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Abstract

:

Ischemic stroke is a clinically common cerebrovascular disease whose main risks include necrosis, apoptosis and cerebral infarction, all caused by cerebral ischemia and reperfusion (I/R) injury. This process has particular significance for the treatment of stroke patients. Notoginseng leaf triterpenes (PNGL), as a valuable medicine, have been discovered to have neuroprotective effects. However, it was not confirmed that whether PNGL may possess neuroprotective effects against cerebral I/R injury. To explore the neuroprotective effects of PNGL and their underlying mechanisms, a middle cerebral artery occlusion/reperfusion (MCAO/R) model was established. In vivo results suggested that in MCAO/R model rats, PNGL pretreatment (73.0, 146, 292 mg/kg) remarkably decreased infarct volume, reduced brain water content, and improved neurological functions; moreover, PNGL (73.0, 146, 292 mg/kg) significantly alleviated blood-brain barrier (BBB) disruption and inhibited neuronal apoptosis and neuronal loss caused by cerebral I/R injury, while PNGL with a different concertation (146, 292 mg/kg) significantly reduced the concentrations of IL-6, TNF-α, IL-1 β, and HMGB1 in serums in a dose-dependent way, which indicated that inflammation inhibition could be involved in the neuroprotective effects of PNGL. The immunofluorescence and western blot analysis showed PNGL decreased HMGB1 expression, suppressed the HMGB1-triggered inflammation, and inhibited microglia activation (IBA1) in hippocampus and cortex, thus dose-dependently downregulating inflammatory cytokines including VCAM-1, MMP-9, MMP-2, and ICAM-1 concentrations in ischemic brains. Interestingly, PNGL administration (146 mg/kg) significantly downregulated the levels of p-P44/42, p-JNK1/2 and p-P38 MAPK, and also inhibited expressions of the total NF-κB and phosphorylated NF-κB in ischemic brains, which was the downstream pathway triggered by HMGB1. All of these results indicated that the protective effects of PNGL against cerebral I/R injury could be associated with inhibiting HMGB1-triggered inflammation, suppressing the activation of MAPKs and NF-κB, and thus improved cerebral I/R-induced neuropathological changes. This study may offer insight into discovering new active compounds for the treatment of ischemic stroke.
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1. Introduction


Ischemic stroke, also known as cerebral infarction, is one of the leading causes of death with substantial morbidity and mortality worldwide. Nearly 6.2 million people die from stroke each year, and it is estimated that the lifetime risk for stroke is 8% to 10%. Ischemic stroke accounts for 85% of all strokes [1]. Ischemia causes brain infarction, however. Moreover, the subsequent reperfusion phase results in brain injury, including BBB disruption, hemorrhagic transformation, and massive brain edema, which is involved in a wide range of neuropathic alteration and processes including oxidative stress, inflammatory stress [2] and cytokine damage glutamate toxicity, Ca2+ overload, excessive nitric oxide synthesis, and apoptosis [1,3,4]. Although the mechanisms of cerebral ischemia and reperfusion I/R injury are complex and involve the interaction of numerous pathophysiological processes, there are accumulating evidences that inflammation and apoptosis are involved [5,6,7,8].



The high mobility group box-1 protein (HMGB1), as a nuclear DNA-binding protein and an important damage associated molecular pattern (DAMP), is released from necrotic and dying neural cells in the ischemic brain, leading to the activation of microglia and the expression of inflammatory factors in ischemic brain, and it may activate TLR 2/4 and RAGEs signaling following rapid translocation to the cytoplasm or release from dying cells after cerebral ischemia [9,10], which can promote the activation of inflammatory responses. Sequentially, the signalosome comprising inflammatory response, triggered by HMGB-1/TLR4, can stimulate nuclear factor kappa B (NF-κB) translocation. Moreover, the TRAF6–IRAK1–TAK1 complex triggers mitogen-activated protein kinase (MAPK) phosphorylation including p38, JNK, and ERK, which play key roles in inflammation [11,12,13,14,15]. The activated MAPKs mainly function as mediators of cellular stress by phosphorylating intracellular enzymes, transcription factors, and cytosolic proteins involved in cell survival, inflammatory mediators production, and apoptosis [16]. Accordingly, the therapeutic strategy associated with HMGB-1/TLR4 signaling might represent a promising approach to the restriction of neuro-inflammatory processes and the amelioration of cerebral stroke damage [10,17,18,19]. Development of an effective anti-inflammatory drug may be an efficient approach for the treatment of ischemic stroke-induced brain injury [10,16,20]. However, most of these treatments have disappointingly been found to be ineffective during the acute phase of stroke [21]. Furthermore, many anti-neuro-inflammatory drugs show poor outcomes for the treatment of ischemic stroke in clinical trials. Hence, development of new and effective neuroprotective agents for ischemic stroke is clinically significant and urgently needed.



Traditional Chinese medicines, used in China for thousands of years with high efficiency and low toxicity, have attracted great interest in recent years [22,23,24,25]. Panax notoginseng (Burk) F. H. Chen is a commonly used Chinese medicinal herb and plant, the roots and stems of which have been used for the treatment of cardiovascular disease in many Asian countries [22]. Current experimental evidences indicate that panax notoginseng, and their extracts, panax notoginseng saponins (PNS) possess many beneficial effects, such as neuroprotective, antiinflammatory, antiapoptotic [26], and anticonvulsant effects in various models [3,24,27,28,29]. Additionally, recent studies have demonstrated that PNS exerts protective effects against cerebral I/R injuries, which are involved in the aspects: anti-oxidant and associated apoptotic effects; anti-inflammatory or immunostimulatory-related effects on apoptosis or necrosis; neurological cell cycle, proliferation, differentiation, and regeneration; and energy metabolism and regulation of cellular ATP levels, BBB permeability, excitatory amino acids, and other processes, including the activation of nerve growth factor, excitotoxicity, and excessive Ca2+ influx into neurons [3,24,27,28,29,30,31].



It was known that PNS were mainly obtained and purified from the roots of panax notoginseng (Burk) F. H. Chen. However, the panax notoginseng (Burk) F. H. Chen stems and leaves were often ignored. Annual production of Panax notoginseng stems and leaves is over 25 million kilograms in China, but its effective utilizing rate is under 5%, so many panax notoginseng resources are wasted. In contrast, panax notoginseng stems and leaves contain high protein, crude fiber, vitamin C and carotenoids, low fat and rich mineral element, among which contents of zinc, iron and manganese are remarkably high. The contents of protein, carotenoids and vitamin C are higher than those of ordinary vegetables, thus, panax notoginseng stems and leaves have a higher nutritional value. Its major active ingredients in panax notoginseng stems and leaves are saponins, the chemical structure is mainly protopanaxadiol type that has functions of sedative-hypnotic action, analgesia, blood lipid regulating, anti-inflammatory/retarding the aging process. And panax notoginseng stems and leaves has been confirmed as the raw materials of production of advanced cosmetics, functional foods and common foods [31,32,33,34,35], which deserves further research and development into new products. Currently, notoginseng leaf friterpenes (PNGL), as the total saponins of Panax notoginseng stem and leaf, have already been shown to exert potent neuroprotective and anti-apoptotic properties. However, the beneficial effects of PNGL were rarely detected in nervous diseases, and several reports have revealed its diverse pharmacological properties and raised some speculative proposals concerning its effect mechanisms [31,32,33]. At present, there was no clear evidence on whether PNGL has neuroprotective effects against cerebral I/R injury.



Base on the reported neuroprotective effects of PNS against cerebral I/R injuries, we hypothesized that PNGL may have neuroprotective effects of relieving cerebral I/R injury with inhibiting HMGB1-triggered inflammation and apoptosis by regulating the MAPK and NF-κB signaling pathways. Therefore, middle cerebral artery occlusion/reperfusion (MCAO/R)-operated rats were used to explore the effects of the PNGL against cerebral ischemia stroke. In additions, our chemical researchers have found that the content of total saponins of panax notoginseng stems and leaves is 4% to 6%. Among them, monomeric saponins contained are mainly 20(s)-protopanaxadiol saponins, and contains almost no ginseng triol saponins which is the biggest difference between PNS and PNGL. As shown in Figure 1, it mainly contains ginsenoside Rb1, ginsenoside Rb2, ginsenoside Rb3, and ginsenoside Rc. Additionally, eleven batches of PNGL samples were monitored by the chemical fingerprinting assay (Supplementary Material S1).




