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Stroke, especially ischemic stroke, is an important cause of neurological morbidity and mortality worldwide. Growing evidence suggests that the immune system plays an intricate function in the pathophysiology of stroke. Gelsevirine (Gs), an alkaloid from Gelsemium elegans, has been proven to decrease inflammation and neuralgia in osteoarthritis previously, but its role in stroke is unknown. In this study, the middle cerebral artery occlusion (MCAO) mice model was used to evaluate the protective effect of Gs on stroke, and the administration of Gs significantly improved infarct volume, Bederson score, neurobiological function, apoptosis of neurons, and inflammation state in vivo. According to the data in vivo and the conditioned medium (CM) stimulated model in vitro, the beneficial effect of Gs came from the downregulation of the over-activity of microglia, such as the generation of inflammatory factors, dysfunction of mitochondria, production of ROS and so on. By RNA-seq analysis and Western-blot analysis, the JAK-STAT signal pathway plays a critical role in the anti-inflammatory effect of Gs. According to the results of molecular docking, inhibition assay, and thermal shift assay, the binding of Gs on JAK2 inhibited the activity of JAK2 which inhibited the over-activity of JAK2 and downregulated the phosphorylation of STAT3. Over-expression of a gain-of-function STAT3 mutation (K392R) abolished the beneficial effects of Gs. So, the downregulation of JAK2-STAT3 signaling pathway by Gs contributed to its anti-inflammatory effect on microglia in stroke. Our study revealed that Gs was benefit to stroke treatment by decreasing neuroinflammation in stroke as a potential drug candidate regulating the JAK2-STAT3 signal pathway.
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1 Introduction

Stroke, a primary cause of severe disability, has become the second leading cause of death worldwide, and ischemic stroke constitutes 75–80% of all strokes (1, 2). In the clinic, the therapies restoring blood flow, such as intravenous thrombolysis and thrombectomy, benefit patients in acute ischemic stroke (1, 3). Nevertheless, progressive neuronal degeneration and loss of function are still challenging to solve because of the lack of effective drugs (4–6). Therefore, it needs to develop new approaches and discover new reagents for stroke.

Neuroinflammation, a specific event in stroke, is tightly related to the pathophysiological process during stroke, enhancing neuron death and dysfunction (2, 7, 8). Especially in the acute phase, multiple components are released from the ischemic core, and they can increase astrocyte and microglial activation as danger signals (9, 10). In the progress of neuroinflammation in stroke, microglia, resident immune cells in the brain, plays an essential role in this pathophysiological process. In the acute phase, microglia are often over-activated, and they mainly transform into an M1 phenotype which is the pro-inflammatory type and secretes pro-inflammation factors, such as interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumor necrosis factor (TNF) promoting inflammation. Over-activated microglia also secrete other neurotoxic substances aggravating brain damage (11, 12).

Gelsemium elegans is a traditional Chinese medicine widely used to treat neuralgia, sciatica, rheumatoid arthritis, and acute pain (13, 14). Although multiple compounds are involved in the beneficial effect of Gelsemium elegans, alkaloidal constituents are found to play critical pharmaceutical roles in Gelsemium elegans, including anxiolytic, antitumor, antistress, antipsoriatic, and analgesic activities (15, 16). In these pharmaceutical roles, anti-inflammatory is a typical character of alkaloidal constituents of Gelsemium elegans. Some alkaloidal constituents are reported to alleviate neuroinflammation, which benefits cognitive function and neuropathic pain (17–19). Gelsevirine (Gs), an alkaloid from Gelsemium elegans, has a novel hexacyclic cage structure and a favorable safety profile. Gs improves age-related and surgically induced osteoarthritis in mice by reducing local inflammation (20). The potential ability to decrease inflammation makes Gs possible to be used in treating other inflammation-related diseases in the central nervous system, such as neurodegenerative diseases and stroke.

In the present research, we investigated the protective effects of Gs on stroke and potential mechanisms. Our study revealed that Gs decreased neuroinflammation and protected mice from stroke through the JAK2-STAT3 signal. It provided a potential regent for the treatment of stroke.




2 Materials and methods



2.1 Animals

Male C57BL/6 mice, about 8-9 weeks of age, were purchased from Changzhou Cavens Company. The mice were fed standard pellet diet with sterilized tap water for 12 h in black and white light and were free to move around. C57BL/6 mice were maintained according to the Animals (Scientific Procedures) Act, 1986 of the UK Parliament, Directive 2010/63/EU of the European Parliament and the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85–23, revised 1996). Animal studies were approved by Ethics Committee of Shanghai University (Approval NO. ECSHU2021-167) and reported in compliance with the ARRIVE guidelines.




2.2 Transmit middle cerebral artery occlusion (tMCAO)

Model group, low dose group, high dose group of preparation on the right side of the tMCAO model, mice were anaesthetized with 2% isoflurane in an air mixture before the MCAO. The isoflurane concentration was maintained at 1.4% isoflurane in an air mixture in the progress of MCAO. The supine position is fixed, the mice carotid midline incision, the separation of the right common carotid artery, external carotid artery and internal carotid artery, then in the common carotid artery, distal external carotid artery ligation, the clamp of artery, internal carotid artery (21). A small incision was cut in the free segment of the external carotid artery and the threaded plug was inserted. The thread plug was inserted into the cranium to the middle cerebral artery through the internal carotid artery at the branch of the common carotid artery. The insertion depth of the threaded plug was (18.5 + 0.5) mm. The model of the sham operation group was prepared until the right common carotid artery, external carotid artery and internal carotid artery were exposed and then sutured (22). Following reperfusion, mice were sacrificed for research at the indicated time. A homoeothermic heating blanket was used to maintain core body temperature in the mice at 37°C during ischemia/reperfusion (tMCAO) operation (21).




2.3 Neurological symptom scoring

After 24 h of cerebral ischemia-reperfusion, mice were scored for neurobehavioral deficits by an observer unaware of the grouping according to the Longa method five-point scale (23).

0 points: no signs of neurological deficits.

1 point: inability to fully extend the contralateral forelimb.

2 points: rotation to the contralateral side when walking, “tail-chasing” phenomenon.

3 points: unstable standing, leaning to the opposite side.

4 points: inability to walk spontaneously and impaired consciousness. Random evaluation test within the specified time, a score greater than 1 means that the tMCAO model is successfully established.




2.4 Rotarod test

The fixed-speed rotarod was used to test neurological deficits in mice (Dunham and Miya, 1957). In the present test, animals were briefly pre-trained at a fixed speed (10 rpm). For the test, mice were placed on the rod at 40 rpm for a maximum of 300 s. The animals were tested two times with a rest of 60 min between each test (24).




2.5 Measurement of cerebral infarct volume

After 24 h of cerebral ischemia-reperfusion, the brains of mice were removed from the heads, placed in the refrigerator (-20°C) for several minutes, the olfactory bulb, cerebellum, and low brainstem were removed, and coronal cuts were made in 4 cuts into 5 slices (2 mm), with the first cut at the midpoint of the line connecting the anterior pole of the brain and the optic cross, the second at the optic cross, the third at the funicular stalk, and the fourth between the funicular stalk and the caudal pole. Brain slices were stained with red tetrazolium (TTC), and the staining solution consisted of 1.5 mL 1% TTC, 0.1 mL 1 mol/L K2HPO4, 3.4 mL saline, and stained for 20 min at 37°C protected from light, with normal tissue being red and infarcted tissue being white. 4% formaldehyde was fixed for two days, and then the infarcted brain tissue was removed by absorbing the liquid with filter paper, and the weight of the infarcted brain tissue as a percentage of the total brain weight was used as the percentage of infarcted brain tissue to total brain weight was used as an indicator of brain infarct volume (23).




2.6 Brain slice preparation

Animals were deeply anesthetized with sodium pentobarbital (50 mg/kg, i.p.) and underwent sternotomy, followed by intracardiac perfusion with 200 mL saline and 200 mL 4% ice-cold paraformaldehyde in 0.1 M phosphate-buffered saline. The brain was removed, post-fixed in 4% paraformaldehyde for 4 h, and subsequently allowed to equilibrate in 30% sucrose in phosphate-buffered saline overnight at 4°C.




2.7 Immunofluorescence

Mice were anesthetized with isoflurane and perfused intracardially with saline followed by paraformaldehyde (PFA, 4%) in phosphate buffer (pH 7.4). The brain was removed, post-fixed with PFA overnight, cryoprotected in 30% sucrose, frozen, and 14-μm-thick sections were obtained in a cryostat. The sections were fixed with ethanol, blocked with normal serum and incubated overnight at 4°C with combinations of primary antibodies. Then, sections were incubated for 2 h at room temperature with secondary antibodies (Alexa Fluor-488, -546, -647, LifeTechnologies). Immunoreaction controls were always carried out by omission of the primary antibodies. Sections were counterstained with either 4’6-diamidino-2-phenylindole (DAPI) to visualize the cell nuclei and they were observed under a confocal laser microscope (Leica, SP5 or TCS SPE) (25).




