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ABSTRACT

BACKGROUND: Subarachnoid hemorrhage (SAH) is a severe neurological emergency with high morbidity and mortality, primarily
due to vasospasm and delayed ischemia. Hesperidin (HSP), a natural flavonoid, possesses strong antioxidant and vasoprotective prop-
erties. This experimental animal study examined HSP’s neuroprotective role in oxidative stress and vascular remodeling after SAH,
focusing on the extracellular regulated kinase 5—Kruppel-like factor 2—endothelial nitric oxide synthase (Erk5-KLF2-eNOS) pathway.

METHODS: The study was conducted from 2021 to 2022. Forty female Wistar albino rats were divided into five groups: control
(GIl, n=8), sham (G2, n=8), SAH + Vehicle (G3, n=8), SAH with low-dose HSP (G4, n=8), and SAH with high-dose HSP (G5, n=8).
SAH was induced using a double injection of homologous blood into the cisterna magna. Biochemical markers (superoxide dismutase
[SOD], catalase [CAT], glutathione peroxidase [GPx], nitric oxide [NOS]), basilar artery morphometry, and molecular expressions
(ErkS, p-Erk5, KLF2, eNOS) were evaluated 48 hours post-SAH.

RESULTS: SAH significantly increased oxidative stress and reduced vascular lumen diameter in untreated rats (G3). Both HSP-treated
groups (G4 and G5) showed improved antioxidant enzyme levels (SOD, CAT, GPx) and near-normal NOS levels. Morphometric
analysis demonstrated significant preservation of basilar artery lumen diameter in treated groups, with no significant changes in wall
thickness. Molecular analysis revealed upregulation of the Erk5-KLF2-eNOS pathway, suggesting a role in vasodilation and mitigation
of oxidative stress.

CONCLUSION: HSP protects against SAH-induced vasospasm and oxidative damage by enhancing antioxidant capacity and modu-
lating the Erk5-KLF2-eNOS pathway, suggesting its therapeutic potential.
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INTRODUCTION bleeding diathesis without an underlying vascular pathology.

M Despite the development of new endovascular treatment
The incidence of subarachnoid hemorrhage (SAH) in the Unit-

ed States of America (USA) is between 10 and 14 per 100,000

population per year, most commonly secondary to intracranial
aneurysm rupture (6.9 to 9 per 100,000 in the USA).l¥ It is method, and despite the increased treatment of non-bleeding

also a disease with high morbidity and mortality rates and can ~ aneurysms, there has been no significant change in the mor-
occur due to head trauma, arteriovenous malformation, or  bidity and mortality rates of SAH.[2%]

methods in recent years (such as flow converters and intra-

saccular devices) compared to the traditional microsurgical
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The mortality rate, which is 15% at the time of aneurysm
rupture, increases up to threefold in the following one-month
period.?¢! The quality of life of survivors is reduced due to se-
vere sequelae and neuropsychiatric disorders (such as depres-
sion and anxiety).”?! All these negative outcomes are thought
to be mainly due to late cerebral ischemia (secondary cerebral
ischemia; SCI) following aneurysmal SAH.! Despite the suc-
cessful results obtained in many experimental studies on the
treatment and prevention of vasospasm, which has been ac-
cepted as a precursor to the development of SCI for decades,
there is still no clinical trial with acceptable results.'*!'! The
period characterized by autophagy, apoptosis, inflammation,
destruction of the blood-brain barrier; global cerebral edema,
and oxidative stress mechanisms and related factors that be-
gins after aneurysm rupture is called early brain injury (24-72
hours).”'2 There is an urgent need for ongoing scientific re-
search into new approaches for the prevention and treatment
of early brain injury (EBI), which represents this period of
pathophysiological destruction triggered by vasospasm.

Vasospasm, microthromboembolism, and neuronal damage,
which are secondary complications of SAH, are closely related
to oxidative stress. It has been previously shown in an experi-
mental model of SAH that endothelial nitric oxide synthase
(eNOS) uncoupling exacerbates oxidative stress and conse-
quently secondary complications.['*'l Recently, the results of
activation of the extracellular regulated kinase 5 (Erk5) path-
way, modulated by eNOS and its activator, the transcription
factor Kruppel-like factor 2 (KLF2), in attenuating vasospasm
have been notable.!'"

Hesperidin (HSP) is a bioactive flavonoid polymer abundantly
present in citrus peels. HSP can directly cross the blood-brain
barrier and alleviate hypoxia-induced blood-brain barrier dys-
function through its antioxidant action.l'! In addition, it has
exhibited antioxidative properties against spinal cord injury,
subarachnoid hemorrhage, and cancer.['"'"] Despite a previ-
ous study showing that HSP attenuates acute vasospasm af-
ter SAH, its mechanism of action is unclear.'® Therefore, this
study evaluates the vasoprotective role of hesperidin via the
Erk5-KLF2-eNOS pathway and highlights its potential as a
natural flavonoid polymer in cerebrovascular therapy.

