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Background: The incidence of cerebral ischemia disease leading cause of death in human population worldwide. Treatment of cerebral ischemia remains a clinical challenge for researchers and mechanisms of cerebral ischemia remain unknown. During the cerebral ischemia, inflammatory reaction and oxidative stress plays an important role. The current investigation scrutinized the neuroprotective and anti-inflammatory role of pterostilbene against cerebral ischemia in middle cerebral artery occlusion (MCAO) rodent model and explore the underlying mechanism.
Methods: The rats were divided into following groups viz., normal, sham, MCAO and MCAO + pterostilbene (25 mg/kg) group, respectively. The groups received the oral administration of pterostilbene for 30 days followed by MCAO induction. The neurological score, brain water content, infarct volume and Evan blue leakage were estimated. Hepatic, renal, heart, inflammatory cytokines and inflammatory mediators were estimated.
Results: Pterostilbene treatment significantly (p < 0.001) improved the body weight and suppressed the glucose level and brain weight. Pterostilbene significantly (p < 0.001) reduced the hepatic, renal and heart parameters. Pterostilbene significantly (p < 0.001) decreased the level of glutathione (GSH), glutathione peroxidase (GPx), superoxide dismutase (SOD) and decreased the level of malonaldehyde (MDA), 8-Hydroxy-2′-deoxyguanosine (8-OHdG). Pterostilbene significantly (p < 0.001) inflammatory cytokines and inflammatory parameters such as cyclooxygenase-2 (COX-2), inducible nitric oxidase synthase (iNOS) and prostaglandin (PGE2). Pterostilbene significantly (p < 0.001) down-regulated the level of metalloproteinases (MMP) such as MMP-2 and MMP-9. Pterostilbene suppressed the cellular swelling, cellular disintegration, macrophage infiltration, monocyte infiltration and polymorphonuclear leucocyte degranulation in the brain.
Conclusion: In conclusion, Pterostilbene exhibited the neuroprotective effect against cerebral ischemia in rats via anti-inflammatory mechanism.
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INTRODUCTION
Stroke is a complicated disease that causes the number of death and disability whole over the world, and it is accompanied by cognitive dysfunctions (Vakili et al., 2014; Wang K. et al., 2020). According to the World Health Organization (WHO), over 15 million people are affected by stroke (Alva-Díaz et al., 2020). Ischemia stroke is the most frequent type of stroke, accounting for 87 percent of all instances. It is caused by thromboembolic blockage of cerebral arteries, which causes an ischemic cascade and tissue injury (Özön and Cüce, 2020; Tuo et al., 2021). Cerebral ischemia disease is the major neurological disease worldwide and incidence of cerebral ischemia rapidly increases last few decades (Yuan et al., 2020). The treatment of cerebral ischemia still challenge to the researcher (Wang et al., 2018; Leung et al., 2020). But few research suggest that neurovascular units involve in the disease (Pan et al., 2018) and the researcher targeting the neurovascular unit (NVU) for the treatment of overall disease, which exhibited the protective against the neuronal damage, neurons and blood brain barrier (BBB) such as extracellular matrix, vascular endothelial cells, microglia and astrocytes (Crofts et al., 2020; Lake et al., 2017).
During the ischemic cascade, oxygen and energy deprivation start the production of reactive oxygen species (ROS), followed through inflammatory reaction, deposition of intracellular calcium and glutamate excitotoxicity (Michalski et al., 2017; Tuo et al., 2021). Ischemic tissue reperfusion enhances the neuroinflammatory reaction and production of ROS. Various studies have shown that oxidative stress is linked to neuronal cell death in ischemic lesions (Patel et al., 2020; Yan et al., 2020). ROS such as nitric oxide (NO), hydrogen peroxide (H2O2), superoxide anion (O2) and hydroxyl free radicals destroys the cellular structures includes nucleic acid, proteins, lipids, redox sensitive enzymes, membrane receptors and channels, which eventually induces the neuronal injury in the ischemic lesions (Jin et al., 2016; Liang et al., 2019; Leung et al., 2020). Furthermore, the increased proportion of ROS leakage from the mitochondrial cytochrome C, which further recruits caspases, worsening neuronal death after ischemia and reperfusion injury (Tang et al., 2016; Han et al., 2018; Zhang et al., 2020). Due to increase the level of ROS leading the cell death, inflammatory reaction and neural dysfunction after the reperfusion (Zhang et al., 2018; Leung et al., 2020). Following cerebral ischemia, an inflammatory response plays a key role in the development of secondary brain injury. Inflammatory mediators include COX-2, nuclear factor kappa B (NF-κB) and MMPs play a significant role in the expansion of cerebral ischemic (Li et al., 2017; Zhang et al., 2018). During the cerebral ischemia injury, the level of above discuss enzymes boosted to considerable level in the brain area. In the treatment of cerebral ischemia, antioxidants and anti-inflammatory agents are helpful (Liang et al., 2020).