2.8 Western blot

After 24 h of cerebral ischemia-reperfusion, mice were anaesthetized with 2% isoflurane in an air mixture and sacrificed, and the brains were removed and placed on ice. We used the scraping method to collect the treated cells, which were also placed on ice. The cells were fully lysed with a whole protein extraction kit. After centrifugation and separation, the supernatant was absorbed and the protein concentration was determined according to the BCA Protein Concentration Assay Kit to adjust each sample to equal amounts of protein. The samples were then denatured by adding the corresponding reducing loading buffer and cooking for 10 min in an ALLSHENG dry thermostat. Denatured proteins were separated by 10% SDS-PAGE gel electrophoresis and then transferred to PVDF membranes. To prevent non-specific protein binding sites from binding to antibodies, PVDF membranes were closed in TBS containing 0.1% Tween20 and 5% BSA for 90 min. PVDF membranes were cut at the corresponding molecular weights and incubated with rabbit anti-PARP-1 (1:1000), cleaved-caspase 9 (1:1000), Bcl-2 (1:1000), Bax (1:1000) and cleaved-caspase 3 (1:1000), respectively, overnight at 4°Cin the refrigerator. The PVDF membranes were incubated with the corresponding secondary antibodies for 2h at room temperature, then exposed to ultrasensitive ECL chemiluminescent reagents and visualized by Bio-Rad automated gel imaging system. Finally, the bands were analyzed with Image for grayscale values to evaluate the relative expression levels of the proteins (26).




2.9 Oxygen glucose deprivation (OGD)

Briefly, HT22 cells were inoculated in 6-well plates at a density of 1x106 per well overnight and the culture medium was changed into glucose-free DMEM and washed with 1 × PBS three times. Cultures were then transferred to an incubator containing 5% CO2 and 95% N2 at 37°C for 4 h. Then, the culture medium was changed into complete medium and cells were cultured at 37°C in a humidified 5% CO2 incubator for 20 h and the medium were collected as conditioned medium (CM) for the stimulation of BV2 cells (27).




2.10 The administration of LPS, CM and Gs on BV2 cells

Briefly, BV2 cells were inoculated in 6-well plates at a density of 1×106 per well or 96-well plates at a density of 5000 per well overnight. The culture medium was changed into fresh complete medium with 50 ng/mL LPS or mixed medium (1:1, fresh complete medium: CM). Meanwhile, Gs was administrated with different doses. Then, cultures were then transferred to an incubator containing 5% CO2 and 95% air at 37°C for 8 h.




2.11 Quantitative analysis of cytokine mRNA expression

mRNA transcription of cytokines was analyzed by quantitative reverse-transcription polymerase chain reaction (qRT-PCR). Using the Hybrid-R™ (GeneAll, Seoul, Korea), we extracted total RNA from the BV2 microglial cells, and measured the concentration using a NanoDrop ND-2000 spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA). Next, 3 μg RNA samples were converted to cDNA using TOPscript™ RT DryMIX. The cDNA was analyzed by qRT-PCR using TOPreal™ qPCR 2× PreMIX (SYBR Green; Enzynomics) and the CFX Connect Real-Time PCR System (Bio-Rad Laboratories, CA, USA). Primers, synthesized at COSMO Genetech (Seoul, Korea), were as follows; iNOS: forward, 5’-GTGTTC TTTGCTTCCATG CT-3’, reverse, 5’-AGTTGCTCCTCTTCCAAG GT-3’; TNF-α: forward, 5’- GAGTGACAAGCCTGTAGCCCA-3’, reverse, 5’- AGCTCCACGCCATTGGC-3’; IL-1β: forward, 5’-CCCAAGCAATACCCA AAG AA-3’, reverse, 5’-GCT TGTGCTCTGCTTGTGAG-3’; IL-10: forward, 5’-CTAGAGCTGCGGACTGCCTTC-3’, reverse, 5’-TTGATTTCTGGGCCATGC-3’; COX2: forward, 5’-TCATTG GTGGAGAGGTGTAT-3’, reverse, 5’-ACCCCACTCAGGATGCTCCT-3’; GAPDH: forward, 5’-TGA ATACGGCTACAGCAACA-3’, reverse, 5’- AGGCCCCTCCTGTTATTATG-3’.IL-6: forward, 5’-TAGTCCTTCCTACCCCAATTTCC-3’, reverse, 5’- TTGGTCCTTAGCCACTCCTTC-3’; IFN-γ: forward, 5’- TGTTACTGCCACGGCACAGT-3’, reverse, 5’- CTGGCTCTGCAGGATTtpTTCAT -3’.




2.12 Recombinant JAK2 inhibition assay

50 ng of recombinant JAK2 protein was incubated with 100 μM of the substrate (poly Glu : Tyr) in the presence of increasing amounts of Gs. After a 30 minutes incubation at 37°C, ATP levels were measured with ATP assay kit (Nanjing Jiancheng Bioengineering Institute, A095-1-1). The samples treated with vehicle were defined as having 0% inhibition, while the samples without substrate were defined as having 100% inhibition. CEP-33779 was used as a positive inhibitor of JAK2. Each point was assayed in duplicate (N = 2) and is expressed as the mean ± SD (28).




2.13 Statistical analysis

Results are presented as mean ± SD. Comparison among groups was analyzed using a two-way ANOVA followed by Bonferroni t-test or one-way ANOVA followed by Tukey’s post hoc analysis. Statistical analyses were done using statistical software of GraphPad Prism (version 7.0, GraphPad Software, San Diego, CA, USA), and a P value < 0.05 was considered significant statistically.





3 Results



3.1 Gelsevirine has an anti-inflammatory effect on microglia in vitro models

To evaluate the protective effect of Gelsevirine (Gs) on stroke, the toxicity of Gs on brain cells was first evaluated. By CCK8 assay, Gs showed no significant influence on cell viability of primary neurons, astrocytes and BV2 as high as 100 μM in vitro (Figure 1A), which indicated the administration of Gs had no toxicity on major types of brain cells. Microglia, the major resident immune cells in the brain, are critical participants in the acute phase of stroke and brain injuries. As our previous report, Gs inhibited the inflammatory response of osteoclasts and injury, both of which are related to the downregulation of the activity of macrophage or macrophage-like cells just like microglia (20). Gs significantly decreased the proliferation of BV2 after the administration of LPS (100ng/mL) or OGD neuron-conditioned medium (named CM) which contributes to the inhibition of inflammation (Figures 1B, C). Gs also downregulated the production of pro-inflammatory cytokines in BV2 stimulated by the LPS or CM in vitro (Figures 1D, E).




Figure 1 | Gelsevirine decreased inflammatory activities of microglia with limited toxicity to major types of cells from brain in vitro. (A) Gelsevirine did not decrease the viability of primary neuron, astrocyte and BV2 in vitro. (B, C) Gelsevirine downregulated cell proliferation of BV2 cells induced by LPS or OGD neuron-conditioned medium (named CM). (D, E) Gelsevirine decreased the level of inflammatory facts upregulated by LPS or CM. (****, compared with untreated group, P < 0.0001; ####, compared with LPS or CM treated group, P < 0.0001; ###, compared with LPS or CM treated group, P < 0.001; ##, compared with LPS or CM treated group; #, compared with LPS or CM treated group, P < 0.05; ns, compared with CM or LPS treated group, P > 0.05; n = 3).



These results confirmed that Gs has an anti-inflammatory effect on microglia with less cytotoxicity.




3.2 Gelsevirine decreased infarct volumes and improved neurological functions in ischemia/reperfusion mice (tMCAO mice)

Because of the anti-inflammatory effect of Gs on microglia, it should decrease the inflammation in stroke which might protect the brain from injuries. The ischemia/reperfusion mice (tMCAO) model was used to induce ischemia/reperfusion insult, and the administrate protocol is shown in Figure 2A. Briefly, 8 weeks old male C57BL/6 mice were administrated with Gs or vehicle 1 hour before the tMCAO, and mice received another treatment with the same protocol at reperfusion onset 24 hours after tMCAO. Functional scores were also applied to evaluate the neurological outcome 24 h post-tMCAO. Compared with the vehicle group, Gs significantly rescued neurological deficits in the Bederson score for the vehicle vs the high-dose Gs group (p < 0.05, N = 12 per group; Figure 2B). In the rotarod test, high dose of Gs significantly increased the dropping time of tMCAO mice, which indicated that Gs rescued the motor and balance ability in tMCAO model mice (p < 0.05, n = 12 per group; Figure 2C). After the functional evaluations of different administrations of Gs, infarct volume was assessed by TTC staining, which was significantly smaller in high-dose Gs-treated mice than in vehicle-treated mice (Figure 2D). By HE staining, high-dose Gs decreased the tissue edema and the loss of neuron of hippocampus in the ischemic-reperfusion side compared with model mice (Figure 2E).




