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Endoplasmic reticulum (ER) stress occurring in stringent conditions is critically involved in neuronal survival and death. Resveratrol is a non-flavonoid polyphenol that has neuroprotective effects against many neurological disorders. Here, we investigated the potential protective effects of resveratrol in an in vitro ER stress model mimicked by tunicamycin (TM) treatment in neuronal HT22 cells. We found that TM dose-dependently decreased cell viability and increased apoptosis, which were both significantly attenuated by resveratrol treatment. Resveratrol markedly reduced the expression or activation of ER stress-associated factors, including GRP78, CHOP, and caspase-12. The results of immunocytochemistry and western blot showed that resveratrol promoted autophagy in TM-treated cells, as evidenced by increased LC3II puncta number, bcelin1 expression and LC3II/LC3I ratio. Pretreatment with the autophagy inhibitor chloroquine could reduce the protective effects of resveratrol. In addition, the expression of Sirt3 protein and its downstream enzyme activities were significantly increased in resveratrol-treated HT22 cells. To confirm the involvement of Sirt3-mediated mechanisms, siRNA transfection was used to knockdown Sirt3 expression in vitro. The results showed that downregulation of Sirt3 could partially prevented the autophagy and protection induced by resveratrol after TM treatment. Our study demonstrates a pivotal role of Sirt3-mediated autophagy in mediating resveratrol-induced protection against ER stress in vitro, and suggests the therapeutic values of resveratrol in ER stress-associated neuronal injury conditions.
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INTRODUCTION

The endoplasmic reticulum (ER) is the most important subcellular compartment that controls protein quality and calcium storage (Hawes et al., 2015). Under stress conditions, a cellular response named ER stress is triggered to preserve ER homeostasis through initiating the unfolded protein response (UPR), or to induce cell death via activating pro-apoptotic signaling cascades (Stefani et al., 2012). Accumulating evidence supports the concept that ER stress is involved in neuronal injury in various neurological disorders, ranging from acute insults (ischemic and traumatic brain injury) to chronic degenerative diseases (Alzheimer's disease and Parkinson's disease) (Valenzuela et al., 2016).

Autophagy, a Greek word meaning self-eating, represents a self-degradative process that balances energy sources via the bulk degradation and recycling of cytosolic proteins and organelles (Balduini et al., 2009). It is a highly conserved function among eukaryotes that plays a crucial role in maintaining cell survival under both physiological and pathological conditions. However, autophagy is a double-edged sword where under certain conditions, overactivation of autophagy could disrupt cellular homeostasis and result in cell death (Thorburn, 2014). It is now accepted that ER stress is a potent trigger for autophagy, and multiple ER stress associated signaling cascades also participates in autophagy process (Yin et al., 2017). Many previous studies have highlighted the need for developing autophagy-promoting strategies for diseases that are related to ER stress (Lee et al., 2015).

Resveratrol (3,4′,5-trihydroxyl-trans-stilbene, C14H12O3) is a non-flavonoid polyphenolic phytoalexin discovered in the 1940s. This fat-soluble compound is present at high concentrations in grapes, peanuts, cassia and red wine (Ramprasath and Jones, 2010). Resveratrol has become a highly important natural active ingredient with many pharmacological properties, such as antioxidative, anti-inflammatory, anti-platelet, and anticancer effects (Carrizzo et al., 2013). Resveratrol is rapidly taken up after oral consumption of a low dose, and approximate 50–70% of the resveratrol could be absorbed by the body in human and rodents (Marier et al., 2002; Walle et al., 2004). In addition, resveratrol is able to cross the blood-brain barrier (BBB), and its neuroprotective activity has been demonstrated in stroke, brain trauma, seizure, and neurodegenerative diseases (Markus and Morris, 2008). However, the potential protective effects of resveratrol under ER stress conditions were not fully determined. Thus, this study was designed to investigate the effect of resveratrol in neuronal HT22 cells treated with the ER stress inducer tunicamycin (TM), and we also investigated the underlying mechanism with focus on Sirt3.



MATERIALS AND METHODS


Reagents and Antibodies

TM was purchased from Sigma (St. Louis, MO, USA). Resveratrol was obtained from Calbiochem (Darmstadt, Germany). Rapamycin, chloroquine and DAPI were obtained from Tocris (Bristol, UK). Antibody against GRP78 was purchased from Bioworld (St. Louis Park, MN, USA). Antibodies against CHOP, phospho-JNK, cleaved-caspase-12 and β-actin were obtained from Santa Cruz (Santa Cruz, CA, USA). Antibodies against Beclin1, LC3, LC3II, and Sirt3 were obtained from Cell Signaling (Danvers, MA, USA).



Cell Cultures

The hippocampal neuronal HT22 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum at 37°C in a 5% CO2 incubator.



Cell Viability Assay

Cell viability was assessed by the MTT assay as described previously with minor modifications (Chen et al., 2011). Cells (1 × 104 cells/well) were seeded in 96-well plates and subjected to various treatments. MTT solution at 5 mg/ml was added into each well, and incubated at 37°C in a 5% CO2 incubator for 4 h. After the medium was carefully removed, DMSO was added to dissolve the blue formazan product. The absorbance was detected at 490 nm.



Lactate Dehydrogenase (LDH) Release Assay

Cellular toxicity was determined by measuring LDH release using a LDH kit as previously described (Dai et al., 2017).



Tunel Staining

Apoptosis was detected by TUNEL staining. HT22 cells were fixed by immersing slides in 4% methanol-free formaldehyde solution in PBS for 20 min and permeabilized with 0.2% Triton X-100 for 5 min. Cells were labeled with fluorescein TUNEL reagent mixture for 60 min at 37°C and the slides were examined by fluorescence microscopy and the number of TUNEL-positive cells was counted.



Immunocytochemistry

After being fixed with 4% paraformaldehyde for 15 min at room temperature, HT22 cells were washed with NaCl/Pi, permeabilized with 0.2% Triton X-100, and incubated with GRP78, LC3II or Sirt3 primary antibody overnight at 4°C. Cells were then incubated with Alexa 594-conjugated secondary antibody for 2 h at 37°C. Images were captured with an Olympus FV10i Confocal Microscope (Olympus, Tokyo, Japan).



RT-PCR Assays

Total RNA was prepared with the Trizol Reagent method, and 2 mg template RNA was used to synthesize the first strand of cDNA using a reverse transcription kit. The mRNA level of XBP1S was quantitated using a Bio-Rad iQ5 Gradient Real-Time PCR system (Bio-Rad Laboratories), and β-actin was used as an endogenous control.



Enzyme Activity Assays

The enzymatic activity of MnSOD and catalase was measured by use of a kit (Cayman Inc.) according to the manufacturer's protocol.



Short Interfering RNA (siRNA) and Transfection

The specific siRNA targeted Sirt3 (sc-61556), and control siRNA (sc-37007) were purchased from Santa Cruz. The above siRNA molecules were transfected with Lipofectamine 2000 in for 48 h before various treatments.



Western Blot Analysis

Proteins were loaded and separated by 10% SDS-PAGE gels, and transferred to polyvinylidene difluoride (PVDF) membranes. Membranes were blocked with 5% skimmed milk solution in TBST for 1 h, and then incubated overnight at 4°C with the primary antibodies. Immunoreactivity was detected with Super Signal West Pico Chemiluminescent Substrate (Thermo Scientific, Rockford, IL, USA).



Statistical Analysis

Statistical analysis was performed using SPSS 16.0. Statistical evaluation was performed by one-way analysis of variance (ANOVA). All samples were tested in triplicates and data from six independent experiments were used for analysis. A value of p < 0.05 was considered statistically significant.




RESULTS


Resveratrol Protects against TM-Induced Toxicity in HT22 Cells

HT22 cells were treated with TM at different concentrations, and the cell viability and LDH release were measured at 24 h. The results showed that TM at 50, 100, and 500 ng/ml significantly decreased cell viability (Figure 1A) and increased LDH release (Figure 1B), while 1 and 10 ng/ml TM had no such effects. Based on these results, 100 ng/ml TM was used in the following experiments. According to previous data and our pre-experimental results (Kim et al., 2012; Luyten et al., 2017), we used 50 μM resveratrol in this study. The results showed that 50 μM resveratrol partially prevented the decrease in cell viability (Figure 1C) and increase in LDH release (Figure 1D) after TM exposure. We also detected apoptosis using TUNEL staining, and reduced number of TUNEL-positive cells was observed in resveratrol treated cells compared to that in TM-treated alone group (Figures 1E,F).
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FIGURE 1. Resveratrol protects against TM-induced toxicity in HT22 cells. HT22 cells were treated with TM at different concentrations for 24 h. Cell viability was measured by MTT assay (A), and cytotoxicity was determined by LDH assay (B). HT22 cells were treated with 100 ng/ml TM with or without 50 μM resveratrol for 24 h, and cell viability (C) and LDH release (D) were measured. TUNEL staining was performed to detect apoptosis, and the nuclei were stained by DAPI (E). The apoptotic rate was assayed (F). Data are shown as mean ± SEM. #p < 0.05 vs. Control. *p < 0.05 vs. TM. Scale bar = 50 μm.





Resveratrol Attenuates TM-Induced ER Stress in HT22 Cells

Immunocytochemistry was used to detect the expression of GRP78 in HT22 cells (Figure 2A), and the results showed that TM significantly increased the fluorescence of GRP78, which was partially reversed by resveratrol (Figure 2B). RT-PCR assay showed that resveratrol treatment preserved XBP1S mRNA levels after TM exposure (Figure 2C). We also detected the expression of ER stress associated pro-apoptotic factors using western blot (Figure 2D). The results showed that TM-induced CHOP induction (Figure 2E), JNK phosphorylation (Figure 2F), and caspase-12 cleavage (Figure 2G) were all significantly decreased by resveratrol, indicating the inhibition of ER stress.
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FIGURE 2. Resveratrol attenuates TM-induced ER stress in HT22 cells. HT22 cells were treated with 100 ng/ml TM with or without 50 μM resveratrol for 24 h. The expression of GRP78 protein was detected by immunofluorescence staining (A) and calculated (B). The mRNA levels of XBP1S was examined by RT-PCR (C). The expression of CHOP, p-JNK and cleaved-caspase-12 was detected by western blot (D–G). Data are shown as mean ± SEM. #p < 0.05 vs. Control. *p < 0.05 vs. TM. Scale bar = 20 μm.





Resveratrol Promotes Autophagy in HT22 Cells after TM Exposure

Western blot was performed to detect the expression of autophagy associated proteins (Figure 3A). The results showed that TM increased the expression of Beclin1 (Figure 3B) and the ratio of LC3II/LC3I (Figure 3C), which were both further increased by resveratrol treatment. In addition, we also detected the expression of LC3II by immunocytochemistry (Figure 3D). As shown in Figure 3E, TM increased the number of LC3II puncta, and resveratrol further increased LC3II puncta number.
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FIGURE 3. Resveratrol promotes autophagy in HT22 cells after TM exposure. HT22 cells were treated with 100 ng/ml TM with or without 50 μM resveratrol for 24 h. The expression of Beclin1 and LC3 was detected by western blot (A–C). Immunofluorescence staining of LC3II was performed to assess autophagy in HT22 cells (D), and the number of LC3-positve puncta was counted (E). Data are shown as mean ± SEM. #p < 0.05 vs. Control. *p < 0.05 vs. TM. Scale bar = 20 μm.





Resveratrol Modulates TM-Induced Toxicity via Affecting Autophagy

To determine the role of autophagy in resveratrol-induced protection, HT22 cells were treated with the autophagy activator rapamycin (4 μM) or the autophagy inhibitor chloroquine (10 μM). The results of MTT assay showed that rapamycin could prevent TM-induced decrease in cell viability, whereas chloroquine partially reversed resveratrol-induced protection (Figure 4A). As shown in Figure 4B, TM-induced increase in LDH release was reduced by rapamycin, and the resveratrol-induced decrease in LDH release was attenuated by chloroquine.
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FIGURE 4. Resveratrol modulates TM-induced toxicity via affecting autophagy. HT22 cells were treated with resveratrol, rapamycin or chloroquine, and exposed to TM for 24 h. Cell viability was measured by MTT assay (A), and cytotoxicity was determined by LDH assay (B). Data are shown as mean ± SEM. #p < 0.05 vs. Control. *p < 0.05 vs. TM. &p < 0.05 vs. TM + Resveratrol.





Resveratrol Activates Sirt3 in TM-Treated HT22 Cells

Western blot was performed to detect the expression of Sirt3, and the results showed that TM significantly decreased Sirt3 expression, whereas resveratrol markedly increased Sirt3 expression both in the presence and absence of TM (Figure 5A). We also measured the enzymatic activities of MnSOD and CAT, two downstream targets of Sirt3, and the results showed that resveratrol significantly increased the activities of these enzymes (Figures 5B,C). To further determine the effect of resveratrol on acetylation state of MnSOD, we detected ac-MnSOD2 expression by western blot (Figure 5D). The results showed that resveratrol inhibited MnSOD acetylation both in the presence and absence of TM, and these effects were partially prevented by Sirt3 knockdown.
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FIGURE 5. Resveratrol activates Sirt3 in TM-treated HT22 cells. HT22 cells were treated with 100 ng/ml TM with or without 50 μM resveratrol for 24 h. The expression of Sirt3 protein was detected by western blot (A), and the enzymatic activities of MnSOD (B), and CAT (C) were determined. HT22 cells were transfected with Si-control or Si-Sirt3 for 48 h, and treated with 100 ng/ml TM with or without 50 μM resveratrol for 24 h. The expression of ac-MnSOD was detected by western blot (D). Data are shown as mean ± SEM. #p < 0.05 vs. Control. *p < 0.05 vs. TM. &p < 0.05 vs. Si-control.





