg/kg xylazine, intraperitoneally)
(Cao et al., 2018). After shaving the ventral neck region, the common
carotid arteries were exposed bilaterally through a midventral cervical
incision and carefully separated from surrounding connective tissues
and the vagus nerve. Permanent double ligation was performed using
4-0 silk sutures to achieve complete occlusion without subsequent
reperfusion. The arteries were then transected between the ligation
points to prevent recanalization (Supplementary Fig. S2). The incision
was sutured and the animals were returned to their cages until recovery
from anesthesia. The entire surgical procedure lasted approximately 20
min per animal. In the sham group, the carotid arteries were exposed in
the same manner but no ligation was performed.
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2.5. Irisin administration

Beginning one day after surgery, recombinant irisin (r-irisin;
#11451, Cayman Chemicals, Ann Arbor, MI, USA) was administered
intraperitoneally. A 100 pg recombinant irisin vial was diluted with
deionized water and injected in a volume of 0.1 ml at a final dose of 100
ng/kg. Irisin was administered three times per week (Monday,
Wednesday, and Friday) for four weeks. The dose and intermittent
administration schedule were selected based on previous studies
demonstrating biological efficacy with similar systemic protocols (Guo
et al., 2023; Shahabi et al., 2024; Yardimci et al., 2023). Intermittent
dosing was also chosen to minimize handling stress associated with
frequent injections (Gouveia and Hurst, 2017). Animals in the sham and
ischemia groups received an equivalent volume of physiological saline
according to the same schedule.

2.6. Locomotor activity

After the final irisin injection, locomotor activity was evaluated
using an open field (OF) test apparatus. The apparatus consisted of a
black square arena measuring 1 x 1 m, surrounded by walls 50 cm in
height. Each rat was placed in the center of the arena and spontaneous
locomotor activity was recorded for 5 min using the Noldus EthoVision
XT video tracking system.

All behavioral assessments were performed by a researcher blinded
to the treatment groups.

2.7. The Learning-Memory Test

On the day following the OF test, spatial learning and memory were
assessed using the Morris Water Maze (MWM) (Morris, 1984). The
apparatus consisted of a circular Plexiglas pool (140 cm diameter, 75 cm
height) filled with water to a depth of 50 cm. A hidden platform was
positioned 1 cm below the water surface. Each rat underwent testing for
four consecutive days during the acquisition phase. On the fifth day, the
platform was removed and a probe trial was performed. Escape latency
and time spent in each quadrant were recorded and analyzed using the
Noldus EthoVision XT tracking system.

Behavioral assessments were conducted by a researcher blinded to
treatment allocation.

2.8. Sacrifice and tissue collection

One day after completion of the behavioral experiments, the rats
were sacrificed by decapitation under anesthesia. Whole brain tissues
were carefully removed and fixed in formaldehyde for subsequent
immunohistochemical analysis.

2.9. Immunohistochemistry

Brain tissue samples were fixed in 10% neutral-buffered formalin,
processed routinely, and embedded in paraffin. Hippocampal sections
were obtained in the coronal plane, focusing on the CA1 pyramidal layer
and the adjacent stratum oriens and stratum radiatum, regions known to
be particularly sensitive to ischemic injury (Schmidt-Kastner, 2015).
Sections of 4 pm thickness were prepared and stained with hematoxylin
and eosin for routine histopathological evaluation. Additional 4 pm
sections were mounted on positively charged glass slides for immuno-
histochemical analysis.

Antigen retrieval was performed using CCl solution (pH 8.0)
(Ref. 950-CC124, Ventana Medical Systems, Tucson, AZ, USA). Sections
were incubated with primary human monoclonal anti-VEGF antibody
(JH121; dilution 1:150; sc-57,496, Santa Cruz Biotechnology, Texas,
USA) for 32 min at 37 °C. Visualization was achieved using the OptiView
DAB IHC Detection Kit followed by the OptiView Amplification Kit
(Ventana), each applied for 12 min. All staining procedures were
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performed on the VENTANA BenchMark Ultra automated staining
platform according to the manufacturer's protocol.

