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ABSTRACT

Purpose: To evaluate the neuroprotective effect of resveratrol, urapidil, and a combined administration of these drugs against
middle cerebral artery occlusion (MCAO) induced ischemia/reperfusion (IR) injury model in rats. Methods: Thirty-five rats were
divided into five groups of seven animals each. Animals in IR, IR resveratrol (IRr), IR urapidil (IRu), and IR + combination of resveratrol
and urapidil (IRc) were exposed to MCAO induced cerebral ischemia reperfusion injury model. Rats in IRr and IRu groups received
30-mg/kg resveratrol and 5-mg/kg urapidil respectively. Animals in IRc received a combined treatment of both drugs. At the end of
the study, brain tissues were used for oxidative stress (malondialdehyde, glutathione, and superoxide dismutase), pro-apoptotic
caspase-3, anti-apoptotic Bcl-2, and pro-inflammatory tumor necrosis factor-a cytokine level measurements. Results: The MCAO
model successfully replicated IR injury with significant histopathological changes, elevated tissue oxidative stress, and upregulated
apoptotic and inflammatory protein expression in IR group compared to control group (p < 0.001). All parameters were significantly
alleviated in IRr group compared to IR group (all p < 0.05). In IRu group, all parameters except for caspase-3 and Bcl-2 were
also significantly different than IR group (all p < 0.05). The IRc group showed the biggest difference compared to IR group in all
parameters (all p < 0.001). The IRc had higher superoxide dismutase and Bcl-2 levels, and lower caspase-3 levels compared to
both IRr and IRu groups (all p < 0.05). Also, the IRc group had lower MDA and TNF-a levels compared to IRu group (all p < 0.05).
Conclusion: The results indicate that combined treatment of resveratrol and urapidil may be a novel strategy to downregulate
neurodegeneration in cerebral IR injury.
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Introduction

Stroke, caused by cerebral ischemia, is the second reason for mortality around the world, and it is responsible for 10.8

to 12.2% of all deaths in low- and middle-income countries'.

Reperfusion, providing blood to the ischemic brain, is the sole accepted treatment despite the risk of excessive reactive

oxygen species (ROS) and/or reactive nitrogen species (RNS) production, leading to ischemia/reperfusion (IR) injury>

The accumulation of excessive ROS and RNS is a key factor in tissue dysfunction in IR injury, leading to the induction of

apoptotic cell death and inflammation in related organs**.
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Neuroprotective effects of the combined treatment of resveratrol and urapidil in experimental cerebral ischemia-reperfusion injury in rats

Although numerous experimental and clinical studies reported promising neuroprotective effects of various substances,

the dose-dependent adverse effects of neuroprotective drugs might be a limitation reason for the approval of these modalities®.

Resveratrol is one of the most widely studied antioxidants in cerebral IR injury®. It also gained attention of the researchers
in other diseases such as cancer, hypertension, and diabetes due to its safety, easy accessibility, and multifunctional
properties’. Experimental studies have shown that resveratrol treatment alleviates IR injury in different organs®’. Moreover,
previously published studies reported promising results of resveratrol administration to alleviate neurodegeneration in
cerebral IR injury™.

Urapidil, an anti-hypertensive agent, has demonstrated beneficial effects against IR injury in various organs, regulating
oxidative stress, apoptotic signaling, and inflammation in experimental studies'"'>. However, to the best of our knowledge,

the neuroprotective effect of urapidil in cerebral IR injury has not been studied previously.

This study aimed to examine the neuroprotective effects of resveratrol and urapidil, both individually and in combination,
in cerebral IR injury in rats.

Methods

Study design

All experimental protocols of this study were performed after approval of local Experimental Animal Ethics Committee
of Dicle University (Approval no. 2021/40), in February 24, 2022.