MATERIALS AND METHODS

Animals

This experimental study was approved by the Ethics Commit-
tee of Zonguldak Biilent Ecevit University and was conducted
in the Research and Animal Laboratory of the same university
(02-28-2021/01). All procedures performed in studies involv-
ing animals were in accordance with the ethical standards of
the institution or practice at which the studies were con-
ducted. This article does not contain any studies with human
participants performed by any of the authors.

The study was carried out between March 2021 and Febru-
ary 2022. Forty female Wistar albino rats weighing 350-400
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g each were included in the study. All animals were housed
at room temperature (22-25°C) under a diurnal (12:12-hour
day/night) cycle with free access to food and water through-
out the experiment.

Groups

Forty female Wistar albino rats (300-350 g) were divided into
the following groups: Control group (GI, n=8, not subject-
ed to any treatment or intervention); Sham + vehicle group
(G2, n=8, subjected to sham experimental intervention and
administered subarachnoid physiological saline); SAH + ve-
hicle group (G3, n=8, subjected to SAH and administered
subarachnoid physiological saline); SAH + low-dose HSP (G4,
n=8, subjected to SAH and administered 100 mg/kg HSP,
Sigma-Aldrich, USA); and SAH + high-dose HSP (G5, n=8,
subjected to SAH and administered 300 mg/kg HSP, Sigma-
Aldrich, USA). Subarachnoid hemorrhage was induced by a
double injection of homologous blood into the cisterna mag-
na as described by Pedard et al.?® The second SAH model
was performed 24 hours after the first.

Study Design (Induction of SAH by the Double-Injection
Homologous Blood Method in Rats)

All rats were anesthetized with ketamine (4 mg/100 g) and
xylazine (1.5 mg/100 g) intraperitoneally, and the hair was
shaved from the suboccipital region to the neck. After the rats
were placed in the prone position, their heads were tilted 30°
forward and fixed. A midline skin incision was made between
the occiput and atlas arch, and the muscles of the craniocer-
vical region were dissected. The atlanto-occipital membrane
was exposed. Hemostasis was achieved with electrocautery
at all stages. A 26-gauge catheter filled with homologous
arterial blood from the carotid artery of a rat of the same
age and sex not included in the study was inserted through
the vertical midline at a right angle to the atlanto-occipital
membrane. To prevent an increase in intracranial pressure,
0.25 ml of cerebrospinal fluid was drawn into a syringe. Then,
0.25 mL of blood was injected into the cisterna magna in the
first infusion. The second infusion was performed 24 hours
after the first infusion, using the same surgical procedures.
The second infusion was performed with the same amount
of blood (0.25 mL) as in the first infusion. After both proce-
dures, the rats were kept in an upside-down position (30°)
on an inclined plane for 5 minutes. These two procedures
were applied to all rats except the control group. The sham
operation in Group | consisted of the same manipulation,
but instead of blood, 0.25 mL of 0.09% NaCl (physiologic
saline) was administered in the first procedure and 0.25 mL
in the second procedure (24 hours later). Rats in G3 (100
mg/kg) and G4 (300 mg/kg) were administered HSP by oral
gavage immediately after the first SAH procedure and every
12 hours for the following 48 hours. After all rats were eutha-
nized with a high dose of anesthetic agent (pentobarbital, 200
mg/kg, Biovet, Ankara, Tiirkiye), samples were taken from the
cerebral hemispheres (Fig. 1).
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In addition, blood sampling from the tail artery was not per-
formed due to our clinic's experience with tail blood collec-
tion. Percutaneous blood collection from the tail artery is
difficult and prolongs surgical time. Open surgeries cause ad-
ditional surgical stress. In this context, we preferred the ho-
mologous blood injection model described by Pedard et al.*

Morphometric Method of Basilar Artery Analysis

Cerebellum specimens sent to pathology and kept in 10%
buffered formaldehyde for 48 hours were cut transversely
from the midline to visualize the basilar artery and then
blocked. The blocked specimens were processed, and 5-mi-
cron serial sections were taken and stained with hematoxylin
and eosin. The preparations were examined with a Nikon
Eclipse Ni-U (Japan) microscope and evaluated by a single
pathologist. Basilar arteries were visualized using the NIS-EIl-
ements D version 5.02 program. Images were taken at 200x
magnification, and basilar artery diameters were measured at
four points (3, 6, 9, and 12 o’clock) with the Image] version
1.2 program, and the thickest wall thickness was recorded.?"!