VEGF is a key regulator of angiogenesis and vascular remodeling
(Ferrara, 2004). In the present study, VEGF immunoreactivity was
evaluated as an indicator of angiogenesis-associated signaling activity
within vascular structures rather than as an endothelial cell-specific
marker of absolute microvascular density. VEGF immunoreactivity was
identified as brown cytoplasmic staining within vascular endothelial
profiles. Quantification was restricted to VEGF-positive structures dis-
playing clear vascular morphology. Only VEGF-immunoreactive profiles
showing identifiable vascular characteristics, such as lumen-like struc-
tures and vessel-like organization, were included in the analysis. Non-
vascular VEGF staining in neural or glial cells was not considered dur-
ing quantification.

Three coronal brain sections per animal, obtained at 150 pm in-
tervals, were analyzed. VEGF-positive vascular profiles were quantified
in 10 non-overlapping fields at x200 magnification within a defined
hippocampal area of 1 mm? The mean number of VEGF-positive
vascular profiles within the predefined 1 mm? sampling area was
calculated for each animal. This standardized sampling ensured
anatomical and area consistency across all groups.

All immunohistochemical assessments were performed by a
researcher blinded to treatment allocation.

2.10. Statistical analysis

All statistical analyses were performed using SPSS software for
Windows, version 25.0 (SPSS, Chicago, IL, USA). For normally distrib-
uted data, group differences were evaluated using one-way ANOVA
followed by Tukey's post hoc test. Non-parametric data were analyzed
using the Kruskal-Wallis test. Learning performance across the four-day
acquisition period of the MWM was analyzed using GLM repeated
measures ANOVA. Correlations between variables were assessed using
Spearman correlation analysis. A value of P < 0.05 was considered
statistically significant.

3. Results

On the day of surgery, four rats in the ischemia groups died, and one
additional rat died on the following day. To maintain consistent group
sizes, surgery was repeated for these five animals on the next day. The
overall mortality rate in the ischemia groups was 31%.

3.1. Locomotor activity

Locomotor activity was assessed using the OF test. The mean total
distance traveled was 1517.82 + 340.35 cm in the control group,
1881.15 + 625.07 cm in the sham group, 1779.64 + 550.89 cm in the
ischemia group, 1866.27 + 310.01 cm in the irisin group, and 1891.93
+ 387.75 cm in the ischemia + irisin group.

The mean velocity values were 5.06 + 1.14 cm/s, 6.27 + 2.08 cm/s,
5.93 + 1.84 cm/s, 6.22 + 1.03 cm/s, and 6.31 + 1.30 cm/s for the
control, sham, ischemia, irisin, and ischemia + irisin groups, respec-
tively. No statistically significant differences were observed among the
groups for either parameter measured in the OF test (distance traveled: F
(4,33) = 0.8148, P = 0.5249; velocity: F(4,33) = 0.9872, P = 0.4281)
(Fig. 1A-B).

These results indicate that locomotor activity did not differ signifi-
cantly among the experimental groups.

3.2. Learning

Spatial learning performance was assessed using the MWM during
the four-day acquisition phase.

On day 1, the escape latencies were 50.43 + 12.42 s for the control
group, 54.02 + 10.12 s for the sham group, 52.38 + 8.98 s for the



A. Karakilig et al.

A
= 3000
E e® o
° o
3 2000 oo
E ® 1
8 == 2
c =
2 1000+ = %
> =y
g =l
2 oL —] Y
& @ & O
y &‘o &8 ‘&é‘\ \(\9\‘&\(\9\
A4 &
S
&

Neuropeptides 117 (2026) 102613

oy}

Mean velocity (cm/s)

Fig. 1. Chronic cerebral hypoperfusion did not affect locomotor activity in the open field test. A — Total distance moved (cm). B — Mean velocities of the groups (cm/
s). No statistically significant differences were observed among the groups. (Significance level is P < 0.05).

ischemia group, 47.71 + 9.84 s for the irisin group, and 55.96 + 7.48 s
for the ischemia + irisin group. No statistically significant differences
were observed among the groups on the first day (F(4,33) = 0.7908, P =
0.5396) (Fig. 2A).