Figure 2 | Gelsevirine deceased brain damage and improved neurological functions in tMCAO model mice. (A) Molecular structure of Gelsevirine and the design of animal experiment. (B) Functional scores were used to evaluate the benefit effect of Gelsevirine on the treatment of stroke, and (C) the ability of motor and balance was found significantly rescued by the administration of Gelsevirine in rotarod test. (D) Analysis of the infarct volume by TTC staining also proved the protective effect of Gelsevirine on neuron in tMCAO model mice. (E) Gelsevirine decreased neuron loss in ischemia penumbra zone (in immunofluorescence n=9-10; in function test and TTC n=12; ****, compared with sham group, P < 0.0001; ## compared with Vehicle, P<0.01; # compared with Vehicle, P<0.05).



These data proved that Gs could decrease brain damage and rescue neurobiological function after a stroke.




3.3 Gelsevirine reduced over-activity of microglia in tMCAO mice and in vitro

Over-activated inflammatory status is vital to start and/or enhance the damage to the brain in stroke, and the regulation of inflammation is an important treatment strategy. As our previous report, Gs decreased the inflammation in peripheral tissue, so we evaluated the influence of Gs on neuroinflammation in stroke. The activation of microglia, a primary resident immune cell, was evaluated by their morphologic characteristics (Figure 3A), and the administration of Gs in ischemia penumbra significantly decreased over-activated microglia. The pro-inflammatory type of microglia near the ischemia penumbra was marked by the stain of Iba1 and iNOS, and the administration of Gs significantly reduced the ratio of iNOS-positive microglia near the ischemia penumbra (Figure 3B). To further certify the anti-inflammatory effect of Gs, an array of inflammatory cytokines, including IL-1β, TNF-α, IL-6, cyclooxygenase (COX)-2 and IFN-γ, were analyzed by qPCR. These cytokines were quickly increased after stroke (Figure 3C), whereas the administration of Gs significantly rescued the over-production of pro-inflammatory cytokines. The downregulation of NFκB signaling pathway and NLRP3 by the administration of Gs in a microglia model indicated that the beneficial effects of Gs should come from the regulation of microglia (Figure 3D).




Figure 3 | Gelsevirine deceased activity of microglia in tMCAO mice and NFκB pathway, autophagy pathway and ROS-related signal pathway in CM treated BV2 cells. (A) In the ischemia penumbra zone of tMCAO mice, microglia were significantly activated by sholl analysis on morphologic characteristics and the activity of microglia could be decreased by Gs. (B) In the ischemia penumbra zone of tMCAO mice, increased expression of iNOS in microglia was significantly downregulated by Gs. (C, D) In vitro, Gs decreased the expression of inflammatory cytokines and inflammatory related signaling pathways in CM stimulated microglia model (****, compared with sham group or untreated group, P < 0.0001; ***, compared with sham group or untreated group, P < 0.001; *, compared with sham group or untreated group, P < 0.05; ####, compared with vehicle group or CM group, P < 0.0001; ###, compared with CM or Vehicle group, P<0.001; ##, compared with CM or Vehicle group, P<0.01; #compared with CM or Vehicle group, P<0.05; ns, compared with CM or Vehicle group, P > 0.05; n=3.



These results indicated that the administration of Gs decreased neuroinflammation by the down-regulation of inflammatory cytokines in vitro and in vivo.




3.4 Gelsevirine reduced the oxide stress in tMCAO mice and microglia in vitro

ROS and NO from neuroinflammation induce cell damage in the ischemic penumbra. As shown in Figure 4A, the levels of SOD and MDA, which reflect the level of ROS in the ischemic penumbra, were rescued by the administration of Gs. In vitro, OGD neuron-conditioned medium can significantly induce the production of ROS in microglia. This effect was inhibited by the administration of Gs, which should also contribute to its protective effect on stroke (Figure 4B). The production of ROS was related to the dysfunction of mitochondria and the stimulation of OGD neuron-conditioned medium significantly increased the rate of abnormal mitochondria which was rescued by the administration of Gs (Figure 4C). Besides ROS production, Gs also rescued the expression of Nrf2, an essential factor activating endogenous antioxidant mechanisms. They decreased the expression of iNOS which positively regulates ROS (Figure 4D). LC3I/II and pmTOR which regulates autophagy and metabolic process are also regulated by the administration of Gs (Figure 4D).




Figure 4 | Gelsevirine rescued the level of mitochondria-related damage and ROS. (A) Gs rescued levels of MDA and SOD in MCAO mice. (B) The administration of Gs significantly decreased ROS by the stimulation of CM. (C) Accumulation of autophagy-related protein to mitochondria was attenuated by administering Gs in CM treated BV2 cells. (D) Gs increased the expression of Nrf2, an antioxidant gene and downregulated the expressions of iNOS, p-mTOR and LC3 which are tightly related to the ROS and autophagy. (****, compared with sham group or untreated group, P < 0.0001; **, compared with untreated group, P < 0.01; *, compared with untreated group, P < 0.05; ####, compared with CM group, P < 0.0001; ###, compared with sham group or CM group, P < 0.001; ##, compared with sham group or CM group, P < 0.01; #, compared with CM group, P < 0.05; ns compared with CM group, P > 0.05; n = 3).



These results show that Gs downregulated the oxide stress in stroke by normalizing mitochondria, upregulation of endogenous antioxidant mechanisms and downregulation of stress-related factors.




3.5 RNAseq analysis indicates JAK-STAT signaling pathway is the key pathway rescued in MCAO mice by the administration of Gelsevirine

Although previous results proved the regulation of Gs on the NFκB pathway, autophagy pathway, and ROS-related signal pathway to decrease the inflammation, the mechanism of Gs in anti-inflammation in stroke is still unclear. To further explore the critical pathway of Gs decreasing neuroinflammation in the stroke, RNAseq was used to explore the effect of Gs in ischemia penumbra. Differential expression genes (DEGs) were evaluated and significantly changed genes were clustering analyzed and shown by volcano plot and heatmap (Figures 5A, B). According to Gene Ontology (GO) enrichment analysis, many significant functional sets were influenced by the administration of Gs, such as DNA repair, inner organelle membrane, transcription coregulator activity and so on (Figure 5C). Many signal pathways, such as neurodegenerative diseases, endocytosis and so on, were enriched by KEGG analysis in the Gs treated group (Figure 5D). Because of the limited number of different genes, the responses to Gs were thought to distribute across the whole network of genes, and individual genes might be subtle. So, a GSEA method was used to evaluate the influence of Gs. As shown in Figure 5E, the administration of Gs significantly influenced mangy bioprocesses by GSEA analysis, such as oxidative phosphorylation pathway, proteasome pathway, ribosome pathway, mitochondrial electron transport NADH to ubiquinone, ATP synthesis coupled electron transport establishment of protein localization to the endoplasmic reticulum, and so on. Gs also significantly suppressed many KEGG pathways by GSEA analysis, such as the JAK-STAT signaling pathway, focal adhesion pathway, and phosphatidylinositol signaling system (Figure 5F). Signal pathways significantly related to the inflammation, such as IL-6, TGF-β and JAK-STAT, were significantly related to the protective effect (Figure 5G).




Figure 5 | Analysis of the influence and pathways of Gelsevirine in the ischemia penumbra zone by RNA-seq. (A) Different expressed genes were showed by volcano and (B) the clustering analysis was showed by heatmap. (C, D) GO and KEGG enrichment were used to evaluate the influence of Gelsevirine on stroke. (E, F) GSEA method was used to GO and KEGG enrichment analysis which can explore the effect of Gelsevirine on stroke. (G) Important pathways related to inflammatory changes by GSEA analysis.



Based on results from RNAseq and the cross-talk of these signal pathways, it is suggested that the JAK-STAT pathway plays an essential role in attenuating MCAO-induced inflammation dysfunction in ischemia penumbra by Gs.




3.6 Direct inhibition of JAK2 by Gelsevirine contributed to the anti-inflammatory effect on microglia activation in vitro

To certify the critical role of the JAK-STAT pathway, the influences of Gs on JAK and STAT were evaluated in an in vitro model. As shown in Figure 6A, phosphorylated STAT3 was significantly increased in CM-treated microglia and down-regulated by Gs. Phosphorylated JAK2 but not phosphorylated JAK3, both of which are upstream factors of STAT3, was down-regulated by Gs in the CM treated model (Figure 6A). Interestingly, phosphorylated STAT3 was downregulated by low-dose Gs treatment, but the phosphorylated JAK2 was still at a relatively high level (Figure 6A). It indicated that Gs could down-regulate the phosphorylation of STAT3 independent on the downregulation of phosphorylation of its upstream signals, such as the direct inhibition of the enzymatic activity of JAK2, which also contributes to inhibition of the JAK2-STAT3 signal pathway. By molecular docking, Gs was consistent with the positive drug (CEP-33779) and embedded in the active binding pocket of the JAK2 protein (PDB:4AQC), where the benzene ring on the Gs structure forms a π-π bond interaction with ARG938 on the JAK2 protein. In addition, the oxygen atom on the side chain in the Gs structure can form a crucial hydrogen bond interaction with the Arg 980 residue of the protein (Figure 6B). Then, the inhibiting effect of Gs on JAK2 was compared with CEP-33779, a JAK2 inhibitor used in PDB:4AQC, and the result proved that Gs inhibited the kinase activity of JAK2 in vitro (Figure 6C). By thermal shift assay, Gs significantly increased the thermal stabilization of JAK2, indicating Gs binds to JAK2 directly (Figure 6D). Immunofluorescent staining was conducted to analyze the distribution of STAT3. In quiescent BV2 cells, STAT3 was mainly distributed in the cytoplasm (Figure 6E). After the stimulation of CM, STAT3 rapidly translocated to nuclei, and the nuclear distribution of STAT3 can be blocked by Gs (Figure 6E).