Sirt3 Activation Contributes to Resveratrol-Induced Autophagy Regulation

HT22 cells were transfected with Si-Sirt3 to knockdown Sirt3 expression, and the results of immunocytochemistry showed that Si-Sirt3 significantly reduced Sirt3 protein levels compared to Si-control (Figures 6A,B). Downregulation of Sirt3 partially prevented the induction of Beclin1 and the increase in LC3II/LC3I ratio induced by resveratrol (Figures 6C–E). In addition, Si-Sirt3 transfection also significantly diminished the LC3II puncta in resveratrol-treated HT22 cells (Figures 6F,G).
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FIGURE 6. Sirt3 activation contributes to resveratrol-induced autophagy regulation. HT22 cells were transfected with Si-control or Si-Sirt3 for 48 h, and the expression of Sirt3 protein was detected by immunofluorescence staining (A) and calculated (B). After transfection, HT22 cells were treated with resveratrol for another 24 h, and the expression of Beclin1 and LC3 was detected by western blot (C–E). Immunofluorescence staining of LC3II was performed to assess autophagy in HT22 cells (F), and the number of LC3-positve puncta was counted (G). Data are shown as mean ± SEM. #p < 0.05 vs. Control. *p < 0.05 vs. Si-control. Scale bar = 20 μm.





Knockdown of Sirt3 Partially Prevents Resveratrol-Induced Protection

To further demonstrate the involvement of Sirt3 in resveratrol-induced protection, HT22 cells was transfected with Si-Sirt3 or Si-control before TM and resveratrol treatment. The results of MTT assay showed that resveratrol-induced increase in cell viability after TM exposure was reduced by Sirt3 knockdown (Figure 7A). In addition, the reduced LDH release induced by resveratrol was partially prevented by Si-Sirt3 transfection (Figure 7B). As shown in Figure 7C, a similar result on caspase-12 cleavage was also observed. Moreover, resveratrol-induced effects on XBP1S mRNA (Figure 7D), CHOP and p-JNK levels (Figures 7E–G) were all partially prevented by Si-Sirt3 transfection compared to Si-control.
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FIGURE 7. Knockdown of Sirt3 partially prevents resveratrol-induced protection. HT22 cells were transfected with Si-control or Si-Sirt3 for 48 h, and treated with TM in the presence or absence of resveratrol for another 24 h. Cell viability was measured by MTT assay (A), and cytotoxicity was determined by LDH assay (B). The expression of cleaved-caspase-12 was detected by western blot (C). The mRNA levels of XBP1S was examined by RT-PCR (D). The expression of CHOP, p-JNK, and cleaved-caspase-12 was detected by western blot (E–G). Data are shown as mean ± SEM. #p < 0.05 vs. Control. *p < 0.05.






DISCUSSION

Accumulating evidence has suggested that resveratrol exerts neuroprotective effects against both acute and chronic neurological disorders. The results of our study provide evidence that resveratrol attenuates ER stress associated neuronal injury via regulating autophagy in HT22 cells. We found that (a) resveratrol reduces TM-induced cell damage and apoptosis; (b) resveratrol inhibits the expression of ER related proteins; (c) resveratrol-induced promotion of autophagy contributes to its protective effects; (d) resveratrol increases Sirt3 protein expression and activity; and (e) mechanistically, knockdown of Sirt3 partially prevents the resveratrol-induced autophagy and protection.

Compared with many other natural products with neuroprotective activities, resveratrol has unique advantages. First, as a natural product, resveratrol can be easily obtained from grapes, berries, peanuts, and wines in the daily diet. In humans, resveratrol is rapidly taken up and absorbed after oral consumption, and the plasma half-life of its metabolites is approximate 9 h (Walle et al., 2004). In addition, due to its lipophilic character, tissue levels of resveratrol is much higher than those found in plasma (Timmers et al., 2012). More importantly, resveratrol can cross the BBB and act on both neurons and glial cells, making it more suitable for neurological diseases. The effects of resveratrol on ER stress was originally investigated in cancers, and resveratrol-induced induction of ER stress was found in colon and lung cancer cells (Park et al., 2007; Gu et al., 2016). However, our results showed that resveratrol significantly decreased the TM-induced activation of ER related proteins. Actually, equivalent results have also been found in acute kidney injury and non-alcoholic fatty liver diseases (Ding et al., 2017; Wang et al., 2017), and more relevantly, in Abeta25-35 treated SH-SY5Y cells (Cheng et al., 2016b). Thus, resveratrol might exert both anti-ER stress and pro-ER stress effects in different disease conditions.

Resveratrol has been previously implicated in inducing autophagy in a variety of cell types. A previous study showed that resveratrol triggered autophagic cell death through AMPK activation and JNK-dependent p62/SQSTM1 expression in chronic myelogenous leukemia cells (Puissant and Auberger, 2010). Resveratrol was shown to engage a distinct subset of LC3II and promote noncanonical autophagic degradation downstream of the Ptdlns(3)P-WIPI-Atg7-Atg5 pathway (Mauthe et al., 2011). In addition, resveratrol was also shown to induce autophagy in both glioma cells and dopaminergic SH-SY5Y cells (Yamamoto et al., 2010; Lin et al., 2014). In our in vitro experiments, increased number of LC3II puncta, as well as the upregulated expression of Beclin1 and LC3II, were observed after resveratrol treatment, indicating the promotion of autophagy in TM-treated conditions. In cancer cells, resveratrol caused autophagy to promote cell death, whereas increased autophagy induced by resveratrol was shown to be beneficial in many other diseases, such as spinal cord injury, brain trauma and cerebral ischemia (He et al., 2017; Zhao et al., 2017). Our results using the autophagy activator and inhibitor showed that the protective effects of resveratrol could be partially prevented by autophagy inhibition, as evidenced by both cell viability and LDH release results. Previous studies have demonstrated that resveratrol-induced autophagy is a protective mechanism in inflammatory, mitochondrial dysfunction and oxidative stress conditions (Fu, 2015; Wu et al., 2016; Zhang et al., 2017). Thus, our results suggest that resveratrol could exert protective effects against ER stress associated neurological disorders through promoting autophagy.

The sirtuins are a conserved family of NAD+-dependent protein deacetylases that have seven mammalian homologs (Sirtuin 1-7, aka Sirt1-7). Three sirtuin proteins, Sirt3, 4, and 5, are predominantly localized to the mitochondria, and Sirt3 has been shown to regulate almost every major aspect of mitochondrial biology in highly metabolic tissues, such as the brain (Bause and Haigis, 2013). Mitochondrial Sirt3 was demonstrated to act as a pro-survival factor playing an essential role to protect neurons under excitotoxicity (Kim et al., 2011). More recently, overexpression of Sirt3 was found to attenuate oxidative stress through regulating mitochondrial Ca2+ and mitochondrial biogenesis in neuronal cells (Dai et al., 2014a,b). In addition, Sirt3-mediated preservation of mitochondrial function and redox homeostasis are proved to contribute to the protective mechanism of multiple neuroprotective agents and strategies (Cheng et al., 2016a; Liu et al., 2017). Here, the results of western blot showed that resveratrol significantly increased Sirt3 protein expression both in the presence and absence of TM exposure, indicating the potential involvement of Sirt3 in its protective effects. Previous experiments have demonstrated that resveratrol could promote Sirt1 expression and activity. Resveratrol was shown to inhibit apoptosis via Sirt1 activation in hydrogen dioxide-treated osteoblast cells, and Sirt1-mediated Nrf2 activation contributed to the resistance to vascular calcification after resveratrol treatment (He et al., 2015; Zhang et al., 2016). More recently, resveratrol was shown to protect against mitochondrial Complex I deficiency via Sirt3-meidiated activation of mitochondrial SOD2 (Mathieu et al., 2016). In our study, increased activities of MnSOD and CAT were also observed in resveratrol-treated cells, and resveratrol-induced protection was partially prevented by Sirt3 knockdown using siRNA transfection. All these data indicated that the protective effects of resveratrol against TM was, at least partially, dependent on Sirt3 activation.

Acetylation and deacetylation are important posttranslational modifications employed in autophagy regulating (Bánréti et al., 2013). As class III histone deacetylases, Sirt1 and Sirt2 have been extensively implicated in modulating autophagy process (Ng and Tang, 2013). Recent studies have also identified multifaceted roles for Sirt3 in the regulation of autophagy. Sirt3 was shown to promote autophagy in AngII-induced myocardial hypertrophy through the deacetylation of FoxO1 in mice (Li et al., 2016). Sirt3 could directly bind and deacetylate SOD2, which in turn led to significant effects on mitochondrial ROS homeostasis and autophagic flux (Qiu et al., 2010; Liang et al., 2013). In our study, autophagy activation after resveratrol treatment was accompanied by increased expression of Sirt3 and elevated activity of MnSOD (also known as SOD2). More recently, Sirt3 was shown to activate autophagy and protect against ischemia in cortical neurons (Dai et al., 2017). Our results that knockdown of Sirt3 expression partially prevented the autophagy and protection induced by resveratrol, further supported the involvement of Sirt3 in autophagy regulation in neuronal cells, and indicated that resveratrol-induced protective effects were mediated by Sirt3 signaling. However, the role of Sirt3 in autophagy regulation has not been fully determined, especially some results was shown to be irreproducible (2017), and thus, some more experiments in gene knockout animals need to be performed in the future.

In summary, our results demonstrate that resveratrol exerts protective effects against TM-induced ER stress by regulating Sirt3-mediated autophagy in neuronal HT22 cells. These findings may reveal a new feature for the mechanism of resveratrol in neuroprotection, and provide further information regarding the role of Sirt3 in autophagy regulation.
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The protein kinase R (PKR)-like endoplasmic reticulum kinase (PERK) signaling pathway was reported to exert an important role in neuronal apoptosis. The present study was designed to investigate the roles of the PERK signaling pathway in the secondary brain injury (SBI) induced by intracerebral hemorrhage (ICH) and its potential mechanisms. Sprague–Dawley rats were used to establish ICH models by injecting autologous blood (100 μl), and cultured primary rat cortical neurons were exposed to oxyhemoglobin (10 μM) to mimic ICH in vitro. The PERK antagonist, GSK2606414, and inhibitor of eukaryotic translation initiation factor 2 subunit α (eIF2α) dephosphorylation, salubrinal, were used to study the roles of PERK signaling pathway in ICH-induced SBI. Our results showed that the protein levels of p-eIF2α and ATF4 were upregulated following ICH, peaking at 48 h. Application of GSK2606414 reversed this increase in vivo and in vitro, thereby preventing ICH-induced neuronal apoptosis. On the contrary, salubrinal inhibited the dephosphorylation of eIF2α, resulting in the elevation of p-eIF2α, which could activate downstream of PERK signaling and induce neuronal apoptosis and necrosis following ICH in vitro and in vivo. Thus, PERK signaling pathway plays an important role in ICH-induced apoptosis and blocking its activation has neuroprotective effects that alleviates SBI, suggesting that targeting this pathway could be a promising therapeutic strategy for improving patient outcome after ICH.

Keywords: PERK pathway, intracerebral hemorrhage, secondary brain injury, apoptosis, ER stress


INTRODUCTION

Intracerebral hemorrhage (ICH) is the most common subtype of hemorrhagic stroke, with an estimated annual incidence of 16/100,000 worldwide that is increasing with the aging population. Despite an increase in research and clinical trials for potential treatments for ICH, mortality remains high and no interventional therapy has been shown to improve patient outcome (Rodríguez-Yáñez et al., 2013; Wilkinson et al., 2017). It is generally accepted that ICH causes tissue displacement and destruction; this leads to secondary brain injury (SBI) (Qureshi et al., 2001; Schlunk and Greenberg, 2015; Behrouz, 2016), which involves a series of pathophysiological processes including activation of apoptosis (Qureshi et al., 2001; Xiong and Yang, 2015), aggravation of ischemia and edema in brain tissue surrounding the hematoma (Gebel et al., 2002), and related toxic effects (Lee et al., 2006; Chen et al., 2015). SBI can cause metabolic disorders in cells and activate stress responses including endoplasmic reticulum (ER) stress and the unfolded protein response (UPR) that either reestablish cellular homeostasis or activate cell death programs (Niu et al., 2017).

ER stress is one of the primary mechanisms that lead to apoptosis. The accumulation of misfolded/unfolded proteins induce ER dysfunction induces ER stress. Subsequently, it is induced a signal transduction cascade which is the UPR, whereby the cell tries to restore homeostasis to prevent its death (Schröder and Kaufman, 2005). The UPR is facilitated by three types of ER stress sensor proteins, protein kinase R (PKR)-like endoplasmic reticulum kinase (PERK), activating transcription factor 6 (ATF6), and inositol requiring kinase 1 (IRE1). Activated PERK phosphorylation eukaryotic translation initiation factor 2 subunit α (elF2α), which blocks most of protein translation and activates the transcription factor 4 (ATF4). PERK is a central ER stress sensor that enforces adaptive programs to recover homeostasis through a block of protein translation and the induction of the transcription factor ATF4. PERK pathway is turned off by protein phosphatase 1 (PP1) which dephosphorylates p-eIF2α (Godin et al., 2016).

The clearance of misfolded proteins by the UPR promotes neuronal survival. Thus, mild ER stress exerts neuroprotective effects by promoting autophagy (Fouillet et al., 2012), but can lead to cell death if it persists or is excessive (Tabas and Ron, 2011). The latter situation was shown to contribute to the pathophysiology of ischemia/reperfusion brain injury in rats (Nakka et al., 2010). In addition, in neurodegenerative diseases, inhibiting ER stress was found to suppress neuronal apoptosis (Moreno et al., 2013; Tsujii et al., 2015). CCAAT-enhancer-binding protein homologous protein (CHOP) is a downstream effector of the PERK pathway that functions as a pro-apoptotic factor (Jiang et al., 2012). Previous studies have shown that ER stress activates caspase-12 to induce cell apoptosis (Kim et al., 2010; Penke et al., 2016). However, and it is not known whether ER stress and apoptosis contribute to ICH-induced SBI.