Extracellular Matrix (ECM) degrading enzymes such as MMP-2 and MMP-9, are most directly linked to BBB degradation (Traystman, 2003; Ma et al., 2020). The inhibition of ECM degrading enzymes considerably suppresses the cerebral infarct volume and cerebral edema induced via ischemia and suppress the BBB injury (Turner and Sharp, 2016). Previous study showed that the reperfusion is the protective in suppressing the ischemic brain injury and also showed the beneficial effect for recovering the various reversible injury (Gresoiu and Christou, 2020; Yu et al., 2020). Though, few research suggest that the blood reperfusion for ischemic tissue could causes the dysfunction and injury in some cases (Gresoiu and Christou, 2020). Furthermore, consideration is always taken of how to inhibit reperfusion injury during the treatment of ischemic stroke (Vakili et al., 2014). During the ischemic reperfusion stop or abrupt the blood supply in the brain area which resultant shortage the oxygen and glucose level in the brain that leading to the anaerobic pathway of glycolytic cycle. The glycolytic cycle generate the high H+ ion, lactic acid and reversal to the mitochondrial matrix (Liang et al., 2019; Wang et al., 2020a; Zhao et al., 2020). All the cascade suppressed the cytoplasmic pH and increase the formation of free radicals. Due to continuous production of free radicals, its finally induces the oxidative stress and start the inflammatory reaction (Li et al., 2017; Zhang et al., 2018).
More than hundred traditional Chinese medicine (TCM) patents have been filed in China in the last few years for the treatment of ischemic stroke, including therapies for ischemia reperfusion injury (Gupta et al., 2010; Peng et al., 2019; Singh et al., 2020). Dietary phytochemicals getting more popularity due to its wide range of benefits includes regulation of immune system, anti-oxidation and suppression of inflammation. Resveratrol (polyphenol flavonoids) isolated from the skin of red grape and suggested the protective effect against various inflammatory reaction. Pterostilbene (trans-3,5-dimethoxy-4′-hydroxystilbene) is a stilbene, that is naturally occurring methoxylated analog of Revesterol, commonly found in blueberry (Acharya and Ghaskadbi, 2013; Shi et al., 2019). Pterostilbene shows the higher bioactivity and bioavailability than resveratrol due to presence of two extra methyl group in the structure (Supplementary Figure S1). The structure of pterostilbene showed the removal of two hydroxy group with two methoxy group, which increase the bioactivity and oral bioavailability and demonstrate the prolong metabolism (Wu et al., 2017; Yang et al., 2017; Shi et al., 2019). Pterostilbene having the bioavailability (85%) as compared to the bioavailability of revesterol (20%) in animal model. Additionally, clinical studies showed that the pterostilbene may be a potent anti-inflammatory drug against various diseases (Acharya and Ghaskadbi, 2013; Shi et al., 2019; Zhang et al., 2021). In this experimental study, we try to explore the neuroprotective and anti-inflammatory effect of pterostilbene against the MCAO rat model.
MATERIAL AND METHODS
Experimental Rodent
Swiss Wistar rats (weight 200 ± 20 g, sex-both, aged 8–10 weeks) were used in this study. The whole experimental study was carried out using the institutional animal ethical committee guidelines. All the rats were kept in the standard laboratory condition 20 ± 5°C temperature, 12 h dark and 12 h light cycle and 65% relative humidity. All the rats were received the standard pellet (rat chow) and water ab libitum. The rats were kept 7 days for acclimatization for adopting the laboratory condition.
MCAO/R Method
Briefly, the rats were anesthetized using the 50 mg/kg intraperitoneal injection of ketamine hydrochloride and 5 mg/kg xylazine and monitored accordingly. The common carotid artery was isolated and the branches of external carotid artery (right) were carefully removed (Pan et al., 2018). To obstruct the source of MCAO, a nylon monofilament suture (4–0) with a silicon coated tip was pushed to the internal carotid artery (Yuan et al., 2020). The same operation was performed on the normal group (sham group), but no suture was put. After cerebral ischemia (2 h), the suture was removed for reperfusion (24 h). The rats were divided into different groups such as Group I: control; Group II: Sham; Group III: MCAO and Group IV: MCAO + pterostilbene (35 mg/kg), respectively.
Neurological Deficits
Neurological dysfunction were assessed after 2 h of MCAO and then every day for the next 5 days (Shamim and Khan, 2019). The behavioural impairments and post chemical motor were examined using a 4-point neuro score (Yuan et al., 2020). The grade for neurological impairments was as follows:
Symptoms are absent in grade 0.