On day 2, a significant difference among the groups was detected (F
(4,33) = 6.662, P = 0.0005). The mean escape latencies were 40.57 +
14.88 s in the control group, 42.25 + 12.67 s in the sham group, 54.00
+ 8.40 s in the ischemia group, 24.43 + 13.05 s in the irisin group, and
50.25 + 10.67 s in the ischemia + irisin group. Post hoc analysis
revealed that the irisin group had significantly shorter escape latencies
compared with both the ischemia group (P = 0.0003) and the ischemia
+ irisin group (P = 0.0019). Although the irisin group also showed lower
escape latencies than the sham group, this difference did not reach
statistical significance (P = 0.052) (Fig. 2B).

On day 3, the mean escape latencies of the ischemia and ischemia +
irisin groups were significantly higher than those of the sham group (P
= 0.0366 and P = 0.0087, respectively) and the irisin group (P = 0.009
and P = 0.002, respectively). The mean values were 36.43 + 16.66 s in
the control group, 32.63 + 7.15 s in the sham group, 50.38 + 12.61 s in
the ischemia group, 28.57 + 7.41 s in the irisin group, and 53.75 +
12.53 s in the ischemia + irisin group (F(4,33) = 6.847, P = 0.0004)
(Fig. 20).

On day 4, the mean escape latencies were 33.57 £+ 10.64 s in the
control group, 27.25 + 17.16 s in the sham group, 45.50 + 15.84 s in the
ischemia group, 27.29 & 11.01 s in the irisin group, and 46.63 £+ 14.72 s
in the ischemia + irisin group. No statistically significant pairwise dif-
ferences were detected among the groups on this day (F(4,33) = 3.434,
P =0.0188) (Fig. 2D). Notably, 50% of the rats in both the ischemia and
ischemia + irisin groups failed to locate the hidden platform on day 4,
whereas nearly all animals in the control, sham, and irisin groups suc-
cessfully reached the platform.

Within-group comparisons revealed a significant reduction in escape
latency from day 1 to day 3 in the sham group (F(3,21) = 6.846, P =
0.002; day 1 vs day 3, P = 0.025). Similarly, the irisin group showed
significantly lower escape latencies on subsequent testing days
compared with day 1 (F(3,18) =9.329, P =0.001; P = 0.013, P = 0.024,
and P = 0.040 for days 2-4, respectively) (Fig. 2E).

In the MWM, ischemia resulted in significant impairments in spatial
learning, as reflected in prolonged escape times on days 2 and 3. The
ischemia + irisin group did not show statistically significant improve-
ments in learning performance compared to the ischemia group.
Although escape times were shorter in the irisin-treated ischemic group

compared to the ischemia group in the 2nd day, this improvement was
not statistically significant.

3.3. Memory

Spatial memory performance was evaluated during the probe trial of
the MWM.

A significant difference among the groups was observed in the time
spent in the target quadrant (F(4,33) = 5.907, P = 0.0011). The mean
durations were 10.57 + 2.04 s in the control group, 9.53 + 1.82 s in the
sham group, 7.78 + 1.54 s in the ischemia group, 11.91 + 1.90 s in the
irisin group, and 9.25 + 1.35 s in the ischemia + irisin group. The
ischemia group spent significantly less time in the target quadrant
compared with both the control (P = 0.0291) and irisin (P = 0.0005)
groups. A significant difference was also detected between the irisin and
ischemia + irisin groups (P = 0.0412). Although irisin administration in
ischemic rats increased the time spent in the target quadrant, the dif-
ference between the ischemia and ischemia + irisin groups did not reach
statistical significance. On the other hand, no statistically significant
difference was detected between the control and ischemia + irisin
groups (P = 0.587), which may indicate a favorable trend toward
improvement in learning performance in the ischemia + irisin group
(Fig. 3A).

The number of entries into the target quadrant also differed among
the groups. The mean entry numbers were 6.43 + 1.51 in the control
group, 6.13 £ 2.03 in the sham group, 3.63 + 0.92 in the ischemia
group, 5.43 £ 1.40 in the irisin group, and 4.38 + 1.30 in the ischemia +
irisin group. A significant difference was detected only between the
control and ischemia groups (P = 0.0141). No statistically significant
difference was observed between the control and ischemia + irisin
groups (P = 0.217). These results may also indicate a tendency of partial
improvement following irisin treatment. (Fig. 3B).