2. Methods and Materials


2.1. Animals


Male Sprague Dawley (SD) rats (specific pathogen free, weighing 280–300 g) were used in this study, and they were purchased from Beijing Vital Lihua Experimental Animals Co., Ltd. Rats were housed at an ambient temperature of 20 ± 1 °C and a relative humidity of 55 ± 15% with artificial light for 12 h each day and free access to a standard laboratory chow diet and sterilized drinking water throughout the experiments. All efforts were made to minimize the number of animals used and their suffering. The study was conducted in accordance with the Declaration of Helsinki. The protocol was approved by the Laboratory Animal Ethics Committee of the Institute of Medicinal Plant Development, Peking Union Medical College, and conformed to the Guide for the Care and Use of Laboratory Animals (Permit Number: SYXK 2017-0020).




2.2. Experimental Groups and Drug Administration


Rats were divided into seven groups (10 for each group), namely, a sham-operated group, a MCAO/R model group, a 73 mg/kg dose of PNGL group, a 146 mg/kg dose of PNGL group, a 192 mg/kg dose of PNGL group, and a positive drug butylphthalide (NBP, 60 mg/kg) group and an aspirin group (ASP, 10 mg/kg), according to a random number table. The PNGL, NBP, and ASP samples were all dissolved in normal saline. Then, rats were intragastrically administered daily in a constant volume. Moreover the animals in the sham and MCAO/R groups were given an equal volume of saline water. Drug administration groups were exposed to continuous gastric administration (once per day) for 7 days before MCAO/R operations.




2.3. Transient Focal Brain Ischemia/Reperfusion Mode


As previously described [3,36], MCAO/R model was employed to induce transient focal brain ischemia/reperfusion. In brief, rats were anaesthetized with Zoletil 50 (Virbac S.A, Carros, France) via intraperitoneal injections. A silicone-coated 3/0 monofilament was introduced into the right internal carotid artery and advanced to occlude the middle cerebral artery for 2 h. Rats in sham-operated group underwent the same procedures except occluding the MCA. The temperature was maintained at 32 ± 0.1 °C until animals woke up completely.



As shown in Figure 2A, cerebral blood flow velocity of the right MCA territory (core cortex, 2 mm posterior and 6 mm lateral to the bregma) was assessed by the laser Doppler blood flow assessment (FLPI-2, Moor Instruments, Wilmington, DE). After 2 h, suture was removed to induce blood reperfusion whose flow velocity was monitored again (Figure 2B–E) at different time points (2,5,12,24 h), which contributed to improving the reliability and repeatability of the MCAO/R model.




2.4. Measurement of Neurological Deficit


Rats were monitored by video camera after surgery, and the time of death was recorded. Neurological deficits at 22 h after MCAO were assessed using Zea Longa Scores [37,38,39]. Based on Longa Scores, neurological function was graded on a series of scales from 0 to 4 with higher scores indicating more severe neurologic deficits. Tests were independently performed by two investigators blinded to animal grouping.




2.5. TTC Staining


As previously described [9,10,36], 2,3,5-triphenyltetrazolium chloride (TTC, Sigma, St. Louis, MO, USA) staining was used to assess the ischemic infarction. After MCAO/R operation, rats were anaesthetized with Zoletil 50 (20 mg·kg-1) via intramuscular injection (Virbac S.A, Carros, France). All brains were sliced into 2 mm sections, incubated for 20 min in a 2% solution of TTC (37 °C) temperature, and then fixed in 4% paraformaldehyde. The infarct areas on each slice were quantified by using the ImageJ 1.44p software (National Institutes of Health, Bethesda, MD, USA).




2.6. Detection of Brain Water Content


As previously described [9,10,36], a 3-mm section of the ischemic hemisphere brain was cut from the anterior pole to detect the water content in the brain tissue. The wet-dry method was applied to determine brain water content in another subgroup. An electronic scale was used to weigh the ischemic and non-ischemic hemispheres (wet weight). After the ischemic brain hemisphere was dried overnight at 105 °C in a desiccating oven, it was weighed again (dry weight), and the total brain water content was calculated according to previous reports [36].




2.7. Measurement of BBB Permeability


BBB integrity and permeability was quantitatively assessed by measuring the extravasation of Evans blue dye, which serves as a marker of albumin leakage. As previously described [36]. Evans blue (2% in saline, 4 mL/kg; Sigma-Aldrich) was administered 90 min before sacrifice followed by transcardially perfused with saline to remove the residual dye from the vessels. The hemispheres were weighed and incubated in dimethyl formamide (DMF, Sigma-Aldrich, Shanghai -Greater China Regional Headquarters, China) in 60 °C water bath overnight. After that, Evans blue content was determined in supernatants at 632 nm and expressed as microgram per gram brain. Gradient concentrations of Evans blue were used to build standard curve.




2.8. Detection of Inflammatory Cytokines in Serums and Brain Tissues from Rats


The blood samples from each groups were collected [36,40,41], and then centrifuged at 3000 rpm·min−1 for 20 min, the blood serums were obtained and stored at −80 °C for further measurement. Furthermore, the hippocampus and cortex tissues were rapidly removed and carefully dissected on an ice plate, frozen in liquid nitrogen and then stored at −80 °C until the assays were performed. Then, the hippocampus and cortex samples were partly weighed and homogenized by sonication in a specified amount of normal saline (100 microliters/ 10 milligrams). The homogenate was kept at 4 °C for 30 min and then centrifuged at 12,000 rpm for 3 min at 4 °C. The supernatant was collected, obtained and stored at −20 °C and then used to measure the inflammatory cytokines by using assay kits.



The protein concentration of the collected supernatants was determined via the BCA protein assay kit (CWBIO, Beijing, China). The inflammatory cytokines from the ischemic brains and the blood serums were analyzed using ELISA kits (Beijing HaiTai Tong, Da Sci Tech Ltd., Beijing, China). All experimental steps were performed according to the kit operation specifications. OD values were measured by a microplate reader.




2.9. Histopathological Examination


Giemsa staining was commonly used to revealed morphological features of injured neurons in the cerebral cortex. As previously described [9,10,36], the samples were embedded in paraffin and cut in 5-μm slices; 5-μm-thick serial coronal sections were generated and mounted on slides. The sections were stained according to the described standard protocol. Images of stained slides were acquired using a light microscope (Leica, Leica DM4000B, Wetzlar, Germany). After 24 h following MCAO/R operation, the brains were processed as above. Samples were embedded in paraffin and cut in 5-μm slices; 5-μm-thick serial coronal sections were generated and mounted on slides. After washed in cold water, the paraffin sections were stained with Giemsa staining for 20 min, rinsed with PBS, dehydrated with graded alcohol, made transparent with xylene, and fixed with neutral glue. An optical microscope was used to observe each section, and images were randomly selected for image analysis via ImageJ software (Media Cybernetics, USA).




2.10. TUNEL Staining Assay


To measure the extent of neuronal apoptosis in cerebral I/R injury, an in situ apoptosis detection kit (POD, Roche, and Mannheim, Germany) was employed to discover neuronal apoptosis caused by ischemia. A TUNEL analysis was carried out with minor modification according to the manufacturer’s instructions. Firstly, the sections were installed on the slides and permeabilized by incubating them with 100 µL of 20 µg/mL proteinase K solution for 15 min. Next, the sections were incubated with 100 µL of 0.3% H2O2 for 5 min and incubated by equilibration buffer and terminal deoxynucleotidyl transferase to inactivate endogenous peroxidases. Then, anti-digoxigenin-peroxidase conjugates were employed to incubate the sections. Finally, the utilization of diaminobenzidine demonstrated peroxidase activity in all tissue sections, and the slices were counterstained with hematoxylin. TUNEL-positive cells were visualized by using a Leica microscope (Leica DM4000B, Germany), and images were randomly selected for image analysis via ImageJ software.




2.11. Immunofluorescence


To explore the effects of PNGL on HMGB expression and IBA1-marked microglia activation in CUMS-induced rats [42,43], immunofluorescence staining was performed as previously described [7,8,44,45]. Briefly, after the micro slides were deparaffinized, dewatered, and restored with a citrate-EDTA antigen retrieval solution (P0086, Beyotime, Shanghai, China) for 20 min at 95 ℃, they were cooled down and washed with PBS three times (10 min per time), blocked with 5% goat serum albumin at room temperature for 60 min, and then incubated overnight with an anti-HMGB1 antibody (ab79823, 1:500 in dilution) and IBA1 (ab15690, 1:400 in dilution) at 4 °C. Subsequently, they were incubated with a TRITC-conjugated goat anti-rabbit IgG at a 1:100 dilution (CW0160, CWBIO, Beijing, China) and a Alexa Fluor 488-labeled goat anti-mouse IgG (P0188, Beyotime, Shanghai, China) for 2 h at room temperature, and then counterstained by DAPI (5 μg/mL) for 10 min. Images were observed using fluorescence microscopy (Leica, Germany Q9). The fluorescence intensity was evaluated by the ImageJ 1.44p software.