Grade 1: bending of the forelimbs
Grade 2: reduced lateral push (and forelimb flexion) resistance without circling
Grade 3: circle and the same conduct as grade 2.
Blood and Tissue Sampling
The rats were euthanized at the end of the protocol so that blood (plasma/serum) and organs (liver and brain) could be collected and kept at 80°C. All the blood and tissue samples kept for the histopathological evaluation and biochemical estimation.
BBB Permeability
For the determination of BBB permeability, the all-group rats were received the Evans blue (2%) in the tail vein before the sacrifice (2 h). after that removed the brain tissue and weighted and placed into the 1 ml dimethylformamide and incubated for next 24 h at 60°C. Afterthat centrifuge at 1 g rpm for 10 min to separate the supernatant (Pan et al., 2018). The supernatant collected and take absorbance at 620 nm wavelength using the spectrophotometer.
Cerebral Edema
For the determination of cerebral edema, the brain water content was estimated using the dry weight method of previous reported method with minor modification (Yang et al., 2020). Briefly, the brain tissue was successfully removed after the reperfusion (24 h) and weight immediately and baked in the oven for 24 h at 120°C and again weight.
The brain water content was estimated using the following formula
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Biochemical Assays
Turbid Metric Immunoassay model was used for the estimation of serum C-reactive protein (CRP) using the kit (Conformidad Europea, Spain).
Enzymatic colorimetric GOD-POD kit was used for the estimation of blood glucose (Global, United Kingdom). Lactate dehydrogenase (LDH) assay kit was used for the determination of LDH activity (Institute of Biological Engineering of Nanjing Jiancheng, Nanjing, China) following the manufacture protocol.
For the estimation of lipid parameters such as high-density lipoprotein cholesterol (HDL-c), triglyceride (TG) and cholesterol (TC) was estimated using the enzymatic kit kit (Institute of Biological Engineering of Nanjing Jiancheng, Nanjing, China). The low-density lipoprotein cholesterol (LDL-c) and very low-density lipoprotein cholesterol (VLDL-c) were determined using the Friedewald’s formula (Mendes de Cordova et al., 2018).
Berthelot colorimetric model was used for the estimation of urea concentration in the serum. Jaffe’s method was used for the determination of creatinine using the enzymatic kit (Biogene Diagnostics, United States). Blood urea nitrogen (BUN) and uric acid was estimated using the previous reported method with minor modification (Pandey et al., 2018; Kumar et al., 2021).
The hepatic parameters include alkaline phosphatase (ALP), alanine aminotransferase (ALT) and aspartate aminotransferase (AST) using the enzymatic kit (Institute of Biological Engineering of Nanjing Jiancheng, Nanjing, China).
Antioxidant Parameters
The antioxidant parameters include SOD, GSH, GPx, MDA and CAT were estimated using the previous reported method with minor modification (Bhatt et al., 2017, 2018).
MMP Levels
MMP-2 and MMP-9 were estimated using the gelatinase assay kit (Chemicon International, Inc. Temecula, CA, United States) following the manufacture protocol.
Inflammatory Cytokines
Pro-inflammatory cytokines such as interleukin-1β (IL-1β), interleukin-4 (IL-4), tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), interleukin-1 (IL-10) and interleukin-1 (IL-1) were estimated using the Enzyme-Linked Immunosorbent Assay Kits (ELISA) (Institute of Biological Engineering of Nanjing Jiancheng, Nanjing, China) following the manufacture protocol.
Inflammatory Mediators
Inflammatory mediators such as NF-κB, i-NOS, NO, COX-2 and PGE2 using the Enzyme-Linked Immunosorbent Assay Kits (ELISA) (Institute of Biological Engineering of Nanjing Jiancheng, Nanjing, China) following the manufacture protocol.
Statistical Analysis
The current study’s findings were given as a mean standard error mean (S.E.M.). The statistical analysis was performed using Graphpad Prism 7. The difference between the intergroups was determined using a post hoc t test. The significance level was set at p < 0.05.
RESULTS
Effect of Pterostilbene on Neurological Parameter
During cerebral ischemia, it increases the neurological score. A neurological score of 0 was observed in the normal and sham group rats. The MCAO group rats showed an enhanced neurological score, which started from day 0 and reached its maximum on day 1 and remained at the higher end of the protocol (day 5). Pterostilbene treated rats significantly (p < 0.001) suppressed the neurological score. Pterostilbene treated rats exhibited a reduced neurological score at different time intervals (day 0, 1, and 5) as compared to the MCAO group (Figure 1A).