Biochemical Analysis
Super Oxide Dismutase (SOD, U/ml)

The role of SOD is to accelerate the conversion of the
toxic radical produced during oxidative energy processes
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Figure 1. Schematic representation of the methodology used in
this study. Blood and tissue samples were collected for histopatho-
logical and molecular analyses to assess oxidative stress markers
and inflammatory responses. The diagram illustrates the experi-
mental steps, including sample collection, oxidative stress assess-
ment, and histological examination.
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into hydrogen peroxide and molecular oxygen. This method
uses xanthine and xanthine oxidase to produce superoxide
radicals that react with 2-(4-iodophenyl)-3-(4-nitrophenol)-
5-phenyltetrazolium chloride to form a red formazan dye. Su-
peroxide dismutase activity is then measured by the degree of
inhibition of this reaction (Relassay, Tirkiye).

Catalase (CAT, U/ml)

This colorimetric assay consists of two steps. First, the sam-
ple is incubated with a known amount of hydrogen peroxide.
The sample converts hydrogen peroxide into water and oxy-
gen. This rate is proportional to the CAT concentration. The
enzyme is then stopped, and after a fixed incubation time the
remaining hydrogen peroxide is determined using a chromo-
gen. The absorbance is measured at 405 nm and the results
are expressed as U/ml (Relassay, Tiirkiye).

Glutathione Peroxidase (GPx, U/ml)

This method is based on the technique of Paglia and Valen-
tine. Glutathione peroxidase (GPx) catalyzes the oxidation
of glutathione by cumene hydroperoxide. In the presence of
glutathione, it is immediately converted back to the reduced
form by simultaneous oxidation of nicotinamide adenine di-
nucleotide phosphate (NADPH) to nicotinamide adenine di-
nucleotide phosphate (NADP). The decrease in absorbance
at 340 nm is measured (Relassay, Tiirkiye).

Nitric Oxide (NO, pmol/L)

Nitric oxide measurement was carried out based on the
Griess method. Since NO has a very short half-life, it is rap-
idly converted to its metabolites nitrite and nitrate. Nitrite is
measured directly, and nitrate is measured after its reduction
to nitrite using Griess reagent. In the Griess method, the
amino group of sulfanilamide reacts with nitrite in an acid me-
dium, undergoes diazotization, and forms a purple azo prod-
uct with naphthylethylenediamine (NED). After the resulting
color is read at a wavelength of 540 nm in a spectrometer,
plasma NO levels are calculated indirectly according to the
calibration curve prepared using nitrite standards (Relassay,
Tirkiye).

Western Blot Analysis

Basilar arteries were isolated and harvested 48 hours after
SAH. Membrane proteins were extracted using a protein ex-
traction kit (RIPA, Merck, KGaA, Darmstadt, Germany) ac-
cording to the manufacturer's instructions. Western blotting
was performed as previously described, using the following
primary antibodies: anti-eNOS (Santa Cruz Biotechnology,
Santa Cruz, CA, USA); anti-KLF2 and anti-p-Erk5 (Santa
Cruz Biotechnology, CA, USA); and anti-Erk5 (ssc-398015,
Santa Cruz Biotechnology, Santa Cruz, CA, USA) [22]. A
chemiluminescence imaging system was used for imaging.
Since this imaging system is based on the chemical luminol, a
secondary antibody-specific substrate (enhanced chemilumi-
nescence; ECL) was used. The membrane was incubated in an
ECL solution prepared at a I:| ratio for 5 minutes in a dark
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Table |I. The effects of hesperidin on superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), and nitric oxide
(NOS) levels in rat brain tissue following experimental subarachnoid hemorrhage

Groups/Parameters n SOD CAT GPX NOS

Gl 8 181.25+15.50 110.50+36.10 481.00+93.73 61.28+8.35
G2 8 147.00+12.72 98.25+22.17 396.25+£103.68 55.2248.37
G3 8 96.63+11.50 41.50+7.98 268.75+102.81 35.07+10.74
G4 8 131.75+9.54 83.13£13.29 424.13+164.01 51.17£13.30
G5 8 150.25+7.50 96.75+16.30 435.88+132.83 53.01£15.62
p* 55.697 (<0.001)bedeli 12.407 (<0.001 )t 3.438 (<0.05)° 5.641 (<0.01)>e

Differences were evaluated by ANOVA and Kruskal-Wallis tests. Data are presented as meanztstandard deviation. p* indicates significant differences at the 0.05
level. a: p<0.05 for G| and G2 groups; b: p<0.05 for G| and G3 groups; c: p<0.05 for G| and G4 groups; d: p<0.05 for G| and G5 groups; e: p<0.05 for G2
and G3 groups; f: p<0.05 for G2 and G4 groups; h: p<0.05 for G2 and G5 groups; i: p<0.05 for G3 and G4 groups; j: p<0.05 for G3 and G5 groups; k: p<0.05

for G4 and G5 groups.

environment, and imaging was initiated. Bands were detected
with chemiluminescence imaging systems (G:BOX, Syngene,
USA) and quantified according to band intensity using Gene-
Sys software. 3-Actin was used as an internal control.