The present study investigated the role of PERK signaling in SBI induced by ICH. The PERK inhibitor GSK2606414 and salubrinal, an inhibitor of eIF2α dephosphorylation, were used as experimental drugs both in vitro and in vivo (Boyce et al., 2005; Axten et al., 2012; Scheper and Hoozemans, 2013; Rubovitch et al., 2015).



MATERIALS AND METHODS


Ethical Approval

All experiments were approved by the Ethics Committee of the First Affiliated Hospital of Soochow University and were performed in accordance with the guidelines of the National Institutes of Health on the care and use of animals. Adult male Sprague–Dawley (SD) rats (250–300 g) were purchased from Animal Center of Chinese Academy of Sciences, Shanghai, China. The rats were housed in temperature- and humidity-controlled animal quarters with a 12hr light/dark cycle.



Experimental Design

In experiment 1, 48 rats (53 rats were used, but only 48 rats survived after the surgery) were randomly assigned to eight groups of 6 rats for each, a sham group and seven experimental groups arranged by time course: 4, 8, 12, 16, 24, 48, and 72 h after ICH. The rats were euthanized at the indicated time point after ICH, and the brain tissues were separated and taken for analysis (Figure 1A). In vitro, the primary hippocampal neurons were assigned to eight groups, a sham group, and seven experimental groups arranged by time: 4, 8, 12, 16, 24, 48, and 72 h after neurons treated by oxyhemoglobin (OxyHb) (Figure 1B).
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FIGURE 1. ICH model and experimental design. (A) Representative whole brains and brain sections from ICH model rats. (B) Experiment 1 evaluated the expression of eIF2α, p-eIF2α, and ATF4 in vitro and in vivo. (C) Experiment 2 investigated the effects of PERK signaling on ICH-induced SBI and the underlying mechanisms in vivo. (D) Experiment 3 investigated the role of PERK signaling pathway in vitro.



In experiment 2, 36 rats (43 rats were used, but only 36 rats survived) were randomly divided into six groups: sham group, ICH group, ICH +vehicle (GSK2606414) group, ICH+GSK2606414 group, ICH +vehicle (salubrinal) group and ICH +salubrinal group (n = 6 for each group). The administrations of drugs in each group were shown in Figure 1C. First, GSK2606414 was dissolved in dimethylsulphoxide (DMSO) to 90 μg/μl and then diluted the store solution to 90 μg/5 μl by sterile saline, which was injected intracerebroventricularly (Yan et al., 2017). Salubrinal was dissolved in DMSO to 96 μg/μl and injected intraperitoneally (1 mg/kg body weight) as reported previously (Sokka et al., 2007). Then, rats were euthanized, and the brain tissues were separated and taken for analysis (Figure 1C). The cannulated right femoral artery was used to measure blood pressure and heart rate. The blood pressure and heart rate were no significant differences among sham group, ICH group, ICH + vehicle (GSK2606414) group, ICH+GSK2606414 group, ICH +vehicle (salubrinal) group and ICH +salubrinal group (Data not shown). In vitro, to mimic the effect of ICH, OxyHb (10 μM) was used to treat primary hippocampal neurons (Figure 1D).



Antibodies and Drugs

Anti-CHOP antibody (ab11419), anti-p-eIF2α antibody (ab32157), anti-eIF2α antibody (ab169528), anti-XBP1 anbibody (ab37152), anti-caspase-12 antibody (ab62484), Ms mAb to NeuN (ab104224), Rb mAb to NeuN (ab177487), and anti-β-Tubulin antibody (ab179513) were purchased from abcam (Cambridge, MA, USA). Anti-ATF-4 antibody (sc-200) was purchased from Santa Cruz (Santa Cruz, CA, USA). Anti-ATF6 antibody (70B1413.1) were purchased from Novus Biological (Littleton, Co, USA). Salubrinal and GSK2606414 were purchased from TargetMol (Boston, MA, USA).



Establishment of the ICH Model

Adult male SD rats (280–330 g) were anesthetized with intraperitoneal injection of 4% chloral hydrate (0.1 mL/kg body weight). After the rats were completely anesthetized, they were fixed in the stereotactic frame (ZH-Lanxing B type, Anhui Zhenghua Biological Equipment Co. Ltd. Anhui, China). Depending on the rat's response to the pain, additional chloral hydrate should be injected. The rat is then placed on the heating pad in a supine position and the pad is maintained at a temperature of about 27–35°C. Experimental ICH model was induced by using stereotaxic insertion of autologous blood using the modified methods described by Deinsberger et al. (1996). The position of basal ganglia was 0.2 mm posterior to bregma, 3.5 mm lateral to the midline, and 5.5 mm ventral to the cortical surface. Subsequently, 100 μl of autologous blood was collected from the heart using a 100 μl microinjector (Hamilton Company, Nevada, USA). After the microinjector was in position, 100 μl of autologous blood was injected over 5 min. Typical visual representation of the brain slices from each group were shown in Figure 1A. Bone wax was used to block the drilling, and medical suture line was used to stitch the scalp. Next, put the mouse back in the cage and gave enough food and water in the cage. The assessment of SBI occurred 48 h after the onset of ICH.



Western Blot Analysis

After collecting perihematomal tissues, we separately homogenized the perihematoma tissues from each experimental model. Brain homogenate was lysed in RIPA lysis buffer (Beyotime Institute of Biotechnology, Jiangsu, China). After at 16,000 g centrifuged for 5 min 4°C, the supernatant was collected. The supernatant was stored at −80°C for later use. A standard BCA (Beyotime Institute of Biotechnology) method was used to determine protein concentration. Then, a total of 50 μg protein each lane was subjected to SDS-PAGE (10%) and transferred to a membrane for ECL and imaging as reported previously (Zhai et al., 2016). The optical density was analyzed using Image J software (Rawak Software, Inc., Stuttgart, Germany).



Immunofluorescence Microscopy

The brain tissues were fixed in 4% paraformaldehyde, embedded in paraffin, cut into 4 μm sections, which was dewaxed immediately before immunofluorescence staining. Then, brain sections were stained with primary antibody, including NeuN antibody-neuronal cell marker (diluted 1:100) and antibodies for p-eIF2α (diluted 1:100), ATF-4 (diluted 1:100), at 4°C for 12 h. NEXT, brain sections were washed 3 times with PBS and stained with appropriate secondary antibodies. Normal rabbit IgG was used as negative controls for immunofluorescence assays (data not shown). Sections were observed with a fluorescence microscope (Olympus, BX50/BX-FLA/DP70, Olympus Co., Japan).



Terminal Deoxynucleotidyl Transferase–Mediated dUTP Nick End Labeling Staining

Terminal Deoxynucleotidyl Transferase–Mediated dUTP Nick End Labeling (TUNEL) staining was performed as described previously to detect cell apoptosis in brain (Zhai et al., 2016). The TUNEL-positive neurons were examined and were photographed in parallel by a fluorescence microscope (Olympus, BX50/BX-FLA/DP70, Olympus Co., Japan) (3 sections per rat).



Fluoro-Jade B (FJB) Staining

Fluoro-Jade B (FJB) is used to detect cell necrosis in brain tissue, which is a sensitive and highly specific fluorescent stain that reveals neuronal degradation (Zhu et al., 2014). FJB procedures were performed as previously described (Lin et al., 2012). Briefly, brain sections were deparaffinized. We used an oven to dehydrate brain sections. Then, we used xylenes and graded ethanol solutions to water for rehydrating brain sections. Brain sections were permeabilized in 0.04% Triton X-100. Next, we used FJB dye solution for incubating brain sections. Brain sections were examined and were photographed in parallel by a fluorescence microscope (Olympus, BX50/BX-FLA/DP70, Olympus Co., Japan). To evaluate the extent of cell necrosis, 6 microscopic fields in each tissue section were observed and photographed in parallel for FJB-positive cell counting. Microscopy was performed by an observer blind to the experimental condition.



Cell Culture and Treatment

Primary rat cortical neurons were obtained from 17-day-old SD rat embryos as described previously (Pacifici and Peruzzi, 2012). After a week of incubation, neurons were divided into 6 groups: control, OxyHb, OxyHb + vehicle (GSK2606414), OxyHb + GSK2606414, OxyHb + vehicle (salubrinal) and OxyHb + salubrinal. To mimic ICH, in OxyHb group, neurons were treated with OxyHb (10 μM) (Zhai et al., 2016); in OxyHb + vehicle (GSK2606414) group, cells were pretreated with DMSO (volume equal to GSK2606414) for 1 h and then exposed to 10 μM OxyHb; in OxyHb + GSK2606414 group, cells were pretreated with GSK2606414 (1 μM) for 1 h and then exposed to 10 μM OxyHb (Jiang et al., 2017); in OxyHb+vehicle (salubrinal) group, cells were pretreated with DMSO (volume equal to salubrinal) for 1 h and then exposed to 10 μM OxyHb; in OxyHb +salubrinal group, cells were pretreated with salubrinal (50 μM) for 1 h and then exposed to 10 μM OxyHb (Sokka et al., 2007) in fresh medium. After incubation for 48 h, cells were fixed with 4% paraformaldehyde. After these treatments, cellular morphology was observed by inverted phase contrast microscope, and the total protein of the cells was collected and stored at −80°C for western blot analysis.



Statistical Analysis

All data are presented as means ± SEM. Graph pad prism 7 was used for all statistical analysis. One-way ANOVA for multiple comparisons and Student–Newman–Keuls post-hoc test were used to determine the differences among all groups. P < 0.05 was considered to be significant difference.




RESULTS


ER Stress Pathways Activation was Induced by ICH both in Vivo and in Vitro

In experiment 1, the western blot analysis revealed that the levels of p-eIF2α and ATF-4 in the brain tissues were increased significantly from 4 h after ICH, reaching a peak at 48 h (Figure 2A). In addition, we also determined the other two ER stress pathways, and it was shown that ATF-6 and XBP-1 were elavated after ICH induction, exhibiting that ATF and IREα/XBP1 were also activated (Figure 2B). In vitro, to mimic ICH we used OxyHb to treat the neurons. And it was found that the level of p-eIF2α and ATF-4 were increased significantly from 4 h after OxyHb treatment and reached the peak at 48 h, as expected (Figure 2C). Furthermore, double immunofluorescence assay verified the ICH-induced increase in the protein level of p-eIF2α and ATF-4 in neurons at 48 h, which were also demonstrated that p-eIF2α and ATF-4 were mainly expressed in neurons (Figures 2D,E). So, we focused on PERK pathway in neurons in the following study at 48 h.
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FIGURE 2. p-eIF2α and ATF4 protein levels are increased after ICH in vitro and in vivo. (A) Brain tissue samples collected at different time points after ICH were analyzed for p-eIF2α, eIF2α, and ATF4 expression by western blot; tubulin served as a loading control. Protein levels were quantified with ImageJ software, and mean values for sham animals were normalized to 1.0. Data represent mean ± SEM (n = 6). *p < 0.05, **p < 0.01 vs. sham; ##p < 0.01 24 vs. 48 h; $$p < 0.01 48 vs. 72 h (one-way analysis of variance followed by the Student–Newman–Keuls post-hoc test). (B) The protein levels of ATF-6 and XBP-1 were detected by western blot, and tubulin served as a loading control. Protein levels were quantified with ImageJ software, and mean values for sham animals were normalized to 1.0. Data represent mean ± SEM (n = 6). *p < 0.05, **p < 0.01 vs. sham; ##p < 0.01 12 vs.16 h, 24 vs.48 h; $$p < 0.01 16 vs. 24 h, 48 vs. 72 h (one-way analysis of variance followed by the Student–Newman–Keuls post-hoc test). (C) Primary neurons were extracted and treated with 10 μM OxyHb for indicated times, and p-eIF2α, eIF2α, and ATF4 levels were detected by western blotting. Protein levels were quantified with ImageJ software, and mean values in the control group were normalized to 1.0. Data represent mean ± SEM (n = 3). *p < 0.05, **p < 0.01 vs. control; ##p < 0.01 24 vs. 48 h; $$p < 0.01 48 vs. 72 h (one-way analysis of variance followed by the Student–Newman–Keuls post-hoc test). (D,E) Double immunofluorescence analysis of brain tissue (between the cortex and the perihematoma) using antibodies against eIF2α (green) and NeuN (red) (D) or ATF4 (green) and NeuN (red) (E); nuclei were labeled with DAPI (blue). Scale bar = 30 μm.





PERK Signaling Pathway was Inhibited by GSK2606414 and Activated by Salubrinal in Vivo

The PERK inhibitor GSK2606414 was injected intracerebroventricularly at 1 h after ICH and the eIF2α dephosphorylation inhibitor salubrinal, as an agonist of PERK downstream signaling pathway, was injected intraperitoneally at 30 min before ICH, respectively. It was revealed that with the treatment of GSK2606414 and salubrinal, the protein levels of p-eIF2α and ATF-4 were decreased and increased compared with ICH + vehicle (GSK2606414) and ICH + vehicle (salubrinal) group respectively (Figure 3A).
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FIGURE 3. Effect of PERK pathway inhibition and activation on SBI following ICH in vivo. (A) Brain tissue samples were collected and eIF2α phosphorylation and ATF4 expression were detected by western blotting. Tubulin served as a loading control. Protein levels were quantified with ImageJ software. Mean values for the sham group were normalized to 1.0. Data represent mean ± SEM (n = 6). **p < 0.01 vs. sham; #p < 0.05 vs. indicated vehicle (one-way analysis of variance followed by the Student–Newman–Keuls post-hoc test). (B) Detection of CHOP and caspase-12 expression in sham, ICH, ICH + vehicle (GSK2606414), ICH + GSK2606414, ICH + vehicle (salubrinal), and ICH + salubrinal groups 48 h after ICH by western blotting. Data represent mean ± SEM (n = 6). **p < 0.01 vs. sham; #p < 0.05 vs. indicated vehicle. (C) Induction of apoptosis 48 h after ICH, as detected with the TUNEL assay. Double immunofluorescence analysis was performed with TUNEL (green) and an antibody against ATF-4 (red); nuclei were labeled with DAPI (blue). Scale bar = 30 μm. Quantitative analysis of TUNEL and ATF-4 double positive neurons in each group. Data represent mean ± SEM (n = 6). **p < 0.01 vs. sham; #p < 0.05 vs. indicated vehicle. (D) Detection of neuronal degradation in the cerebral cortex by FJB staining (green). Scale bar = 26 μm. Arrows indicate FJB-positive cells. FJB-positive cells/mm2 was quantified at 48 h. Data represent mean ± SEM (n = 6). **p < 0.01 vs. sham; #p < 0.05 vs. indicated vehicle.