[image: Figure 1]FIGURE 1 | showed the neurological parameter and score of among experimental groups. (A) neurological score, (B) infarct volume, (C) brain edema, (D) evans blue leakage and (E) brain water content. Values are expressed as mean ± SEM. The t-test was used for the significant difference between groups: *p < 0.05, **p < 0.01, ***p < 0.005. NS, non-significant.
Infarct volume (Figure 1B), brain edema (Figure 1C), Evans blue leakage (Figure 1D) and brain water content (Figure 1E) were higher observed in the MCAO group rats. Pterostilbene treated rats exhibited the suppressed level of infarct volume, brain edema, Evans blue leakage and brain water content.
Effect of Pterostilbene on Body Weight, Glucose Level and Organ Weight
The body weight was slightly reduced in the sham control and MCAO group rats. MCAO group rats receiving pterostilbene significantly (p < 0.001) improved their body weight (Figure 2A).
[image: Figure 2]FIGURE 2 | showed the body weight and glucose level of among experimental groups. (A) body weight and (B) blood glucose level. Values are expressed as mean ± SEM. The t-test was used for the significant difference between groups: *p < 0.05, **p < 0.01, ***p < 0.005. NS, non-significant.
The blood glucose remained constant in the normal and sham control group rats. The blood glucose level slightly decreased in the MCAO group. Pterostilbene treated group rats improved the blood glucose level (Figure 2B).
The brain weight slightly enhanced in the sham group rats as compared to the normal rats. MCAO group rats exhibited the increased brain weight as compared to all experimental group. MCAO group rats treated with the pterostilbene treated group rats demonstrated the reduced brain weight (Figure 3).
[image: Figure 3]FIGURE 3 | showed the brain weight of among experimental groups. Values are expressed as mean ± SEM. The t-test was used for the significant difference between groups: *p < 0.05, **p < 0.01, ***p < 0.005. NS, non-significant.
Effect of Pterostilbene on LDH and CRP
The level of LDH (Figure 4A) and CRP (Figure 4B) were estimated in the different groups. The level of LDH (691 ± 12.45 U/L) and CRP (10.89 ± 1.32 mg/dl) slightly enhanced in the MCAO group and pterostilbene treated rats significantly (p < 0.05) reduced the level of LDH (687 ± 11.34 U/L) and CRP (9.91 ± 1.93 mg/dl).
[image: Figure 4]FIGURE 4 | showed the LDH and CRP level of among experimental groups. (A) LDH and (B) CRP. Values are expressed as mean ± SEM. The t-test was used for the significant difference between groups: *p < 0.05, **p < 0.01, ***p < 0.005. NS, non-significant.
Effect of Pterostilbene on Hepatic Parameter
MCAO group rats displayed the boosted level of ALT (25.45 ± 2.38 U/L), AST (40.73 ± 4.93 U/L) and ALP (51.61 ± 2.83 U/L) as compared to normal and sham group rats. After the pterostilbene treatment reduced the level of hepatic parameters ALT (23.04 ± 2.93 U/L), AST (31.59 ± 3.82 U/L) and ALP (42.82 ± 3.89 U/L) (Figure 5).
[image: Figure 5]FIGURE 5 | showed the hepatic parameters of among experimental groups. Values are expressed as mean ± SEM. The t-test was used for the significant difference between groups: *p < 0.05, **p < 0.01, ***p < 0.005. NS, non-significant.
Effect of Pterostilbene on Renal Parameters
The levels of Uric acid (4.67 ± 0.83 mg/dl) (Figure 6A), creatinine (0.56 ± 0.03 mg/dl) (Figure 6B), BUN (22.51 ± 1.34 mg/dl) (Figure 6C) and urea (49.46 ± 3.94 mg/dl) (Figure 6D) were observed in different experimental group. MCAO group rats demonstrated the increased level of uric acid (2.62 ± 0.67 mg/dl), creatinine (0.35 ± 0.04 mg/dl), BUN (16.54 ± 2.32 mg/dl) and urea (33.05 ± 2.93 mg/dl), which was significantly (p < 0.001) diminished after the pterostilbene treatment.
[image: Figure 6]FIGURE 6 | showed the renal parameters of among experimental groups. (A) uric acid, (B) creatinine, (C) BUN and (D) urea. Values are expressed as mean ± SEM. The t-test was used for the significant difference between groups: *p < 0.05, **p < 0.01, ***p < 0.005. NS, non-significant.
Effect of Pterostilbene on NO Level
The NO level was considerably boosted in the MCAO group rats as compared to normal and sham control. MCAO group rats received the NO significantly (p < 0.001) repressed the level (Figure 7).