Statistical Analysis

Data were analyzed using the Statistical Package for the Social
Sciences version 22.0. Descriptive statistics for quantitative
variables were expressed as mean and standard deviation.
The Shapiro-Wilk test was used to assess normal distribu-
tion assumptions. Skewness and kurtosis coefficients and
dispersion in Q-Q plot graphs were also examined. Since
the data were normally distributed for the parameters, the
groups were compared using analysis of variance (ANOVA,
San Diego, CA). Since the distribution was not normal for
catalase, the relationship between the groups was analyzed
using the Kruskal-Wallis test. When variances were assumed
to be unequal, the Games-Howell test was used to deter-
mine statistical significance based on the mean scores of the
groups. Results were considered statistically significant if the
P value was <0.05.

RESULTS

Superoxide dismutase, CAT, GPx, and NOS values in all
groups were analyzed 48 hours after the surgical procedure
(Table I). According to the SOD results, it was observed
that G| (control group) (181.25+15.50 U/ml) had the highest
value; G2 (147.00+12.72 U/ml), G4 (131.75%£9.54 U/ml), and
G5 (150.25+7.50 U/ml) formed a cluster with similar effects;
and the lowest value was observed in G3 (96.63+11.50 U/ml)
(Table 1). The treatment groups (G4 and G5) showed a sig-
nificant difference from the G| (p=0.00<0.001) (Table 1) and
G3 (p=0.00<0.001) (Table I) groups, and no statistical differ-
ence was observed compared with the G2 group (p>0.05)
(Table I). Although SOD results were higher in G5 than in
G4, no statistically significant difference was observed be-
tween these two groups (p>0.05) (Table ). When the effect
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of CAT measurement results on the groups was analyzed, the
differences between Gl and G3 (p=0.01<0.01), G2 and G3
(p=0.00<0.001), G4 and G3 (p=0.00<0.001), and G5 and G3
(p=0.00<0.001) were statistically significant (Table ). When
GPx results were analyzed, the highest value among the
groups was observed in G| (481.00+£93.73 U/ml), followed by
G5 (435.88+132.83 U/ml), G4 (424.13+£164.01 U/ml), and G2
(396.25£103.68 U/ml), while the lowest value was observed
in the G3 group (268.75+£102.81 U/ml) (Table I). A statisti-
cally significant difference between the groups was observed
only between the G| and G3 groups (p=0.03<0.05) (Table I).
When the NOS measurement results were analyzed, differ-
ences between the groups were observed between G| and
G2 (p=0.00<0.01) and between G2 and G3 (p=0.03<0.05)
(Table 1).

Histopathologically, as expected, vessel samples from Gl
showed a single layer of endothelium with elastic lamina and
intima surrounded by smooth muscle cells, and the appear-
ance of the intima was similar to that of the normal rat basilar
artery (Fig. 2a). The arterial lumen was slightly dilated in the
treatment groups (G4 and G5) compared to GI, G2, and
G3. In G4 and G5, the epithelium appeared more intact, and
flattening of the epithelium was observed compared to the
other groups (Fig. 2b-c-d-e). While degenerative findings in
the media layer increased in G2 and G3 compared to the
other groups, the intima layer was also noted to be thicker in
these groups compared to the other groups (Fig. 2b-c).

When the morphometric values of the basilar artery were
evaluated, statistically significant differences were found
between G4 and G5 compared to G3 (p=0.00<0.001), be-
tween G| and G2 (p=0.03<0.05), and between G| and G3
(p=0.00<0.01) (Table 2). However, no statistically significant
difference was observed between G4 and G5 (p20.05) (Table
2). Regarding basilar artery wall thickness, no statistically sig-
nificant differences were found, as similar results were ob-
served in all groups (p>0.05) (Table 2).
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Figure 2. (a) Microscopic view of a normal basilar artery in Group 1 (hematoxylin and eosin, x100). (b) Microscopic view showing increased
basilar artery wall thickness and luminal narrowing in Group 2 compared with Group 1 (hematoxylin and eosin, x100). (c) Microscopic view
showing increased basilar artery wall thickness and luminal narrowing in Group 3 compared with Group 1 (hematoxylin and eosin, x100).
(d) Microscopic view showing decreased basilar artery wall thickness and increased luminal narrowing in Group 4 compared with Group
2 (hematoxylin and eosin, x100). No statistically significant difference in basilar artery wall thickness was observed between Group 4 and
Group 3, but basilar artery luminal diameters were markedly wider in Group 4. (e) Microscopic view showing decreased basilar artery wall
thickness and increased luminal narrowing in Group 5 compared with Group 2 (hematoxylin and eosin, x100). No statistically significant
difference in basilar artery wall thickness was observed between Group 5 and Group 3, but basilar artery luminal diameters were markedly
wider in Group 5.