PERK Pathway Promoted ICH-Induced Apoptosis in Vivo

Previous studies have shown that PERK signaling pathway was involved in ER stress-induced apoptosis. In the present study, we found that with the treatment of GSK2606414, the increase of CHOP and cleaved caspase-12 protein levels induced by ICH could be significantly reversed (Figure 3B). Meanwhile, as indicated in the histological evidence of neuronal apoptosis, the TUNEL was double labeled with ATF-4. The results showed that the number of TUNEL and ATF-4 double positive cells was increased following ICH relative to the sham group, but this effect was abrogated by GSK2606414 administration (Figure 3C). Similarly, the ICH-induced increase in the number of FJB-positive cells was reversed by GSK2606414 as compared to the ICH + vehicle (GSK2606414) group (Figure 3D). On the contrary, the salubrinal treatment could significantly promote the protein levels of CHOP and cleaved caspase-12 increase induced by ICH (Figure 3B). Moreover, the TUNEL and ATF-4 double positive cells were significantly increased compared to the ICH+vehicle (salubrinal) group (Figure 3C), as well as the FJB-positive cells (Figure 3D). It was indicated that PERK pathway inhibition could rescue neuronal apoptosis and necrosis induced by ICH.



PERK Signaling Pathway was Inhibited by GSK2606414 and Activated by Salubrinal in Vitro

In addition, we further investigated the role of PERK signaling pathway in primary neurons treated with OxyHb to mimic ICH. It was found that the protein levels of p-eIF2α and ATF-4 were significantly decreased after GSK2606414 treatment compared to the OxyHb + vehicle (GSK2606414) group, which showed the opposite effects with the treatment of salubrinal compared to the OxyHb +vehicle (salubrinal) group (Figure 4A).
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FIGURE 4. Effect of PERK pathway inhibition and activation on OxyHb-induced neuronal apoptosis in vitro. Neurons were cultured with or without OxyHb for 48 h. Cells were exposed to GSK2606414 or salubrinal for 1 h before OxyHb treatment. (A) eIF2α phosphorylation and ATF4 expression in the control, OxyHb, OxyHb + vehicle (GSK2606414), OxyHb + GSK2606414, OxyHb + vehicle (salubrinal), and OxyHb + salubrinal groups were detected by western blotting. Data represent mean ± SEM (n = 3). **p < 0.01 vs. control; #p < 0.05, ##p < 0.01 vs. indicated vehicle. (B) CHOP and cleaved-caspase-12 expression in each group was detected by western blotting. Data represent mean ± SEM (n = 3). *p < 0.05, **p < 0.01 vs. control; #p < 0.05, ##p < 0.01 vs. indicated vehicle. (C) Apoptosis in OxyHb-treated neurons at 48 h was detected with the TUNEL assay. Representative images from control, OxyHb, OxyHb + vehicle (GSK2606414), OxyHb + GSK2606414, OxyHb + vehicle (salubrinal), and OxyHb + salubrinal groups are shown. Scale bar = 20 μm. The percentage of TUNEL-positive cells was determined. Data represent mean ± SEM (n = 3). **p < 0.01 vs. control; #p < 0.05 vs. indicated vehicle.





PERK Signaling Pathway Promoted ICH-Induced Neuronal Apoptosis in Vitro

Similar to the results obtained in the in vivo experiments, with the treatment of OxyHb, the CHOP and cleaved-caspase-12 protein levels were significantly elevated, indicating that apoptosis induction (Figure 4B). Importantly, after the treatment of GSK2606414 and salubrinal, the protein levels of CHOP and cleaved-caspase-12 were significantly decreased and increased, respectively compared to the OxyHb + vehicle (GSK2606414) group and the OxyHb + vehicle (salubrinal) group respectively (Figure 4B). Accordingly, the number of TUNEL-positive primary neurons was decreased by GSK2606414 following OxyHb pretreatment relative to the OxyHb + vehicle (GSK2606414) group, while the opposite was observed in the OxyHb + salubrinal group as compared to the vehicle control (Figure 4C). These results demonstrate that the PERK pathway plays an important role in ICH-induced neuronal apoptosis.




DISCUSSION

ICH is followed by brain injury that can disrupt cell metabolism and activate cellular stress responses, including the UPR and ER stress (Niu et al., 2017). In this study, we investigated the role of PERK signaling in the pathophysiology of SBI following ICH and found that the PERK pathway was activated, as evidenced by increased protein levels of p-eIF2α and ATF4. The resultant ER stress induced neuronal apoptosis (Figure 5).
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FIGURE 5. Proposed role of PERK signaling pathway in SBI after ICH. The PERK signaling pathway is activated by ICH, resulting in increased p-eIF2α and ATF4 protein levels. The consequent activation of the ER stress response induces neuronal apoptosis, which is blocked by application of the PERK inhibitor GSK2606414. On the contrary, activation of PERK downstream signaling pathway by salubrinal promotes apoptosis and reduces neuronal survival by blocking eIF2α dephosphorylation.



Disruption of ER function leads to ER stress (Roussel et al., 2013). Oxidative stress (Goswami et al., 2016), mitochondrial calcium overload (Zhou et al., 2015), perturbation of cellular ion balance (Varadarajan et al., 2013), and toxic glutamate release (Li et al., 2015) have been shown to induce ER stress in various diseases. The PERK pathway plays an important role in neuronal fate as an important mediator of ER stress. ER stress-associated PERK/eIF2α signaling is activated in response to elevated levels of misfolded proteins in the ER and temporarily halts protein translation, which can lead to neuronal death (Li et al., 2015; Radford et al., 2015). PERK/eIF2α signaling is increased in cerebral ischemia (Gharibani et al., 2015), and the constituent proteins have been shown to be upregulated in neurons upon central nervous system injury (Han et al., 2015; Rubovitch et al., 2015; Yan et al., 2017). Consistent with these observations, we found here that p-elF2α and ATF4 levels were significantly elevated in neurons after ICH, with maximum levels observed after 48 h both in vitro and in vivo.

As a mediator of ER stress, PERK signaling is involved in neuronal apoptosis after subarachnoid hemorrhage; PERK is inhibited by Akt-associated anti-apoptotic pathways, which reduces early brain injury (Yan et al., 2017). PERK and eIF2α levels are elevated in traumatic brain injury (Rubovitch et al., 2015). Severe ER stress leads to apoptosis, while inhibition of ER stress promotes neuronal survival and improves neurological function (Moreno et al., 2013; Rubovitch et al., 2015; Tsujii et al., 2015). In accordance with previous studies, we found that GSK2606414 suppressed p-eIF2α and ATF4 expression and promoted neuronal survival by suppressing apoptosis 48 h after ICH. Additionally, PERK inhibition decreased CHOP and cleaved caspase-12 levels. Thus, inhibiting PERK signaling has a neuroprotective effect following ICH. Indeed, GSK2606414 was shown to exert neuroprotective effects in tauopathies and Parkinson's and Alzheimer's diseases as a selective inhibitor of PERK (Halliday et al., 2015; Radford et al., 2015).

Some studies have suggested that increased PERK activation can reduce neuronal apoptosis in various diseases (Fouillet et al., 2012; Lin et al., 2013). There is no consensus on whether ER stress and UPR are beneficial or detrimental following central nervous system injury, and the role of PERK signaling in SBI after ICH remains unclear. Previous studies have shown that a mild stimulus can activate ER stress as a host defense mechanism, resulting in the degradation of damaged organelles and proteins by autophagy, which promotes neuronal survival (Fouillet et al., 2012; Yan et al., 2014). ER stress cannot counter stimuli that are severe and long-lived, resulting in apoptosis (Moreno et al., 2013; Tsujii et al., 2015). Perihematomal edema and the physiological response to hematoma after ICH can cause SBI (Aronowski and Zhao, 2011; Urday et al., 2015). Blood components, dysfunctional organelles, overproduced iron complexes, and cytokine levels continuously increase following ICH, resulting in disruption of normal protein folding and activation of ER stress and the UPR, which contribute to ICH-associated brain injury (Guo et al., 2012). In humans, intracerebral hematoma resolves gradually over a period of weeks, during which time the brain experiences continuous injury (Keep et al., 2012), leading to prolonged and severe ER stress and eventually neuronal apoptosis.

Also, there are a few limitations to this study. Firstly, in this study, we only focused exclusively on the role of PERK signaling pathway in adult male rats although ICH can affect females and is common in the elderly (Tsivgoulis et al., 2014). Secondly, a previous study has shown that PERK pathway via direct interaction to promote the enzymatic activity of calcineurin (Gao et al., 2016). Calcium overload in the cytoplasm is thought to be a potential mechanism of apoptosis induced by calcineurin; therefore, the precise relationship between PERK and calcineurin merits closer examination in future studies.

In conclusion, the results of this study demonstrate that PERK signaling pathway inhibition can reduce SBI after ICH by suppressing apoptosis. Based on these findings, we propose that PERK signaling pathway could be a key endogenous physiological regulatory signal pathway in neurons, suggesting that it might be a therapeutic target to alleviate SBI following ICH.
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Ling Zhang1,2†, Li Zhang2†, Huixiang Liu2, Feng Jiang2, Huanjing Wang3, Di Li1* and Rong Gao2*


1Translational Medicine Center, The First People's Hospital of Zhangjiagang, Zhangjiagang, China

2Department of Neurosurgery, The First People's Hospital of Zhangjiagang, Zhangjiagang, China

3Department of Neurosurgery, Zhangjiagang Hospital of Traditional Chinese Medicine, Zhangjiagang, China

Edited by:
Gao Chen, Zhejiang University, China

Reviewed by:
Wei Li, Nanjing Drum Tower Hospital, China
 Yang Wang, Anhui Provincial Hospital, China

* Correspondence: Di Li, lidilab@sina.com
 Rong Gao, lidi715@163.com

†These authors have contributed equally to this work.

Specialty section: This article was submitted to Neurodegeneration, a section of the journal Frontiers in Neuroscience

Received: 13 February 2018
 Accepted: 05 April 2018
 Published: 23 April 2018

Citation: Zhang L, Zhang L, Liu H, Jiang F, Wang H, Li D and Gao R (2018) Inhibition of Epac2 Attenuates Neural Cell Apoptosis and Improves Neurological Deficits in a Rat Model of Traumatic Brain Injury. Front. Neurosci. 12:263. doi: 10.3389/fnins.2018.00263



Traumatic brain injury (TBI) is a major cause of mortality and disability worldwide. TBI-induced neuronal apoptosis is one of the main contributors to the secondary injury process. The aim of this study is to investigate the involvement of Exchange protein directly activated by cAMP 2 (Epac2) on TBI. We found that the expression level of Epac2 surrounding the injured area of brain in rats of TBI model was significantly increased at 12 h after TBI. The role of Epac2 in TBI was further explored by using a selective Epac2 antagonist ESI-05 to decrease the Epac2 expression. We discovered that inhibition of Epac2 could improve the neurological impairment and attenuate brain edema following TBI. The Epac2 inhibition effectively reduced neuronal cell death and P38 MAPK signaling pathway may be involved in this process. Our results suggest that inhibition of Epac2 may be a potential therapy for TBI by reducing the neural cell death, alleviating brain edema and improving neurologic deficits.

Keywords: traumatic brain injury, Epac2, P38, apoptosis, neuroprotection


INTRODUCTION

Traumatic brain injury (TBI) is one of the leading causes of mortality and disability all over the world (Menon and Maas, 2015; Wang et al., 2018). TBI can result in physical, cognitive, social, emotional, and behavioral symptoms. TBI consists of a primary mechanical brain tissue injury that occur at the time of the initial trauma and a secondary insult with a series of pathological responses, including intracerebral hemorrhage, oxidative stress, neuroinflammation, blood-brain barrier (BBB) damage, autophage, and apoptosis (Cornelius et al., 2013; Li et al., 2017; Tang et al., 2017). The long-term consequence of TBI was dominated by the secondary injury, so the secondary brain injury has been the major focus to identify potential therapeutic targets in TBI management.

Epac (Exchange protein directly activated by cAMP) proteins have two isoforms, Epac1 and Epac2 (Gloerich and Bos, 2010). Epac1 is expressed throughout the body, while Epac2, the larger of the two isoforms, is highly enriched in brain and adrenals (Kawasaki et al., 1998). Epac2 is a guanine nucleotide exchange factor (GEF) to activate the small GTPase Rap (Kawasaki et al., 1998; Bos, 2003). Deletion of Epac2 causes brain dysfunction, such as impairments in memory and social interaction (Fernandes et al., 2015; Lee et al., 2015). Epac2 activation was associated with astrocytic differentiation and inflammation (Oldenburger et al., 2014; Seo and Lee, 2016). Epac2 promotes neurotransmission in the hippocampus (Fernandes et al., 2015). Epac2 has been proposed as a promising target for treatment of diabetes, cancer and cardiovascular disease (Zhang et al., 2009; Parnell et al., 2015; Yang et al., 2017). However, the roles of Epac2 in traumatic brain injury are still unknown. In this study, we investigated the effects of Epac2 on neurological damage of TBI rat models, and demonstrated the possible signaling pathway involved in this process.