2.12. Western Blot Analysis


Western blotting was performed as previously reported [28,30,36,46]. Based on the manufacturer’s instructions, the hippocampal and cortex tissues were weighed and homogenized using a tissue protein extraction kit (CWBIO, Shanghai, China) supplemented with 1% proteases and a phosphatase inhibitor cocktail (CWBIO, Shanghai, China), and the non-ischemia correspondent hippocampal and cortex tissues were treated as the PNGL control samples. After the homogenates were centrifuged at 12,000×g for 15 min at 4 °C, the supernatant samples including total protein proteins were collected. Then, the protein concentration in the supernatant was determined by a BCA assay (CWBIO, Shanghai, China). Finally, the protein samples (3.5 mg/mL) were diluted with 5 × SDS loading buffer (CWBIO, Shanghai, China), denatured in boiling water for 5 min, and then stored at −80 °C until use. Protein samples were loaded onto the SDS-PAGE gel (10–15%), separated electrophoretically, and transferred onto NC membranes (Millipore, Bedford, MA, USA). After blocking the nonspecific binding sites for 2 h in 5% non-fat milk and Tris-buffered saline (TBS)/Tween 20 at room temperature, the membranes were individually incubated overnight at 4 °C with the following primary antibodies: P44/42 (CST4695, 1:1000), SARK/JNK (CST9525, 1:1000), P38 (CST8690, 1:1000), p-P44/42 (CST4370, 1:1000), p-SARK/JNK (CST4668, 1:1000), p-P38 (CST4511, 1:1000), NF-κB (CST8242, 1:1000), p-NF-κB (CST3033, 1:1000), Cox2 (CST12282, 1:1000), c-Fos (ab134122, 1:5000), Caspase 9 (ab1884768, 1:1000), Cleaved Caspase 3 (ab49822, 1:500), Caspase 8 (ab25901 1:1000), IL-1β (EXP. 1:500), and β-actin (EXP0036



F, 1:2000). Then, the membrane was incubated at room temperature for 2 h with horseradish peroxidase conjugated antibodies at a 1:2000 dilution. Protein expression was detected by an enhanced chemiluminescence method and imaged by using the ChemiDoc XRS instrument (Bio-Rad, Hercules, CA, USA). To eliminate variations in protein expression, three independent experiments were performed.




2.13. Data and Statistical Analyses


Data are presented as the mean values ± standard deviation (SD) or standard error of the mean (SEM). All analyses were performed by using GraphPad Prism 8.0 statistical software (GraphPad Software, Inc., La Jolla, San Diego, CA, USA). Two-way analysis of variance (ANOVA) was used with drug (PNGL versus Vehicle) and treatment (MCAO/R vsrsus Control) as independent factors. Group differences after significant ANOVAs were measured by post hoc Bonferroni test, and p < 0.05 was considered statistically significant.





3. Results


3.1. PNGL Improves Neurological Functions and Attenuate Brain Swellings and Infarcts in MCAO/R Rats


To assess the neuroprotective effects of PNGL on focal brain ischemic injury, SD rats were subjected to 2 h of MCAO and 24 h of reperfusion. Extensive infarction was detected by TTC staining in the cerebral cortical and subcortical areas over a series of sections of the ipsilateral hemisphere in rats subjected to MCAO (Figure 3A), and the brain water content was examined to evaluate brain swelling in the ischemic brain (Figure 3B). Rats pretreated with PNGL (73, 146, 292 mg/kg) had significantly smaller infarcts volumes than those in the MCAO/R group (respectively, 73, * p < 0.05; 146, ** p < 0.01; 292, ** p < 0.01, Figure 3A,C). Moreover, there was a significant increase in brain swellings (brain water content) after 24 h of reperfusion, whereas PNGL (146, 292 mg/kg) pretreatment remarkably reduced the brain water contents (respectively, 146, * p < 0.05; 292, ** p < 0.01, Figure 3B). Furthermore, NBP (60 mg/kg) and ASP (10 mg/kg) has similar neuroprotective effects against brain swellings and infarcts with a dose-dependent way (Figure 3B,C).



Moreover, the neurological deficit scores were evaluated using the scoring criteria of Zea-Longa. Longa scores suggested that MCAO/R significantly increased neurological deficit scores in rats (## p < 0.01, Figure 3D). In comparison with the MCAO/R group, PNGL administration (73, 146, 292 mg/kg) resulted in a significant decrease in neurological deficit scores (respectively, 73, * p < 0.05; 146, ** p < 0.01; 292, ** p < 0.01, Figure 3D). A 146 and 292 mg/kg doses approximately possessed equivalent neuroprotective effects, compared with those in NBP and ASP.




3.2. PNGL Alleviates BBB Disruption and Inflammatory Cytokines in MCAO/R Rats


Cerebral I/R injury was reported to exaggerate BBB breakdown in animal stroke models. BBB permeability in MCAO rats was evaluated via the observation of the Evans blue dye (Figure 4A,B). Results showed that Evans blue content in ipsilateral ischemic hemispheres was remarkably increased in the MCAO/R group compared with the sham group (p < 0.01, Figure 4A,B). PNGL (73.0, 146, 292 mg/kg) pretreatment significantly decreased the Evans blue leakage content through BBB in ipsilateral ischemic hemispheres (p < 0.01, Figure 4B). The non-ischemic hemispheres were not significantly different with the ischemic hemispheres (p > 0.05, Figure 4B).



Inflammation has been reported to be involved in the disruption of the BBB. To explore whether PNGL pretreatment could induce anti-inflammatory pattern, ELISA and specific assay kits were used to investigate the expression inflammatory cytokines in serum from MCAO rats after 24 h of reperfusion. The MCAO/R group had significantly higher concentrations of IL-6, TNF-α, IL-1β, and HMGB1 compared to the sham group (p < 0.01, Figure 4). In comparison with the MCAO/R group, PNGL (146, 292 mg/kg) pretreatment significantly reduced concentrations of the IL-6, TNF-α, IL-1β, and HMGB1 in the serums (p < 0.01, Figure 4C–F). PNGL (73 mg/kg) showed no significant differences on the IL-6, TNF-α, and HMGB1 concentrations with MCAO/R groups (p > 0.05, Figure 4C,D,F). Additionally, NBP (60 mg/kg) and ASP (10 mg/kg) has similar decreases in the IL-6, TNF-α, and IL-1 β, concentrations in the serums (p > 0.05, Figure 4). Moreover, PNGL (292 mg/kg) pretreatment significantly decreased the ICAM-1 concentration in the serums (p < 0.01, Supplementary Material S2A)




3.3. PNGL Decreases Neuronal Apoptosis and Loss Caused By Ischemia


The CA1 and CA3 areas of the hippocampus are commonly considered to be sensitive to ischemic injury [47,48,49,50], and so the CA1 and CA3 areas are used to monitor the neuronal apoptosis and loss. To explore the histopathological changes in the ischaemic brain hemisphere, we performed Giemsa staining. Giemsa staining revealed a change in neuron density. After MCAO/R induction, most neurons exhibited weak staining, which indicated that neurons were diffusely deteriorated, and many neurons were lost in the hippocampus neurons (Figure 5A,C, CA1, p < 0.01; CA3, p < 0.001; cortex, p < 0.01). In contrast, PNGL (146, 292 mg/kg) pretreatment exhibited strong staining and possessed neurons arranged regularly in the hippocampus and cortex (Figure 5A). PNGL (292 mg/kg) presented a significant increase in neuron density (Figure 5C, p < 0.01). In addition, PNGL (146 mg/kg) showed similar improvements of nervous density in the hippocampus regions with significant differences (Figure 5C, p < 0.01), and ASP (10 mg/kg) were equivalent to those of PNGL in improving neuron density, indicating that PNGL decreases neuronal apoptosis and loss caused by CIRI.



Contrary to Giemsa staining, TUNEL Staining (Figure 5B,D) showed that the relative apoptosis cell levels in the model group was significantly higher than that of the sham group. PNGL (73.0, 146, 292 mg/kg) pretreatment dose dependently markedly decreased neuropathological apoptotic alterations in the brain after 24 h reperfusion following 2 h of MCAO (Figure 5D, * p < 0.05, ** p < 0.01, p < 0.01). Moreover, ASP (10 mg/kg) evidently inhibited the neuronal apoptosis in hippocampus CA1, CA3, and cortex regions, which nearly corresponded to PNGL (146 mg/kg).




3.4. PNGL Downregulates Inflammatory Cytokines and Inhibits Microglia Activation in Ischemic Brains


Researches exhibited that the inflammatory factors were induced not only in microglia of the CA1 region in the ischaemic hippocampus but also of the CA3 and DG regions [42,43], so the CA1 region and DG regions were further used to detect the inflammatory response [42,43,47,51,52].