Figure 6 | Gelsevirine decreased the JAK2-STAT3 signal pathway by inhibiting the activity of JAK2 in vitro. (A) Gelsevirine significantly decreased phosphorylation of STAT3 in CM-induced microglia in vitro. (B) Molecular docking indicated the potential inhibition of Gelsevirine on JAK2 and (C) Gelsevirine inhibited the kinase activity of JAK2. (D) Gelsevirine inhibited the degradation of JAK2 in thermal shift assay. (E) Gelsevirine inhibited the nuclear distribution of STAT3 in vitro. (****, compared with untreated group, P < 0.0001; ####, compared with CM group, P < 0.0001; ns compared with CM group, P > 0.05; n = 3).



To further prove the critical role of JAK2-STAT3 on the anti-inflammatory effect of Gs, a gain-of-function STAT3 mutation (K392R) (29) was used to evaluate the role of STAT3 on Gs treatment in microglia. After the over-expression of STAT3(K392R) (Figure 7A), inflammatory factors associated with STAT3 were upregulated under basal conditions, and the over-expressions significantly enhanced expressions of ROS-related factors and inflammatory factors on the stimulation of CM (Figures 7B, C). The over-expression of STAT3(K392R) also abolished the anti-inflammatory effect of Gs in microglia (Figures 7B, C). The level of ROS was also increased by the over-expression of STAT3 mutation (K392R) in basal conditions, and STAT3 mutation (K392R) made microglia more sensitive to the stimulation of CM, which were not rescued by the administration of Gs (Figure 7D).




Figure 7 | Over-activity of STAT3 abolished the anti-inflammatory effect of Gelsevirine in microglia. A gain-of-function STAT3 mutation (K392R) was over-expressed in BV2 cell by Lipofectamine® 3000 (A) which increased the inflammatory response and anti-inflammatory effect of Gelsevirine in BV2, such as the expression of iNOS and COX2 (B), the production of inflammatory cytokines (C) and ROS (D). It indicated that the inhibition of Gs on the JAK2-STAT3 signaling pathway decreased the expressions of inflammatory and ROS-related factors, which benefit the rescue of stroke (E). (**, compared with Scramble group, P < 0.01; *, compared with Scramble group, P < 0.05; &&&&, compared with STAT3 (K392R) group, P < 0.0001; &&&, compared with STAT3 (K392R) group, P < 0.001; &&, compared with STAT3 (K392R) group, P < 0.01; ##, compared with STAT3 (K392R) + LPS group, P < 0.01; n = 3).



These results proved that the anti-inflammatory effect of Gs depended on the inhibition of JAK2, which decreased the transcriptional activity of STAT3 on inflammatory factors and the production of ROS in microglia (Figure 7E). These effects of Gs benefit the decrease of neuroinflammation in stroke.

In conclusion, Gs is beneficial to stroke by the downregulation of neuroinflammation through multiple pathways, in which the inhibition of the JAK2-STAT3 signal pathway plays a critical role, and the attenuation of ROS, mitochondrial dysfunction and other inflammatory pathways also involved in the protective effects of Gs.





4 Discussion

In this study, we certified the protective capability of Gelsevirine (Gs) on stroke in the tMCAO model, in which Gs significantly reduced the infarct volumes, ischemia/reperfusion-induced neuronal apoptosis and inflammation, especially in the penumbra zone. The beneficial effects of Gs on stroke were related to the inhibition of the pro-inflammatory activity of microglia, such as the production of inflammatory cytokines, the level of ROS and so on. Furthermore, the anti-inflammatory effect of Gs was tightly related to the inhibition of the JAK-STAT signal pathway by RNAseq analysis. By molecular docking, inhibition assay and thermal shift assay, the inhibition of Gs to JAK2 contributed to the regulation of the JAK2-STAT3 signaling pathway. Over-expression of a gain-of-function STAT3 mutation (K392R) abolished the anti-inflammatory effects of Gs. Consequently, Gs benefited to ischemic stroke by regulating neuroinflammation through the inhibition of JAK2-STAT3 signaling pathway.

In the pathophysiology of ischemic stroke, inflammation has become an essential target for developing stroke therapies (30–32). As a brain-resident immune cell, microglial cells are sensitive to imbalances in the central nervous system (CNS) of stroke because of the expressions of receptors recognizing immune signals and danger signals from dying cells, pathogens and self-antigens (33–35). In the ischemic brain, microglial cells were quickly activated and enriched in the regions around the infarct (12, 36, 37). Although microglial cells can engulf the damaged neurons and participle in debris clearance essential to maintain CNS homeostasis, activated microglia induce the cascades of inflammatory events, oxidative stress and neuron death in the injured brain after stroke (38, 39). Risk factors released from activated microglia, such as TNF-α, glutamate, cathepsin B, reactive oxygen and nitrogen species, are widely certified to induce death in surrounding neurons, including apoptotic, excitotoxic and neuronal death (2, 40, 41). Dysregulated microglia are also proven to engulf neurons in the peri-infarct and increase neuron loss in stroke (42). So, targeting inflammation post-stroke, especially over-activated microglia, is currently considered a potential target for stroke therapies.

Activated microglia, especially the M1 type, release reactive oxygen (ROS) and play an essential role in the inflammatory pathways. The excessive generation of intracellular and extracellular ROS leads to direct cellular damage. It increases the activation of the microglia and leukocytes, which release various damaging inflammatory mediators and effectors, including ROS. It is believed that the inhibition of overproduced ROS can suppress intracellular pro-inflammatory signals. Thus, the modulation of redox balance is an effective way to regulate inflammatory responses.

By RNAseq analysis, the JAK-STAT signaling pathway was tightly related to the effect of Gs. It has been reported to initiate neurotoxicity by regulating the expression of different cytotoxic materials, including ROS. According to our results, Gs downregulated the activity of microglia by inhibiting the JAK2-STAT3 pathway, which is vital to decrease neuroinflammation and brain damage. JAK2, a member of the protein-tyrosine kinase family, is an essential regulator of many other signaling molecules tightly related to neuroinflammation. JAK2 can specifically induce the phosphorylation of STAT3, and mounting evidence proves that the JAK2-STAT3 pathway exerts an essential effect on the inflammatory reaction (43, 44). The JAK2-STAT3 pathway affects the expression of many cytokines, such as TNF-α and IL-6. In ischemia/reperfusion, the JAK2-STAT3 pathway contributes to brain damage (45–47). The activities of NOX family members (including NOX1-5, DUOX1, and DUOX2) are tightly related to the generation of ROS (48). STAT3 is also reported to bind to the NOX1 promoter and increase the production of NOX1 which subsequently stimulates the production of O2•− (49). Therefore, the regulation of overactivated STAT3 in microglia is essential to regulate microglial activation, ROS level and neuroinflammation, all of which are tightly related to neuron damage in stroke.

The JAK2-STAT3 signaling pathway is also tightly related to the regulation of autophagy, a crucial pathway maintaining cellular homeostasis and cell survival by removing damaged organelles and abnormally folded proteins. Mitophagy is a type of autophagy clearing impaired mitochondria essential for sustaining the homeostasis of mitochondria and cells (50). Accumulating evidence suggests that damaged mitochondria increased in stoke and mitophagy cannot be eliminated effectively with abnormal mtROS production and mitochondrial DNA, leading to immune hyperactivation, tissue damage, and increased host mortality (51). The regulation of autophagy is essential to eliminate abnormal mitochondria which also contributes to the attenuation of ROS and inflammation (52, 53). The regulation of Gs on the JAK2-STAT3 signaling pathway is also beneficial to decreasing intracellular stress and attenuating inflammation.

Except the regulation of JAK2-STAT3 signaling pathway, Gs should also influence the Toll-like receptor (TLR) signaling pathway according to the result from RNA-seq, in which the activity of TLR2 and TLR4 in microglia is reported to increase the ischemic injury (54). The suppression of TLR signaling pathway could decrease the cytokine production in microglia and attenuate the neurons death-promoting actions in neuron (55). It indicated that multi-targets contribute to the regulation of the activity of microglia by Gs.