[image: Figure 7]FIGURE 7 | showed the level of nitric oxide of among experimental groups. Values are expressed as mean ± SEM. The t-test was used for the significant difference between groups: *p < 0.05, **p < 0.01, ***p < 0.005. NS, non-significant.
Effect of Pterostilbene on Lipid Parameters
Figure 8 exhibited the lipid parameters in experimental groups. The level of lipid parameters such as TG, LDL, TC, VLDL boosted and HDL level reduced in the MCAO group. Pterostilbene treated rats exhibited the reduced level of TG, LDL, TC, VLDL and enhanced level of HDL.
[image: Figure 8]FIGURE 8 | showed the lipid parameters of among experimental groups. Values are expressed as mean ± SEM. The t-test was used for the significant difference between groups: *p < 0.05, **p < 0.01, ***p < 0.005. NS, non-significant.
Effect of Pterostilbene on Antioxidant Parameters
Figure 9 exhibited the antioxidant parameters of different group rats. MCAO group rats exhibited the decreased level of SOD (55.03 ± 5.32 U/mg protein) (Figure 9A), CAT (5.57 ± 0.83 U/mg protein) (Figure 9B), GPx (7.11 ± 0.93 U/mg protein) (Figure 9C), GSH (0.47 ± 0.04 U/mg protein) (Figure 9D) and enhanced level of MDA (263.4 ± 10.34 U/mg protein) (Figure 9E), 8OdhG OdhG (0.97 ± 0.09 μg/mg protein) (Figure 9F) as compared to normal and sham group rats. MCAO group rats treated with pterostilbene significantly (p < 0.001) improved the level of SOD (102.34 ± 7.54 U/mg protein), CAT (28.85 ± 1.33 U/mg protein), GPx (33.73 ± 4.34 U/mg protein), GSH (1.34 ± 0.45 U/mg protein) and suppressed the level of MDA (89.45 ± 3.45 U/mg protein), 8-OdhG (0.28 ± 0.05 μg/mg protein).
[image: Figure 9]FIGURE 9 | showed the antioxidant parameters of among experimental groups. (A) SOD, (B) CAT, (C) GPx, (D) GSH, (E) MDA and (F) 8-OhdG. Values are expressed as mean ± SEM. The t-test was used for the significant difference between groups: *p < 0.05, **p < 0.01, ***p < 0.005. NS, non-significant.
Effect of Pterostilbene on Inflammatory Cytokines
The level of inflammatory cytokines boosted during the cerebral ischemia due to expansion of inflammatory disease. MCAO group rats exhibited the increased level of TNF-α (41.34 ± 1.57 pg/mg) (Figure 10A), IL-1β (14.37 ± 1.23 pg/mg) (Figure 10B), IL-6 (41.45 ± 2.34 pg/mg) (Figure 10C) and reduced level of (9.89 ± 1.34 pg/mg) IL-10 (Figure 10D). MCAO group rats received the pterostilbene treatment significantly diminished the level of TNF-α (10.34 ± 0.89 pg/mg) (Figure 10A), IL-1β (5.23 ± 0.83 pg/mg) (Figure 10B), IL-6 (17.04 ± 2.93 pg/mg) (Figure 10C) and improved the level of IL-10 (28.34 ± 1.83 pg/mg) (Figure 10D).
[image: Figure 10]FIGURE 10 | showed the inflammatory cytokines of among experimental groups. (A) TNF-α, (B) IL-1β, (C) IL-6 and (D) IL-10. Values are expressed as mean ± SEM. The t-test was used for the significant difference between groups: *p < 0.05, **p < 0.01, ***p < 0.005. NS, non-significant.
Effect of Pterostilbene on Inflammatory Mediators
Figures 11A–C showed the level of inflammatory parameters in different experimental group. MCAO group rats showed the improved level of COX-2 (37.34 ± 2.34 pg/mg) (Figure 11A), PGE2 (41.93 ± 3.23 pg/mg) (Figure 11B) and iNOS (36.54 ± 2.93 pg/mg) (Figure 11C) and pterostilbene treatment reduced the inflammatory parameters such as COX-2 (12.34 ± 0.45 pg/mg), PGE2 (10.02 ± 0.93 pg/mg) and iNOS (10.34 ± 1.83 pg/mg).
[image: Figure 11]FIGURE 11 | showed the inflammatory mediators of among experimental groups. (A) COX-2, (B) PGE2 and (C) iNOS. Values are expressed as mean ± SEM. The t-test was used for the significant difference between groups: *p < 0.05, **p < 0.01, ***p < 0.005. NS, non-significant.