To further explore neuropathological alterations of neurogenic inflammation in ischemic brains from all groups, inflammatory cytokines and microglia activation in ischemic brains were also examined after 24 h reperfusion following 2 h of MCAO. Immunofluorescent results showed that the MCAO/R model rats exhibited more IBA1-positive neurons in the ischemic hippocampus CA1, dentate gyrus (DG), and cortex regions than the sham-operated group (Figure 5A). However, PNGL (146 mg/kg) administration decreased the number of IBA1-positive neurons in the ischemic brain.



Similarly, the MCAO/R group significantly increased the inflammatory cytokines in ischemic brains than did the sham group (p < 0.05, Figure 6B–E), including the MMP-2, MMP-9, ICAM-1, and VCAM-1 concentrations in the hippocampus and cortex regions. In comparison with the MCAO/R group, PNGL (73.0, 146, 292 mg/kg) pretreatment dose dependently decreased the inflammatory cytokines in hippocampus and cortex regions. Additionally, PNGL (292 mg/kg) pretreatment significantly reduced the concentrations of MMP-2, MMP-9, and ICAM-1 (p < 0.05, Figure 6B,D,E). PNGL (146 mg/kg) pretreatment significantly decreased the VCAM-1, MMP-9, and ICAM-1 concentrations (p < 0.05, Figure 6B,C,E). PNGL (73 mg/kg) showed a minor decrease in the inflammatory cytokine concentrations with no significant difference. In additions, NBP (60 mg/kg) has similar decreases of the inflammatory cytokine concentrations in ischemic brains (p < 0.01, Figure 6 B–E).



Taken together, these results indicated that PNGL treatment effectively deceased the inflammatory cytokine concentrations, inhibited the microglia activation, and reduced the neuronal loss and apoptosis, thus improving cerebral I/R-induced neuropathological changes by inhibiting neurogenic inflammation.




3.5. PNGL Inhibits NF-Κb Signaling Pathway


Considering that the activation of NF-κB signaling pathway is related to inflammatory reactions, we finally investigated whether PNGL can inhibit the NF-κB signaling pathway to reduce inflammatory, contributing to the attenuation of cerebral I/R injury. Hence, western blot analysis was used to examine the NF-κB and it regulated downstream Caspase 3/8/9 expression in the hippocampus and cortex regions from ischemic brains. Compared to the control group, the MCAO/R group significantly increased the expressions of the total NF-κB and phosphorylated NF-κB in the hippocampus and cortex regions from ischemic brains (p < 0.05, p < 0.01, respectively, Figure 7A,C,D). PNGL (146 mg/kg) pretreatment notably inhibited the expressions of the total NF-κB and phosphorylated NF-κB in cerebral ischemia brains (p < 0.05, p < 0.01, respectively, Figure 7B,C). Similarly, the increase expressions of its downstream caspase 3/8/9 proteins induced by MCAO/R was strikingly abrogated by PNGL pretreatment (hippocampus, p < 0.05; cortex, p < 0.01, Figure 7B,E,F). These findings suggested that PNGL inhibited the NF-κB activation, it regulated neuronal apoptosis and neuroinflammation reactions caused by CIRI. In additions, no significant change in the expression of cleaved caspase 9 was observed in hippocampus.




3.6. PNGL Regulates Mapks Signaling Pathway


The MAPKs signaling pathways plays a critical protective role against OGD/R and MCAO/R-induced apoptosis and inflammation. Western blot analysis at 24 h following reperfusion showed, the expression levels of total phosphorylated JNK1/2 (p-JNK1/2), phosphorylated P44/42 (p-P44/42), and phosphorylated P38 (p-P38) significantly increased in the MCAO/R model (p < 0.01, p < 0.05, p < 0.01, respectively, Figure 8). Comparatively, PNGL (146 mg/kg) pretreatment markedly reduced the total phosphorylation levels of the JNK1/2, P44/42 and P38 (p < 0.01, p < 0.05, p < 0.01, respectively, Figure 8 B–D). Additionally, the ratio between the phosphorylated and the non-phosphorylated expression levels of MAPKs showed similar results (p < 0.01, p < 0.05, p < 0.01, respectively, Figure 8 B–D). Moreover, no significant differences were observed in the expression of cortex p-P44/42, total P44/42, total JNK1/2, and total p38 MAPK among all experimental groups (p > 0.05, Supplementary Material S2B–D), indicating that PNGL may downregulate the phosphorylation levels of the MAPKs, thus decreasing neuroinflammation after ischemia by modulating innate and adaptive immunity.




3.7. PNGL Inhibits HMGB1 Expression and Its HMGB1-Triggered Inflammation


It was proven that HMGB-1 triggers the NF-κB, MAPKs, STAT3, and AP-1 signaling via activating TLR4 signaling, which in turn increases innate and acquired immunity, and further heightens the post-ischemic neuroinflammation response. Accordingly, intercepting the HMGB-1/TLR4 signaling pathway is a promising therapeutic strategy for alleviating cerebral stroke injury and limiting neuroinflammation.



As shown in Figure 9, the total HMGB1 level in ischemic brain was notably upregulated in the model group compared with the sham control group (p < 0.05, p < 0.01, Figure 9A,D), which was obviously downregulated by PNGL (146 mg/kg) pretreatment in hippocampus and cortex regions (p < 0.05, p < 0.01, Figure 9A,D). Meanwhile, MCAO/R markedly increased the HMGB1-triggered inflammation protein Cox2 and IL-1β expression levels, whereas conversely PNGL (146 mg/kg) pretreatment markedly reversed the increased changes (p < 0.05, p < 0.01, Figure 9 B,C,E). Hence, our findings suggested that PNGL may decrease HMGB-1 expression in hippocampus and cortex regions and inhibit its HMGB1-triggered inflammation in ischemic brain cells.





4. Discussion


Ischemic stroke remains one of the leading causes of death worldwide, which mainly caused by cerebral ischemia and reperfusion injury [1,3,4]. Numerous studies on stroke have been performed in recent decades, but the pathogenesis of ischemic stroke has not been fully elucidated, and few medicines are available [53,54]. Therefore, the development of novel therapeutic options and strategies is urgently needed to limit injury after cerebral infarction. In the current study, we initially proved that PNGL exerted neuroprotective effects against cerebral ischemia and reperfusion injury in middle cerebral artery occlusion/reperfusion (MCAO/R) model rats, and provided a novel mechanism by which PNGL may ameliorate cerebral I/R injury.



PNGL, as the total saponins of Panax notoginseng stem and leaf, has already been shown to exert potent neuroprotective and anti-apoptotic properties. Since the first beneficial effect of PNGL was detected on nervous diseases, several reports have not only revealed its diverse pharmacological properties but have also raised some speculative proposals concerning its mechanism of action. Moreover, currently there had been no clear evidence on whether PNGL has neuroprotective effects against cerebral I/R injury. Meanwhile, our research found that PNGL pretreatment improved the neurological functions, attenuated the brain swelling, and reduced the cortex infarct volume in MCAO/R rats (Figure 3). Additionally, PNGL may evidently alleviate BBB disruption (Figure 4), improve nervous density, and decreases neuronal apoptosis and neuron loss caused by cerebral I/R injury (Figure 5). All of these results proved neuroprotective effects of PNGL against cerebral I/R injury.



Immunity and inflammation are key elements that contribute to the pathobiology of stroke, and its caused-CI/RI and the secondary damage to brain tissues are closely associated with immunity and inflammation responses [5,6,7,8]. Previous research has shown that immunity and inflammation are integral parts of the pathogenesis of ischemic stroke [55,56,57]. Inflammatory signaling is activated and completed by blood-borne leukocytes that penetrate the brain during the ischemic phase [2]. Once ischemia/reperfusion occurs, HMGB1secretion, ROS production, glutamate toxicity, and Ca2+ overload promotes the activation of complements, platelets and endothelial cells, activates inflammatory transcription factors and the release inflammatory signals [57], and generates inflammatory cytokines and pro-inflammatory mediators including TNF-α, IL-1β, IL-6, ICAM-1, IFN-γ, IL-17, IL-23, MIP-1α, MIP-2, MMP-2, MMP-9, and anti-inflammatory IL-10 in ischemic brain [55,56,57]. In our research, compared with the sham group, the levels of the inflammatory mediators TNF-α, IL-1β, IL-6, ICAM-1, MMP-2, MMP-9, and HMGB1 significantly increased in the MCAO /R group (Figure 4 and Figure 6). Interestingly, PNGL pretreatment markedly downregulated these concentrations of the inflammatory mediators indicating that the neuroprotective effects of PNGL may be related with inhibition of neurogenic inflammation caused by brain ischemia.