Thirty-five female mature Sprague Dawley rats were randomly divided into five groups—control, IR, IR resveratrol (IRr),
IR urapidil (IRu), and IR + combination of resveratrol and urapidil (IRc)-of seven animals in each. Animals in control group
were not exposed to any surgical procedure. Rats in IR, IRr, IRu, and IRc groups were exposed to middle cerebral artery
occlusion to induce stroke. For this, the animals were anesthetized by ketamine hydrochloride (80 mg/kg i.m.) (Ketalar;
Pfizer, Istanbul, Turkey) and xylazine hydrochloride (10 mg/kg i.m.) (Rompun; Bayer Healthcare, Leverkusen, Germany).

Following anesthesia, each animal was administered cefazolin (50 mg/kg i.m.) prior to surgical procedure. The middle
cerebral artery occlusion (MCAQO) model was performed as described previously". In short, following general anesthesia,
right common, carotid artery (CCA), external carotid artery (ECA), and internal carotid artery (ICA) were exposed by
thorough dissection in the neck. Following clamping of CCA, a 3-0 monofilament suture was inserted through a small
incision towards ICA bifurcation. After occluding right middle cerebral artery by this method for 2 h, the suture was removed

to allow reperfusion. Then, incisions were sutured, and rats were allowed to recover.

Animals in treatment groups (IRr, IRu, and IRc) were administered intraperitoneal treatments at the Oth, 24th, 48th,
and 72nd h of reperfusion. Animals in IRr received 30-mg/kg resveratrol, and the animals in IRu received 5-mg/kg urapidil.
Animals in IRc group received both resveratrol (30 mg/kg) and urapidil (5 mg/kg) in combination. The rats received no

additional analgesic or antimicrobial agent postoperatively.

All the animals were sacrificed at the 72nd h of experiment after receiving final doses. Brain tissue samples were
extracted and used for both biochemical and histopathological analyses. Biochemical samples were stored at -80°C, and
histopathological samples were fixed in 10% buffered formaldehyde for routine tissue processing protocol.

Measurement of tissue malondialdehyde, glutathione, and superoxide dismutase
Tissue malondialdehyde (MDA) levels were measured for the detection of lipid peroxidation'*'*. For that purpose, a
method previously described by Placer et al."* was used, and the results are expressed as nmol/g MDA tissue.

Tissue reduced glutathione (GSH) levels were examined as previously described methods, and the results are expressed
as nmol/g GSH tissue'.
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Tissue levels of superoxide dismutase (SOD) were analyzed as Misra et al. described, and the results are expressed as
U/mg protein'’.

Tissue preparation process

Tissue samples were processed as described previously'®. The previously fixed tissue samples were washed under tap
water and dehydrated through increasing alcohol series. Then, they were immersed in xylene for clearing and embedded
into paraffin block. Five-um thick samples were obtained with a rotary microtome, and these samples were stained with

hematoxylin and eosin for pathological examinations.

Immunohistochemistry protocol

Apoptosis related caspase-3 and Bcl-2, as well as pro-inflammatory cytokine tumor necrosis factor (TNF)-a levels,
were measured with immunohistochemistry. The sections to be used for immunochemistry were deparaffinized in xylene,
re-hydrated through decreasing alcohol series and washed in phosphate buffered saline (PBS). Antigen retrieval was
performed in citrate buffer (pH = 6), endogenous peroxidase activity is inhibited in 3% H,O, solution, which is prepared
in methanol, and non-specific binding was blocked with a ready to use blocking solution. The antibodies of caspase-3
(Cat. No.: sc-56053, Santa Cruz Biotechnology, Dallas, TX, United States of America), Bcl-2 (Cat. No.: sc-7382, Santa Cruz
Biotechnology, Dallas, TX, United States of America), and TNF-a (Cat. No.: sc-52746, Santa Cruz Biotechnology, Dallas,
TX, United States of America) were diluted in dilution buffer with 1:150, 1:100, and 1:200 ratios, respectively.

Prepared antibody samples were dropped onto the sections and incubated at +4°C for overnight. Secondary antibody and
enzyme binding protocols were performed with a commercially produced ready-to-use kit (Cat No.: TP-125-HL; Thermo
Scientific, Waltham, MA, United States of America), and all steps were performed as described previously®. All sections
were counterstained with hematoxylin and mounted with Entellan (Merck, Germany). Prepared samples were visualized

under a light microscope.