When the KLF2/B-actin measurement results were analyzed, G5 (p=0.00<0.001). However, the differences between G2
statistically significant differences were found between G| and and G3 and between G4 and G5 were not statistically signifi-
G2 (p=0.00<0.001), G3 (p=0.00<0.001), G4 (p=0.00<0.001), ¢ (p>0.05) (Table 3, Fig. 3).

and G5 (p=0.00<0.01) (Fig. 3). Similarly, significant differences

were observed between G2 and G4 (p=0.00<0.001) and G5 ERK5/B-actin measurement results were highest in G5
(p=0.00<0.001), and between G3 and G4 (p=0.00<0.001) and (0.91£0.05) and lowest in G1 (0.50+0.09). When the differ-

Table 2. Effect of hesperidin on rat basilar artery mean lumen diameter and wall thickness after experimental subarachnoid hemor-

rhage

Groups/Parameters n Wall Diameter Wall Thickness
Gl 8 121.63+24.49 39.46+7.03
G2 8 79.91£23.60 45.20+10.07
G3 8 69.98+7.69 47.76x5.24
G4 8 101.03+10.52 41.91+5.45
G5 8 107.32+12.60 41.07+6.42

p* 11.754 (<0.001)>"i 1.801 (>0.05)

Differences were evaluated by one-way ANOVA. Data are presented as meantstandard deviation. p* indicates a significant difference at the 0.05 level. a:
p<0.05 for G| and G2 groups; b: p<0.05 for G| and G3 groups; c: p<0.05 for G| and G4 groups; d: p<0.05 for G| and G5 groups; e: p<0.05 for G2 and G3
groups; f: p<0.05 for G2 and G4 groups; h: p<0.05 for G2 and G5 groups; i: p<0.05 for G3 and G4 groups; j: p<0.05 for G3 and G5 groups; k: p<0.05 for G4
and G5 groups. No statistically significant differences were found between the groups with respect to wall thickness (p>0.05).
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Table 3. Investigation of eNOS-f-actin, KLF2-B-actin, ERK5-B-actin, and p-ERK5-B-actin levels between groups

Group n eNOS-3-actin KLF2-3-actin ERKS5-(-actin pERKS5-3-actin
Gl 4 1.01+0.04 1.05£0.11 0.49+0.08 0.07+0.03
G2 4 0.88+0.09 0.31+0.04 0.59+0.10 0.11£0.02
G3 4 0.20£0.05 0.20£0.07 0.57+0.11 0.35+0.07
G4 4 0.77+0.07 0.73+0.04 0.74+0.08 0.76+0.04
G5 4 0.86+0.05 0.83+0.03 0.91+0.05 0.89+0.02
p (<0.01)beehi (<0.01)bedfehi (<0.01)c<ei (<0.0 1 )bedeehii

Statistical differences between groups are indicated by letters for p<0.0l. Difference between Group | and Group 2 (a), difference between Group | and
Group 3 (b), difference between Group | and Group 4 (c), difference between Group | and Group 5 (d), difference between Group 2 and Group 3 (e), dif-
ference between Group 2 and Group 4 (f), difference between Group 2 and Group 5 (g), difference between Group 3 and Group 4 (h), difference between
Group 3 and Group 5 (i), difference between Group 4 and Group 5 (j).
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Figure 2. (a) Representative Western blot bands of eNOS expression in the hemisphere 48 hours after SAH. (b) Quantification analysis
of eNOS expression in the hemisphere 48 hours after SAH (n=4). (c) Representative Western blot bands of Kruppel-like factor 2 (KLF2),
phosphorylated-Erk5, and Erk5 expression. (d) Quantification analysis of KLF2 expression in the hemisphere 48 hours after SAH (n=4). (e)
Quantification analysis of Erk5 expression in the hemisphere 48 hours after SAH (n=4). (f) Quantification analysis of p-Erk5 expression in
the hemisphere 48 hours after SAH (n=4).

1162 Ulus Travma Acil Cerrahi Derg, December 2025, Vol. 31, No. 12



Keskin et al. Neuroprotective effect of hesperidin in cerebral

ences between the groups were analyzed, it was observed
that the differences between G| and G4 (p=0.03<0.05) and
G5 (p=0.00<0.001), between G2 and G5 (p=0.00<0.01), and
between G3 and G5 (p=0.00<0.01) were statistically signifi-
cant (Table 3, Fig. 3).

When eNOS/B-actin results were analyzed, the differences
between G| and G3 (p=0.00<0.001) and G4 (p=0.00<0.01),
and between G3 and G2 (p=0.00<0.001), G4 (p=0.00<0.001),
and G5 (p=0.00<0.001) were statistically significant (Table 3,
Fig. 3).

When p-ERK5/B-actin results were analyzed, it was found
that only the difference between Gl and G2 was not sta-
tistically significant (p>0.05). Except for this comparison, it
was observed that the differences between all other paired
groups were statistically significant (Table 3, Fig. 3).