Effect of Pterostilbene on MMP
MCAO group showed the increased level of MMP-2 (1.13 ± 0.37 pg/mg) (Figure 12A) and MMP-9 (1.08 ± 0.89 pg/mg) (Figure 12B) as compared to different group. MCAO group treated with the pterostilbene significantly (p < 0.001) suppressed the level of MMP-2 (0.28 ± 0.08 pg/mg) and MMP-9 (0.56 ± 0.04 pg/mg).
[image: Figure 12]FIGURE 12 | showed the MMP level of among experimental groups. (A) MMP-2 and (B) MMP-9. Values are expressed as mean ± SEM. The t-test was used for the significant difference between groups: *p < 0.05, **p < 0.01, ***p < 0.005. NS, non-significant.
Effect of Pterostilbene on Histopathology
Table 1 demonstrated the effect of pterostilbene on the brain tissue histopathology. MCAO group rats demonstrated the development of cellular swelling, cellular disintegration, macrophage infiltration, monocyte infiltration and polymorphonuclear leucocyte degranulation. Pterostilbene treatment suppressed the cellular swelling, cellular disintegration, macrophage infiltration, monocyte infiltration and polymorphonuclear leucocyte degranulation.
TABLE 1 | showed the histopathological index of brain.
[image: Table 1]DISCUSSION
Stroke and its related disorder cause the disability and death whole over the world. The loss of cerebral blood flow during an ischemic stroke causes metabolic, biochemical and hemodynamic alteration in the damaged brain area to shut down, resulting in brain injury and reduced or lost brain function (Wang et al., 2020b; Yuan et al., 2021b). The neuronal necrosis is aggravated by reperfusion after an ischemic insult. Although the cause of cerebral ischemic stroke is complicated, some pathogenic mechanisms have shown that increasing oxidative stress and reducing endogenous antioxidant enzymes, can restore the most harmful effects of the disease (Bu et al., 2019; Shi et al., 2021). Some studies showed that oxidate stress and inflammatory reactions play a significant role to induces the serve toxicity in the biological macromolecules, which further leading the injury in the cell and tissue (Wang et al., 2020b; Shi et al., 2021). MCAO is a well-established animal model for ischemic stroke-related brain injury in order to study about the stroke phenomena and to assess the efficacy of possible neuroprotection therapies. Furthermore, neutralizing the oxidative stress, inflammatory reaction, enhanced antioxidant intake would be a beneficial therapy for the treatment of ischemic disease (Pan et al., 2018). Herb and its phytoconstituent having long history to treat the oxidative stress and inflammatory disease. Previous studies showed that the plant and its phytoconstituent having the potent anti-inflammatory, antitumor, antidiabetic and antioxidant activity (Wang et al., 2020b; Tian et al., 2020; Shi et al., 2021). The neuroprotective effect of pterostilbene against MCAO-induced cerebral ischemia reperfusion was studied in this experimental study.
During the cerebral ischemia, start the production of oxygen free radicals (OFR) via enzymatic and non-enzymatic systems and later on they can attack on the polyunsaturated fatty acid (PUFA), which are commonly found in the brain cells and vascular endothelial cells (Bu et al., 2019; Yuan et al., 2021b; Shi et al., 2021). Free radical starts the lipid peroxidation reaction which further start the production of various products such as hydroxy, aldehyde (MDA), keto, inner peroxy or carbonyl radicals. Some reported suggest that oxidant and free radicals play a crucial role in the expansion of edema and disruption of BBB after the cerebral ischemia (Chen et al., 2013; Bu et al., 2019). Drugs that exhibited the neuroprotective effect via targeting the production of free radicals to treat the disease. MDA (an indicator of lipid peroxidation, LPO) used to estimation of LPO degree and indirectly shows the cell injury in the brain (Stegner et al., 2019; Wang et al., 2020b). According to the results, pterostilbene showed the neuroprotective effect via decreasing the brain lesions and edema may be related to its effect in restriction the free radical production and improved the antioxidant effect. GSH neutralize the hydroperoxides and other toxic free radicals in the brain tissue (Wang et al., 2020b; Yuan et al., 2021b). GSH is endogenous antioxidant enzymes against the oxidative stress. SOD averts formation of hydroxyl radical through catalyzing the super radicals into the H2O2. CAT detoxifies the H2O2 into the water and molecular oxygen. In the brain tissue, CAT is the 2nd line antioxidant that protect brain from oxidative injury. During the cerebral ischemia and oxidation of free radical, the activity of SOD reduced in the brain tissue and serum (Si et al., 2009; Zhang et al., 2019). Large amount of SOD in consumed for neutralize or scavenge the free radicals. Due to continues uses of the SOD to neutralize or scavenge the free radicals, the activity of SOD reduces. However, the activity of SOD indirectly reflects the level of scavenged free radicals (Si et al., 2009; Li et al., 2020). Our result clearly showed that pterostilbene may contribute to suppressing the excessive production of free radical and enhance the SOD activity in the serum and brain. Pterostilbene treated group exhibited the reduction in the MDA content and enhancement of SOD content, but the result not significant (He et al., 2019; Chen et al., 2020). On the basis of result, we can say that Pterostilbene altered the cerebral ischemia via scavenging pathway of LPO, not antioxidant effects.