Quantification of immunodensity

Immunodensity of the interested proteins was analyzed with Image]J software (National Institutes of Health, MA, United
States of America). For that purpose, randomly selected three regions from each animal’s brain section (in total, 21 areas
per group) were analyzed as described previously**?'. 3,3’-Diaminobenzidine (DAB) immunopositivity in cortical structure

was compared with tissue section area, and the obtained immunodensity measurements were analyzed statistically.

Statistical analysis

The biochemical and immunodensity results were analyzed statistically to determine whether there was any statistical
difference between the groups. Statistical Package for the Social Sciences version 24.0 and GraphPad Prism 9.0.2 software were
used for statistical analysis and demonstration of the results. Normality analysis was performed by the Shapiro-WilK’s test. For
statistical analysis, one-way analysis of variance (ANOVA) and Kruskal-Wallis’ tests were used, depending on the distribution of
data. Comparisons between group pairs were performed with post-hoc Tukey’s test and Dunn’s test with Bonferroni correction,

respectively. Results are expressed as mean + standard deviation, and p < 0.05 was considered as significant.

Results

Biochemical results

Findings regarding tissue MDA, GSH, and SOD levels are shown in Table 1. ANOVA test revealed a statistical difference
between groups (p < 0.001).
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Table 1 - Biochemical measurements of MDA, GSH, and SOD levels in brain tissues.

Study Group MDA (nmol/g tissue) GSH (nmol/g tissue) SOD (U/mg protein)
Control 15.80 + 2.50 1.59 £ 0.36 106.77 + 8.86
IR 22.83 +£3.01* 0.71 + 0.29* 56.30 + 20.50*
IRr 17.32 £ 1.89 1.35+0.34 86.23 £ 10.78
TIRu 18.57 £ 2.53 1.32 £ 0.42 81.10 £ 16.28
IRc 14.27 + 2.05** 1.68 + 0.47 108.40 + 7.06***

MDA: malondialdehyde; GSH: glutathione; SOD: superoxide dismutase; IR: ischemia/reperfusion; *p < 0.05 compared to all other groups; **p < 0.05
compared to IRu; ***p < 0.05 compared to IRr and IRu. Source: Elaborated by the authors.

Post-hoc analysis indicated that tissue MDA levels were significantly higher (p < 0.001) in the IR group, compared
to other groups (all p < 0.05). The MDA levels in treatment groups (IRr, IRu, and IRc) were similar to the control group
(all p > 0.05). IRr and IRu groups didn't differ from each other (p > 0.05). The IRr group was also similar to IRc group
(p > 0.05), while the IRu was significantly higher (p < 0.05).

The results of GSH levels analysis were similar to the ones of MDA levels. The lowest GSH level was observed in IR group,
which was significantly different from the rest (all p < 0.05). All the treatment groups were similar to the control group (all
p > 0.05). Similarly, none of the treatment groups showed difference from each other (all p > 0.05).

SOD levels in IR group were significantly lower than the control and treatment groups (all p < 0.05). Though IRr and
IRc groups were similar to control group (both p < 0.05), the IRu group was significantly lower compared to control group
(p > 0.05). SOD levels in IRc group was significantly higher than both IRr and IRu groups (both p < 0.05).

Graphical demonstration of the statistical analysis is shown in Fig. 1. Statistical analyses of histopathological parameters
are summarized in Table 1. The detailed results of post-hoc Tukey’s tests are given in Suppl. Tables 1-3%.
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MDA: malondialdehyde; GSH: glutathione; SOD: superoxide dismutase; IR: ischemia/reperfusion. Source: Elaborated by the authors.

Figure 1 - Statistical results of (a) MDA analysis: *p < 0.005 in IR group compared to control, IRr, and IRc groups, **p < 0.05 in
IRu group compared to IR and IRc groups; (b) GSH analysis: **p < 0.05 in IR group compared to other groups; (c) SOD analysis:
*p <0.005 in IR group, compared to control, IRr, and IRc groups, **p < 0.05 in IRu group compared to control, IR and IRc groups.

