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The nucleotide-binding oligomerization domain (NOD)-like receptor family pyrin domain containing 3 (NLRP3) inflammasome-mediated immuno-inflammatory response plays a critical role in exacerbating early brain injury (EBI) after subarachnoid hemorrhage (SAH). Salvianolic acid B (SalB) has previously been shown to suppress neuroinflammatory responses in many disorders. Meanwhile, a previous study has demonstrated that SalB mitigated oxidative damage and neuronal degeneration in a prechiasmatic injection model of SAH. However, the therapeutic potential of SalB on immuno-inflammatory responses after SAH remains unclear. In the present study, we explored the therapeutic effects of SalB on neuroinflammatory responses in an endovascular perforation SAH model. We observed that SalB ameliorated SAH-induced functional deficits. Additionally, SalB significantly mitigated microglial activation, pro-inflammatory cytokines release, and neuronal injury. Mechanistically, SalB inhibited NLRP3 inflammasome activation and increased sirtuin 1 (SIRT1) expression after SAH. Administration of EX527, an inhibitor of SIRT1, abrogated the anti-inflammatory effects of SalB against SAH and further induced NLRP3 inflammasome activation. In contrast, MCC950, a potent and selective NLRP3 inflammasome inhibitor, reversed the detrimental effects of SIRT1 inhibition by EX527 on EBI. These results indicated that SalB effectively repressed neuroinflammatory responses and neuronal damage after SAH. The action of SalB appeared to be mediated by blocking NLRP3 inflammasome and promoting SIRT1 signaling.
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Introduction

Subarachnoid hemorrhage (SAH) causes devastating neurological damage, which seriously affects patients’ quality of life. Survivors still face a series of symptoms, including consciousness disturbance, physical impairment, mood disorders, and sleep disturbances (1). However, current treatments for SAH show low therapeutic efficacy. Evidence from experimental and clinical studies indicates that suppressing immuno-inflammatory responses could ameliorate neuronal injury and improve functional recovery after SAH (2–4). Thus, it is urgently needed to identify new treatment that targets immuno-inflammatory responses and SAH-related comorbidities.

It is becoming clear that dysregulation of inflammatory responses contributes greatly to the pathophysiological progress of early brain injury (EBI) after SAH (5, 6). Microglial over-activation has been implicated as a primary factor in inflammation-mediated brain damage (7, 8). After hemorrhage, proinflammatory microglia are rapidly activated and produce a variety of proinflammatory cytokines, which contribute to tissue injury and neurogenesis impairment. Therefore, repressing destructive inflammatory response might be a promising therapeutic approach for the treatment of SAH.

Salvianolic acid B (SalB), a polyphenolic compound isolated from Salvia miltiorrhiza, was developed as a potential treatment for cardiovascular and cerebral vascular diseases (9, 10). Increasing evidence has shown that SalB exhibits a broad range of pharmacological potentials, such as antioxidative, anti-inflammatory, anti-depression, and neuroprotective effects (11, 12). In central nervous system (CNS) diseases, SalB has been shown to protect against ischemic stroke, traumatic brain injury, vascular dementia, and spinal cord injury (13–15). A previous study also reported that SalB mitigated SAH-triggered oxidative damage by modulating sirtuin 1 (SIRT1) pathway (9). However, the therapeutic potential of SalB on immuno-inflammatory responses after SAH remains unclear. Accumulated evidence shows that SalB has a potent anti-inflammatory activity and is able to inhibit microglial activation in different CNS disorders (16, 17). Additionally, SalB has been reported to suppress nucleotide-binding oligomerization domain (NOD)-like receptor family pyrin domain containing 3 (NLRP3) inflammasome signaling, which plays a crucial role in microglia-mediated inflammatory responses after SAH (18, 19). Once activated, NLRP3 recruits the adapter apoptosis-related speck-like protein (ASC) and activates pro-caspase-1 (20). Caspase-1 cleaves the pro-inflammatory cytokines pro-interleukin (IL)-1β and IL-18 to execute the innate immune response and cell death (21, 22). Notably, inhibition of NLRP3 inflammasome activation could mitigate neuroinflammation and neurological impairment in animal models of SAH (23, 24). Thus, we hypothesized that SalB would ameliorate inflammatory brain injury and improve functional recovery after SAH. Mechanistically, we further confirmed whether the neuroprotective effects of SalB occur via inhibiting NLRP3 inflammasome and promoting SIRT1 pathway.