A significant difference among the groups was also observed in the
time spent in the opposite quadrant (F(4,33) = 4.173, P = 0.0076). The
mean durations were 10.43 + 3.59 s for the control group, 9.78 + 1.86 s
for the sham group, 10.85 =+ 2.66 s for the ischemia group, 6.29 + 1.48 s
for the irisin group, and 10.63 £ 2.36 s for the ischemia + irisin group.
The irisin group spent significantly less time in the opposite quadrant
compared with the control group (P = 0.0284). In addition, both the
ischemia and ischemia + irisin groups spent significantly more time in
the opposite quadrant than the irisin group (P = 0.0096 and P = 0.0151,
respectively). Although irisin treatment reduced the mean time spent in
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Fig. 2. Effects of chronic cerebral hypoperfusion and irisin treatment on spatial learning in the Morris Water Maze A — Escape latency to reach the hidden platform on
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the opposite quadrant in ischemic rats, this difference did not reach
statistical significance (Fig. 3C).

No significant differences were observed among the groups in the
number of entries into the opposite quadrant (P = 0.414). The mean
entry numbers were 5.29 + 2.43 in the control group, 3.25 + 1.75 in the
sham group, 3.75 + 1.04 in the ischemia group, 3.86 + 1.46 in the irisin
group, and 4.13 =+ 1.55 in the ischemia + irisin group.

3.4. Immunohistochemistry

All VEGF-positive vascular profile counts were obtained using a
predefined standardized sampling frame (1 mm? per section) to ensure
area consistency across groups.

The mean numbers of VEGF-positive vascular profiles were 9.17 +
1.17 in the control group, 7.50 + 0.55 in the sham group, 4.33 + 0.52 in
the ischemia group, 11.83 + 1.17 in the irisin group, and 8.00 + 0.89 in
the ischemia + irisin group. The ischemia group showed a significantly

lower number of VEGF-positive vascular profiles compared with both
the control (P = 0.0103) and irisin (P = 0.0001) groups. In addition, the
irisin group exhibited a higher number of VEGF-positive vascular pro-
files than the sham group (P = 0.0254).

Although the difference between the ischemia and ischemia + irisin
groups did not reach statistical significance, the ischemia + irisin group
showed higher VEGF-positive vascular profile counts compared with the
ischemia-only group. Furthermore, while the ischemia group displayed
significantly lower VEGF-positive vascular profile counts than the con-
trol group, no significant difference was observed between the ischemia
+ irisin and control groups. Representative immunohistochemical im-
ages of VEGF staining in the hippocampus are presented in Fig. 4-6.

These findings may indicate a trend toward partial amelioration of
VEGF-associated vascular changes following irisin administration in
ischemic rats.
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3.5. Correlation analyses

Correlation analysis revealed a significant positive association be-
tween the number of VEGF-positive vascular profiles and time spent in
the target quadrant during the probe trial (r = 0.631, P = 0.0001)
(Fig. 7A).

In contrast, a significant negative correlation was observed between
VEGF-positive vascular profiles and time spent in the opposite quadrant
(r=—-0.380, P = 0.038) (Fig. 7B).

A —d
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Correlations between VEGF-positive vascular profiles and memory
performance further support a functional link between angiogenic
signaling and cognitive outcomes.

4. Discussion

In the present study, CCH resulted in significant reductions in VEGF-
positive vascular profiles in the hippocampus and was accompanied by
impairments in spatial memory. Although the detrimental effects of
BCAO on hippocampal function have been well documented, the present
findings extend the existing literature by providing a proof-of-concept
that systemic irisin administration may modulate VEGF-associated
angiogenic signaling in the hippocampus and relate these vascular
changes to spatial memory performance under CCH conditions.

It should also be noted that CCH did not produce any detectable
changes in locomotor activity, as indicated by the OF test results. This
observation is consistent with previous studies reporting preserved lo-
comotor performance in similar models of CCH (Cechetti et al., 2012;
Damodaran et al., 2014). Therefore, the impairments observed in the
MWM are unlikely to be related to motor deficits and more likely reflect
alterations in cognitive function.