HMGB1 is a nuclear DNA-binding protein and an important DAMP, which activates TLR2/4 and RAGEs signaling following rapid translocation to the cytoplasm or release from dying cells after cerebral ischemia [9,10]. Additionally, cellular HMGB1 binds to pattern recognition receptors of microglia and subsequently leads to synthesis and release of pro-inflammatory mediators, aggravating neuronal injury and BBB disruption [20,58]. Subsequently, the activation of TLR4 signaling at the plasma membrane triggers NF-κB, MAPK, STAT3, and AP-1 signaling, which in turn increases innate and acquired immunity and further heightens the post-ischemic neuroinflammation response [10,59]. Accordingly, intercepting the HMGB1/TLR4 signaling pathway is a promising therapeutic strategy for alleviating cerebral stroke injury and limiting neuroinflammation. Our data indicated MCAO/R induced an obvious increase of the HMGB1 concentrations in serums and expressions in ischemic brains (Figure 4 and Figure 9). Consequently highly released HMGB1 triggered post-ischemic neuroinflammation, and there was also a significant up-regulation of IL-6, TNF-α, IL-1β, ICAM-1, MMP-2 MMP-9 (Figure 6A, Figure 9A,B), and Cox2 accompanied by microglia activation (Figure 6), which was consistent with the previous existing reports [6,7]. However, PNGL (73, 146, 292 mg/kg) pretreatment markedly decreased HMGB1 expression in ischemic brains and concentrations in serums, inhibited the HMGB1-triggered inflammation, and downregulated the inflammatory cytokine levels (Figure 6A, Figure 9A,B).



Further research results suggested PNGL pretreatment dose-dependently inhibited the HMGB-1/TLR4 signaling-triggered downstream proteins including MAPKs, NF-κB, and cleaved caspase 3/8 [6,7,8], suggesting that the immunomodulatory effect of PNGL was associated with the inhibition of HMGB1-triggered inflammation, the NF-κB, and MAPK signaling pathways. Consistent with the current reports [6,7,8], there was a significant upregulation of p-P44/42, p-JNK1/2, and p-p38 MAPK in MCAO/R rats exposed to 2 h of MCAO and 24 h of reperfusion, and it also markedly caused the NF-κB activation and the p-NF-κB level increase. Interestingly, PNGL administration (146mg/kg) significantly downregulated the levels of p-P44/42, p-JNK1/2 and p-p38 MAPK (Figure 8), and also inhibited expressions of the total NF-κB and phosphorylated NF-κB in ischemic brains (Figure 7). No change in the expression of P44/42, JNK1/2, and P38 was observed. These studies indicated that the protective effects of PNGL against neuronal apoptosis could be associated with inhibiting HMGB1-triggered inflammation, suppressing the activation of MAPKs and NF-κB, and thus improved cerebral I/R-induced neuropathological changes. In additions, PNGL decreases neuronal apoptosis and loss caused by cerebral I/R injury.



These findings, together with our results, supported the neuroprotective effects of PNGL against cerebral I/R injury and neuronal apoptosis via decreasing the HMGB levels, inhibiting HMGB1-triggered inflammation, reduced the production of pro-inflammatory mediators, and suppressing the activation of MAPKs and NF-κB signaling pathways. However, neuroprotective effects of PNGL has not been convincingly confirmed by in vitro models of ischemic brain, and the mechanisms was not evidently sufficient to explain on how PNGL may regulate the subsequent immune and neuroinflammatory responses caused by the HMGB1/TLR2/4 pathway. Hence, further investigations are needed to elucidate the mechanisms more deeply and to investigate the clinical applications of PNGL.



Nevertheless, our results suggest that PNGL represents a potential treatment value for cerebral ischemic infarctions, and works through a mechanism of HMGB1-triggered inflammation inhibition through the MAPK and NF-κB pathway




5. Conclusions


In summary, this study supported the neuroprotective effects of PNGL on cerebral I/R injury, and the potential mechanisms may be largely associated with the inhibition of HMGB1-triggered inflammation, reduction of pro-inflammatory mediators including IL-6, TNF-α, IL-1 β, MMP-9, MMP-2, and ICAM-1, and attenuation of neuronal apoptosis and loss caused by ischemia via suppressing the activation of MAPKs and NF-κB signaling pathways. Although further studies are needed to elucidate the roles of MAPK signaling pathways in the cross talk between pro-inflammatory mediators and apoptosis, our findings may represent a novel mechanism of PNGL in focal cerebral I/R injury in rats, and provide new insights into therapeutic targets for ischemia stroke patients.








Supplementary Materials


The following are available online at https://www.mdpi.com/2218-273X/9/10/512/s1, Figure S1: The chromatograms and the chemical fingerprinting of PNGL established by the high performance liquid chromatography (HPLC). Figure S2: Effects of PNGL on the ICAM-1 concentration in serum, the JNK, P44/42, and P38 expression in MCAO/R rats.





Author Contributions


W.X., X.M., and P.Z. designed the research; W.X., X.D., and T.Z. performed the experimental work; W.X. and F.N. wrote the manuscript; W.X. and F.N. performed the statistical analysis; P.Z. and F.N. helped map the figures and revise the manuscript; G.S. and X.S. were responsible for the supervision and project administration. All authors discussed, edited, and approved the final version.




Funding


This work was supported by the National Natural Science Foundation of China (No. 81773938), the “Innovative Chinese Medicine Qiye Tongmai Capsule Clinical Research” Project (No. 2015ZX09101020), the “Study on the pharmacodynamic mechanism of the innovative Chinese medicine Qiye Tongmai Capsule III-clinical agent” Project (No. 20160307014YY), the Fundamental Research Funds for the Central Universities (No. 3332018152), and he National Natural Science Foundation of China (No. 81891012).




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Jamison, J.T. Mechanisms of persistent translation arrest following global brain ischemia and reperfusion. Dissertations Theses, Wayne State University, Detroit, MI, USA, January 2011. [Google Scholar]

	



Kamel, H.; Iadecola, C. Brain-Immune Interactions and Ischemic Stroke: Clinical Implications. JAMA Neurol. 2012, 69, 576–581. [Google Scholar]

	



Xie, W.; Zhou, P.; Sun, Y.; Meng, X.; Dai, Z.; Sun, G.; Sun, X. Protective Effects and Target Network Analysis of Ginsenoside Rg1 in Cerebral Ischemia and Reperfusion Injury: A Comprehensive Overview of Experimental Studies. Cells 2018, 7, 270. [Google Scholar] [CrossRef] [PubMed]

	



Antonino, T.; Riccardo, D.S.; Domenico, D.R.; Claudio, P.; Sergio, L.P.; Antonio, P.; Giuseppe, L. Effects of clinical and laboratory variables and of pretreatment with cardiovascular drugs in acute ischaemic stroke: A retrospective chart review from the GIFA study. Int. J. Cardiol. 2011, 151, 318–322. [Google Scholar]

	



Eltzschig, H.K.; Eckle, T. Ischemia and reperfusion—from mechanism to translation. Nat. Med. 2011, 17, 1391–1401. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, M.; Li, J.; Peng, Q.; Liu, Y.; Liu, W.; Luo, C.; Peng, J.; Li, J.; Yung, K.K.L.; Mo, Z. Neuroprotective effects of bilobalide on cerebral ischemia and reperfusion injury are associated with inhibition of pro-inflammatory mediator production and down-regulation of JNK1/2 and p38 MAPK activation. J. Neuroinflammation 2014, 11, 167. [Google Scholar] [CrossRef] [PubMed]

	



Jianhua, Q.; Masaki, N.; Yumei, W.; Sims, J.R.; Sumei, Q.; Savitz, S.I.; Salvatore, S.; Moskowitz, M.A. Early release of HMGB-1 from neurons after the onset of brain ischemia. J. Cereb. Blood Flow Metab. 2008, 28, 927–938. [Google Scholar]

	



Tao, X.; Sun, X.; Yin, L.; Han, X.; Xu, L.; Qi, Y.; Xu, Y.; Li, H.; Lin, Y.; Liu, K.; et al. Dioscin ameliorates cerebral ischemia/reperfusion injury through the downregulation of TLR4 signaling via HMGB-1 inhibition. Free. Radic. Boil. Med. 2015, 84, 103–115. [Google Scholar] [CrossRef]

	



Yi, L.; Chang-Pei, G.; Shuang, Z.; Xi-Kun, Z.; Xue-Feng, L.; Yu-Quan, W.; Jin-Liang, Y.; Min, W. FIP200 is involved in murine pseudomonas infection by regulating HMGB1 intracellular translocation. Cell. Physiol. Biochem. Pharmacol. 2014, 33, 1733–1744. [Google Scholar]