DISCUSSION

The first goal in the treatment of subarachnoid hemorrhage
is to stop the bleeding and, if possible, address the under-
lying cause. Rebleeding is the most feared and most fatal
complication, occurring in 40% of patients with a mortality
rate of 80%. Even in cases where hemorrhage is completely
controlled, guidelines recommend maintaining a mean arterial
pressure above | 10, systolic pressure in the range of 140-160,
hemodilution, hypervolemia, normothermia, normoglyce-
mia, normoglycemia, normonatremia, moderate hypercarbia
(PaCO2), and preventing seizures, hydrocephalus, and in-
creased intracranial pressure through close monitoring.[7:2>?’!

Vasospasm is known to be the most common early-to-mid-
term complication (days 3-14) of subarachnoid hemorrhage
following rebleeding (40%). It is known that vasospasm, a
condition that produces clinical findings through decreased
cerebral perfusion leading to narrowing of the vessel lumen,
causes delayed SCI in one-third of all subarachnoid hemor-
rhage cases.*24283% The development of SCI worsens prog-
nosis by increasing mortality and morbidity 1.5- to 4-fold.
128311 Although there is no definitive cause of vasospasm, its
pathophysiology is thought to be multifactorial and involves
ischemia and immune destruction caused by blood elements
crossing the blood-brain barrier, necrotic tissue damage, oxi-
dative stress, and inflammation.[2*32-3¢

Many studies have shown that subarachnoid hemorrhage
causes vasospasm through both signaling pathways stimu-
lated by inflammation and the vasoconstrictive effects of ir-
ritant metabolites formed from necrotic neural tissues and
accumulated blood products around the vessel wall on vas-
cular smooth muscle.[32422303¢39] | addition to the above-
mentioned measures taken to reduce risk factors, calcium-
channel blockers and antagonists used to reduce vasospasm,
which may be partially successful, can decrease the resulting
vasoconstriction, but treatments capable of preventing vaso-
spasm at the point where oxidant irritation begins have not
yet been identified.?®3"] Both the tissue destruction resulting
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from ischemic tissue damage and the immune system ele-
ments involved in the inflammatory process caused by blood
products (such as auto-oxidation of hemoglobin) increase ox-
idative stress in the tissue.l"**2l Therefore, the total damage
to the tissue is correlated with oxidative stress, and an agent
such as HSP, whose antioxidant and anti-inflammatory effects
have been demonstrated in the literature, is expected to re-
duce tissue damage and thus the delayed state of SCI due to
vasospasm.B4341 This hypothesis is supported by literature
demonstrating that treatments aimed at reducing the amount
of blood in the subarachnoid space are successful in reducing
vasospasm and GSI.B7#

There are various experimental models available to simulate
SCI due to vasospasm that develops after subarachnoid hem-
orrhage.#-471 Since the amount of blood in the subarach-
noid space is among the parameters affecting the degree of
vasospasm in this study, the model created by homologous
blood injection into the cisterna magna, described by Ped-
ard et al, a method in which the amount of blood in the
subarachnoid space is known, was preferred.?” Due to the
dense anastomoses in rat cerebral artery anatomy, it is im-
practical to demonstrate ischemia in micropathological ex-
amination because ischemia does not produce necrotic scars
in the tissue.®! Therefore, the diameter of the basilar artery
lumen examined in rapidly fixed specimens after decapitation
was chosen as an indirect indicator of ischemia and a direct
indicator of vasospasm. In addition, oxidative stress, which
is a common result of inflammation and damage caused by
subarachnoid hemorrhage, was closely evaluated using oxi-
dant stress parameters measured by ELISA (enzyme-linked
immunosorbent assay) and Western blot techniques.

Hesperidin is a molecule that has been extensively studied in
the literature, and its anti-inflammatory, antioxidant, and neu-
roprotective properties have been repeatedly demonstrated
in different models.*>] Since this molecule is an antioxidant
with neuroprotective effects, it appears suitable for use in SCI
and vasospasm, where cerebral oxidant damage is prominent.
Considering all these features, our study aimed to reveal the
mechanism of the antioxidant effect of HSP, its relationship
with the KLF2-ERK5-eNOS pathway, which is known to in-
crease vasodilation and endothelial stability, and its effect on
SCI'[I6-I9.43]