In the present study, irisin administration was associated with a
modest but noteworthy tendency toward improved cognitive perfor-
mance following CCH. Although not all behavioral parameters reached
statistical significance, ischemic rats treated with irisin showed a gen-
eral trend toward better task acquisition and slightly improved memory
retrieval compared with untreated ischemic animals. For example,
irisin-treated rats tended to spend more time in the target quadrant and
displayed more normalized entry frequencies during the probe trial,
suggesting a potential beneficial influence of irisin on hippocampus-
dependent memory processes.

BCAO markedly reduces cerebral blood flow, and compensatory
circulation through the vertebral arteries remains insufficient during the
early postoperative period (Wang et al., 2020). As a result; CCH disrupts
neuronal energy metabolism; particularly in brain regions that are
highly vulnerable to oxygen deprivation. Reduced glucose utilization
can trigger excitotoxicity; mitochondrial dysfunction; and ultimately
neuronal death (Rajeev et al., 2022; Wang et al., 2020). Breakdown of
the BBB and subsequent neuroinflammatory cascades further contribute
to neuropathological alterations associated with cognitive decline,

Fig. 5. Representative hematoxylin and eosin (H&E)-stained sections of the hippocampus indicating the region used for immunohistochemical analysis. A — Low-
magnification view of the hippocampus, 40x, B — Higher-magnification view of the CA1 region corresponding to the boxed area in panel A, 100x. Scale bars: A =

200 pm; B = 100 pm.
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Fig. 6. Representative immunohistochemical staining for VEGF in hippocampal sections across experimental groups. A — Control group. B — Sham group. C —
Ischemia group. D - Irisin group. E — Ischemia + irisin group. F — Negative control. Red arrows indicate VEGF-immunoreactive vascular profiles displaying vessel-like
morphology. Only VEGF-positive structures with clear vascular morphology were included in the quantitative analysis. Magnification: A-E, x200; F, x100. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

including glial activation and neuronal loss (Rajeev et al., 2022).
Because the hippocampus is particularly sensitive to ischemic injury;
these processes can impair hippocampus-dependent cognitive functions
(Lee et al., 2021). Consistent with these mechanisms and previous re-
ports, CCH in our study resulted in significant impairments in spatial
learning and memory.

One possible explanation for the modest magnitude of the observed
effects is the relatively short treatment duration used in the present
study. In a recent study investigating the systemic effects of irisin on
brain monoamine levels, irisin was administered for 10 weeks and sig-
nificant neurochemical changes were reported (Yardimci et al., 2023).
Although the dose used in that study (100 ng/kg) was similar to ours; the
treatment duration was considerably longer. In another study using a
mouse model of middle cerebral artery occlusion; a single bolus injec-
tion of irisin (0.2 pg/g) significantly reduced infarct volume (Li et al.,
2017). Furthermore; Wang and Pan (2016) reported that systemic irisin
administration reduced depressive-like behaviors in rats at doses of 100
ng/kg and above; indicating that this dose range is biologically active in
the central nervous system. In the BCAO model; cerebral blood flow
remains only partially restored during the first four weeks following
surgery; and full recovery may require up to eight weeks (Otori et al.,
2003). Therefore, it is possible that the four-week treatment period used
in the present study was not sufficient to fully reveal the potential
cognitive benefits of irisin. Longer administration periods may allow a
clearer manifestation of its neurovascular and behavioral effects. These
findings suggest that the cognitive effects of irisin may emerge gradually
as neurovascular adaptations develop over time.

Although irisin showed a tendency toward improved spatial memory
performance, the longer platform-finding times observed in some
learning parameters in the ischemia + irisin group compared with the
ischemia-only group suggest that its effects during the learning phase
may be more variable. This variability may reflect differences in treat-
ment timing, dosage, or the differential sensitivity of distinct cognitive
processes to irisin. It is also possible that irisin exerts a stronger influ-
ence on memory consolidation than on the initial acquisition of spatial
information. Similar dissociations between learning and memory pro-
cesses have been reported previously. For example, amphetamine has
been shown to enhance memory consolidation in rats without consis-
tently improving initial learning performance, suggesting that these
cognitive phases may rely on partially distinct neurobiological mecha-
nisms (Simon and Setlow, 2006).