In our previous report, the inhibition of STING is essential to decrease the chronic inflammation in osteoarthritis by Gs (20), but it was not enriched in the MCAO model after the administration of Gs by RNA-seq. STING signal pathway is essential to the over-activation of microglia. The inhibition of the STING signal pathway is reported to suppress the shift of microglia to an inflammatory M1-phenotype after MCAO (56). Moreover, the inhibition of STING signaling also downregulates the recruitment of peripheral immune cells which is related to neuroinflammation in stroke (57). The dose of Gs used in osteoarthritis is 5 mg/kg, but 10 mg/kg of Gs protected the mice from MCAO. The inflammatory status in MCAO is acute but chronic inflammation in osteoarthritis (58). The status of inflammation and the dose of Gs might induce the difference in inflammation-related signaling pathways regulated by Gs.

Taken together, the inhibition of Gs on the JAK-STAT signaling pathway plays an essential role in downregulating the over-activation of microglia in stroke. The downregulation of the over-activation of microglia and the protective effect of Gs make it a potential agent for stroke treatment.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Materials. Further inquiries can be directed to the corresponding authors.





Ethics statement

The animal study was reviewed and approved by Ethics Committee of Shanghai University (Approval NO. ECSHU2021-167).





Author contributions

LS and YZ conceived and designed the experiments; CX, JL, ZZ, DC, RG, WC, and CZ participated in the experiments; CX, JL, HB, and XT analyzed the data; LS, YZ, and XT wrote the manuscript; LS and WC provided funding support for the research. All authors contributed to the article and approved the submitted version.





Funding

This work was supported in part by grants from the National Natural Science Foundation of China (82273937 and 81703506 to LS), the Shanghai Committee of Science and Technology (22140900300, 22140900302 and 22140900303 to WC) and the Shanghai Nature Science Foundation (19ZR1419600 to WC).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1164278/full#supplementary-material




References

1. Zhang, SR, Phan, TG, and Sobey, CG. Targeting the immune system for ischemic stroke. Trends Pharmacol Sci (2021) 42(2):96–105. doi: 10.1016/j.tips.2020.11.010

2. Lambertsen, KL, Finsen, B, and Clausen, BH. Post-stroke inflammation-target or tool for therapy? Acta Neuropathol (2019) 137(5):693–714. doi: 10.1007/s00401-018-1930-z

3. Deb, P, Sharma, S, and Hassan, KM. Pathophysiologic mechanisms of acute ischemic stroke: An overview with emphasis on therapeutic significance beyond thrombolysis. Pathophysiology (2010) 17(3):197–218. doi: 10.1016/j.pathophys.2009.12.001

4. Ge, Y, Chen, W, Axerio-Cilies, P, and Wang, YT. NMDARs in cell survival and death: Implications in stroke pathogenesis and treatment. Trends Mol Med (2020) 26(6):533–51. doi: 10.1016/j.molmed.2020.03.001

5. Zhou, Z, Lu, J, Liu, WW, Manaenko, A, Hou, X, Mei, Q, et al. Advances in stroke pharmacology. Pharmacol Ther (2018) 191:23–42. doi: 10.1016/j.pharmthera.2018.05.012

6. Chamorro, Á., Dirnagl, U, Urra, X, and Planas, AM. Neuroprotection in acute stroke: Targeting excitotoxicity, oxidative and nitrosative stress, and inflammation. Lancet Neurol (2016) 15(8):869–81. doi: 10.1016/s1474-4422(16)00114-9

7. Barone, FC, Arvin, B, White, RF, Miller, A, Webb, CL, Willette, RN, et al. Tumor necrosis factor-alpha. a mediator of focal ischemic brain injury. Stroke (1997) 28(6):1233–44. doi: 10.1161/01.str.28.6.1233

8. Baune, BT, Wiede, F, Braun, A, Golledge, J, Arolt, V, and Koerner, H. Cognitive dysfunction in mice deficient for TNF- and its receptors. Am J Med Genet B Neuropsychiatr Genet (2008) 147B(7):1056–64. doi: 10.1002/ajmg.b.30712

9. Villa, A, Vegeto, E, Poletti, A, and Maggi, A. Estrogens, neuroinflammation, and neurodegeneration. Endocr Rev (2016) 37(4):372–402. doi: 10.1210/er.2016-1007

10. Han, B, Jiang, W, Cui, P, Zheng, K, Dang, C, Wang, J, et al. Microglial PGC-1alpha protects against ischemic brain injury by suppressing neuroinflammation. Genome Med (2021) 13(1):47. doi: 10.1186/s13073-021-00863-5

11. Kronenberg, G, Uhlemann, R, Richter, N, Klempin, F, Wegner, S, Staerck, L, et al. Distinguishing features of microglia- and monocyte-derived macrophages after stroke. Acta Neuropathol (2018) 135(4):551–68. doi: 10.1007/s00401-017-1795-6

12. Li, T, Pang, S, Yu, Y, Wu, X, Guo, J, and Zhang, S. Proliferation of parenchymal microglia is the main source of microgliosis after ischaemic stroke. Brain (2013) 136(pt 12):3578–88. doi: 10.1093/brain/awt287

13. Wei, X, Guo, R, Wang, X, Liang, JJ, Yu, HF, Ding, CF, et al. New monoterpenoid indoles with osteoclast activities from gelsemium elegans. Molecules (2021) 26(24):7457. doi: 10.3390/molecules26247457

14. Lin, H, Qiu, H, Cheng, Y, Liu, M, Chen, M, Que, Y, et al. Gelsemium elegans benth: Chemical components, pharmacological effects, and toxicity mechanisms. Molecules (2021) 26(23):7145. doi: 10.3390/molecules26237145

15. Xiong, B, You, W, Luo, Y, Jin, G, Wu, M, Xu, Y, et al. Investigation of the possible allostery of koumine extracted from gelsemium elegans benth. and analgesic mechanism associated with neurosteroids. Front Pharmacol (2021) 12:739618. doi: 10.3389/fphar.2021.739618

16. Shen, X, Ma, J, Wang, X, Wen, C, and Zhang, M. Toxicokinetics of 11 gelsemium alkaloids in rats by UPLC-MS/MS. BioMed Res Int (2020) 2020:8247270. doi: 10.1155/2020/8247270

17. Li, NP, Liu, JS, Liu, JW, Tian, HY, Zhou, HL, Zheng, YR, et al. Monoterpenoid indole alkaloids from the fruits of gelsemium elegans and their anti-inflammatory activities. Bioorg Chem (2021) 107:104624. doi: 10.1016/j.bioorg.2020.104624

18. Palit, P, Mukherjee, D, and Mandal, SC. Reconstituted mother tinctures of gelsemium sempervirens l. improve memory and cognitive impairment in mice scopolamine-induced dementia model. J Ethnopharmacol (2015) 159:274–84. doi: 10.1016/j.jep.2014.09.008

19. Sun, MX, Cui, Y, Li, Y, Meng, WQ, Xu, QQ, Zhao, J, et al. Indole alkaloids from gelsemium elegans. Phytochemistry (2019) 162:232–40. doi: 10.1016/j.phytochem.2019.03.016

20. Feng, M, Kong, D, Guo, H, Xing, C, Lv, J, Bian, H, et al. Gelsevirine improves age-related and surgically induced osteoarthritis in mice by reducing STING availability and local inflammation. Biochem Pharmacol (2022) 198:114975. doi: 10.1016/j.bcp.2022.114975

21. Wang, Y, Huang, Y, Xu, Y, Ruan, W, Wang, H, Zhang, Y, et al. A dual AMPK/Nrf2 activator reduces brain inflammation after stroke by enhancing microglia M2 polarization. Antioxid Redox Signal (2018) 28(2):141–63. doi: 10.1089/ars.2017.7003

22. Liberale, L, Diaz-Canestro, C, Bonetti, NR, Paneni, F, Akhmedov, A, Beer, JH, et al. Post-ischaemic administration of the murine canakinumab-surrogate antibody improves outcome in experimental stroke. Eur Heart J (2018) 39(38):3511–7. doi: 10.1093/eurheartj/ehy286

23. Qin, YY, Li, M, Feng, X, Wang, J, Cao, L, Shen, XK, et al. Combined NADPH and the NOX inhibitor apocynin provides greater anti-inflammatory and neuroprotective effects in a mouse model of stroke. Free Radic Biol Med (2017) 104:333–45. doi: 10.1016/j.freeradbiomed.2017.01.034

24. Dunham, NW, and Miya, TS. A note on a simple apparatus for detecting neurological deficit in rats and mice. J Am Pharm Assoc Am Pharm Assoc (1957) 46(3):208–9. doi: 10.1002/jps.3030460322

25. Tseng, KY, Anttila, JE, Khodosevich, K, Tuominen, RK, Lindahl, M, Domanskyi, A, et al. MANF promotes differentiation and migration of neural progenitor cells with potential neural regenerative effects in stroke. Mol Ther (2018) 26(1):238–55. doi: 10.1016/j.ymthe.2017.09.019