Materials and methods




Animals and SAH model

One hundred thirty-five adult male C57BL/6J mice (weighing 20-25 g) were employed in this study. All experimental procedures were approved by the Animal Ethics Review Committee of Yijishan Hospital. Establishing the SAH model induced by the endovascular perforation technique (25). In brief, after anesthetization with sodium pentobarbital (40 mg/kg), a sharpened 6-0 filament was advanced into the internal carotid artery and then progressed forward to puncture the junction of the right middle and anterior cerebral arteries. Sham-operated mice underwent the same procedure without perforating the cerebral artery.





Experimental groups

A schematic of experimental protocols is given in Supplementary Figure 1. In the first set of experiments, mice were randomly divided into the sham (n = 6), SAH (n = 8, 2 mice died), SAH + 10 mg/kg SalB (n = 8, 2 mice died), SAH + 20 mg/kg SalB (n = 8, 2 mice died), and SAH + 40 mg/kg SalB (n = 7, 1 mice died) groups. The short-term and long-term functional behavior were evaluated.

The experimental design for the second experiment was to explore the potential role of SalB on neuroinflammation and its mechanisms after SAH. Mice were randomly divided into the sham (n = 12), SAH (n = 16, 4 mice died), and SAH + 20 mg/kg SalB (n = 15, 3 mice died) groups. Assessment methods included immunostaining, western blot, and enzyme-linked immunosorbent assay (ELISA).

In experiment 3, to validate the effects of SalB on NLRP3 inflammasome and SIRT1 signaling, mice were randomly divided into the SAH (n = 16, 4 mice died), SAH + 20 mg/kg SalB (n = 14, 2 mice died), SAH + 20 mg/kg SalB + EX527 (n = 16, 4 mice died), and SAH + 20 mg/kg SalB + EX527 + MCC950 (n = 15, 3 mice died) groups. Assessment methods included behavior tests, immunostaining, western blot, and ELISA.





Behavioral analysis

A modified Garcia score was used to assess neurological deficits after SAH. The modified Garcia score is an 18-point scoring system, in which higher scores indicated better function (26). Beam balance test was performed to evaluate motor deficits. In brief, mice were placed on a beam (1-m length and 6-mm width) and their walking distance within 1 min was recorded. The cognitive impairment was assessed by Y-Maze test. Mice were placed on the center of the maze and allowed to move freely the apparatus for 5 min. The ratio of actual alternations to possible alternations was recorded as the spontaneous alternation performance.





Pharmacological treatments

SalB (purity > 97%, Sigma-Aldrich) was dissolved in physiologic saline. Mice were administered SalB (10 mg/kg, 20 mg/kg, or 40 mg/kg, i.p.) starting 1 h after SAH and again every 24 h for 3 days. The SIRT1 inhibitor EX527 (10 mg/kg, Sigma-Aldrich) was prepared in 1% dimethyl sulfoxide (DMSO, Sigma-Aldrich) and administered intraperitoneally beginning 2 h before SAH operation. MCC950 (10 mg/kg, MedChem) was prepared in physiologic saline and administered intraperitoneally for 3 days before SAH construction. The doses of SalB, EX527, and MCC950 were chosen according to previous studies (9, 24, 27).





ELISA

The levels of IL-1β, IL-6, and IL-18 in brain tissue were measured by using ELISA kits (EK201B2 for IL-1β, EK206HS for IL-6, EK218 for IL-18, Multi Sciences). In brief, diluted samples and cytokine standards were added to the coated 96-well plates. The optical density of each well was recorded. The concentrations of IL-1β, IL-6, and IL-18 were calculated according the standard curves, respectively.