Irisin has been shown to cross the BBB and activate several

neuroprotective pathways, including increased BDNF expression,
enhanced synaptogenesis, and improved neuronal survival in the hip-
pocampus (Jodeiri Farshbaf and Alvina, 2021). Consistent with these
mechanisms; rats in the irisin-treated group in our study showed better
behavioral performance in the MWM. Specifically; the irisin group
learned the location of the hidden platform more rapidly; spent the
highest mean time in the target quadrant during the probe trial; and
spent the least time in the opposite quadrant. These findings suggest that
irisin may exert cognitive-enhancing effects even under non-ischemic
conditions. Supporting this possibility; previous human studies have
reported positive associations between circulating irisin levels and
cognitive performance in healthy individuals (Kuster et al., 2017; Tsai
and Pai, 2021).

The immunohistochemical findings of the present study showed that
CCH reduced the number of VEGF-positive vascular profiles in the
hippocampus. In addition, irisin administration was associated with a
mild tendency toward improvement in VEGF-associated vascular
changes in both healthy and ischemic rats. Previous studies have
demonstrated that the BCAO model leads to capillary rarefaction in the
brain and reduced microvascular cerebral blood flow (Leardini-Tristao
et al., 2017). Similarly; reductions in capillary density; particularly
within white matter regions; have been consistently reported in studies
of VaD and CCH (Lee et al., 2019; Shao et al., 2010).

Although VEGF can be expressed by multiple neural cell types under
ischemic conditions, previous studies in CCH models have demonstrated
predominant localization of VEGF protein to vascular endothelial cells,
accompanied by parallel upregulation of VEGF receptors (Hai et al.,
2003). This pattern supports the notion that VEGF participates in
endothelial autocrine and paracrine signaling mechanisms during
hypoperfusion-induced vascular adaptation. Therefore, while VEGF
immunostaining does not represent an endothelial cell-specific struc-
tural marker of absolute capillary density, the VEGF-positive vascular
profiles quantified in the present study likely reflect angiogenesis-
associated signaling activity within the hippocampal microvasculature.

Exercise training is known to promote angiogenesis via increasing
VEGF in cerebral vessels in a number of brain areas including the hip-
pocampus (Pahlavani, 2023). Irisin; an exercise-induced myokine; has
been proposed as a mediator of several beneficial effects of physical
activity on the brain. An increasing body of evidence indicates that irisin
exerts cerebroprotective effects through multiple mechanisms;
including reduction of oxidative stress; attenuation of neuro-
inflammation; protection of the BBB; and regulation of neuronal survival
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positive vascular profiles (per mm?) and time spent in the opposite quadrant.

and stem cell proliferation (Liu et al., 2024). However; with the
exception of some evidence on bone fracture healing and myocardial
ischemia; we have not encountered research in the literature that
directly investigates the angiogenesis-stimulating effect of irisin in the
brain (Kan et al., 2022; Liao et al., 2019; Oranger et al., 2023; Yang
et al.,, 2021). Therefore, beyond its well-established neuroprotective

properties, the present findings suggest that irisin may exert beneficial
effects in the ischemic brain partly through modulation of VEGF-
associated angiogenic signaling, pointing to a potential additional
mechanism underlying its neurovascular actions. This observation is
particularly relevant because it suggests a previously underexplored link
between an exercise-induced myokine and angiogenesis-associated
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vascular signaling in a CCH model.

In a recent study, electroacupuncture was shown to facilitate
vascular remodeling and reduce infarct size after partial cerebral
ischemia through activation of the irisin-mediated VEGF/Akt/eNOS
signaling pathway (Cao et al., 2025). Although the experimental con-
ditions in that study—including the ischemia model and evaluation
time—differ from those used in the present work, the findings provide
indirect support for a role of irisin in regulating angiogenesis-related
vascular responses in the ischemic brain. In the present study, four
weeks of systemic irisin administration was associated with an increase
in VEGF-positive vascular profiles in the hippocampus of healthy rats.
Moreover, although the difference between the ischemia and ischemia +
irisin groups did not reach statistical significance, the number of VEGF-
positive vascular profiles in the ischemia + irisin group was comparable
to control levels, in contrast to the marked reduction observed in the
ischemia-only group. Taken together, these findings suggest that the
potential cognitive-enhancing effects of irisin may be partially mediated
through modulation of VEGF-associated angiogenic signaling within the
hippocampus. This interpretation is further supported by the significant
correlations observed between VEGF-positive vascular profiles and
spatial memory performance in our study.