26. Yu, Y, Guo, H, Jiang, W, Zhang, C, Xing, C, Chen, D, et al. Cyclic GMP-AMP promotes the acute phase response and protects against escherichia coli infection in mice. Biochem Pharmacol (2021) 188:114541. doi: 10.1016/j.bcp.2021.114541

27. Xu, X, Gao, W, Li, L, Hao, J, Yang, B, Wang, T, et al. Annexin A1 protects against cerebral ischemia-reperfusion injury by modulating microglia/macrophage polarization via FPR2/ALX-dependent AMPK-mTOR pathway. J Neuroinflamm (2021) 18(1):119. doi: 10.1186/s12974-021-02174-3

28. Galvez-Llompart, M, Ocello, R, Rullo, L, Stamatakos, S, Alessandrini, I, Zanni, R, et al. Targeting the JAK/STAT pathway: A combined ligand- and target-based approach. J Chem Inf Model (2021) 61(6):3091–108. doi: 10.1021/acs.jcim.0c01468

29. Warshauer, JT, Belk, JA, Chan, AY, Wang, J, Gupta, AR, Shi, Q, et al. A human mutation in STAT3 promotes type 1 diabetes through a defect in CD8+ T cell tolerance. J Exp Med (2021) 218(8):e20210759. doi: 10.1084/jem.20210759

30. Farkas, E, Donka, G, de Vos, RA, Mihály, A, Bari, F, and Luiten, PG. Experimental cerebral hypoperfusion induces white matter injury and microglial activation in the rat brain. Acta Neuropathol (2004) 108(1):57–64. doi: 10.1007/s00401-004-0864-9

31. Oprica, M, Van Dam, AM, Lundkvist, J, Iverfeldt, K, Winblad, B, Bartfai, T, et al. Effects of chronic overexpression of interleukin-1 receptor antagonist in a model of permanent focal cerebral ischemia in mouse. Acta Neuropathol (2004) 108(1):69–80. doi: 10.1007/s00401-004-0868-5

32. Morris, RS, Simon Jones, P, Alawneh, JA, Hong, YT, Fryer, TD, Aigbirhio, FI, et al. Relationships between selective neuronal loss and microglial activation after ischaemic stroke in man. Brain (2018) 141(7):2098–111. doi: 10.1093/brain/awy121

33. Van den Broek, B, Pintelon, I, Hamad, I, Kessels, S, Haidar, M, Hellings, N, et al. Microglial derived extracellular vesicles activate autophagy and mediate multi-target signaling to maintain cellular homeostasis. J Extracell Vesicles (2020) 10(1):e12022. doi: 10.1002/jev2.12022

34. Kierdorf, K, and Prinz, M. Microglia in steady state. J Clin Invest (2017) 127(9):3201–9. doi: 10.1172/jci90602

35. Colonna, M, and Butovsky, O. Microglia function in the central nervous system during health and neurodegeneration. Annu Rev Immunol (2017) 35:441–68. doi: 10.1146/annurev-immunol-051116-052358

36. Xiong, XY, Liu, L, and Yang, QW. Functions and mechanisms of microglia/macrophages in neuroinflammation and neurogenesis after stroke. Prog Neurobiol (2016) 142:23–44. doi: 10.1016/j.pneurobio.2016.05.001

37. Jolivel, V, Bicker, F, Binamé, F, Ploen, R, Keller, S, Gollan, R, et al. Perivascular microglia promote blood vessel disintegration in the ischemic penumbra. Acta Neuropathol (2015) 129(2):279–95. doi: 10.1007/s00401-014-1372-1

38. Li, C, Zhao, Z, Luo, Y, Ning, T, Liu, P, Chen, Q, et al. Macrophage-disguised manganese dioxide nanoparticles for neuroprotection by reducing oxidative stress and modulating inflammatory microenvironment in acute ischemic stroke. Adv Sci (Weinh) (2021) 8(20):e2101526. doi: 10.1002/advs.202101526

39. Zrzavy, T, Machado-Santos, J, Christine, S, Baumgartner, C, Weiner, HL, Butovsky, O, et al. Dominant role of microglial and macrophage innate immune responses in human ischemic infarcts. Brain Pathol (2018) 28(6):791–805. doi: 10.1111/bpa.12583

40. Bai, Q, Xue, M, and Yong, VW. Microglia and macrophage phenotypes in intracerebral haemorrhage injury: therapeutic opportunities. Brain (2020) 143(5):1297–314. doi: 10.1093/brain/awz393

41. Ma, Y, Wang, J, Wang, Y, and Yang, GY. The biphasic function of microglia in ischemic stroke. Prog Neurobiol (2017) 157:247–72. doi: 10.1016/j.pneurobio.2016.01.005

42. Fukushima, Y, Uchida, S, Imai, H, Nakatomi, H, Kataoka, K, Saito, N, et al. Treatment of ischemic neuronal death by introducing brain-derived neurotrophic factor mRNA using polyplex nanomicelle. Biomaterials (2021) 270:120681. doi: 10.1016/j.biomaterials.2021.120681

43. Zhu, H, Jian, Z, Zhong, Y, Ye, Y, Zhang, Y, Hu, X, et al. Janus kinase inhibition ameliorates ischemic stroke injury and neuroinflammation through reducing NLRP3 inflammasome activation via JAK2/STAT3 pathway inhibition. Front Immunol (2021) 12:714943. doi: 10.3389/fimmu.2021.714943

44. Zhong, Y, Yin, B, Ye, Y, Dekhel, O, Xiong, X, Jian, Z, et al. The bidirectional role of the JAK2/STAT3 signaling pathway and related mechanisms in cerebral ischemia-reperfusion injury. Exp Neurol (2021) 341:113690. doi: 10.1016/j.expneurol.2021.113690

45. Zhang, Y, Liu, J, Yao, M, Song, W, Zheng, Y, Xu, L, et al. Sailuotong capsule prevents the cerebral ischaemia-induced neuroinflammation and impairment of recognition memory through inhibition of LCN2 expression. Oxid Med Cell Longev (2019) 2019:8416105. doi: 10.1155/2019/8416105

46. Xie, J, Li, X, Zhang, L, Liu, C, Leung, JW, Liu, P, et al. Genistein-3’-sodium sulfonate ameliorates cerebral ischemia injuries by blocking neuroinflammation through the α7nAChR-JAK2/STAT3 signaling pathway in rats. Phytomedicine (2021) 93:153745. doi: 10.1016/j.phymed.2021.153745

47. Zhu, J, Zhu, Z, Ren, Y, Dong, Y, Li, Y, and Yang, X. LINGO-1 shRNA protects the brain against ischemia/reperfusion injury by inhibiting the activation of NF-κB and JAK2/STAT3. Hum Cell (2021) 34(4):1114–22. doi: 10.1007/s13577-021-00527-x

48. Bedard, K, and Krause, KH. The NOX family of ROS-generating NADPH oxidases: Physiology and pathophysiology. Physiol Rev (2007) 87(1):245–313. doi: 10.1152/physrev.00044.2005

49. Liang, X, Wang, P, Yang, C, Huang, F, Wu, H, Shi, H, et al. Galangin inhibits gastric cancer growth through enhancing STAT3 mediated ROS production. Front Pharmacol (2021) 12:646628. doi: 10.3389/fphar.2021.646628

50. Weinberg, SE, Sena, LA, and Chandel, NS. Mitochondria in the regulation of innate and adaptive immunity. Immunity (2015) 42(3):406–17. doi: 10.1016/j.immuni.2015.02.002

51. Han, B, Jiang, W, Cui, P, Zheng, K, Dang, C, Wang, J, et al. Microglial PGC-1α protects against ischemic brain injury by suppressing neuroinflammation. Genome Med (2021) 13(1):47. doi: 10.1186/s13073-021-00863-5

52. Newton, K, Dixit, VM, and Kayagaki, N. Dying cells fan the flames of inflammation. Science (2021) 374(6571):1076–80. doi: 10.1126/science.abi5934

53. Sliter, DA, Martinez, J, Hao, L, Chen, X, Sun, N, Fischer, TD, et al. Parkin and PINK1 mitigate STING-induced inflammation. Nature (2018) 561(7722):258–62. doi: 10.1038/s41586-018-0448-9

54. Goulopoulou, S, McCarthy, CG, and Webb, RC. Toll-like receptors in the vascular system: Sensing the dangers within. Pharmacol Rev (2016) 68(1):142–67. doi: 10.1124/pr.114.010090

55. Tang, SC, Arumugam, TV, Xu, X, Cheng, A, Mughal, MR, Jo, DG, et al. Pivotal role for neuronal toll-like receptors in ischemic brain injury and functional deficits. Proc Natl Acad Sci U.S.A. (2007) 104(34):13798–803. doi: 10.1073/pnas.0702553104

56. Kong, L, Li, W, Chang, E, Wang, W, Shen, N, Xu, X, et al. mtDNA-STING axis mediates microglial polarization via IRF3/NF-κB signaling after ischemic stroke. Front Immunol (2022) 13:860977. doi: 10.3389/fimmu.2022.860977