Histopathological findings

Microscopic examinations demonstrated severe injury in cerebral substantia grisea and alba following cerebral IR.
Widespread neuron and glia cell nuclear pyknosis were present. In the IR group, tissue loss in the cerebral cortex was
apparent. Excessive edema was observed in the substantia alba. Furthermore, in the white matter, there was a significant
disorganization of nerve fibers and widespread irregularities in neural cell bodies due to edema.

In the IRr group, besides the pyknotic nuclei in neurons and glia cells, most of the neurons and glial cells in this group
were normal. There was edema in the parenchyma.

In the IRu group, the mentioned pathological degenerations were alleviated significantly. In cerebral cortex, pyknotic neuron
and glia cell nuclei were observed seldomly. Perineural and perivascular edema in this group was not prominent as in IR group.
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The morphological degenerations were significantly alleviated in IRc group. The tissues showed similar morphology
to the one observed in control group.

Representative histopathological micrographs of the groups are shown in Fig. 2.

Source: Elaborated by the authors.

Figure 2 - Representative histopathological sections of (a—e) the cerebral cortex and (f-j) white mater in (a-f) control,
(b-g) ischemia/reperfusion (IR), (c-h) IRr, (d-i) IRu, and (e-j) IRc groups. Nuclear pyknosis in neurons (arrowhead),
and glial cells (thick arrow). Desquamated and edema accumulated neuronal parenchyma in white mater (star). Staining:
hematoxylin and eosin, Bar: (a—e) 200 pm, (f-j) 20 pm.

Immunohistochemistry results

Representative immunohistochemistry micrographs of the groups are shown in Fig. 3. ANOVA test revealed a statistical
difference between groups regarding Bcl-2 (p < 0.001), and Kruskal-Wallis’ test showed statistical difference in terms of
caspase-3 and TNF-a (both p < 0.001).

Control ! IR IRr IRu — IR

Caspase 3

TNF-a: tumor necrosis factor-a; IR: ischemia/reperfusion. Source: Elaborated by the authors.

Figure 3 - Representative immunodensity micrographs of caspase-3, Bcl-2 and TNF-a in control, IR, IRy, IRu, and
IRc groups. Immunoexpression of caspase-3 was low in neurons (arrow) in control group. The caspase-3 expression is
dramatically upregulated in neurons (arrow) and glial cells (arrowhead) of IR group. Tissue caspase-3 immunopositivity in
neural cells (arrow) and neuroglia cells (arrowhead) in IRr and IRu groups were significantly downregulated, and the neural
cell (arrow) and neuroglia (arrowhead) immunopositivty of caspase-3in IRc group was similar to control group. The Bcl-2
immunopositivity is significantly suppressed in IR group. The neuron cell immunopositivity in treatment groups (arrow)
were significantly upregulated, and the most immunodensity was observed in IRc group. The TNF-o immunopositivity in
neuroglia cells (arrow) and brain tissue (arrow). Counterstaining: hematoxylin, bar: 20 um.
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The experimental model resulted in significant upregulation in caspase-3 and TNF-a expression and downregulation of
Bcl-2 expression. The IR group showed identical pattern in terms of all caspase-3 and Bcl-2, being significantly different than
control, IRy, and IRc groups (all p < 0.05), and similar to IRu group (p > 0.05). In terms of TNF-q, IR group was different
from all other groups (all p < 0.05).

The highest caspase-3 immunodensity was observed in IR group, and results of this group were significantly different
(p < 0.05) than in control, IRr, and IRc groups, but not IRu. Additionally, the caspase-3 immunodensity in IRc group was
similar (p > 0.05) to the control group, while significantly lower (p < 0.05) than IR and other treatment groups (p < 0.05).

Regarding Bcl-2, IRr and IRu groups were not different from each other and Control group (all p > 0.05). On the other
hand, IRc group had significantly higher Bcl-2 density compared to other treatment groups, as well as the control group
(all p < 0.05).