In the literature, many studies indicate that subarachnoid
hemorrhage increases oxidative stress and that there is a cor-
relation between the quantitative level of this oxidative stress,
the degree of vasospasm, and consequently the extent of SCI.
[3435,4042-4456-60] Simjlar results were observed in our study. The
number of oxidants in the environment decreases because of
the activity of the SOD, CAT, and GPx enzymes, whose func-
tion is to neutralize free radicals. In this way, oxidants can be
reduced, but the remaining oxidant capacity is also lowered.
Therefore, the amount of decrease in these values is con-
sidered the portion of this capacity that is used in vivo and
serves as an indicator of oxidative stress.?*35425657.601 Whijle
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all neutralizing capacity parameters were relatively higher in
Gl than in the other groups, they decreased in all groups
in which oxidant exposure was partially present. The low-
est values were measured in the untreated SAH group (G3)
for all parameters. Although statistically significant differenc-
es were not observed, particularly in the measurements of
glutathione peroxidase, an enzyme that indirectly provides a
neutralizing effect, and in some other measurements (Table
1), an antioxidant effect was noted in the treatment groups
in terms of oxidant exposure, which brought the neutralizing
capacity closer to the values of the non-SAH treatment group
(G2). Although it could not be demonstrated that this effect
increased dose-dependently with statistical significance, it can
be said that the antioxidant efficacy of high-dose HSP was
higher, albeit by a small margin.

Nitric oxide is an intracellular signaling molecule and neu-
rotransmitter that is also thought to increase vascular tone,
insulin release, angiogenesis, local smooth muscle reciprocal
regulation, hypotension, and the shock state in septic im-
mune responses. The production and concentration of NO
are controlled by three main enzymes, of which eNOS and
neuronal-derived NO synthetase predominate in the routine
functioning of the body.*"¢ However, during inflammatory
processes, inducible NO synthetase (iNOS) becomes domi-
nant, causing the oxidant character of NO to predominate.
This promotes its use in the nonspecific immune response and
enhances its vasodilatory effects, increasing the flow to the
site and increasing the transport of inflammatory elements.**
€1 Although this is part of a mechanism to protect the body,
it also causes damage to parenchymal tissues and promotes
the growth of inflammation by suddenly and substantially in-
creasing oxidative stress in the region. When these damaged
tissues include the vessel walls, a vasospasm response may
occur.}3¢670 One of the active pathways that helps maintain
eNOS dominance in NO production is the pathway initiated
by the ERKS5 receptor; which was examined in our study. The
ERKS5 receptor increases NO levels by upregulating eNOS
production via the KLF2 transcription factor, in order to de-
crease intravascular flow velocity by stimulating endothelial
cells in response to the entraining shear stress caused by the
flow rate during intravascular flow. Since this increase in pro-
duction occurs gradually over time, it allows adaptive mecha-
nisms to develop to neutralize the oxidant stress caused by
NO. In this way, while it does not create oxidant stress, it
reduces shear stress through its vasodilating effect.l'>7!-73]

When the results of our study were analyzed, a significant
statistical difference in NO production was found only be-
tween the untreated control group (GIl) and the placebo
treatment group without bleeding (G2), and the untreated
SAH group (G3). The fact that the NO measurements in the
treatment groups (G4 and G5) were not significantly different
from those in the nonbleeding groups (G| and G2) showed
that HSP was able to increase NO levels to near-normal val-
ues (Table I). When we combine this finding with the obser-
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vation that oxidative stress was also reduced in the treatment
groups, we conclude that HSP both supports NO produc-
tion from more gradual sources rather than explosive iNOS-
induced production in the treated groups, and prevents NO
from cyclically aggravating oxidative stress and the inflamma-
tory response, thus preventing NO depletion and creating a
stabilizing effect.

When the expression levels of ERK5-KLF2-eNOS involved
in NO production were examined (Fig. 3), the finding that
ERKS levels were significantly different in the G5 group com-
pared to all other groups, and were higher in the two treat-
ment groups than in all other groups without correlation with
other parameters, led to the conclusion that HSP treatment
caused ERKS5 receptor upregulation, even though the process
occurred in an acute-subacute phase. The p-ERK5/ERKS ra-
tio reflects the degree of ERKS5 receptor activation, the first
key step in the ERK5-KLF2-eNOS pathway.['*! While ERK5
receptor activation was very low in the first two groups, a
moderate level of activation was observed in G3. This par-
tial increase in activation was interpreted as the effect of
increased shear stress due to vasospasm. The higher ERKS5
activation in both treatment groups compared to G3 suggests
that one of the mechanisms by which HSP increases NO is
through the KLF2-eNOS pathway. The parallel increase of
eNOS and KLF2 expression and the significant differences in
these values between the untreated SAH group (G3) and the
treatment groups (G4 and G5) further suggest that activation
of the eNOS pathway is enhanced by HSP and can lead to the
end product, i.e., an increase in eNOS-derived NO, without
encountering intracellular resistance. When these values are
considered together, the ranking of ERK5 activation (with
the treatment groups G4 and G5 followed by the untreated
SAH group G3), contrasted with the intracellular conduction
pathways (KLF2-eNOS) and the end product (NO) ranking
last, supports both the idea that iINOS-induced NO produc-
tion is dominant in G3 and that eNOS-induced production is
somehow disrupted. It also supports the idea that NO is con-
sumed by causing vascular and surrounding tissue irritation
due to oxidative damage, rather than exerting a vasodilatory
effect, since most of the NO produced in G3 is iNOS-derived
and increases oxidative damage by rising suddenly. In light of
this information, it was concluded that HSP exerts part of its
protective vasodilatory and antioxidant effects against vaso-
spasm via the ERK5-KLF2-eNOS pathway.