MATERIALS AND METHODS


Animals

Male Sprague-Dawley rats (280–300 g) were obtained from the Animal Center of Chinese Academy of Sciences, Shanghai, China. The animals were housed under controlled environmental conditions with a 12 h light/dark cycle place and were given unrestricted access to pellet food and water throughout the study. All experimental procedures were approved by the Institutional Animal Care and Use Committee of Soochow University and conformed to the National Institutes of Health Guide for the Care and Use of Laboratory Animals.



TBI Model

Surgical procedures were performed as previously described (Li et al., 2017). The rats were anesthetized by an intraperitoneal injection of 4% chloral hydrate (10 ml/kg) (Dang et al., 2015). The head of them was fixed on a stereotaxic frame. After incision of the scalp, a craniotomy of 5 mm diameter was performed beside midline and behind the cranial coronal suture using a dental drill. Contusion was produced by letting a 40 g weight cylindrical steel rod (diameter 4 mm) drop onto the piston resting on the exposed dura from a height of 25 cm. The piston was allowed to compress the tissue a maximum of 5 mm (Hang et al., 2004). Then the scalp was sutured and the wound area was treated with lidocaine cream. In the sham group, animals underwent identical procedures, including craniotomy, but without brain injury. As shown in Figure 1A, the surrounding brain tissue of the injured cortex was dissected on ice, some of which were placed in 4% PFA, the others were stored in liquid nitrogen immediately until use.
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FIGURE 1. Schematic representation of TBI model and experimental design. (A) Brains of TBI model, the studied region is surrounding the injured brain. (B) Experiment 1 was designed to detect the time course of Epac2 expression after TBI. (C) Experiment 2 was designed to detect the effects of Epac2 on TBI and investigate the possible mechanism.





Experimental Design

There was no significant difference in body temperature, weight, feed intake, and motor ability of all rats before the experiment.

1. Experiment 1. To explore the expression levels of Epac2 at each time point after TBI, SD rats were randomly assigned into three groups: the normal group (n = 12), the sham group (n = 12), and the TBI group (n = 60). The TBI group were divided into five subgroups (n = 12 for each time point) at 6, 12, 24, 48, and 72 h after TBI, respectively. All rats were sacrificed at the planned time point and the cortical tissue samples were collected for subsequent analysis such as western blot and immunofluorescence staining (Figure 1B). Mortality in the normal group and sham group is 0%, while in TBI group is 12% (8 of 68).

2. Experiment 2. To investigate the effects of Epac2 on TBI, we used the Epac2 selective antagonist ESI-05 (Sigma-Aldrich, SML1907) to reduce the expression level of Epac2 (Rehmann, 2013). Then we detect the changes of neuronal apoptosis, BBB damage, brain edema and other indicators after TBI. SD rats were randomly assigned into four groups: the sham group (n = 18), the TBI group (n = 18), the vehicle group (n = 18), and the ESI-05 group (n = 18). The vehicle group and the ESI-05 group were respectively injected into lateral ventricles with 1% DMSO (15 μl) and ESI-05 (10 μg/kg, dissolved in 1% DMSO) 30 min before TBI. At 12 h after TBI, all rats were sacrificed and samples were collected for subsequent analysis (Figure 1C). Mortality in the sham group is 0% (0 of 18), in TBI group is 14% (3 of 21), in vehicle group is 18% (4 of 22), and in ESI-05 group is 14% (3 of 21).



Western Blot

The cortical regions of the brains were collected and homogenized in the lysis buffer containing protease inhibitor. The proteins were extracted and the protein concentration was measured using a BCA protein assay kit (Thermo, 23227). Equal quantities of protein (40 μg) from each samples were loaded for SDS-PAGE. After electrophoresis, the protein was transferred onto polyvinylidene difluoride membranes (GE Healthcare, RPN303F). The membranes were blocked with 5% nonfat milk for 1 h at room temperature and subsequently incubated overnight at 4°C with the following primary antibodies: Epac2 (1:1,000, Cell Signaling, 43239), P38 (1:1,000, Abcam, ab17009), P-P38 (1:500, Abcam, ab38238), caspase-3 (1:1,000, Abcam, ab13847), GAPDH (1:10,000, Sigma, G9545). The membranes were incubated with appropriate secondary antibodies for 2 h at room temperature. The target band signals were detected by Enhanced chemiluminescence (ECL) method. The signals were quantified using Image J software.



Immunofluorescence Staining

The rats were sacrificed at 12 h after TBI. The brain tissue samples were immersed in the 4% paraformaldehyde for 36 h at 4°C and then gradient dehydrated with 15 and 30% sucrose solution until they sank to the bottom. Then frozen sections with a thickness of 15 μm were collected. The brain sections were rinsed in phosphate-buffered saline (PBS) with 0.3% Triton X-100 for 10 min, repeat 3 times. The sections were incubated with 10% normal horse serum for 1 h at room temperature to prevent nonspecific binding. Then the sections were incubated at 4°C overnight with the following primary antibodies: NeuN (Millipore, MAB377, 1:300), Epac2 (1:200, Cell Signaling, 43239), caspase-3 (1:200, Abcam, ab13847). After washing for 3 times with PBS, the sections were incubated with the fluorescent secondary antibodies for 1 h at room temperature in the dark. After washing for 3 times, the sections were covered with DAPI Fluoromount-G. Immunofluorescence staining was observed using a laser confocal microscopy (Leica, TCS SP8).



FJB Staining

Fluoro Jade B (FJB) (Histo-Chem, Jefferson) staining was used for detection of the damaged neurons. The sections were treated with 1% sodium hydroxide in 80% alcohol for 5 min, 70% alcohol for 2 min and rinsed with ddH2O for 2 min. The sections were then immersed in a solution of 0.06% potassium permanganate for 10 min and rinsed with ddH2O for 2 min. Subsequently, the sections were incubated in FJB staining solution (0.001% FJB in 0.1% acetic acid) for 20 min at room temperature and rinsed three times with ddH2O. The sections were dried at 50°C for about 5–10 min. Then the slides were placed in xylene for 1 min before mounted with resinene.



Tunnel Staining

A TUNEL staining kit (Abcam, ab66110) was used to analyze apoptotic cell death. Frozen sections were fixed with fresh 4% paraformaldehyde for 15 min at room temperature. After washing with PBS for 2 times, the sections were covered with 20 μg/ml Proteinase K solution for each one and incubated for 5 min at room temperature. Then the sections were covered with 100 μl wash buffer and incubated at RT for 5 min. Then 50 μl DNA labeling solution was covered on the sections. Place the slides in a dark humidified incubator for 1 h at 37°C. After washing with ddH2O, the sections were incubated for 5 min at RT. Cover the sections with DAPI Fluoromount-G and observe under a laser confocal microscopy (Leica, TCS SP8).



Neurological Evaluation

Neurological function was evaluated in all rats of each group in Experiment 2 at 12 h after TBI. The appetite, activity, and neurological deficits of rats were assessed according to the previously published scoring system (Table 1). The highest score of 9 represents the most severe neurological deficit, while the lowest score of 0 indicates normal neurological function.



Table 1. Assessment of neurological behavior scores.
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Brain Water Content Measurement

Six rats in each group of Experiment 2 were used for measurement of brain water content. Rats were sacrificed after 12 h of TBI. The brains were removed and the right hemispheres were collected. Immediately weigh the samples and the weight was recorded as wet weight. The samples were then dried at 100°C for 24 h and the weight at the moment was recorded as dry weight. The brain water content was calculated using the formula (wet weight-dry weight)/wet weight × 100%.



Statistical Analysis

To facilitate comparisons between groups, the western blot results were expressed as relative density of the band as compared GAPDH and then normalized to the mean value of the sham group. All data in this paper are presented as mean ± SE. SPSS Statistics was used for statistical analysis. The results were analyzed using one-way ANOVA test followed by Bonferroni's multiple comparison test. Statistical significance was accepted at P < 0.05.




RESULTS


The Expression of Epac2 Was Increased After TBI

To investigate the possible participation of Epac2 in the pathogenesis of TBI, we examined the expression and localization of Epac2 in brains subjected to TBI. Western blot was used to explore the expression level of Epac2 at different time point after TBI. The results showed that the expression level of Epac2 was dramatically increased at 12 h after TBI (Figures 2A,B). We used immunofluorescence staining to detect the expression and localization of Epac2 in brain. The results showed that Epac2 was colocalized with neuron and conformed that Epac2 expression level was significantly elevated in TBI model rats (Figures 2C,D).
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FIGURE 2. Epac2 was co-located with neurons and dramatically increased at 12 h after TBI. (A) Western blot analysis showed the expression of Epac2 in normal and sham group and at 6, 12, 24, 48, and 72 h after TBI. GAPDH was used as a loading control. (B) Quantification of western blots for Epac2 as shown in (A). (C) Immunofluorescence staining result showed that Epac2 (red) was expressed in neurons (green) and the expression level of Epac2 was increased at 12 h after TBI. (D) Quantitative analysis of Epac2-positive neurons. Scale bar = 50 μm. Data are presented as means ± SE. n = 6 in each group. ***P < 0.001 vs. sham group.





The Decrease of Epac2 Alleviated Neurological Deficits Following TBI

Previous studies revealed that the neurological functions were impaired in TBI model. To assess whether Epac2 contributes to TBI, we used a loss-of-function strategy to evaluate the effect of Epac2 inhibition on behavioral recovery. The experimental results showed that the neurological behavior scores were significantly higher than the sham group, indicating that the rats of TBI group had a significant neurological function deficits compared with sham group. ESI-05 treatment could significantly decrease the neurological behavior scores (Figures 3A,B). These findings suggest that Epac2 inhibition improved neurological behavioral impairment following TBI. Decrease of Epac2 expression level contributed to alleviate neurological deficits after TBI.
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FIGURE 3. Decrease of Epac2 improved neurological behavior impairment following TBI. (A) A table showed the neurological behavior scores in each group. (B) Scatter plot showed the neurological behavior scores of all rats in each group. Data are presented as means ± SE. n = 18 in each group. ***P < 0.001 vs. sham group, ##P < 0.01 vs. vehicle group.





The Reduction of Epac2 Decreased Brain Water Content After TBI

The expression of Epac2 was significantly increased at 12 h after TBI in Experiment 1. In order to explore the effects of Epac2 in pathological progress of TBI, in Experiment 2, we used ESI-05, the specific antagonist of Epac2, to decrease the Epac2 expression level. Brain water content represented the severity of brain edema. We compared the brain water content in the sham group, TBI group, vehicle group and ESI-05 group after TBI. We found that the brain water content was significantly increased in TBI model rats, and ESI-05 treatment could significantly reduce it while vehicle group couldn't (Figure 4).


[image: image]

FIGURE 4. Reduction of Epac2 alleviated brain edema after TBI. Brain water content of cerebrum in each group was measured by dry/wet method. Data are presented as means ± SE. n = 6 in each group. ***P < 0.001 vs. sham group, #P < 0.05 vs. vehicle group.





Inhibition of Epac2 Attenuated Neural Cell Apoptosis After TBI

The neuron apoptosis has always been the focus in studies of brain injury (Xu et al., 2016; Tang et al., 2017). We performed immunofluorescence staining and western blot of caspase-3, FJB staining and TUNEL staining to explore the role of Epac2 in neural cell death. Both of the western blot and immunofluorescence staining results showed that the expression of caspase-3 was significantly decreased in the ESI-05 treated group (Figures 5A,D, 6A,B). Few FJB-positive and TUNEL-positive apoptotic cells was found in the sham group. And the number of apoptotic cells was dramatically higher in TBI group. The FJB and TUNEL staining results also demonstrated that inhibition of Epac2 could significantly prevent the increase of cell death (Figures 6C–F). As shown in Figure 5, the expression of P38 has no significance between each experimental groups (Figure 5B). But the expression of p-P38 was markedly increased after TBI and treatment with ESI-05 could reverse this change (Figure 5C). These results indicated that inhibition of Epac2 could reduce TBI-induce neural cell apoptosis and the inhibition of phosphorylation of P38 MAPK pathway may be involved.
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FIGURE 5. Inhibition of Epac2 reduced apoptosis related protein caspase-3 in brain after TBI through inhibiting phosphorylation of P38. (A) Western blot analysis showed the expression of P38, p-P38, and caspase-3 in cerebral cortex in each group. GAPDH was used as a loading control. (B–D) Quantification of expression levels of P38, p-P38, and caspase-3 as shown in (A). Data are presented as means ± SE. n = 6 in each group. ***P < 0.001 vs. sham group, ##P < 0.01, ###P < 0.001 vs. vehicle group.




[image: image]

FIGURE 6. Inhibition of Epac2 attenuated neural cell death in cerebral cortex after TBI. (A,C,E) Cortical cellular apoptosis was detected by immunofluorescence staining of caspase-3 (green), FJB staining (green), and TUNEL (green) staining in each group, respectively. (B,D,F) Quantitative analysis of caspase-3, FJB, and TUNEL-positive cells in cerebral cortex after TBI, respectively. Scale bar = 50 μm. Data are presented as means ± SE. n = 6 in each group. ***P < 0.001 vs. sham group, ###P < 0.001 vs. vehicle group.






DISCUSSION

The pathological changes including inflammation, oxidative damage, apoptosis and brain edema are the main causes of the secondary brain injury after TBI (Jennings et al., 2008; Onyszchuk et al., 2008). The key to treatment of TBI had to focus on how to alleviate the secondary damage after TBI. In this study, we explored the regulation of Epac2 in the secondary brain damage after TBI and studied the potential mechanisms. We found that the treatment of the selective Epac2 antagonist ESI-05 reduced neural cell death in the injured cerebral cortex and adjacent regions in rats of TBI models. Inhibition of Epac2 decreased TBI-induced P38 phosphorylation and caspase-3 activation in the cerebral cortex, attenuated neural cell death, alleviated brain edema and improved neurological functions after TBI.