Stroke is a primary cause of acquired impairment in adults and one of the top causes of death worldwide, with a complicated pathological process (He et al., 2019; Chen et al., 2020). Recently, the researcher targeting the neurovascular unit for the treatment of stroke. Neurovascular unit is made up to several neurons, glial cells (microglia and astrocyte), extracellular matrix (ECM), endothelial cells (vascular cells) and BBB (Pan et al., 2018). The BBB is the most important component of the neurovascular unit, and MMPs have long been thought to play a role in the breakdown of the BBB following a stroke. During the early stage of stroke, MMPs induce the various neruo vascular dysfunction includes leakage of BBB and neuronal death. Previous report showed that MMP-9 is unusually expressed in brains suffering from cerebral ischemia injury and its enhance the brain injury and breakdown of BBB (Li et al., 2017). The patients suffer from the ischemic stroke exhibit the enhance level of MMP (MMP-2 and MMP-9) in the circulation (Gu et al., 2013; Li et al., 2017). The increase level of MMP-9 in the circulation related with the poorer prognosis. The reduction of MMP-9 in the circulation and gene considerably decreased the bleeding complications and infarct size (Li et al., 2017). Our result showed that pterostilbene may protect the BBB permeability via suppressing of MMP-9. Studies that used MMP inhibitors before a stroke, showed similar benefits, which matched our findings.
The recruitment of systemic macrophages and endogenous microglia indicates an early inflammatory response in cerebral ischemia injury. Inflammatory cells interact with the cerebral stimulus through production of pleiotropic mediators such as prostanoids, cytokines and chemokines (Chen et al., 2020; Li et al., 2020). The inflammatory or immune response following a stroke includes changes in numerous pro and anti-inflammatory cytokines and chemokines in the brain tissue. Previous reports suggest that targeting the inflammatory cytokines is beneficial for the treatment of cerebral ischemia (Li et al., 2020). Inflammatory reaction initiates the tissue lesions such as accumulation of free radicals as well targeting the toxic enzyme of brain tissue. Report suggest that various inflammatory mediators interact with each other and enhance the brain injury. Increases the level of inflammatory cytokines in the brain and begins the breakdown of BBB during cerebral ischemia (Gong et al., 2014; Li et al., 2020).
Report suggests that the TNF-α is activated during the brain ischemia. TNF-α generated through monocytes and macrophages and its over generated due to activation of inflammation related cells during the cerebral ischemia, that boost the local inflammation reaction in the brain tissue (Chen et al., 2020; Li et al., 2020). The level of cytokines increased as a result of leukocyte leakage into the circulation, causing an influx of neutrophils, macrophages, and microglia to enter the ischemic area, causing neuronal cell death and injury. TNF-α induces the cerebral endothelial cells injury and also enhance the BBB permeability, thus contributing to the formation of brain edema (Gong et al., 2014; Li et al., 2020). Moreover, the antiedematous effect of pterostilbene due to reduction the synthesis of TNF-α and also provide the protection of the BBB against disruption. Other inflammatory cytokines such as IL-6 and IL-1β and NF-κB activation play an important role in the pathogenesis of brain edema (He et al., 2017; Hou et al., 2018; Li et al., 2020). Recently report suggest that pterostilbene considerably suppressed the inflammatory cytokines and activated the NF-κB in the endothelial cells and lipopolysaccharide induced lung injury (Liu et al., 2016). All these results suggest that the preventive effect of pterostilbene, at least in part, from suppression the cytokines production and subsequently their signaling pathways. More molecular research needs to elucidate these possibilities.
During cerebral ischemic injury, enhance the level of iNOS due to development of injury cause by inflammatory cytokines and mediators (Li et al., 2017; Zhang et al., 2020). During the normal process, NO generated from the oxidation of L-arginine and further catalysed through synthesis of nitric oxide. The iNOS level boosted in the cerebral ischemic group, confirm the expansion of inflammation and pterostilbene considerably suppressed the iNOS level and confirm the reduction in the inflammatory reaction. Inflammatory mediators and cytokines increased the level of immunocyte such as neutrophils and macrophages (Gong et al., 2014; Li et al., 2017; Zhang et al., 2020). The boosted level of iNOS, PGE2 and COX-2, observed after the cerebral ischemia, which further expand the brain injury via inducing the damage in the neuronal cells (Gong et al., 2014; Li et al., 2021).