Since the results of morphometric evaluation are the most
important findings that directly demonstrate vasospasm in
vitro, this evaluation has the greatest impact on the conclu-
sions. According to the results of the statistical analysis of
lumen diameters (Table 2), the significant differences between
the control group (Gl), the bleeding-free procedure group
(G2), and the untreated SAH group (G3) indicate that vaso-
spasm was successfully induced in the experimental model.
The fact that there was no statistically significant difference
between the control group (GI) and the treatment groups
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(G4 and G5), although the values were not exactly the same,
shows that HSP was able to successfully prevent vasospasm
in the treatment groups (G4 and G5), which were not statis-
tically distinguishable from the control group (Table 2). The
lack of a statistically significant difference in wall thickness
is an expected result, since vascular remodeling seen in the
chronic period has not yet begun in our study, which reflects
the acute-subacute period.

CONCLUSION

The antioxidant effect of HSP in the treatment groups, the
stabilizing effect that prevents NO depletion by reducing
oxidant stress and limiting immune overreaction, and the va-
sodilatory effect caused by gradual NO production through
the ERK5-KLF2-eNOS pathway, which brings the vessel lu-
men diameter almost to the level observed in tissues without
subarachnoid hemorrhage, indicate that this natural flavonoid
polymer may be a promising treatment option for vasospasm
and late SCI that may develop after subarachnoid hemor-
rhage.
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Sicanlarda subaraknoid kanama sonrasi serebral vazospazm iizerine hesperidinin
noroprotektif etkileri: Deneysel bir caligma

AMAGC: Subaraknoid kanama (SAK), yiiksek morbidite ve mortalite oranlariyla seyreden ciddi bir nérolojik acildir. Bu olumsuz sonuglarin baslica
nedenleri vazospazm ve gecikmis iskemidir. Dogal bir flavonoid olan hesperidin (HSP), giigli antioksidan ve vazoprotektif etkilere sahiptir. Bu de-
neysel hayvan galismasinda, HSP’nin SAK sonrasi oksidatif stres ve vaskiiler yeniden yapilanma tizerindeki néroprotektif roli arastirilmig, ézellikle
Erk5-KLF2-eNOS sinyal yoluna odaklanilmistir.

GEREC VE YONTEM: Galigma 202 1-2022 yillari arasinda yiiriitiildii. Toplam 40 disi Wistar albino sican bes gruba ayrildi: Kontrol (G, n=8), sham
(G2, n=8), SAK + tasiyicl (G3, n=8), diisiik doz HSP (G4, n=8) ve yiiksek doz HSP (G5, n=8). SAK modeli, cisterna magna’ya homolog kanin cift
enjeksiyonu ile olusturuldu. Subaraknoid kanamadan 48 saat sonra biyokimyasal belirtegler [Stiperoksit Dismutaz (SOD), Katalaz (CAT), Glutatyon
Peroksidaz (GPx), Nitrik Oksit (NOS)], baziler arter morfometrisi ve molekdiiler diizeyde Erk5, p-Erk5, KLF2 ve eNOS ekspresyonlari degerlendi-
rildi.

BULGULAR: Tedavi edilmeyen sicanlarda (G3), SAK oksidatif stresi anlamli diizeyde artirmis ve vaskdler [imen gapini azaltmistir. HSP ile tedavi edi-
len gruplarda (G4 ve G5) antioksidan enzim diizeylerinde (SOD, CAT, GPx) belirgin artis ve NOS diizeylerinde normale yakin degerler gozlenmistir.
Morfometrik analiz, HSP uygulanan gruplarda baziler arter Iimen ¢apinin anlaml sekilde korundugunu, duvar kalinliginda ise belirgin bir degisiklik
olmadigini gostermistir. Molekdler analiz sonuglari, Erk5-KLF2-eNOS yolunun yukari regiilasyonunu ortaya koyarak, vazodilatasyon ve oksidatif
stresin azaltiimasinda bu yolun roliinii desteklemistir.

SONUC: Hesperidin, SAK’ye bagli vazospazm ve oksidatif hasara karsi antioksidan kapasiteyi artirarak ve Erk5-KLF2-eNOS sinyal yolunu modiile
ederek koruyucu etki géstermektedir. Bu bulgular, HSP’nin terapétik potansiyeline isaret etmektedir.

Anahtar sézcukler: Hesperidin; subaraknoid kanama; sigan; vazospazm.
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