Western blotting

Brain tissues were lysed using RIPA supplemented with protease inhibitor (P2850, Sigma-Aldrich). A BCA Kit (P0012, Beyotime) was employed for protein quantification. Equal amounts of protein were loaded on SDS‐PAGE gels. After electrophoresis, they were transferred to polyvinylidene difluoride membranes. The membranes were blocked with 1% bovine serum albumin (BSA, ST2254, Beyotime) and then incubated with primary antibodies overnight at 4°C. The primary antibodies used for western blotting were shown as follows: anti-NLRP3 (ab263899, Abcam), anti-ASC (sc-22514, Santa Cruz), anti-caspase-1 (SC-56036, Santa Cruz), anti-c-caspase-1 (SC-398715, Santa Cruz), and anti-SIRT1(ab110304, Abcam). After being washed, they were incubated with corresponding secondary antibodies for 1 h. Protein signals were quantified using the Image J.





Immunofluorescence staining

Mice were perfused with 4% paraformaldehyde (PFA, P0099, Beyotime). Their brains were fixed with 4% PFA for 48 h and then dehydrated into 30% sucrose. Brain sections (35 μm) were obtained by using a Leica CM1950 cryostat. Sections were incubated with primary antibodies overnight at 4°C. After washing, tissue samples were incubated for 2 h with corresponding secondary antibodies. And then, they were mounted with an antifade mounting medium with 4′,6-diamidino-2-phenylindole (DAPI, C1006, Beyotime). The primary antibodies used for immunofluorescence were shown as follows: anti-IL-1β (ab254360, Abcam), anti-CD68 (MCA1957GA, Bio-Rad), and anti-Iba1 (ab178847, Abcam). Pictures were acquired with a fluorescence microscope.





TUNEL staining

The cell apoptosis was evaluated by using TUNEL in situ cell death detection kit (C1090, Beyotime). In brief, the sections were permeabilized with 0.5% Triton X-100 (9002-93-1, Thermo Scientific) and then blocked with 10% BSA. Then the tissue sections were incubated with the primary antibody against NeuN (MAB377, Millipore), and then incubated with TUNEL reaction mixture. After washing, they were mounted with an antifade mounting medium with DAPI. Pictures were acquired with a fluorescence microscope.





Statistical analysis

GraphPad Prism 8.0 software was used for the statistical analysis. All data were expressed as the mean and standard deviation (SD). Comparison of means among multiple groups was performed using one-way or two-way ANOVA with Bonferroni post hoc test. A value of P < 0.05 was considered statistically significant.






Results




SalB improved short-term and long-term functional performance

We first evaluated the effects of SalB on the short-term and long-term behavior function. It showed that administration of SalB at doses of 20 mg/kg and 40 mg/kg significantly mitigated neurological deficits score (Figure 1A) and improved motor performance (Figure 1B) at post-operative day (POD) 1, POD 3, and POD 7 when compared with the SAH group, whereas 10 mg/kg SalB did not improve behavior function (Figures 1A, B). Cognitive impairment after SAH is common and disabling. We further evaluated spatial working memory following SAH by using Y-Maze test. It showed that the SAH group exhibited more severe memory deficits in the spontaneous alternation task compared to the sham group, whereas SalB treatment at doses of 20 mg/kg and 40 mg/kg reduced the worse outcomes in the Y-maze task (Figure 1C). No significant differences between 20 mg/kg and 40 mg/kg SalB treatment on functional performance were detected. Thus, we used 20 mg/kg SalB for the remaining experiments.




Figure 1 | SalB improved short-term and long-term functional performance after SAH. (A) Neurological deficits test was performed on POD 1, 3, 7, and 14 (n = 6 mice/group). (B) Beam balance test was conducted on POD 1, 3, 7, and 14 (n = 6 mice/group). (C) SalB improved spatial working memory after SAH by the spontaneous alternation task in the Y-maze (n = 6 mice/group). Data are expressed as mean ± SD. *P < 0.05 vs Sham group; #P < 0.05 vs SAH group.