Increased apoptosis takes an important part in the pathogenesis of brain damage. Caspases are a family of cysteine proteases which play an important role in apoptosis. Caspase-3, as a key molecule of apoptosis, plays a central role in the neural cell apoptosis after TBI (Clark et al., 2000). Our findings revealed a significant increase in cleaved caspase-3 after TBI, suggesting an increase of apoptosis in the brain following TBI. FJB, and TUNEL staining also confirmed increase of neural cell death after TBI. However, ESI-05 treatment ameliorated this TBI-induced neural cell apoptosis, indicating that the decrease of Epac2 could inhibit the TBI-induced neural cell death. This result was consistent with previous study showing that Epac2 was involved in apoptosis (Park and Juhnn, 2017).

Numerous studies have suggested the relationship between Epac2 and cell death. Previous studies showed that Urocortion-1 promoted cell survival and decreased cell necrosis through Epac2 and ERK1/2 (extracellular signal-regulated kinases 1/2) activation (Calderón-Sánchez et al., 2016). In H1299 lung cancer cells, Epac2 inhibition decreased cisplatin-induced apoptosis via Epac2-Rap1-Akt pathway (Park and Juhnn, 2017). Epac2 mediates cAMP-dependent growth arrest via activating Rap2A in neuroendocrine cells (Emery et al., 2017). Epac2-Rap1 signaling also attenuates mitochondrial ROS production and reduces myocardial arrhythmia susceptibility (Yang et al., 2017). In rat model of plantar incision, Epac2 mediates nociception priming through P38 pathway (Matsuda et al., 2017). In this study we explored the mechanisms of Epac2 mediates apoptosis in brain following TBI.

Mitogen-activated protein kinases (MAPKs) are serine/threonine protein kinases. They regulate cell functions including proliferation, differentiation, stress response, mitosis, cell survival and apoptosis (Pearson et al., 2001). P38 MAPK is one of the well-characterized MAPK family members. Increasing data has shown that activated P38 MAPK subsequently regulates the inflammatory response, apoptosis, autophagy, cell survival, and cell death (Xia et al., 1995; Harada and Sugimoto, 1999; Nozaki et al., 2001; Irving and Bamford, 2002; Sridharan et al., 2011; Sui et al., 2014). Several studies showed that increased P38 MAPK activity plays a key role in neural cell death and inhibition of p38 MAPK plays a neuroprotective role (Takeda and Ichijo, 2002; Strassburger et al., 2008; Liu et al., 2014; Li et al., 2015; Wang et al., 2015). Epac proteins have been characterized as guanine nucleotide exchange factors for monomeric GTPases like Rap1 (Kawasaki et al., 1998) and Rab3a (Branham et al., 2009). The relationship between Rap1 and P38 has been shown in several studies (Gutiérrez-Uzquiza et al., 2010; Wu et al., 2015; Lu et al., 2016; Priego et al., 2016). In the present study, we also found that phosphorylation level of P38 protein was increased after TBI. Treatment with ESI-05 decreased this level. These results demonstrated that P38 MAPK pathway may involve in the regulation of neuronal apoptosis after TBI. Inhibition of Epac2 plays an anti-apoptotic role in TBI model rats and this process may be mediated through regulating P38 MAPK pathway (Figure 7). These results tallied with previous studies demonstrating that Epac2 could mediate growth arrest through P38 activation (Emery et al., 2017). To further conform the involvement of the P38 MAPK signaling pathway in Epac2's effect on TBI, SB203580, an inhibitor of P38 phosphorylation is needed to be used in the further investigation.
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FIGURE 7. A schematic model for Eapc2 regulation of neuronal cell death in TBI. Epac2 was increased after TBI and activating Epac2 subsequently promoted phosphorylation of P38-MAPK. Activation of P38-MAPK pathway consequently increased the expression of caspase-3, resulted in DNA fragmentation and neuron apoptosis, leading to neuronal cell death.



Cerebral edema is a dangerous secondary consequence of TBI and is associated with significant morbidity and mortality (Winkler et al., 2016). The development of cerebral edema plays a crucial role in the evolution of injury following TBI. Even a minor increase of brain water content can lead to a significant increase of intracranial pressure and the poor outcome (Marmarou et al., 2000). Thus alleviate brain edema is a promising treatment in TBI management. In the present study, we found that reduction of Epac2 could significantly alleviated brain water content of the injured hemisphere. This result might be due to the alleviation of blood brain barrier disruption. TBI increases the expression of inflammation factors, chemotactic factors and adhesion molecules in the neural system, which leads to encephaledema. Epac2 may be involve in the brain edema after TBI through affecting these factors. The mechanisms Epac2 involved in these processes need to be further investigated.



CONCLUSION

In summary, western blot and immunofluorescence staining results have shown that the expression of Epac2 was dramatically increased at 12 h after TBI. The brain water content measurement showed that reduction of Epac2 alleviated encephaledema in TBI model. The neurological behavioral test demonstrated that decrease of Epac2 improved neurobehavioral outcome after TBI. The immunohistochemistry, FJB, TUNEL, western blot were used to show that inhibition of Epac2 significantly attenuated the neuronal cell death after TBI. Phosphorylation of P38 was involved in this process. These data suggested that inhibition of Epac2 may play a neuroprotective role in TBI management through attenuating neural cell death, alleviating brain edema and improving neurological deficits, implying that Epac2 could be a new target for treatment of secondary neuronal injury after TBI.
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Hemoglobin contributes to brain cell damage and death following subarachnoid hemorrhage (SAH). While CD163, a hemoglobin scavenger receptor, can mediate the clearance of extracellular hemoglobin it has not been well-studied in SAH. In the current study, a filament perforation SAH model was performed in male rats. T2-weighted and T2*-weighted scans were carried out using a 7.0-Tesla MR scanner 24 h after perforation. T2 lesions and hydrocephalus were determined on T2-weighted images. A grading system based on MRI was used to assess SAH severity. The effects of SAH on CD163 were determined by immunohistochemistry staining and Western blots. SAH led to a marked increase in CD163 levels in cortex, white matter and periventricular regions from days 1 to 7. CD163 stained cells were co-localized with neurons, microglia/macrophages, oligodendrocytes and cleaved caspase-3-positive cells, but not astrocytes. Furthermore, CD163 protein levels were increased in rats with higher SAH grades, the presence of T2 lesions on MRI, or hydrocephalus. In conclusion, CD163 expression is markedly upregulated after SAH. It is associated with more severe hemorrhage, as well as MRI T2 lesion and hydrocephalus development.

Keywords: CD163, magnetic resonance imaging, T2 lesion, hydrocephalus, subarachnoid hemorrhage


INTRODUCTION

Spontaneous subarachnoid hemorrhage (SAH) is usually caused by a ruptured intracranial aneurysm. It is a form of stroke with a high mortality rate and early brain injury after SAH is an important factor contributing to death and disability. However, the main mechanisms of the early brain injury are still unknown. A combination of elevated intracranial pressure, transient global ischemia injury, blood-brain barrier disruption, and brain edema may contribute to early brain injury after SAH (Sehba and Bederson, 2006; Lee et al., 2010; Jing et al., 2012).

Hemoglobin released from red blood cells induces cell death and brain injury in intracerebral hemorrhage (ICH) and SAH (Xi et al., 2006; Lee et al., 2010). Such damage may be limited by hemoglobin clearance and degradation. Hemoglobin tightly binds to haptoglobin and haptoglobin/hemoglobin complexes can be taken up by microglia/macrophages via the CD163 receptor (Madsen et al., 2001). Heme oxygenase-1 (HO-1) is a key enzyme of heme degradation and the haptoglobin/hemoglobin-CD163-HO-1 system represents a basic line of defense against hemoglobin neurotoxicity by facilitating hemoglobin removal (Thomsen et al., 2013). We and others have demonstrated that CD163 is expressed and contributes to hematoma clearance following ICH (Cao et al., 2016; Liu et al., 2017; Leclerc et al., 2018), but the functions of CD163 have not been investigated after SAH.

The current study examined the impact of SAH on CD163 in an endovascular perforation model in rats due to similarities in the pathophysiological events observed in that model to those occurring in SAH patients suffering from aneurysmal rupture (Kooijman et al., 2014; Sehba, 2014). Nevertheless, the extent and volume of subarachnoid clot in that model is uncontrollable and varies between animals (Lee et al., 2009). Therefore, we used a new classification system based upon magnetic resonance image (MRI) to assess SAH severity (Shishido et al., 2015). Thus, T2*-weighted MRI was performed to measure blood accumulation in the brain after SAH. T2-weighted MRI was used for assessing hydrocephalus occurrence and lesion determination. Western blot and immunohistochemistry was used to assess CD163 expression following SAH.



EXPERIMENTAL PROCEDURES


Animals and SAH

All animal procedures used in this experiment were approved by the University of Michigan Committee on Use and Care of Animals. The animals were housed with ad libitum food and water. In total, 76 male Sprague-Dawley rats (250-350 g) purchased from Charles River Laboratories were used in this study. The filament perforation model was performed as previously described (Lee et al., 2010; Okubo et al., 2013). In brief, rats were anesthetized by 5% isoflurane and later isoflurane concentration was titrated at 2.5-3% after intubation. A feedback controlled heating pad was used to maintain rat rectal temperature at 36.5°C during surgical procedures. The left carotid artery and its branches were identified under a surgical microscope and the external carotid artery (ECA) was transected. A 3-0-nylon suture was entered through the stump of ECA into the internal carotid artery until it reached and perforated the bifurcation of intracranial internal carotid artery. The ECA was tightened to prevent blood loss after the nylon suture was withdrawn. Sham-operated rats underwent the same surgical procedure, but the nylon filament was not introduced far enough to perforate the internal carotid artery. The mortality rate was 24% (16/68) after SAH; no sham operated rats died (n = 8). Therefore, 40 SAH rats and 8 sham rats were euthanized at day 1, and 12 SAH rats were euthanized at day 7 for either immunohistochemistry or Western blots.



MRI Measurements and Grading

Twenty-four hours after SAH induction, MRI was performed in a 7.0 Tesla Varian MR scanner (Varian Inc., Palo Alto, California) including T2 fast spin-echo and T2* gradient-echo sequences. The chosen MRI parameters were: a field of view = 35 × 35 mm, matrix = 256 × 256 mm, and slice thickness = 0.5 mm. T2 lesions in the ipsilateral brain were identified when the pixel value was over 2 standard deviations (SD) from the mean in the contralateral brain. Measurements of ventricular volume were determined as described previously (Okubo et al., 2013). Hydrocephalus was identified when the ventricular volume following SAH was more than 3 SD above the mean in the control group.



SAH Grading in MRI

The rat perforation model produces different degrees of SAH and a bleeding scale, previously described by Shishido et al. (2015), was used to assess SAH severity. In brief, the MRI grades for perforation SAH model were as follows: grade 0: no SAH or intraventricular hemorrhage (IVH), grade 1: minimal or thin SAH without IVH, grade 2: minimal or thin SAH with IVH, grade 3: thick SAH without IVH, and grade 4 thick SAH with IVH. IVH was defined as at least one hypo-intensity clot recognized in any ventricle on T2* imaging. Thick SAH was defined as at least two slices with clots thicker than 0.5 mm on T2* MRI.



Immunohistochemistry

Immunohistochemistry was performed using the avidin-biotin-peroxidase complex techniques as previously reported (Jing et al., 2012; Liu et al., 2017). Rats were anesthetized with a lethal sodium dose of pentobarbital and underwent transcardiac perfusion with 4% paraformaldehyde. Subsequently, the brains were harvested, post-fixed in 4% paraformaldehyde overnight, and cryo-protected in 30% sucrose at 4°C. OCT compound embedded brains were sliced into 18 μm sections with a cryostat microtome, dried and preserved at −80°C. The primary antibody was mouse-anti-CD163 (AbD, MCA2311, 1:400). The secondary antibody was biotinylated horse-anti-mouse IgG (1:500, BA2001, Vector). Negative controls were executed by incubating with normal horse serum.



Immunofluorescence Labeling

For triple labeling, the primary antibodies were mouse-anti-CD163 (1:400, MCA2311, AbD), rabbit-anti-CD163 (1:300, ab87099, Abcam), mouse-anti-NeuN (Abcam, ab104225, 1:500), goat-anti-GFAP (1:2,000, ab53554, Abcam); goat-anti-IBA-1 (1:2,000, ab107159, Abcam); mouse-anti-CC1 (1:400, 2869730, Novus Biologicals) and rabbit-anti-cleaved caspase-3 (1:500, 9,661, CST). The secondary antibodies(Invitrogen) used in this study included Alexa Fluor 488-labeled (green channel) donkey-anti-mouse IgG, Alexa Fluor 488-labeled (green channel) donkey-anti-rabbit IgG, Alexa Fluor 594-labeled (red channel) donkey-anti-rabbit IgG, Alexa Fluor 594-labeled (red channel) donkey-anti-mouse IgG, and Alexa Fluor 594-labeled (red channel) donkey-anti-goat IgG. All the secondary antibodies used were diluted to 1:500. Cell nuclei were stained using Fluoroshield containing DAPI (blue channel, F6057, Sigma).



Western Blots

Western blots were undertaken as previously described for rats after SAH (Cao et al., 2016). Rats were anesthetized and underwent transcardiac perfusion with phosphate-buffered saline (PBS, 0.1 mmol/L, pH 7.4) for 5 min. Brain hemispheres were coronally cut into a section of 3-mm thickness through the center of optic chiasm, and the ipsilateral and contralateral cortex separated. Tissue was homogenized in lysis buffer and the protein concentration measured. Fifty μg protein was separated and transferred to hybond-C pure nitrocellulose membrane (Amersham). After blocking with nonfat milk buffer, the membrane was incubated with rabbit-anti-CD163 (1:2,000, Ab182422, Abcam), and mouse-anti-β-actin (1:50,000, A3854, Sigma). The protein bands were visualized and exposed to Kodak X-OMAT film. The OD value of each band was analyzed with Image J software and CD163 protein levels presented as CD163 to β-actin ratio.