	



Cheng, Y.; Wang, D.; Wang, B.; Li, H.; Xiong, J.; Xu, S.; Chen, Q.; Tao, K.; Yang, X.; Zhu, Y.; et al. HMGB1 translocation and release mediate cigarette smoke–induced pulmonary inflammation in mice through a TLR4/MyD88-dependent signaling pathway. Mol. Boil. Cell 2017, 28, 201–209. [Google Scholar] [CrossRef] [PubMed]

	



Lu, T.-H.; Hsieh, S.-Y.; Yen, C.-C.; Wu, H.-C.; Chen, K.-L.; Hung, D.-Z.; Chen, C.-H.; Wu, C.-C.; Su, Y.-C.; Chen, Y.-W.; et al. Involvement of oxidative stress-mediated ERK1/2 and p38 activation regulated mitochondria-dependent apoptotic signals in methylmercury-induced neuronal cell injury. Toxicol. Lett. 2011, 204, 71–80. [Google Scholar] [CrossRef]

	



Pietri, M.; Caprini, A.; Mouillet-Richard, S.; Pradines, E.; Ermonval, M.; Grassi, J.; Kellermann, O.; Schneider, B. Overstimulation of PrPCSignaling Pathways by Prion Peptide 106-126 Causes Oxidative Injury of Bioaminergic Neuronal Cells. J. Boil. Chem. 2006, 281, 28470–28479. [Google Scholar] [CrossRef] [PubMed]

	



Procaccio, V.; Bris, C.; De La Barca, J.C.; Oca, F.; Chevrollier, A.; Amati-Bonneau, P.; Bonneau, D.; Reynier, P. Perspectives of drug-based neuroprotection targeting mitochondria. Rev. Neurol. 2014, 170, 390–400. [Google Scholar] [CrossRef]

	



Sun, J.; Nan, G. The Mitogen-Activated Protein Kinase (MAPK) Signaling Pathway as a Discovery Target in Stroke. J. Mol. Neurosci. 2016, 59, 90–98. [Google Scholar] [CrossRef] [PubMed]

	



Yu, J.; Eto, M.; Kozaki, K.; Akishita, M.; Okabe, T.; Ouchi, Y. Raloxifene analogue LY117018 suppresses oxidative stress-induced endothelial cell apoptosis through activation of ERK1/2 signaling pathway. Eur. J. Pharmacol. 2008, 589, 32–36. [Google Scholar] [CrossRef] [PubMed]

	



Kovalská, M.; Kovalska, L.; Pavlíková, M.; Janickova, M.; Mikušková, K.; Adamkov, M.; Kaplan, P.; Tatarkova, Z.; Lehotský, J. Intracellular Signaling MAPK Pathway After Cerebral Ischemia–Reperfusion Injury. Neurochem. Res. 2012, 37, 1568–1577. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, P.; Lu, S.; Luo, Y.; Wang, S.; Yang, K.; Zhai, Y.; Sun, G.; Sun, X. Attenuation of TNF-α-Induced Inflammatory Injury in Endothelial Cells by Ginsenoside Rb1 via Inhibiting NF-κB, JNK and p38 Signaling Pathways. Front. Pharmacol. 2017, 8. [Google Scholar] [CrossRef] [PubMed]

	



Sung-Chun, T.; Arumugam, T.V.; Xiangru, X.; Aiwu, C.; Mughal, M.R.; Gyu, J.D.; Lathia, J.D.; Siler, D.A.; Srinivasulu, C.; Xin, O. Pivotal role for neuronal Toll-like receptors in ischemic brain injury and functional deficits. Proc. Natl. Acad. Sci USA 2007, 104, 13798–13803. [Google Scholar]

	



Wang, X.; Wang, C.; Wang, J.; Zhao, S.; Zhang, K.; Wang, J.; Zhang, W.; Wu, C.; Yang, J. Pseudoginsenoside-F11 (PF11) exerts anti-neuroinflammatory effects on LPS-activated microglial cells by inhibiting TLR4-mediated TAK1/IKK/NF-κB, MAPKs and Akt signaling pathways. Neuropharmacology 2014, 79, 642–656. [Google Scholar] [CrossRef]

	



Liesz, A.; Dalpke, A.; Mracsko, E.; Antoine, D.J.; Roth, S.; Zhou, W.; Yang, H.; Na, S.-Y.; Akhisaroglu, M.; Fleming, T.; et al. DAMP Signaling is a Key Pathway Inducing Immune Modulation after Brain Injury. J. Neurosci. 2015, 35, 583–598. [Google Scholar] [CrossRef]

	



Eckert, B. Acute Stroke Therapy 1981–2009*. Clin. Neuroradiol. 2009, 19, 8. [Google Scholar] [CrossRef]

	



Yang, X.; Xiong, X.; Wang, H.; Wang, J. Protective Effects of Panax Notoginseng Saponins on Cardiovascular Diseases: A Comprehensive Overview of Experimental Studies. Evidence-Based Complement. Altern. Med. 2014, 2014, 1–13. [Google Scholar] [CrossRef] [PubMed]

	



Bao-Ying, H.; Xian-Jin, L.; Ren, Q.; Zheng-Lin, J.; Li-Hua, X.; Guo-Hua, W.; Xia, L.; Bin, P. Treatment with ginseng total saponins improves the neurorestoration of rat after traumatic brain injury. J. Ethnopharmacol. 2014, 155, 1243–1255. [Google Scholar]

	



Xie, W.; Meng, X.; Zhai, Y.; Zhou, P.; Ye, T.; Wang, Z.; Sun, G.; Sun, X. Panax Notoginseng Saponins: A Review of Its Mechanisms of Antidepressant or Anxiolytic Effects and Network Analysis on Phytochemistry and Pharmacology. Molecules 2018, 23, 940. [Google Scholar] [CrossRef] [PubMed]

	



Sun, K.; Fan, J.; Han, J. Ameliorating effects of traditional Chinese medicine preparation, Chinese materia medica and active compounds on ischemia/reperfusion-induced cerebral microcirculatory disturbances and neuron damage. Acta Pharm. Sin. B 2015, 5, 8–24. [Google Scholar] [CrossRef] [PubMed]

	



Qiang, H.; Zhang, C.; Shi, Z.-B.; Yang, H.-Q.; Wang, K.-Z. Protective effects and mechanism of Panax Notoginseng saponins on oxidative stress-induced damage and apoptosis of rabbit bone marrow stromal cells. Chin. J. Integr. Med. 2010, 16, 525–530. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, P.; Xie, W.; He, S.; Sun, Y.; Meng, X.; Sun, G.; Sun, X. Ginsenoside Rb1 as an Anti-Diabetic Agent and Its Underlying Mechanism Analysis. Cells 2019, 8, 204. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, P.; Xie, W.; Meng, X.; Zhai, Y.; Dong, X.; Zhang, X.; Sun, G.; Sun, X. Notoginsenoside R1 Ameliorates Diabetic Retinopathy through PINK1-Dependent Activation of Mitophagy. Cells 2019, 8, 213. [Google Scholar] [CrossRef]

	



Zhou, P.; Xie, W.; Sun, Y.; Dai, Z.; Li, G.; Sun, G.; Sun, X. Ginsenoside Rb1 and mitochondria: A short review of the literature. Mol. Cell. Probes 2019, 43, 1–5. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, P.; Xie, W.; Luo, Y.; Lu, S.; Dai, Z.; Wang, R.; Zhang, X.; Li, G.; Sun, G.; Sun, X. Inhibitory Effects of Ginsenoside Rb1 on Early Atherosclerosis in ApoE-/- Mice via Inhibition of Apoptosis and Enhancing Autophagy. Molecules 2018, 23, 2912. [Google Scholar] [CrossRef]

	



Zhou, N.; Tang, Y.; Keep, R.F.; Ma, X.; Xiang, J. Antioxidative effects of Panax notoginseng saponins in brain cells. Phytomedicine 2014, 21, 1189–1195. [Google Scholar] [CrossRef]

	



Liu, X.-Y.; Wang, S.; Li, C.-J.; Ma, J.; Chen, F.-Y.; Peng, Y.; Wang, X.-L.; Zhang, D.-M. Dammarane-type saponins from the leaves of Panax notoginseng and their neuroprotective effects on damaged SH-SY5Y cells. Phytochem. 2018, 145, 10–17. [Google Scholar] [CrossRef] [PubMed]

	