SalB reduced inflammatory response and microglial activation

Dysregulation of inflammatory responses contributes greatly to the pathophysiological progress of EBI after SAH. Microglial over-activation has been implicated as a primary factor in neuroinflammation (6). We then explored the effects of SalB on inflammatory responses and microglial activation. As shown in Figure 2, SAH insults induced a significant increase in pro-inflammatory cytokines release, including IL-1β (Figure 2A), IL-6 (Figure 2B), and IL-18 (Figure 2C) when compared with the sham group, whereas SalB markedly decreased these pro-inflammatory cytokines (Figures 2A–C). IL-1β immunofluorescence staining (Figure 2D) further confirmed that IL-1β expression in brain cortex was increased at 24 h after SAH, which could be significantly reduced after treatment with SalB (Figure 2E). Additionally, Iba1 and CD68 immunofluorescence staining (Figure 2F) further showed that SalB administration markedly suppressed microglial activation as evidenced by the decreased microglia cell body area (Figure 2G) and expression of CD68 (Figure 2H).




Figure 2 | SalB reduced inflammatory response and microglial activation. Quantitative analysis of the levels of IL-1β (A), IL-6 (B), and IL-18 (C) by ELISA kits (n = 6 mice/group). (D) Representative immunofluorescent staining of IL-1β in brain cortex at 24 h after SAH. (E) Quantitative analysis of the number of IL-1β+ cells (n = 6 mice/group). (F) Representative immunofluorescent staining of Iba1 with CD68 in ipsilateral cortex. Quantitative analysis of the microglia cell body area ratio (G) and CD68 intensity (H) (n = 6 mice/group). Data are expressed as mean ± SD, scale bar = 50 μm. *P < 0.05 vs Sham group; #P < 0.05 vs SAH group.







SalB inhibited NLRP3 inflammasome signaling and increased SIRT1 expression

Increasing evidence has implicated NLRP3 inflammasome as a main contributing factor in microglia-mediated inflammatory processes after SAH. Meanwhile, SIRT1 could inhibit NLRP3 inflammasome signaling (23, 24). We then evaluated whether SalB could regulate NLRP3 inflammasome and SIRT1 signaling to inhibit neuroinflammation. The NLRP3 inflammasome has three main components: the sensor protein NLRP3, the enzyme caspase 1, and the adaptor protein ASC. As shown in Figure 3A, western blotting results showed that the protein levels of NLRP3 (Figure 3B), ASC (Figure 3C), and cleaved-caspase1 (Figure 3D) were significantly increased after SAH when compared with the sham group, whereas SalB significantly reduced these proteins. No significant difference was detected in the expression of caspase1 among all experimental groups (Figure 3E). Additionally, the expression of SIRT1 was markedly increased after SAH, which was further enhanced by SalB administration (Figure 3F).




Figure 3 | SalB inhibited NLRP3 inflammasome activation and promoted SIRT1 expression. (A) The protein expressions of NLRP3, ASC, caspase-1, c-caspase-1, and SIRT1 in ipsilateral cortex were detected by Western blot. Quantitative analysis of the levels of NLRP3 (B), ASC (C), c-caspase-1 (D), caspase-1 (E), and SIRT1 (F) in experimental groups (n = 6 mice/group). Data are expressed as mean ± SD. *P < 0.05 vs Sham group; #P < 0.05 vs SAH group.







SalB mitigated neuronal apoptosis after SAH

Evidence has indicated that neuronal death is closely associated with poor neurological deficits after SAH. We then examined the effects of SalB on neuronal apoptosis. As shown in Figure 4A, the number of TUNEL+NeuN+ cells was significantly increased after SAH when compared with the sham group. In contrast, mice treated with SalB had remarkably lower apoptotic neurons than those in the SAH group (Figure 4B).