Similar to seen in caspase-3, IRu group had significantly higher TNF-a density than both the control and the IRc groups
(both p < 0.05). Control, IRr, and IRc groups did not difter from each other (all p < 0.05).

The tissue TNF-a level was highest in IR group, and results of immunodensity in this group were significantly different
(p < 0.05) than all other groups. Control, IRr and IRc groups were similar to each other (p > 0.05). IRu group had a similar
Bcl-2 density to IRr (p > 0.05), but higher than IRc group (p < 0.05).

A graphical demonstration of the statistical analysis is shown in Fig. 4. Statistical analysis of histopathological parameters
is summarized in Table 2. The detailed results of post-hoc Tukey’s tests are given in Suppl. Tables 4-6%.
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Figure 4 - Statistical analysis results of (a) caspase-3 immunodensity analysis: *p < 0.05 in IR group compared to control,
IRy, and IRc groups; **p < 0.001 in IRc group compared to IRr and IRu groups. (b) Bcl-2 immunodensity analysis:
**p < 0.001 in IR group compared to control, IRr, and IRu groups, *p < 0.05 in IRc group compared to IRr and IRu groups.
(¢) TNF-a immunodensity analysis: *p < 0.05 in IR group compared to control, IRr, IRu, and IRc groups, **p < 0.05 in IRc
group compared to IRu group.

Table 2 - Immunodensity measurements of caspase-3, Bcl-2, and TNF-a.

Study Group Caspase—'3 Bcl-2 ) TNF—a.
Immunodensity (%) Immunodensity (%) Immunodensity (%)
Control 7.16 £ 3.99 20.33 £ 5.12 6.79 + 1.44
IR 25.00 + 12.47* 13.8 £ 3.63* 13.18 £ 3.53**
IRr 13.74 £ 5.00 20.4 £ 4.05 8.34 + 2.50
IRu 17.59 + 5.15%** 17.56 £ 5.42 9.8 £2.60***
IRc 6.56 £ 2.22%F%** 25.00 + 6.26** 7.08 £ 2.37

TNF-a: tumor necrosis factor-o; IR: ischemia/reperfusion; *p < 0.05 compared to control, IRr, and IRc; **p < 0.05 compared to all other groups;
***p < 0.05 compared to control and IRc; ****p < 0.05 compared to IR, IRr, and IRu. Source: Elaborated by the authors.
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Discussion

This study demonstrated the effectiveness of resveratrol and urapidil against oxidative damage following IR injury,
albeit at different levels. Furthermore, the combined use of resveratrol and urapidil exhibited superior efficacy compared
to urapidil by itself, as evidenced by MDA and SOD levels. Additionally, it surpassed the effectiveness of resveratrol alone,
particularly in SOD levels. Similarly, the combined treatment exhibited superior antiapoptotic and anti-inflammatory effects

when compared to the individual administration of resveratrol or urapidil.

Cerebral stroke is recognized as one of the most common reasons of disabilities and death®. Around 85% of cerebral
strokes are associated with cerebral ischemia, caused by an embolism or thrombus in a major cerebral artery leading to
decreased or ceased blood flow to the cerebrum®. In clinical practice, there is no widely effective treatment for cerebral
stroke except for thrombolytic recombinant tissue plasminogen activator. This therapeutic agent must be administered
within a critical time frame of 3 to 4.5 h after the onset of a stroke®. However, with the development of experimental cerebral
injury models, researchers examined numerous strategies to improve the recovery of brain tissue in cerebral stroke. These
studies have primarily explored antioxidant or vasodilatory substances to mitigate the neurodegenerative effects of hypoxia

in cerebral structures?®¥.

Resveratrol, an antioxidant agent, is known to exert its protective effects against cerebral ischemia not only by its
antioxidative properties, but also by its vasodilatory and anti-atherosclerotic properties®. It has been also shown that
neuroprotective effects of resveratrol may increase when used in conjunction with other agents. For instance, Liu et al.
demonstrated that combined pre-treatment with rosuvastatin and resveratrol was more effective against IR injury in rats

compared to rosuvastatin or resveratrol alone®.