57. Fritsch, LE, Kelly, C, and Pickrell, AM. The role of STING signaling in central nervous system infection and neuroinflammatory disease. WIREs Mech Dis (2023), e1597. doi: 10.1002/wsbm.1597

58. Robinson, WH, Lepus, CM, Wang, Q, Raghu, H, Mao, R, Lindstrom, TM, et al. Low-grade inflammation as a key mediator of the pathogenesis of osteoarthritis. Nat Rev Rheumatol (2016) 12(10):580–92. doi: 10.1038/nrrheum.2016.136




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Xing, Lv, Zhu, Cong, Bian, Zhang, Gu, Chen, Tan, Su and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu.2023.1164278_cover.jpg
’ frontiers ‘ Frontiers in Immunology

Regulation of microglia related
neuroinflammation contributes to the
protective effect of Gelsevirine on ischemic
stroke





OEBPS/Images/fimmu-14-1164278-g004.jpg
MDA
nmol/mg protein

B
15000
. - Gs(uM) CM | o
woenx £ 20 % 2 it
8 g £ < 10000
° (=
# g 100 g 2 O o
= w0 3 o F
4 £ 2 s
H# 5 ns 2 05
5 50 #o @ 5000
2 . E;‘ o
b3 2
— w
0 Ij T 0 0
& 0O N > S CcM - + + o+
& ¥ O & & (F S © 2 s " . .
& (@) R B & @0 b4 %’b 10 10 10 10 10 Gs (UM) 0 0 5 10
S & [ FITC-A

Control

LC3ILC3 I

@
[
=
]
o
o
o

10 20

iNOS/B-actin

>
+

+ o+
10 20

CM - + + O+ o+ cMm -
Gs(uM) 0 0 5 10 20 Gs (uM) 0

)
2]





OEBPS/Images/fimmu-14-1164278-g007.jpg
A

COX2

iNOS

R v

T

¥ s
e
8 o‘Vx\
O, %
8, O,
. . Y,
& S %,
% Y, 4
(NS
% o Gy ¥
% Y
%, <,
* @v @o« 53
%, ®
%, %,
%,
g g 8 = °
VNYW ZX09 0
uoissaidx3 aAnejay
o
£y Qv»\
exa &u.a
oy Y
3 o o, e,
3 N 7
%, X
Y % O
LN
M & Gy
% W
%, s,
4 % X
Y,
%, %
%,
)
=] o o =] o
A © ~N -
VNYW SON! Jo
uoissaidx3 anne|ay
o
=1/
¥ 3
oo 2
<o v
e
s, L
%,
%, d
£
3
&
o
=
o
o
©
8]
e
8]
C

Ed .mo,a
o
%, %
Y
Y
& 9, &
© QVx \o&w &&\
R B oy
<% ®
o3 ¥ . o.m.,?
0,
%, <&,
G e,
G,
9, L‘\m;
\V ¢}
“, %o
=3 o o o ®
=3 =3 (=3
ez & =8
VNYW 9-71 Jo
uolssaidx3 aAnejoy
%,
S,
%, Qv,,\@m
* Gy
o %, Wy
n
] £ . 9% %
W QVx\ vo\@ v&%
= % Y
&, 6
Qx =7
%, b,
¥ A&mv &o« £
G, B
9, AV\..:
\9 ¢}
“, %o
s & & ° %
w0 =] w
e 2
VNYW PINL Jo
uoissaidx3 aAnejey
B %
x
S,
.moav,@
RN
3 g, %
= 3 S, o\v& %,
J e G O
E] )
¥ S, o,mu‘ ®
%,
&mv @ﬂ. <
G B
Y,
@vsaév«
s
& & e %
=3 =3 =3 =3
g 8 8 8
A © ~N ~
VYNyW g1-71 o
uoissaidx3 aAnedy

O

ROS

:| 883&
[ " ‘ ‘
é\eo qu) qc_‘ \36 x"b “-’9
oS » N 2 Q‘b
£ & & 8
o & o & X
& gF
& F o & &
PASEEEC N
DR
N

IFN-y

@ Gelsevirine

Risk factors

Inflammatory factors

Ischemic stroke
Injury

& & S5 & o
=3 =3 =3-1 =3
=3 =3 =3-3 =3
g 8 88 8
=] wn oN -
8 £ £
V-oLI4
o I
ex
oo
™
ex% &vuw.
I T o %%
b1 609 %, b
% %, o
* A
LI PV N
o
% \A\v
I G e, Yo
b onte,
9, e
9, ¥
—T— T 1 1 %, v«e
& & & & e K
A © ~N -

VNYW ANl jo
uolssaidx3 aAe|ay





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Regulation of microglia related neuroinflammation contributes to the protective effect of Gelsevirine on ischemic stroke

      

        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Animals

          



          		

            2.2 Transmit middle cerebral artery occlusion (tMCAO)

          



          		

            2.3 Neurological symptom scoring

          



          		

            2.4 Rotarod test

          



          		

            2.5 Measurement of cerebral infarct volume

          



          		

            2.6 Brain slice preparation

          



          		

            2.7 Immunofluorescence

          



          		

            2.8 Western blot

          



          		

            2.9 Oxygen glucose deprivation (OGD)

          



          		

            2.10 The administration of LPS, CM and Gs on BV2 cells

          



          		

            2.11 Quantitative analysis of cytokine mRNA expression

          



          		

            2.12 Recombinant JAK2 inhibition assay

          



          		

            2.13 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Gelsevirine has an anti-inflammatory effect on microglia in vitro models

          



          		

            3.2 Gelsevirine decreased infarct volumes and improved neurological functions in ischemia/reperfusion mice (tMCAO mice)

          



          		

            3.3 Gelsevirine reduced over-activity of microglia in tMCAO mice and in vitro

          



          		

            3.4 Gelsevirine reduced the oxide stress in tMCAO mice and microglia in vitro

          



          		

            3.5 RNAseq analysis indicates JAK-STAT signaling pathway is the key pathway rescued in MCAO mice by the administration of Gelsevirine

          



          		

            3.6 Direct inhibition of JAK2 by Gelsevirine contributed to the anti-inflammatory effect on microglia activation in vitro

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-14-1164278-g006.jpg
A

p-STAT3 —
0 0.20 0.05
STAT: GiES Gwe e G b
o oo
|~ 5 . © 045 ns ns 0.04
; . o
p-JAK2 5 < ns ¢
8 3 <0.03
JAK2 | Sees Saa Gees s < 0 < 0.10 g
ug 1 5‘,0.02
p~JAK3 — — — — a
5 . 0.05 0.01
IAKS | — — — — o
0 0.00 0.00
Gs(uM) 0 0 5 10 20 Gs(uM) 0 0 5 10 20 Gs(uM) 0 0
cM - + + + +
Gs(uM) 0 0 5 10 20

W
(9]

_ 150 - CEP-33779
]
©
S 3 1001,
58 \
-
ZE i\\
Z8 s0 "\‘—.\
Qo LJ
<
2 ==
0 T T T T 1
0 2 4 6 8 10 nM
150
~Nx @ Gs
<5
S35 100
5L
£l
ge % T
Qo {
<g S
Tor *———o
& < C C
o & o o
D & 8 § ¢ P £
Vehicle g g ey e . JAK2
Gs (20 uM)
E Control cm

CM+Gs (5 uM) CM+Gs (20 uM)






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-14-1164278-g002.jpg
Vehicle: Saline
Low-Gs: 1 mg/kg
High-Gs: 10 mg/kg

Gelsevirine

15 0 6 24h

Vo

HE TTC
IF Rotarod test

tMCAO/R

@

Neurological score

Fkdk

%9 Q;\Q

S &P o

tMCAO/R

Infarct Volume

(% ipsilateral hemisphere)

(9]

Latency to fall (sec)

60

40

20

200

150

100

50

Rotarod test

##

#
& . & 09
a Y 2
X AN Y
) K\3 \,04X %\Q
tMCAO/R
#





OEBPS/Images/fimmu-14-1164278-g003.jpg
== Sham

w ° ©

1
1

suopossIal O N

GF
,\s..r =4
s (TN
5 H{ AR
£ HH
2\

_JalcEcH o

Distance (um)