VEGF has previously been shown to improve spatial learning and
memory performance in rodents (Pati et al., 2009). More recently;
VEGF-loaded nanofiber delivery systems have been proposed as a po-
tential therapeutic approach to alleviate cognitive deficits associated
with CCH by promoting neurovascular repair and reducing neuronal
apoptosis and synaptic damage (Wu et al., 2023). These findings high-
light the therapeutic potential of VEGF-mediated neurovascular mech-
anisms in vascular cognitive impairment. However, such approaches
generally require invasive delivery methods. In contrast, our findings
suggest that a systemically administered agent such as irisin may in-
fluence VEGF-associated vascular signaling and contribute to the miti-
gation of cognitive deterioration without the need for surgical
intervention or exercise-based rehabilitation. This possibility may be
particularly relevant for patients with VaD who are unable to participate
in regular physical exercise.

Hippocampal activity has been associated with increased endothelial
cell formation, and adult neurogenesis is known to occur within an
angiogenic niche (Palmer et al., 2000). VEGF; a hypoxia-inducible
protein that promotes angiogenesis; is primarily localized to vascular
endothelial cells in hypoperfused brain tissue and has been widely used
to identify angiogenesis-related vascular responses (Hai et al., 2003).
Consistent evidence indicates a close relationship between vascular
density and cognitive performance (Clark et al., 2009). Interestingly;
studies in healthy adult rats have suggested that learning and memory
performance may depend more strongly on angiogenesis than on neu-
rogenesis (Kerr et al., 2010). Therefore, stimulating neovascularization
seems to be the main factor to enhance cognitive functions.

In the present study, the number of VEGF-positive vascular profiles
showed a strong positive correlation with time spent in the target
quadrant and a negative correlation with time spent in the opposite
quadrant during the probe trial. These findings support an association
between angiogenesis-related vascular signaling and spatial memory
performance and suggest that irisin's potential cognitive-enhancing ef-
fects may be partly mediated through modulation of VEGF-associated
angiogenic signaling in the hippocampus. Although irisin administra-
tion was associated with a tendency to increase VEGF-positive vascular
profiles in ischemic rats, the absence of statistically significant im-
provements in memory performance between the ischemia and ischemia
+ irisin groups may indicate that angiogenic signaling had not yet
translated into fully functional vascular remodeling within the four-
week treatment period. Newly formed capillaries require time to
mature, stabilize, and integrate into the existing vascular network to
provide sufficient metabolic support for neuronal activity (Hayashi
et al., 2003). Moreover; improvements in cognitive performance may
depend not only on vascular density but also on restoration of
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neurovascular coupling and synaptic plasticity; processes that may
develop more slowly than the initial angiogenic response (Yang and
Torbey, 2020). Therefore, longer treatment durations or delayed
behavioral assessments may be necessary to fully capture the functional
consequences of irisin-associated angiogenic signaling.

Our study has several limitations that should be considered when
interpreting the findings. First, the present study did not directly assess
the BBB permeability of irisin. Nevertheless, existing evidence suggests
that systemically administered irisin can reach the central nervous sys-
tem. Previous studies have demonstrated that irisin is capable of
crossing the BBB in mice, and BBB permeability characteristics in mice
are considered comparable to those in rats (Islam et al., 2021; Murakami
et al., 2000). In addition, irisin has been proposed as a mediator of
exercise-induced neuroprotection and has been associated with im-
provements in motor and cognitive functions in several neurological
disease models (Caproni et al., 2025). Therefore, although our findings
indicate potentially beneficial effects of irisin on hippocampus-
dependent cognitive functions under ischemic conditions, the precise
mechanisms by which irisin influences the central nervous system
require further investigation.