Prostaglandin is formed when arachidonic acid (AA) is metabolised, and it has been shown to have both a pro and anti-inflammatory effect in mammalian systems, as well as other physiological activities (Liang et al., 2020; Yuan and Zhang, 2021). COX is thought to have a role in brain homeostasis, such as blood flow regulation. Due to COX’s important involvement in vasodilation, rodents lacking the enzyme were more prone to stroke. COX is divided into two isomers (COX-1 and COX-2), which have similar catalytic actions but differing physiological functions (Liang et al., 2020). COX-2 is an inducible COX that catalyses the first committed step in prostaglandin production from arachidonic acid (Liang et al., 2020; Yuan et al., 2021a). COX-2 levels and PG production increase in endothelial cells, neurons, and glial cells in the brain tissue in response to diverse stimuli such as inflammatory mediators, excitatory synaptic activity, hypoxia, and growth factors. Previous report suggest that the COX-2 enzymatic activity involved in the stroke animal model that leads to the enhanced stroke damage and neuronal death (Wei et al., 2016; Liang et al., 2020). The use of pharmacological or genetic techniques to suppress COX-2-dependent PG production reduces infarct volume. As a result, a major effort is ongoing to investigate how to minimise the PG receptor pathways that cause COX-2-mediated cerebral damage after stroke. COX-2 levels are higher in infarcted human brains, according to clinical and prior studies, and it is found in both glial and neuronal cells. Previous research suggests that the enhanced level of COX-2 infiltrating the vascular cells, neutrophils and neurons in the peri-infarct zone (Abd El-Aal et al., 2013; Yu et al., 2015; Wei et al., 2016). It is well documented that COX-2 play an important role to providing the protection of brain tissue against cerebral ischemic injury during the brain injury in the rodents. The higher level of COX-2 rodent having higher infarcts volume after experimental stroke. In animal models, selective pharmacologic suppression of COX-2 activity has shown to be a viable therapeutic target for stroke. Prostanoids (prostaglandin E2 and prostaglandin D2) formed through the COX pathway. (Liang et al., 2020; Yuan et al., 2021a). The level of PGE2 have been boosted in the brain after the cerebral ischemia (Liang et al., 2020). Following doubts regarding the safety of COX-2 inhibitors in 2004, most research on the role of the cyclooxygenase system in stroke focused on the PGE2 and PGD2 receptors (Ahmad and Graham, 2010). The actions of PGE2 receptors are triggered by four G-protein coupled receptors, which are the mediators of stroke injury (Liang et al., 2020; Yuan and Zhang, 2021). The level of PGE2 rose during cerebral ischemia due to the production of brain damage. Our control group rats showed a similar finding, with pterostilbene administration significantly suppressing COX-2 and PGE2, indicating an anti-inflammatory effect (Duan et al., 2016; Sotomayor-Sobrino et al., 2019). NF-κB is another significant transcription factors which activates after the reperfusion of cerebral ischemia (Simão et al., 2012; Yuan et al., 2021a). It is well known that oxidative stress/ROS activates the NF-κB signaling pathway that are involved in the various inflammatory reaction initiate after the cerebral ischemia. NF-κB play a crucial role in implementation of various inflammatory reactions that induces the brain injury during the cerebral ischemia (Abd El-Aal et al., 2013; Wei et al., 2016). NF-κB triggered the various parameters such as inflammatory cytokines and inflammatory mediators that are involved in the brain injury during the cerebral ischemia injury (Liang et al., 2020). Targeting the NF-κB is the novel approach to treat the cerebral ischemia. In this study, pterostilbene considerably suppressed the level of COX-2, PGE2 and NF-κB, suggesting the anti-inflammatory potential against cerebral ischemia.
CONCLUSION
In conclusion, the current investigation showed that pterostilbene has beneficial and protective effect against cerebral ischemia reperfusion injury. Pterostilbene significantly reduced the brain edema, infarct volume and neurological score. Pterostilbene maintain the liver enzymes, renal and lipid parameters at a baseline level. Pterostilbene considerably altered the level of antioxidant enzymes in the brain tissue and reduces the oxidative stress. Pterostilbene significantly suppressed the level of inflammatory cytokines, inflammatory mediators and increased the level of anti-inflammatory cytokines. These findings show that pterostilbene may be an effective treatment for cerebral ischemic stroke. It also emphasises pterostilbene’s clinical applications in the treatment of cerebral ischemia reperfusion.
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