Figure 4 | SalB mitigated neuronal apoptosis after SAH. (A) Representative images of TUNEL with NeuN (scale bar = 50 μm). (B) Quantitative analysis of the TUNEL+NeuN+ proportion in experimental groups (n = 6 mice/group). Data are expressed as mean ± SD. *P < 0.05 vs Sham group; #P < 0.05 vs SAH group.







Effects of EX527 and MCC950 on NLRP3 inflammasome and SIRT1 signaling

To validate the effect of SalB on NLRP3 inflammasome and SIRT1 signaling, EX527 and MCC950 were employed in this experiment. Consistent with a previous study (24), as shown in Figure 5A, our data showed that EX527 significantly reduced the increased SIRT1 expression induced by SalB (Figure 5B). Additionally, EX527 further induced NLRP3 inflammasome activation, as evidenced by the increased expression of NLRP3 (Figure 5C), ASC (Figure 5D), and cleaved-caspase1 (Figure 5E). No significant difference was detected in the expression of caspase1 among all experimental groups (Figure 5F). In contrast, the activated NLRP3 inflammasome signaling by EX527 could be suppressed by MCC950, as evidenced by the decreased expression of NLRP3 (Figure 5C), ASC (Figure 5D), and cleaved-caspase1 (Figure 5E). However, MCC950 did not affect SIRT1 expression after SAH (Figure 5B).




Figure 5 | Effects of EX527 and MCC950 on NLRP3 inflammasome and SIRT1 signaling. (A) The protein expressions of SIRT1, NLRP3, ASC, caspase-1, and c-caspase-1 in ipsilateral cortex were detected by Western blot. Quantitative analysis of the levels of SIRT1 (B), NLRP3 (C), ASC (D), c-caspase-1(E), and caspase-1 (F) in experimental groups (n = 6 mice/group). Data are expressed as mean ± SD. #P < 0.05 vs SAH group, @P < 0.05 vs SAH + SalB group, &P < 0.05 vs SAH + SalB + EX527 group.







Effects of EX527 and MCC950 on inflammatory response and microglial activation

Based on the findings above, we suspected that EX527 might further aggravate neuroinflammation. We then assessed the effects of EX527 and MCC950 on inflammatory response and microglial activation after SAH. As shown in Figure 6, EX527 treatment significantly reversed the anti-inflammatory effects of SalB against SAH, as evidenced by the increased levels of pro-inflammatory cytokines IL-1β (Figure 6A), IL-6 (Figure 6B), and IL-18 (Figure 6C). In addition, immunofluorescence staining (Figure 6D) showed that EX527 further increased the number of Iba1+ cells (Figure 6E), the immunoactivity of CD68 (Figure 6F), and microglia cell body area (Figure 6G). In contrast, all these changes induced by EX527 were reversed after treatment with MCC950 (Figures 6A–G). These suggested that inhibition SIRT1 by EX527 could aggravate neuroinflammation, and that suppression of NLRP3 by MCC950 might reduce neuroinflammation after SAH.




Figure 6 | Effects of EX527 and MCC950 on inflammatory response and microglial activation. Quantitative analysis of the levels of IL-1β (A), IL-6 (B), and IL-18 (C) by ELISA kits (n = 6 mice/group). (D) Representative immunofluorescent staining of Iba1 with CD68 in ipsilateral cortex. Quantitative analysis of the number of Iba1+ cells (E), CD68 intensity (F), and microglia cell body area ratio (G) (n = 6 mice/group). Data are expressed as mean ± SD, scale bar = 50 μm. #P < 0.05 vs SAH group, @P < 0.05 vs SAH + SalB group, &P < 0.05 vs SAH + SalB + EX527 group.







Effects of EX527 and MCC950 on neuronal death and neurological behavior

In this experiment, we then explored the effects of EX527 and MCC950 on neuronal death and neurological behavior. As shown in Figure 7A, TUNEL staining indicated that EX527 treatment aggravated neuronal apoptotic index when compared with the SAH + SalB group (Figure 7B). In addition, EX527 treatment further exacerbated neurological deficits score (Figure 7C), and motor function (Figure 7D). In contrast, when compared with the SAH + SalB + EX527 group, MCC950 significantly improved neurological function and reduced neuronal death (Figures 7A–D). Based on the above results, these findings indicated that SalB could inhibit microglia-mediated inflammatory responses and prevent neuronal death after SAH through modulating NLRP3 inflammasome and SIRT1 signaling.