Second, only male rats were included in the present study. Sex hor-
mones are known to influence cerebral blood flow regulation, neuro-
inflammatory responses, angiogenesis, and susceptibility to ischemic
injury, potentially leading to sex-dependent differences in neuro-
vascular outcomes (Roof et al., 1993; Roof and Hall, 2000). Epidemio-
logical studies have also reported sex-related differences in the
incidence of VaD, with several reports suggesting a higher prevalence in
men (Di Carlo et al., 2002; Ruitenberg et al., 2001). Considering this
clinical pattern, male rats were selected in the present study in order to
model vascular cognitive impairment in a population that may be more
vulnerable to the disease. Nevertheless, sex is increasingly recognized as
an important biological variable in preclinical research, and future
studies including female animals with appropriate monitoring of hor-
monal cycles will be necessary to determine whether irisin-mediated
neurovascular and cognitive effects differ between sexes.

Another limitation relates to the age of the experimental animals.
CCH and vascular cognitive impairment predominantly affect aged
populations, and the aged brain may respond differently to ischemic
insults and neurovascular interventions compared with young adult
animals. In the present study, 10-week-old rats were used to provide a
homogeneous baseline and to reduce surgical complications and mor-
tality associated with BCAO in aged animals, which is a common
approach in preclinical neurovascular research (Candelario-Jalil and
Paul, 2021; Macrae, 2011).

In addition, the present study did not include biochemical quantifi-
cation of circulating or hippocampal irisin levels. Future studies
combining pharmacokinetic measurements with molecular pathway
analyses may help clarify dose-response relationships and the signaling
mechanisms underlying irisin-mediated neurovascular effects.

Finally, VEGF immunostaining was used to evaluate angiogenesis-
related activity in the hippocampus. Although VEGF is a well-
established regulator of angiogenesis (Ferrara, 2004); it is not exclu-
sively expressed by endothelial cells and therefore cannot be considered
a strictly endothelial-specific marker of absolute microvascular density.
The inclusion of additional endothelial markers; such as CD31 or von
Willebrand factor; would allow a more comprehensive characterization
of vascular remodeling. However; CD31 expression may also increase
during inflammatory responses; which can complicate the distinction
between inflammation-associated endothelial activation and true
angiogenesis (Leung and Jensen, 2013). Taken together, VEGF immu-
nostaining in the present study should be interpreted as a functional
proxy for angiogenesis-related signaling in the hippocampal microvas-
culature rather than as a direct quantitative measure of endothelial cell
number.

Future studies incorporating direct measurements of cerebral blood
flow, additional endothelial markers, and aged animal models will be
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necessary to more fully define the therapeutic potential of irisin in
vascular cognitive impairment. Despite these limitations, the present
findings provide preliminary evidence suggesting that irisin may
contribute to neurovascular adaptation and cognitive modulation under
CCH.

5. Conclusions

In conclusion, the present study demonstrates that CCH is associated
with impaired spatial memory and reduced VEGF-positive vascular
profiles in the hippocampus. Systemic irisin administration was associ-
ated with modest improvements in memory retention and angiogenesis-
associated vascular alterations, although its effects on learning param-
eters were more variable. The observed correlations between VEGF-
positive vascular profiles and memory performance support a func-
tional relationship between angiogenic signaling and cognitive out-
comes under hypoperfusive conditions.

Beyond its well-established neuroprotective properties, the present
findings suggest that irisin may also exert beneficial effects through
modulation of angiogenesis-associated vascular signaling in the hippo-
campus. This neurovascular mechanism may represent an additional
pathway contributing to the cognitive effects of irisin under CCH.

Although the magnitude of the observed changes was limited within
the four-week treatment period, these results indicate that irisin may
contribute to neurovascular adaptation in conditions of CCH. From a
translational perspective, irisin may represent a biologically plausible
adjunctive strategy for targeting cognitive impairment associated with
cerebrovascular pathology, particularly in individuals who are unable to
benefit from regular physical exercise. In this respect, the present study
provides initial evidence that irisin may function as an exercise-mimetic
neurovascular modulator in chronic cerebral hypoperfusion. Further
studies are required to clarify the temporal dynamics, endothelial
specificity, and molecular mechanisms underlying irisin-mediated neu-
rovascular and cognitive modulation.
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