Yao, C.-L.; Pan, H.-Q.; Wang, H.; Yao, S.; Yang, W.-Z.; Hou, J.-J.; Jin, Q.-H.; Wu, W.-Y.; Guo, D.-A. Global profiling combined with predicted metabolites screening for discovery of natural compounds: Characterization of ginsenosides in the leaves of Panax notoginseng as a case study. J. Chromatogr. A 2018, 1538, 34–44. [Google Scholar] [CrossRef] [PubMed]

	



Fu, J.H.; Li, X.Z.; Shang, X.H.; Liu, J.X. Protective effects of saponines of stem and leaf of Panax notoginseng on acute myocardial ischemia in anaesthetic dogs. Chin. Mater. Med. 2006, 31, 62–65. (In Chinese) [Google Scholar]

	



Chen, Z.H.; Wang, D.C.; Li, H.L.; Wei, J.X.; Wang, J.F.; Du, Y.C. Hemodynamic effects of san chi (Panax notoginseng) root, leaf, flower and saponins on anesthetized dogs. Acta Pharm. Sin. 1983, 18, 818–822. (In Chinese) [Google Scholar]

	



Meng, X.; Xie, W.; Xu, Q.; Liang, T.; Xu, X.; Sun, G.; Sun, X. Neuroprotective Effects of Radix Scrophulariae on Cerebral Ischemia and Reperfusion Injury via MAPK Pathways. Molecules 2018, 23, 2401. [Google Scholar] [CrossRef] [PubMed]

	



Oh, S.M.; Jung, B.J.; Lee, J.I.; Choi, S.K.; Kang, S.K. Middle Cerebral Artery Occlusion in Rats: Evaluation of the Model With or Without Craniectomy. J. Korean Neurosurg Soc. 1994, 23, 3–11. [Google Scholar]

	



Longa, E.Z.; Weinstein, P.R.; Carlson, S.; Cummins, R. Reversible middle cerebral artery occlusion without craniectomy in rats. Stroke 1989, 20, 84. [Google Scholar] [CrossRef] [PubMed]

	



Bederson, J.B.; Pitts, L.H.; Tsuji, M.; Nishimura, M.C.; Davis, R.L.; Bartkowski, H. Rat middle cerebral artery occlusion: evaluation of the model and development of a neurologic examination. Stroke 1986, 17, 472–476. [Google Scholar] [CrossRef] [PubMed]

	



Zhai, Y.; Meng, X.; Luo, Y.; Wu, Y.; Ye, T.; Zhou, P.; Ding, S.; Wang, M.; Lu, S.; Zhu, L. Notoginsenoside R1 ameliorates diabetic encephalopathy by activating the Nrf2 pathway and inhibiting NLRP3 inflammasome activation. Oncotarget 2018, 9, 9344–9363. [Google Scholar] [CrossRef] [PubMed]

	



Shu, Y.; Yang, Y.; Zhang, P. Neuroprotective effects of penehyclidine hydrochloride against cerebral ischemia/reperfusion injury in mice. Brain Res. Bull. 2016, 121, 115–123. [Google Scholar] [CrossRef] [PubMed]

	



Muir, K.W.; Pippa, T.; Naveed, S.; Elizabeth, W. Inflammation and ischaemic stroke. Curr. Opin. Neurol. 2007, 20, 334–342. [Google Scholar] [CrossRef] [PubMed]

	



Yang, X.; Feng, P.; Zhang, X.; Li, D.; Wang, R.; Ji, C.; Li, G.; Holscher, C. The diabetes drug semaglutide reduces infarct size, inflammation, and apoptosis, and normalizes neurogenesis in a rat model of stroke. Neuropharmacology 2019, 158, 107748. [Google Scholar] [CrossRef] [PubMed]

	



Ahmed, M.E.; Dong, Y.; Lu, Y.; Tucker, D.; Wang, R.; Zhang, Q. Beneficial Effects of a CaMKIIα Inhibitor TatCN21 Peptide in Global Cerebral Ischemia. J. Mol. Neurosci. 2017, 61, 42–51. [Google Scholar] [CrossRef] [PubMed]

	



Kim, Y.R.; Park, B.-K.; Kim, Y.H.; Shim, I.; Kang, I.-C.; Lee, M.Y. Antidepressant Effect of Fraxinus rhynchophylla Hance Extract in a Mouse Model of Chronic Stress-Induced Depression. BioMed Res. Int. 2018, 2018, 8249563. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, P.; Xie, W.; Luo, Y.; Lu, S.; Dai, Z.; Wang, R.; Sun, G.; Sun, X. Protective Effects of Total Saponins of Aralia elata (Miq.) on Endothelial Cell Injury Induced by TNF-alpha via Modulation of the PI3K/Akt and NF-kappaB Signalling Pathways. Int. J. Mol. Sci. 2018, 20. [Google Scholar] [CrossRef]

	



Cheng, M.; Yang, L.; Dong, Z.; Wang, M.; Sun, Y.; Liu, H.; Wang, X.; Sai, N.; Huang, G.; Zhang, X. Folic acid deficiency enhanced microglial immune response via the Notch1/nuclear factor kappa B p65 pathway in hippocampus following rat brain I/R injury and BV2 cells. J. Cell. Mol. Med. 2019, 23, 4795–4807. [Google Scholar] [CrossRef] [PubMed]

	



Li, H.; Luo, X.B.; Xu, Y.; Hou, X.Y. A Brief Ischemic Postconditioning Protects Against Amyloid-beta Peptide Neurotoxicity by Downregulating MLK3-MKK3/6-P38MAPK Signal in Rat Hippocampus. J. Alzheimer’s Dis. 2019, 1–14. [Google Scholar]

	



Singh, R.; Kulikowicz, E.; Santos, P.T.; Koehler, R.C.; Martin, L.J.; Lee, J.K. Spatial T-maze identifies cognitive deficits in piglets 1 month after hypoxia-ischemia in a model of hippocampal pyramidal neuron loss and interneuron attrition. Behav. Brain Res. 2019, 369, 111921. [Google Scholar] [CrossRef]

	



Yin, H.Z.; Wang, H.L.; Ji, S.G.; Medvedeva, Y.V.; Tian, G.; Bazrafkan, A.K.; Maki, N.Z.; Akbari, Y.; Weiss, J.H. Rapid Intramitochondrial Zn2+ Accumulation in CA1 Hippocampal Pyramidal Neurons After Transient Global Ischemia: A Possible Contributor to Mitochondrial Disruption and Cell Death. J. Neuropathol. Exp. Neurol. 2019, 78, 655–664. [Google Scholar] [CrossRef]

	



Ramirez-Sanchez, J.; Pires, E.N.S.; Meneghetti, A.; Hansel, G.; Nunez-Figueredo, Y.; Pardo-Andreu, G.L.; Ochoa-Rodriguez, E.; Verdecia-Reyes, Y.; Delgado-Hernandez, R.; Salbego, C.; et al. JM-20 Treatment After MCAO Reduced Astrocyte Reactivity and Neuronal Death on Peri-infarct Regions of the Rat Brain. Mol. Neurobiol. 2019, 56, 502–512. [Google Scholar] [CrossRef]

	



Xiong, T.Q.; Chen, L.M.; Gui, Y.; Jiang, T.; Tan, B.H.; Li, S.L.; Li, Y.C. The effects of epothilone D on microtubule degradation and delayed neuronal death in the hippocampus following transient global ischemia. J. Chem. Neuroanat. 2019, 98, 17–26. [Google Scholar] [CrossRef] [PubMed]

	



Song, H.; Zhou, H.; Qu, Z.; Hou, J.; Chen, W.; Cai, W.; Cheng, Q.; Chuang, D.Y.; Chen, S.; Li, S.; et al. From Analysis of Ischemic Mouse Brain Proteome to Identification of Human Serum Clusterin as a Potential Biomarker for Severity of Acute Ischemic Stroke. Transl. Stroke Res. 2019, 10, 546–556. [Google Scholar] [CrossRef] [PubMed]

	



Chen, S.; Chen, Z.; Cui, J.; Mccrary, M.L.; Song, H.; Mobashery, S.; Chang, M.; Gu, Z. Early Abrogation of Gelatinase Activity Extends the Time Window for tPA Thrombolysis after Embolic Focal Cerebral Ischemia in Mice. Eneuro 2018, 5. [Google Scholar] [CrossRef] [PubMed]

	



Boehncke, W.H. Systemic Inflammation and Cardiovascular Comorbidity in Psoriasis Patients: Causes and Consequences. Front. Immunol. 2018, 9, 579. [Google Scholar] [CrossRef] [PubMed]

	



O’Connell, G.C.; Chantler, P.D.; Barr, T.L. Stroke-associated pattern of gene expression previously identified by machine-learning is diagnostically robust in an independent patient population. Genom. Data 2017, 14, 47–52. [Google Scholar] [CrossRef] [PubMed]

	