Figure 7 | Effects of EX527 and MCC950 on neuronal death and neurological behavior. (A) Representative images of TUNEL with NeuN (scale bar = 50 μm). (B) Quantitative analysis of the TUNEL+NeuN+ proportion in experimental groups (n = 6 mice/group). (C) Neurological deficits test was performed on day 1 after SAH (n = 6 mice/group). (D) Beam balance test was conducted on day 1 after SAH (n = 6 mice/group). Data are expressed as mean ± SD. #P < 0.05 vs SAH group, @P < 0.05 vs SAH + SalB group, &P < 0.05 vs SAH + SalB + EX527 group.








Discussion

In this study, we performed an endovascular perforation SAH model to illuminate the potential anti-inflammatory functions of SalB on EBI after SAH and explored its molecular mechanisms. We found that SalB ameliorated SAH-induced functional behavior and cognitive deficits. Mechanistically, SalB mitigated microglial activation, pro-inflammatory cytokines release, and neuronal injury. Furthermore, SalB inhibited NLRP3 inflammasome activation and promoted SIRT1 expression after SAH. Administration of EX527 abrogated the anti-inflammatory effects of SalB against SAH and further induced NLRP3 inflammasome activation. In contrast, MCC950, a potent and selective NLRP3 inflammasome inhibitor, abolished the detrimental effects of SIRT1 inhibition by EX527 on EBI. These results indicated that SalB effectively repressed neuroinflammatory responses and neuronal damage after SAH by targeting NLRP3 inflammasome and SIRT1 signaling (Supplementary Figure 2).

Microglia-mediated neuroinflammation is involved in the pathology of EBI after SAH (2, 7). As the innate immune cells in CNS, microglia are early responder after SAH, which produce pro-inflammatory cytokines and cause damage to neuronal function and behavior function. Increasing evidence from both animal models and clinical studies has implicated the NLRP3 inflammasome as a main contributing factor in microglia-mediated inflammatory processes after SAH (23, 24, 28). The NLRP3 inflammasome is a cytosolic multi-protein complex that has three main components: the sensor protein NLRP3, the enzyme caspase 1, and the adaptor protein ASC. Upon stimulation, the NLRP3 inflammasome is assembled to trigger caspase-1 activation and subsequent pro-inflammatory cytokines release. Pharmacological inhibition of NLRP3 inflammasome is a promising therapeutic strategy for the treatment of SAH. SalB acts at multiple targets and has been shown to exert neuroprotective effects. In addition to its anti-oxidant property, SalB exhibits a potent anti-inflammatory activity and could inhibit microglial activation in a variety of CNS disorders (17, 29). Notably, studies have reported that SalB could repress NLRP3 inflammasome signaling (18, 19). Although SalB was reported to exhibit anti-inflammatory effects in many CNS disorders, it is unclear whether it targets microglia and NLRP3 inflammasome-mediated signaling after SAH.

Considering that microglia-mediated inflammatory response contributes greatly to EBI after SAH and the important role of NLRP3 inflammasome signaling in this response, we speculated that SalB might have a regulatory effect on microglial activation after SAH by inhibiting NLRP3 inflammasome. In agreement with previous reports (16, 17), SalB significantly inhibited microglial activation and decreased pro-inflammatory cytokines release after SAH. Concomitant with the decreased neuroinflammation, SalB improved behavior function and ameliorated cognitive impairment after SAH. These actions can be explained by the SalB-induced inhibition of NLRP3 inflammasome. However, how SalB regulates NLRP3 inflammasome activation after SAH remains unclear.