Similarly, our study showed that administration of a vasodilatory drug, in this case uradipil, along with resveratrol resulted
in alleviated cerebral damage in experimental cerebral ischemia reperfusion injury. Though urapidil was not evaluated in
cerebral IR injury, it was shown to have anti-inflammatory, antioxidant, and antiapoptotic properties'' Giiler et al."' and
Mestrovi¢ et al."? independently showed that urapidil significantly decreased MDA level and significantly increased SOD
activity in torsioned ovary and testis, respectively. Though urapidil in this study exhibited similar effects against IR, it was

not pronounced as resveratrol. Nevertheless, addition of uradipil into treatment potentiated the effects of resveratrol.

Resveratrol was reported to reach its peak activity in brain tissue at 4 h in a previously published study on experimental
cerebral stroke. It also downregulates glial fibrillary acidic protein (GFAP) immunopositivity and leads to an increased
number of viable neurons®. A study by Yousuf et al.*! showed severe tissue injury in cerebral MCAO exposed animals such
as swelling in pericellular cavity, and results of this study also indicated that the upregulated DNA fragmentation, lipid
peroxidation, and oxidative stress are alleviated in resveratrol-treated animals. These pathological changes and beneficial
effects of resveratrol were also observed in our study. Such improvements were also observed in urapidil-treated animals to
some extent, but were less prominent than those that treated with resveratrol, indicating resveratrol is a more potent agent
in this regard. On the other hand, higher degree of the most success for the recovery of brain morphology is obtained with

combined treatment with resveratrol and urapidil.

Resveratrol, besides antioxidant effects, has antiapoptotic effects. Li et al.*! indicated that resveratrol treatment alleviated
infarct volume, hippocampal apoptotic cell death ratio, and Bax expression in stroke exposed animals, and results of
this study indicated that the suppressed Bcl-2 expression in MCAO group is improved in resveratrol-treated animals®.
Urapidil has also shown to decrease apoptosis index in testicular torsion-detorsion injury in rats'2. Additionally, Giiler
etal." found significant decrease in caspase-3 injury in urapidil-treated rats exposed to ovarian torsion detorsion injury. Our
examinations indicated that resveratrol treatment was beneficial for not only anti-apoptotic Bcl-2, but also pro-apoptotic
caspase-3 expression. So, we can conclude that resveratrol is successful in inhibiting the activated apoptotic signaling in
stroke. Moreover, our analysis revealed the limited success of urapidil compared to resveratrol. Notably, the combined

treatment emerged as the most beneficial, consistent with microscopic and histopathological examinations.
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The studies indicate that resveratrol influences various signaling processes crucial for neuroprotection. For instance,
it has been shown to modulate the apoptotic signaling pathway involving JAK2/STAT3/PI3K/AKT/mTOR, highlighting
its potential in preventing cell death*. Additionally, resveratrol plays a role in the inflammatory JAK/ERK/STAT signaling
pathway, suggesting its multifaceted impact on mitigating inflammation during neuroprotection®.

These findings underscore the complexity of the neuroprotective mechanisms associated with resveratrol administration.
Fang et al.*s report on downregulation of tissue TNF-a levels by resveratrol treatment in experimental stroke supported
the anti-inflammatory effects of resveratrol. Similarly, we observed decreased levels of TNF-a in resveratrol-treated group.
However, this effect on TNF-a was not as pronounced in urapidil-treated animals. Moreover, the combined treatment of
resveratrol and urapidil notably suppressed TNF-a expression, further emphasizing its potential efficacy.

Conclusion

Our study indicates that urapidil exhibits lower effectiveness in mitigating IR injury compared to resveratrol. Notably,
the combined treatment of resveratrol and urapidil demonstrates a heightened degree of antioxidant, antiapoptotic, and
anti-inflammatory effects when compared to the individual use of either drug. To validate these findings and establish
optimal treatment dosages for the combined approach, further research is warranted.
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