Xu, H.; Qin, W.; Hu, X.; Mu, S.; Zhu, J.; Lu, W.; Luo, Y. Lentivirus-mediated overexpression of OTULIN ameliorates microglia activation and neuroinflammation by depressing the activation of the NF-κB signaling pathway in cerebral ischemia/reperfusion rats. J. Neuroinflammation 2018, 15, 83. [Google Scholar] [CrossRef]

	



Laird, M.D.; Shields, J.S.; Sangeetha, S.R.; Kimbler, D.E.; R David, F.; Basheer, S.; Patrick, Y.; Nathan, Y.; Vender, J.R.; Dhandapani, K.M. High mobility group box protein-1 promotes cerebral edema after traumatic brain injury via activation of toll-like receptor 4. Glia 2013, 62, 26–38. [Google Scholar] [CrossRef] [PubMed]

	



Xiao-Juan, F.; Shu-Xia, L.; Chao, W.; Peng-Peng, K.; Qing-Juan, L.; Jun, H.; Hong-Bo, L.; Fan, L.; Yu-Jun, Z.; Xiao-Hui, F. The PTEN/PI3K/Akt signaling pathway mediates HMGB1-induced cell proliferation by regulating the NF-κB/cyclin D1 pathway in mouse mesangial cells. Am. J. Physiology Cell Physiol. 2014, 306, 1119–1128. [Google Scholar]








[image: Biomolecules 09 00512 g001 550] 





Figure 1. The chromatograms and chemical components of notoginseng leaf triterpenes (PNGL) used in experiments via the high performance liquid chromatography. (A) The chromatograms of PNGL samples. (B) Chemical component structures, mainly including ginsenoside Rb1 (No.1), ginsenoside Rb2 (No.3), ginsenoside Rb3 (No.4), and ginsenoside Rc (No.2). 
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Figure 2. Cerebral blood flow assessed by the laser Doppler blood flow assessment in rats with a middle cerebral artery occlusion/reperfusion MCAO/R injury. (A) The monitored place (core cortex, 2 mm posterior and 6 mm lateral to the bregma). (B,C) Flux mean value of cerebral blood flows in sham and MCAO/R group. (D) The images of cerebral blood flow in the sham group (left) and the model group (right). (E) Flux mean value at different time points. Mean values ± SEM; * p < 0.05, sham group versus MCAO/R group. 
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Figure 3. Effects of PNGL on infarct volume, brain water content, and neurological deficit scores in MCAO/R injury rats. PNGL improves neurological functions and attenuate brain swellings and infarcts in MCAO/R rats. (A) Representative images of 2, 3, 5-triphenyltetrazolium chloride -stained brain sections from the sham-operated or PNGL-treated animals collected 24 h after infarction; red tissue is healthy; white tissue is infarcted (n = 3–6 in each group). (B) Brain water content in ischemia hemispheres of all groups (n = 4 in each group). (C) Quantitative analysis of the infarct volume (n = 3 in each group). (D) Neurological deficit scores in all groups (n = 10 in each group). Mean values ± SD; * p < 0.05, ** p < 0.01 versus MCAO/R group; # p < 0.05, ## p < 0.01, versus sham group; $$p < 0.01, Nor-ischemic versus Ischemic; NS means no significance, Nor-ischemic versus Ischemic. 
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Figure 4. Effects of PNGL on BBB disruption and inflammatory cytokines in MCAO/R rats. PNGL alleviates BBB disruption and inflammatory cytokines in MCAO/R rats. (A) Representative images of the Evans blue dye -stained brain sections from the sham-operated or PNGL-treated animals collected 24 h after infarction (4 in each group). (B) The Evans blue leakage content of all groups, measured at 632 nm using spectrophotometry (n = 5 in each group). (C)–(F) the IL-6, TNF-α, IL-1 β, and HMGB1 concentrations, determined by ELISA and specific assay kit (n = 7–8 in each group). Mean values ± SD; * p < 0.05, ** p < 0.01 versus MCAO/R group; ## p < 0.01, versus sham group; $$p < 0.01, Nor-ischemic versus Ischemic; NS means no significance, Nor-ischemic versus Ischemic. 
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Figure 5. PNGL decreases neuronal apoptosis and neurons loss caused by ischemia. PNGL decreases neuronal apoptosis and neurons loss caused by ischemia in rats. (A) Representative images of Giemsa staining performed in hippocampus CA1, CA3 regions, and cortex regions from ischemic brains, measured by an in situ apoptosis detection kit. (B) Representative images of TUNEL assay performed in hippocampus CA1 and CA3 regions, and cortex regions. (C) The relative neuronal density (%, of sham) in the in hippocampus CA1 and CA3 regions, and cortex regions in all groups (n = 4 in each group). (D) The relative neuronal apoptotic rate levels in the in hippocampus CA1 and CA3 regions, and cortex regions in all groups (n = 3 in each group). Mean values ± SD; * p < 0.05, ** p < 0.01 versus MCAO/R group; ## p < 0.01, versus sham group. Scale bar, 200 μm. 
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Figure 6. PNGL downregulates inflammatory cytokines and inhibits microglia activation in ischemic brains. PNGL treatment effectively deceased the inflammatory cytokine concentrations, inhibited the microglia activation, and reduced the neuronal loss and apoptosis, thus improving cerebral I/R-induced neuropathological changes by inhibiting neurogenic inflammation. (A) Representative images of IBA1-immunopositive microglia (green) with DAPI (blue) staining from hippocampus CA1, dentate gyrus (DG), and cortex regions in rat brains after MCAO/R injury, measured by immunofluorescence. (B)–(E) The MMP-2, MMP-9, ICAM-1, and VCAM-1 concentrations in hippocampus and cortex in rat brains after MCAO/R injury, determined by ELISA and specific as; (F) the IOD of IBA1-immunopositive microglia (n = 4–6 in each group). Mean values ± SD; * p < 0.05, ** p < 0.01 versus MCAO/R group; # p < 0.05, ## p < 0.01, versus sham group. Scale bar, 100 μm. 
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Figure 7. Effects of PNGL on the expression levels of phosphorylated NF-κB. PNGL regulated downstream Caspase 3/8/9 signaling pathway in the ischemic brain. PNGL inhibited the NF-κB activation, it regulated neuronal apoptosis and neuroinflammation reactions caused by CIRI. (A) The protein bands of the NF-κB regulated downstream Caspase 3/8/9 signaling pathways in the ischemic brain, which were examined by western blot analysis. (C) the relative NF-κB expression level; (D) the relative expression levels of the phosphorylated NF-κB; (E) (F) (B) The relative expression levels of its downstream Caspase 3/8/9, respectively, quantified and analyzed by using Gel-Pro analyzer software. Mean values ± SD (n = 3); Mean values ± SEM; * p < 0.05, ** p < 0.01 versus MCAO/R group; # p < 0.05, ## p < 0.01, versus sham group. 
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Figure 8. Effects of PNGL on the expression levels of phosphorylated P44/42, JNK1/2, and P38 of MAPKs signaling pathway in the ischemic brain. PNGL downregulated the expression levels of phosphorylated P44/42, JNK1/2, and P38 of MAPKs. (A) The protein bands of phospho-ERK, phospho-P38, and phospho-JNK, respectively, in the ischemic brain sections were examined by western blot analysis. (B)–(D) The relative expression levels of phosphorylated P44/42, JNK1/2, and P38, respectively, were quantified and analyzed by using Gel-Pro analyzer software. Mean values ± SEM (n = 3); p < 0.05, ** p < 0.01, versus MCAO/R group; # p < 0.05, ## p <0.01 versus sham-operated group. 
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Figure 9. Effects of PNGL on HMGB1 expression and its HMGB1-triggered inflammation in ischemic brains. PNGL treatment effectively deceased the HMGB1 expression and its HMGB1-triggered inflammation, thus improving cerebral I/R-induced neuropathological changes by inhibiting neurogenic inflammation. (A) Representative images of HMGB1-immunopositive neurons (red) and IBA1-immunopositive microglia (green) with DAPI (blue) staining in hippocampus CA1, dentate gyrus (DG), and cortex regions in rat brains after cerebral I/R, measured by immunofluorescence; scale bar, 100 μm. (B) The protein bands of HMGB1, and the HMGB1-triggered inflammation IL-1β, Cox2 and c-Fos in the ischemic brains were examined by western blot analysis. (C)–(E) The relative expression levels of HMGB1, IL-1β, and Cox2, respectively, quantified and analyzed by using Gel-Pro analyzer software. Mean values ± SEM; * p < 0.05, ** p < 0.01 versus MCAO/R group; # p < 0.05, ## p < 0.01, versus sham group. Scale bar, 100 μm. 
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