By searching the references, SalB is potent SIRT1 activator (30, 31). Meanwhile, a previous study reported that SalB could significantly mitigate SAH-induced oxidative damage by enhancing SIRT1 activation (9). Interestingly, we previously demonstrated that SIRT1 could inhibit NLRP3 inflammasome signaling to ameliorate EBI after SAH (32). As an important endogenous protective factor, SIRT1 could modulate a broad range of biological functions, including inflammation and oxidative stress (33, 34). Thus, we hypothesized that SalB might promote SIRT1 to inhibit NLRP3 inflammasome activation after SAH. Consistent with the previous study, we found that SalB increased SIRT1 expression, whereas EX527 suppressed SIRT1 activation and further induced NLRP3 inflammasome. Consistently, EX527 abated the anti-inflammatory effects of SalB against SAH. MCC950, a selective NLRP3 inflammasome inhibitor, has previously been shown to suppress NLRP3 inflammasome formation and neuroinflammation (35). Additionally, in animal models of traumatic brain injury and stroke, MCC950 could mitigate microglial activation, neurological deficits, brain edema, and neural death. These suggested that specific NLRP3 inflammasome inhibition using MCC950 might be an effective strategy for acute brain injuries. Therefore, we further employed MCC950 to validate the relationship between SIRT1 and NLRP3 inflammasome. In line with previous studies (36, 37), MCC950 treatment also repressed the activation of NLRP3 inflammasome and abated the detrimental effects of EX527 on EBI after SAH. In view of these results and the notion that microglia are the primary source of NLRP3 inflammasome, we postulated that SalB provided anti-inflammatory effects after SAH by inhibiting NLRP3 inflammasome and promoting SIRT1 pathway.

We noted that some scholars have reported that SalB exerts cerebroprotection effects after SAH by inhibiting oxidative damage (9). Different with this study, we performed an endovascular puncture SAH model and mainly studied the anti-inflammatory effects of SalB on microglia and NLRP3 inflammasome signaling. Although microglial response has detrimental effects in the early period after SAH, microglia also contribute to phagocytosis of cell debris and neural repair (38, 39). A previous study in major depressive disorder model suggested that SalB could promote microglial M2-polarization and rescue neurogenesis (17). However, whether SalB promoted M2 microglial polarization after SAH remains unclear. Additionally, it should be noted that many pharmacologic agents could target NLRP3 inflammasome and ameliorate EBI after SAH. However, few of them can be translated into clinical practice. The possible explanation might be lacking enough toxicological studies. Although no side-effects of SalB were reported, the toxicological studies of SalB and its optimal and safe dose still need to be investigated. Finally, we cannot exclude the possibility that other molecular targets might involve in the anti-inflammatory effects of SalB after SAH.





Conclusions

In summary, we discovered that SalB inhibited microglia-mediated inflammatory responses and prevented neuronal damage after SAH through modulating NLRP3 inflammasome and SIRT1 signaling.
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Supplementary Figure 1 | Schematic illustration of experiment design. In the first set of experiments, the effects of SalB on short-term and long-term functional behavior after SAH were evaluated. In the second experiment, the potential role of SalB on neuroinflammation and its mechanisms were evaluated. In the third experiment, the effects of SalB on NLRP3 inflammasome and SIRT1 signaling were validated by using EX527 and MCC950.

Supplementary Figure 2 | As innate immune cells in the CNS, microglia have been implicated as a primary factor in inflammation-mediated brain damage. After SAH, NLRP3 inflammasome activation plays a crucial role in microglia-mediated inflammatory responses. The NLRP3 inflammasome is assembled to trigger caspase-1 activation and subsequent pro-inflammatory cytokines release. Inhibition of NLRP3 inflammasome activation by MCC950 could mitigate microglia activation and neuroinflammation after SAH. In addition, SIRT1 activation could inhibit NLRP3 inflammasome to reduce brain damage after SAH. SalB treatment promotes SIRT1 activation and inhibits NLRP3 inflammasome, thereby ameliorating neuronal damage after SAH. In contrast, SIRT1 inhibition by EX527 reverses the protective effects of SalB against SAH.
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