Statistical Analysis

All measurements were conducted by investigators blinded to treatment assignment and the values of each group were presented as means ± SD. Statistically differences among groups were analyzed by one-way ANOVA. Statistically differences were deemed significant if p < 0.05.




RESULTS

Brain injury and CD163 expression in the brain after SAH were diffuse. We used immunostaining to show the locations and cell types which express CD163. Brain CD163 levels were quantified by Western blots. One day after a sham operation, brain CD163 immunoreactivity was very low. In contrast, there were numerous CD163 positive cells in cortex, white matter and periventricular regions from days 1 to 7 after SAH (Figure 1). By Western blot, CD163 protein levels in ipsilateral cortex were upregulated after SAH, peaking at day 1(CD163/β-actin: 1.22 ± 0.31 vs. 0.09 ± 0.06 in sham, p < 0.01). However, high levels were still found 7 days after SAH (CD163/β-actin: 0.58 ± 0.10 vs. 0.09 ± 0.06 in sham, p < 0.05; Figure 2).
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FIGURE 1. CD163 immunoreactivity in cortex, white matter (WM) and periventricular area at days 1 and 7 after SAH or a sham operation. Low power (x10, scale bar = 100 μm) and high power (x40, scale bar = 20 μm) images are shown. The latter correspond to the box areas in the lower power images.
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FIGURE 2. CD163 expression in ipsilateral cortex after SAH (days 1 and 7) or a sham operation (day 1) as assessed by Western blot. Values are means ± SD, *p < 0.05 vs. sham; #p < 0.01 vs. sham, n = 3, one-way ANOVA.



To examine CD163 expression in specific cell populations, triple immunofluorescence labeling was carried out 24 h following SAH. Cells that stained positively for CD163 co-localized with NeuN-(a neuronal nuclei label, Figure 3A), IBA-1-(a microglia/macrophage marker, Figure 3C), CC1-(an oligodendrocyte marker, Figure 3D) and cleaved caspase-3-(a marker of apoptosis, Figure 3E) positive cells. However, it did but not co-localize with GFAP-(an astrocyte label, Figure 3B) positive cells. Thus, CD163 protein was expressed by neurons, microglia/macrophages and oligodendrocytes after SAH, but not astrocytes. Cleaved caspase-3-positive cells were found mainly in superficial cortex and white matter, indicating apoptosis is occurred in those cells, some of which expressed CD163 protein.
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FIGURE 3. Triple immunofluorescence staining with CD163, NeuN (A), IBA-1 (B), GFAP (C), CC1 (D) and cleaved caspase-3 (E) at day 1 following SAH. Scale bar = 20 μm.



All experimental rats were sorted on the basis of MRI grading. CD163-positive cells were found in SAH rats graded from 0 to 4 (Figure 4A). Compared with sham-operated and grades 0-2 (mild SAH) animals, the rats with grades 3-4 (severe SAH) had higher CD163 protein levels (CD163/β-actin: 1.29 ± 0.14 vs. 0.16 ± 0.05 in sham operated animals, p < 0.01; 0.76 ± 0.33 in grade 0-2 SAH, p < 0.05; Figure 4B).
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FIGURE 4. (A) Representative T2* weighted MRI for SAH grading and corresponding CD163 immunoreactivity at day 1 following SAH or a sham operation. On the T2* weighted images (T2WI), arrows point to the subarachnoid blood masses and arrowheads point to intraventricular blood clots. Scale bar = 20 μm. (B) CD163 expression in the ipsilateral cortex at day 1 following SAH of different grades (0-2 or 3-4) or a sham operation as assessed by Western blot. Values are means±SD, *p < 0.05 grade 0-2 vs. the other groups; #p < 0.01 grade 3-4 vs. sham, n = 3, one-way ANOVA.



T2 hyper-intensity areas in the ipsilateral cortex were found on T2 weighted images, and there were abundant CD163-positive cells in the T2 lesion (+) areas (Figure 5A). Accordingly, a marked increase of CD163 protein level was observed in T2 lesion (+) areas compared with sham-operated and T2 lesion (–) animals (CD163/β-actin: 1.60 ± 0.31 vs. 0.19 ± 0.05 in the control, p < 0.01; 0.30 ± 0.13 in T2 lesion (–) areas, p < 0.01; Figure 5B).
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FIGURE 5. SAH-induced lesions were identified on T2 weighted MRI (T2WI). (A) Representative example of a T2 lesion 1 day after SAH [T2-lesion (+)] compared to images from a sham-operated rat and an SAH rat with no lesion [T2-lesion (–)]. Corresponding CD163 immunoreactivity in ipsilateral cortex from the box area is shown below. Scale bar = 20 μm. (B) Western blots were used to quantify CD163 protein levels in the ipsilateral cortex at day 1 in sham operated and SAH rats with and without a T2 lesion. Values are mean±SD, #p < 0.01, T2-lesion (+) vs. the other groups, n = 3, one-way ANOVA.



Hydrocephalus was also observed on T2 weighted images 24 h following SAH. Moreover, the SAH rats with hydrocephalus had higher CD163 immunoreactivity (Figure 6A). The CD163 expression assessed by Western blotting was higher in SAH rats with hydrocephalus compared with sham-operated and with no hydrocephalus animals (CD163/β-actin: 1.43 ± 0.49 vs. 0.18 ± 0.05 in the control, p < 0.01; 0.25 ± 0.09 in hydrocephalus (–) animals, p < 0.01; Figure 6B).
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FIGURE 6. SAH-induced hydrocephalus was identified on T2 weighted MRI (T2WI). (A) Representative image of hydrocephalus [HC (+)] 1 day after SAH, note the dilated lateral ventricles. For comparison, images are shown of an animal with no hydrocephalus after SAH [HC (–)] and a sham-operated rat at day 1. Corresponding CD163 immunoreactivity in the ipsilateral cortex is shown below; scale bar = 20 μm. (B) Western blots were used to quantify CD163 protein levels in the ipsilateral cortex at day 1 in sham operated and SAH rats with and without hydrocephalus. Values are means±SD, #p < 0.01, HC (+) vs. the other groups, n = 3, one-way ANOVA.





DISCUSSION

The main findings from our study are as listed below: (1) CD163 protein levels were elevated in rat brain following SAH; (2) CD163 protein was expressed by neurons, microglia/macrophages, and oligodendrocytes; (3) CD163-positive cells were also cleaved caspase-3-positive, indicating that CD163 positive cells could be apoptotic cells; and (4) CD163 overexpression was associated with severe hemorrhage, T2 lesion on MRI and hydrocephalus after SAH.

After SAH, hemoglobin is released through red cell lysis and it is important to understand how hemoglobin can be cleared. CD163 is a primary receptor for hemoglobin endocytosis and degradation. Our study found that CD163 expression rapidly increased in cortex, white matter and periventricular regions from days 1 to 7 following SAH. This response might be associated with penetration of hemoglobin into adjacent brain tissue from both the subarachnoid space and the ventricles (Turner et al., 1998). In microglia/macrophages, the CD163-mediated uptake is a high affinity pathway to eliminate extracellular hemoglobin and limit toxicity (Thomsen et al., 2013). However, our recent study also found that neurons could express CD163 after ICH (Liu et al., 2017) and there has been in vitro evidence that neuronal CD163 participates in hemoglobin-induced toxicity (Chen-Roetling and Regan, 2016). The difference in the effects of macrophage/microglia and neuronal CD163 may reflect the high ferritin expression in the former. The role of neuronal CD163 in SAH should be studied further.

Hemoglobin is degraded into heme which can then be metabolized by HO-1 into carbon monoxide, biliverdin, and free iron. Iron may then bind to ferritin, limiting iron-induced toxicity (Otterbein et al., 2003; Thomsen et al., 2013). Animal experimental studies have demonstrated that HO-1 protein expression is increased after SAH, followed by elevated free iron, transferrin, and ferritin levels, and that the iron chelator, deferoxamine, can reduce brain injury and neuronal death after SAH (Lee et al., 2010; LeBlanc et al., 2016; Guo et al., 2017). In view of above mentioned findings, it seems reasonable to speculate that the hemoglobin-CD163-HO-1 system is involved in acute brain damage following experimental SAH.

Cell apoptosis play an important role in early brain injury after SAH and is associated with poor outcomes (Lee et al., 2010; Sehba et al., 2012). Our data showed there was abundant co-localization of CD163 with cleaved caspase-3-positive cells. These findings suggest that CD163 may be associated with apoptotic cell death. Interestingly, CD163 expression is related with alternatively activated or anti-inflammatory microglia/macrophages that are found in the final resolution phase of inflammatory processes (Abraham and Drummond, 2006; Thomsen et al., 2013). Inflammation is considered to be important in the mechanisms of cell death and brain injury following SAH (Li et al., 2017; Zhang et al., 2017). Thus, the role of CD163 in hemoglobin uptake, inflammation, early brain injury and iron overload, as well as long-term neurologic deficits deserves further study.

It is well-known that neurologic deficits are related to the amount of blood released following SAH. In addition, we have found that SAH-induced acute hydrocephalus and white matter injury are also associated with SAH severity (Okubo et al., 2013; Egashira et al., 2014). A MRI grading system has been developed to evaluate SAH severity without requiring euthanasia. We have found that SAH rats with grades 3-4 had large T2 lesions, worse neurological outcomes, a higher incidence of hydrocephalus and white matter injury compared to grades 0-2 (Guo et al., 2017). The present study found that the T2 lesion (+) areas matched with CD163 positively labeled areas at day 1 after SAH. Our previous study has demonstrated that HO-1 protein levels were also significantly increased in T2 lesion areas (Guo et al., 2017), indicating that iron overload may be a leading cause of T2 lesion formation.

There were limitations in this study: (1) A causal relationship between CD163 expression and SAH-induced brain injury was not determined in the current study; (2) CD163 expression after SAH only determined at days 1 and 7. CD163 might be involved in early brain injury and delayed brain recovery. In future studies, a full time-course of CD163 expression in the brain following SAH should be examined.



CONCLUSIONS

In summary, brain CD163 levels were increased in the acute phase of SAH, which was associated with hemorrhage severity, T2 lesion on MRI and hydrocephalus after SAH. The role of CD163 (beneficial or detrimental) in SAH remains to be determined.
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The incidence of traumatic brain injury (TBI) has been increasing annually. Annexin A7 is a calcium-dependent phospholipid binding protein. It can promote melting of the cell membrane. Recent studies have shown that it plays an important role in atherosclerosis, other cardiovascular diseases, and a variety of tumors. However, few studies of ANXA7 in TBI have been performed. We here observed how ANXA7 changes after TBI and discuss whether brain injury is associated with the use of ANXA7 antagonist intervention.

Experimental Results: 1. After TBI, ANXA7 levels were higher than in the sham group, peaking 24 h after TBI. 2. The use of siA7 was found to reduce the expression of A7 in the injured brain tissue, and also brain edema, BBB damage, cell death, and apoptosis relative to the sham group.

Conclusion: ANXA7 promotes the development of secondary brain injury (SBI) after TBI.

Keywords: AnnexinA7, traumatic brain injury, secondary brain injury, neuron apoptosis, rat models


INTRODUCTION

The incidence of traumatic brain injury (TBI) has been increasing annually due to an increased number of car accidents and falls by the elderly and has continued to increase year by year (Feigin et al., 2013). The death and disability caused by TBI have also increased accordingly. TBI can cause emotional and cognitive impairment, epilepsy, loss of limb function, and memory impairment, which seriously affects the health of the brain. The development of brain injury after initial injury can significantly aggravate the deterioration and death rate of TBI patients, here called secondary brain injury (SBI) (Hamasaki et al., 2017). At present, little is known about the complex cellular response to the SBI and no effective treatment options are available, especially during its acute phase. The mechanism and time-range study of SBI can provide direction for targeted treatment.

The mechanism of SBI after TBI is very complex. The most important pathological change is tissue edema. Ultrastructural studies have confirmed that the electrolyte and extracellular fluid enter the cerebral nerve cells after injury, resulting in cytotoxic edema. The hemangiogenic edema is caused by the disruption of the blood-brain barrier (BBB). The mechanical damage causes vasoconstriction and the capillary endothelial cells become significantly swollen (Viviani et al., 2014; Wang et al., 2014). Recent studies suggests excitatory neurotoxicity take primary responsibility for SBI.

Annexin is a phospholipid binding protein involved in assembly of the cell skeleton, which forms the basic structural units of the blood-brain barrier (BBB). It has a high affinity with Ca2+. It also participates in the formation and opening of Na+ and Cl− channels, works on vesicle transportation and the secretion of neurotransmitter (Raynal and Pollard, 1994; Hoque et al., 2014). Annexin A7 (ANXA7, A7) was the first member of the family to be found. It has two subtypes, which molecular weight is 47 and 51 kDa, respectively. When intracellular Ca2+ concentration is elevated, A7 protein conformation changes take place. The formation of polymer, with the combination of acidic phospholipid, eventually cause A7 protein to bind to a specific membrane and help some molecules to move through the lipid bilayer (Pollard and Rojas, 1988). There are reports showing that high levels of ANXA7 are expressed in brain tissue after cerebral hemorrhage in rats. This promotes the release of glutamate and N-methyl-D-aspartic acid receptor (NMDA) and mediated excitatory neurotoxicity, eventually promoting SBI.

In conclusion, many studies have demonstrated that ANXA7 promotes brain damage. However, the effect of A7 after TBI is not clear. This study established the rat TBI free fall model, studied in the expression and function of ANXA7 in the TBI secondary brain injury, and the mechanism of action provides a theoretical foundation for the development of new drugs and clinical treatments for TBI patients.



MATERIALS AND METHODS


Study Design and Experimental Groups

Two separate experiments (Figure 1).


[image: image]

FIGURE 1. Study design and experimental groups. (A) traumatic brain injury rat samples, the representative areas taken for assay; (B) experiment group 1 evaluated and located the expression of ANXA7 in TBI rats brain; (C) experiment group 2 established the function of ANXA7 in SBI.