MCAO

Sham

Ibal
High-Gs

/Ibal/DAPI

Ibal
Low-Gs

/Ibal/DAPI

Ibal

/Ibal/DAPI

Ibal

/Ibal/DAPI

500

i

it

o @ o ©o o
® ¥ O N -

VNYW SON! Jo
uopssaidx3 aApeRy

ﬂ

| U a—

0 o 0

- - =3 >
VNYW ANd| Jo

uopssa.dx3 anpeRY

T

| S N —
o o o o
® x <

VNYW 9 Jo

uopssa.dx3 sApeRy

zH

VNYW DiN] j0
uopssaidxg anneRY

i

=] o o
& 4

VN¥W zX0J jo
uopssaidxz aapeRy

#

30

o o o [=] o

o (=3 o o

g 8 & °
VNYW g L7140

uonssaidx3 annejey

]
X
x
IS

*
+
=
e ® o w o
& < < & o9
PYMIRYYI-d
» +
2 -
& +
§ +
=
o uw o ®w o
& < < & &9
RENODI-d
-
* o+
F L+
. F+
-
1 1 1 1
=
e w o w o
& <« « o o0
§9d/g9d-d
3 o+
& -+
] -+
i -+
| A S E—
~ o o~ - o=
o

upoe-g/sdyIN

IKKa
p-IkBa
Ba
p-NFKB p65
NFKB p65
NLRP3

10 20

0

Gs (uM) 0

10 20

5

0

Gs (M) 0

10 20

5

0

Gs (M) 0

10 20

5

0

Gs (uM) 0

pactin

+0

+o

cM
Gs(uM)





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-14-1164278-g005.jpg
A Gs ~vs- MCAO: pValue < 0.05 && llog2FCl> 1

B Gs-vs-MCAO:pValue<0.058& llog2F CJ>1

D

o {7 roeed
ER 1R
B
a4
" .
2 ; Y .
2.
H :
- . 1
o] & e H
“ 2 . ‘ .
Cc logaFodchange
ONA repaic
MRNA processing

proteasomal protein catabolic process
"NCRNA metabolic process

ribonucleoprotein complex biogenesis
covalent chromatin modifcation
ubiquitin-dependent pRSE i ealaBIE process

RNA spli
NCRNA processing
ribosome biogenesis

[ ] Pathways of neurodegeneration - multipe diseases |

a8

organelle inner membrane
nuclear speck
chromosomal region
spindle

ubiquitin ligase complex
‘mitochondrial matrix

mitochondrial protein complex
transferase complex, transierring
‘Phosphorus.-containing group:

osome

ribosomal subunit °

transcription coregulator activity
ubiquitin.like protein transferase activity

‘small GTPase binding
GTPase binding
DNA-binding transcription factor binding

it Autophagy - animal |

T.0036540:38 Non-alcoholic fatty liver disease |

1418731037 Cell cycle

2128096637 FoxO signaling pathway -

2837462e.37  Neurotrophin signaling pathway |
‘MRNA surve

nce pathway |

Colorectal cancer |
Chronic myeloid leukemia |

Zurocross #7041 —

UCAD (egativaly e

condition
MCAO
Gs
o
Pedngb?
Scnnta -

Rsg1
Thasi1
Elavi3
Pednbts
Bibas
Dnasetiz
Cpixt
Meti7a3
3030025P20RiK

Herpes simplex virus 1 infection -
Amyotrophic lteral scierosis |
Atzheimer disease -
Huntington disease -
Salmonel infecton |
Endocytosis |

Prion disease |
Parkinson disease |
Thermogenesis |
Proteoglycans in cancer |
RNA transport |

Protein processing in endoplasmic reticulum |
Celular senescence |

Hepatits B |

Spliceosome |

Ubiquitin mediated proteolysis -

p.adjust

LI

o 500 1000 1e000

Rank i1 Ordered Datasst

200

Ranked listmelic (Signal2Noise)

[—enienmentprone — rins Ranang met: scors

Ranked | stmetic (Signal2Noise)

Zerocross 7041

UCAD (egatvy conelated)

IRTmIRL |

765 (postvely con

o cross 7041 —

UCAD (regativly ¢

catalytic activity, acting on RNA b Pancreatic cancer -
ubiquitin-ike protein ligase binding Mitophagy - animal
ubiqui ligase binding Endometrial cancer |
catalytic activity, acting on DNA . Fanconi anemia pathway |
structural constituent of ribosome | o Nucleotide excision repai
002 003 004 o2 004 006
GeneRatio GeneRatio
CE | activated suppressed
RIBOSOME BIOGENESIS. e
RIBONUCLEOPROTEIN COMPLEX BIOGENESIS L] RQRNE L4
NCRNA PROCESSING ° AUTOIMMUNE THYROID DISEASE o
REGULATION OF CHOLESTEROL BIOSYNTHETIC PROCESS
NATURAL KILLER CELL ACTIVATION INVOLVED REGULATION OF AUTOPHAGY .
INIMMUNE RESPONSE .
NCRNA METABOLIC PROCESS ° PHOSPHATIDYLINOSITOL |
SIGNALING SYSTEM ot
SMOOTHENED SIGNALING PATHWAY Count
EXTRACELLULAR MATRIX STRUCTURAL CONSTITUENT ) @100 CYTONMECYTOKNE RECERTOR ITERACTION | L]
200
CILIUM ORGANIZATION [ ] L4 CYTOSOLIC DNA SENSING PATHWAY | .
TUBULIN BINDING [ ] Ppadjust
MICROBODY ° o FOGALADHESION padjust
RESPONSE TO TYPE | INTERFERON . a2 PO i
CILIARY BASAL BODY . s i
COLLAGEN CONTAINING EXTRACELLULAR MATRIX ° ) RIG ILIKE RECEPTOR SIGNALING PATHWAY { » e
0.03
BRI ERNA L A SULAIING STRUCTORE o ANTIGEN PROCESSING AND PRESENTATION .
ALCOHOL METABOLIC PROCESS | @
DEFENSE RESPONSE TO VIRUS ° JAK STAT SIGNALING PATHWAY | L]
MONOWUCLEAR CEEL DIEFERENTIATION: e TOLL LIKE RECEPTOR SIGNALING PATHWAY | .
RESPONSE TO VIRUS .
LEUKOCYTE DIFFERENTIATION ° NATURAL KILLER CELL MEDIATED CYTOTOXICITY °
02 03 04 05 06 6702 003 04 05 06 07 - S at B
GeneRatio GeneRatio
Enrichment plot: BIOCARTA_IL6_PATHWAY Enrichment plot: Enrichment plot:
5o KEGG_TGF_BETA_SIGNALING_PATHWAY KEGG_JAK_STAT_SIGNALING_PATHWAY
g 01 @ 00 O
s g Lo
.02 w01 v
2 5 5
£.03 b | o
g E £ o024
g 04 §03 §”
. {3 E03
Eos £ 04 b3
06 & 051 &

L

lated)

500 1000c
Rank i1 Ordered Datasst

[—enicnmentprome — rins Randng me

: scores|

000 200

1000 1£000
Rank i1 Ordered Datasst

Ranked | stmetic (Signal2Noise)

200

[—Entcnmentprome — s

Randng me






OEBPS/Images/fimmu-14-1164278-g001.jpg
¢ 250

*rrn

-+ Neuron

125

(%) Aingela oo
i
i

i
i
i

(%) Anqela 180

-¥- Astrocyte
-~ BV2

e
||mmm
-+ o+ o+ 4

0
LPS
Gs (M) 0

(=3 w0 (=] w0
=] ~ n 2
1

(%) Aniqeln 1190

o

+

+

+ o+ o+ o+ o+ 4

CM
Gs(uM) 0 0 05 1 25 5 10 20 40 60

+

+

+ o+ o+ 4+

LPS
Gs(UM) 0 0 05 1 25 5 10 20 40 60

w

25

500

8

ns

Kk

o v o [t}
« - -

VYNYW X002 jo
uonssaldx3 aAnejey

ns

ey

o o o

o o o

(] N o]
VYNYW g L1140

uonssaldx3 anneley

400

VYNYW 2X09 jo
uopssaidx3 anjejey

xxxx

© < ~

VNYw g L1 o
uonssaldx3 anye|oy

o

cM
Gs (uM) 0

0
cM
Gs (uM) 0

LPS
Gs (M) 0

10 20

5

0

10 20

5

0

10 20

5

0

10 20

5

0

200

150

800

30

HH

¥
=} =} =}
1S3 1<) IS]
© < «
YNYW 9-11 jo

uonssaldx3 anieay

ns

Kk

[=] o
N -

VNYW BINL J0o
uonssaldx3 aAneRY

¥
o o o
2 g
VYNYW 9-11 jo

uonssaldx3 anne|y

ns

e

o [=3
o o]
-

VNYW P4NL jo
uonssaidxg anneey

5
10 20

+

¥
5

+
0

LPS

+
10 20

&

+
5

+
0

LPS
Gs (M) 0

+
10 20

+
5

+
0

cM
Gs (M) 0

+
10 20

+
5

+
0

CcM
Gs (M) 0

Gs (M) 0

300

400

60

150

gy

Pty

o o
o =]
N >

VNYW AN4| 0

uonssaldx3 anneey

ns

Hkk

o o o
=] =] =]
™ « -
VNYW SON! o

uopssaidx3 anjejoy

Pt

=] o
< N

VNYW ANAI o
uoyssaldx3 anyeoy

Hrnx

o o
o ]
-

VYNYW SON! jo
uonssaldxg sanejey

cM
Gs (uM) 0

CcM
Gs (UM) 0

LPS
Gs (uM) 0

LPS
Gs (M) 0

10 20

5

0

10 20

5

0

10 20

5

0

10 20

5

0