Experiment 1: There was no obvious difference in weight, feed intake, and motor ability of all rats. To determine the time course of ANXA7 after TBI, 36 rats (36 surviving out of an initial cohort of 40) were randomly divided into six groups according to a computer-based randomization (EXCEL randbetween function), specifically sham, TBI 6 h, TBI 12 h, TBI 24 h, TBI 48 h, and TBI 72 h (Dash et al., 2016). Brain tissue surrounding the damaged area was sampled. Tissue in the front, close to the frontal lobe was used to perform Western blot analysis (WB). Tissue from the rear part close to the cerebellum was used for double immunofluorescence. Real-time PCR analysis was also performed with tissue from the sides to assess the expression and position of A7 in TBI rat brains (Figure 1B).

Experiment 2: To establish the role of A7 in TBI brain injury, 48 rats (48 surviving out of a group of 57) were randomly divided into four groups according to EXCEL randbetween function, specifically sham, TBI, TBI+ vector, and TBI+ siA7. At 24 h after TBI, which was based on the results of experiment 1, the rats were killed and damaged brain tissue was collected. Neurological testing was examined in all groups before decollation. We randomly selected 6 rats from each group for brain edema evaluation. Other rats were studied using Western blot analysis, terminal deoxynucleotidyl transferase–mediated dUTP nick-end labeling (TUNEL) staining and fluoro-jade B (FJB) staining to measure the expression of A7 and albumin, neuronal apoptosis, and necrosis. Brain tissue from the front area near the damage was used for WB, and tissue from the back was prepared into frozen sections (Figure 1C).

The experiment abides by the blind method strictly. All the samples were encoded by an independent investigator. The experimenters were blinded to all the sample types during the analysis.



Animals

Here, 97 male Sprague-Dawley rats weighing 280–300 g were purchased from the Animal Center of Soochow University (Suzhou, China), of which 84 were used for statistical analysis. Animals were housed in 12-h light/dark cycles at a controlled temperature and humidity with free access to food and water. All experimental protocols were approved by the Institutional Animal Care and Use Committee of Soochow University and were performed in accordance with guidelines of the National Institutes of Health Guide for the Care and Use of Laboratory Animals.



Traumatic Brain Injury Model

The TBI model was established using a freefall method (Liu et al., 2016). Rats were intraperitoneally anesthetized with 4% chloral hydrate (400 mg/kg) and fixed using a stereotactic instrument. A 5 mm parietal bone window was made behind the cranial coronal suture next to the midline using a bone drill, keeping the dura intact. A copper cylinder (4 mm in diameter, 5 mm in height) was placed in the bone window. A steel rod weighing 40 g with a flat-end was dropped into the copper cylinder from a height of 25 cm. The rats were allowed to recover until their heart rate and breathing returned to normal after a short pause. We carefully sterilized and stitched the wound. We placed the rats in a warm place and allowed them to recover completely. Sham group rats went through exact same procedure as the TBI group without the 40 g steel rod being dropped through the cylinder (Figure 1A).



Drug Injection

Twenty-four hours before TBI, rats were anesthetized and placed in a stereotaxic apparatus. We made a hole on the left side of the lateral ventricle, located exactly 1.5 mm posterior and 1.0 mm lateral to the bregma (Paul et al., 2015). SiA7 were configuration by 8 μl transfection reagent and 8 μl siA7 (0.52 μg/ul). Sixteen microliters siA7 and 16 μl vehicle (0.26 μg/ul) was injected by microinjection though the hole at a rate of 0.5 μL/min, 4.0 mm beneath the skull. Eventually, the incision was sutured and the rats were allowed to recover.



Real-Time PCR

Total RNA was isolated from brain tissue around the injured area using Trizol reagent (Invitrogen, US) in accordance with the manufacturer's instructions. According to the protocol provided by manufacturer (Thermo, US), complementary DNA (cDNA) was synthesized using 1 μg of the total RNA. Then, real-time PCR was performed using a QuantStudio™ Dx Real-time PCR Instrument (Life Technologies Corporation, US) with a PowerUp™ SYBR™ Green Master Mix Kit (ThermoFisher, US). The phases are briefly described as follows: the template was denatured at 95°C for 2 min, followed by 40 cycles of amplification (95°C for 15 s, 60°C for 15 s, 72°C for 1 min). All samples were analyzed in triplicate. The expression of GAPDH messenger RNA (mRNA) served as an internal reference for each sample, and the relative mRNA expression levels of the target gene were calculated by relative quantification (2−ΔΔCT). The primers were as follows: Anxa7, 5′-CCCTGTTCATGCCTCCTACA-3′ and 5′-CACACGCTCTTGAGTTCCTG-3′, GAPDH, 5′-TGGCCTTCCGTGTTCCTACC-3′, 5′-TCTTCCACCACTTCGTCCGC-3′.



Western Blot Analysis

Protein extraction from whole-cell lysates of ipsilateral brain were obtained by gently homogenization in RIPA lysis buffer with phosphatase inhibitors (Beyotime, China) with further centrifugation at 13,000 g at 4°C for 20 min. The supernatant was collected and the protein concentration was assessed using the bicinchoninic acid (BCA) method with a Pierce™ BCA Protein Assay Kit (Thermo, US). Equal amounts of extracted proteins were loaded and subjected to electrophoresis on 12% SDS-polyacrylamide gels (Beyotime, China) and then transferred onto polyvinylidene difluoride (PVDF) membranes (Millipore, US). Blocking buffer with 5% defatted milk was used to block the membranes for 1 h at room temperature. These samples were then incubated with following antibodies overnight at 4°C: rabbit anti-A7 (1:1,000, Abcam, US), mouse anti-β-actin (1:10,000, Sigma, US), and chicken anti-albumin (1:1,000, Abcam, US). The membranes were then incubated with horseradish peroxidase-conjugated secondary antibodies for 2 h at 4°C, including goat anti-rabbit IgG-HRP (Invitrogen, US), goat anti-mouse IgG-HRP (Invitrogen, US) and goat anti-chicken IgG-HRP (Invitrogen, US). Immunoblots were finally probed with an Immobilon™ Western Chemiluminescent HRP Substrate (Millipore, US) and visualized with an imaging system (Bio-Rad, US). All data were analyzed using ImageJ software.



Immunofluorescence Staining

The rat brains were removed and fixed in 4% paraformaldehyde at 4°C for 24 h. Samples were dehydrated step by step with 15 and 30% sucrose in phosphate-buffered saline (PBS, pH 7.4) for 24 h, respectively, then embedded in OCT compound (Sakura, US) and frozen at −80°C until use. Frozen coronal slices (15 μm) were sectioned by using freezing microtome and Leica DMi8 (Leica Microsystems, Germany) and mounted on poly-L-lysine-coated glass slides. After three rounds of washing in 1% Triton-PBS buffer to rupture cell membranes, sections were blocked with 10% goat serum for at least 1 h at room temperature, and then incubated at 4°C overnight with primary antibodies: rabbit anti-A7 (1:100, Abcam), mouse anti-Neuron (1:200, Millipore, USA). Secondary antibodies, including Alexa Fluor 488 donkey anti-rabbit IgG antibody (Invitrogen, US) and Alexa Fluor 555 donkey anti-mouse IgG antibody (Invitrogen, US) were incubated for 1 h at room temperature at a dilution of 1:1,000. The sections were observed with a laser confocal microscope Leica DMi8 (Leica Microsystems, Germany) and pictures were taken using LAS X software.



Brain Water Content

The brain water content was measured in the second experiment using the wet/dry method (Brockman et al., 2013). After surgery and separation of the brains from surrounding tissues, the brains were divided into ipsilateral and contralateral frontal and quickly weighed to get the wet weight. Then, the samples were placed in a 100°C oven for 24 h to obtain the dry weight. The percentage of brain water content (%) was calculated as [(wet weight – dry weight) / (wet weight)] × 100%.



Tunel Staining

Apoptosis was detected using terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling (TUNEL) staining according to the manufacturer's protocol (Abcam, US). Frozen brain tissue sections were soaked in 4% polyformaldehyde/PBS for 15 min, then shifted into protease K working fluid incubating for 5 min. The samples were immersed in 4% polyformaldehyde/PBS for another 5 min and cleaned with wash buffer twice for 5 min each. We covered the brain slices in DNA labeling solution and stored them in a wet box away from light for 1 h. We washed the slices, added the antibody solution, and placed the samples in a dark, wet box for 30 min. We washed the samples in deionizing solution for 5 min. The samples were allowed to air dry and then sealed with DAPI. We observed the slides with a laser confocal microscope Leica DMi8 (Leica Microsystems, Germany) and took pictures using LASX software.



Fluoro-Jade B Staining

Fluoro-Jade B (FJB) staining was conducted as stipulated in the manufacturer's instructions (Millipore, US). After incubation with 1% sodium hydroxide in 80% alcohol for 5 min and 70% alcohol for 2 min, the frozen section were then transferred to a solution of 0.06% potassium permanganate for 10 min. Then, slides were immersed in 0.0004% fluoro-jade dye staining solution (0.1% acetic acid) for 20 min followed by rinsed in deionized water. The sections were washed and dried in an oven at 50°C for 5–8 min. The sections were then cleaned by immersion in xylene for at least 1 min and then coverslipped with Distyrene Plasticiser Xylene (DPX), a non-aqueous non-fluorescent plastic mounting medium. The sections were observed with a laser confocal microscope Leica DMi8 (Leica Microsystems, Germany) and pictures were taken using LAS X software.



Statistical Analyses

All data were analyzed using SPSS 18.0 software. Non-parametric testing was used in the brain water test. When other data were normally distributed, one-way ANOVA was used to compare different groups, T-test was used between two groups. The results were expressed as means ± standard deviations. P < 0.05 was considered indicative of statistically significant differences; P < 0.01 was considered indicative of highly statistically significantly differences.




RESULTS


The Expression of ANXA7 Protein Level in Brain After TBI

Western blot results are shown in Figures 2A,B: Group TBI 6 h, 12 h, 24 h, 48 h, and 72 h had significant differences from the sham group (P < 0.01); the TBI 12 h group showed no difference from the 24 h group (P > 0.05), the TBI 24 h group was different from the TBI 48 h group (P < 0.05). This indicates that undamaged brains have low levels of A7 protein. Six hours after TBI, the expression of A7 was significantly higher than baseline, peaking at 12–24 h. Forty-eight hours after TBI, A7 expression began to decline, and there is still a significant expression after 72 h.
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FIGURE 2. ANXA7 protein level, mRNA level are increased after TBI in rats, and located in neurons. (A,B) ANXA7 protein level in brain after TBI. Sample of different time points were analyzed by western blot; β-actin served as a loading control. Protein levels were quantified with Image J software, and mean values for sham group were normalized to 1.0. Date = means ± SD. **P < 0.01 vs. sham; &P < 0.05 vs. TBI 24 h; ns P > 0.05 vs. TBI 24 h. n = 6. (C) ANXA7 mRNA level in brain after TBI. Brain tissue collected at different time points were analyzed by Q-PCR. RQ were calculated and mean values for sham group were normalized to 1.0. Date = mean ± SD. *P < 0.05 vs. sham; **P < 0.01 vs. sham; ns P > 0.05 vs. TBI 24 h. n = 6. (D,E) ANXA7 in neurons near the damaged area after TBI. Double immunofluorescence analysis of brain tissue using antibodies against ANXA7 (green) and NeuN (red); nuclei were labeled with DAPI (blue). Quantitative analysis of NeuN and A7 double positive neurons. Date = mean ± SD. **P < 0.01 vs. sham; ns P > 0.05 vs. TBI 24 h. Bar = 100 μm. n = 6.





The Expression of ANXA7 in mRNA Level in Brain After TBI

Q-PCR results are shown in Figure 2C: Groups TBI 6 h, 12 h, 24 h, 48 h, and 72 h all differed from the sham group (P < 0.05). Groups TBI 12 h and 48 h group showed no differences from the 24 h group (P > 0.05). This indicated that A7RNA was expressed in the sham group at a low level. This level had increased by 6 h after TBI, and significantly increased at 12 h. The high level expression continued to 48 h. There was still significant expression after 72 h.



The Expression of ANXA7 in Neurons Around the Damaged Area After TBI

If results are shown in Figures 2D,E: Group TBI 6 h, 12 h, 24 h, 48 h, 72 h has significantly differences with sham group (P < 0.01), TBI 12 h, 48 h group has no differences from the 24 h group (P > 0.05). This represented A7 expressed in neurons. The sham group showed a low level of expression, with a significant increase 6 h after TBI and a peak at 24 h. The high level of expression was sustained from 12 to 72 h.



The Effect of siA7 Intervention on A7 Protein Expression After TBI

Western blot siA7 results are shown in Figures 3A,B: The TBI group showed significant differences from the sham group (P < 0.01); TBI showed no differences from the TBI+vector group (P > 0.05); the TBI+siA7 group showed significant differences from the TBI group (P < 0.01). This indicates that A7 has a low level of protein expression in the sham group that significantly increases after TBI and is significantly reduced after siA7 intervention.
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FIGURE 3. SiA7 reduce ANXA7 in the injured brain tissue and reduce brain injury in rats after TBI. (A,B) Confirm the impact of siA7 on ANXA7 expression. A7 was detected in sham, TBI, TBI + vector, and TBI + siA7 groups 24 h after TBI by western blot. Date = means ± SD. **P < 0.01 vs. sham, ##P < 0.01 vs. TBI. n = 6. (C,D) The integrity of BBB in TBI rats was improved after siA7 intervention. Albumin was detected by western blot. Date = means ± SD. **P < 0.01 vs. sham, ##P < 0.01 vs. TBI. n = 6. (E,F) Neuron death was detected by FJB staining (green). FJB-positive cells/mm2 was quantified. Data = mean ± SD. **P < 0.01 vs. sham, ##P < 0.01 vs. TBI. Bar = 50 μm. n = 6. (G,H) Neuronal apoptosis was detected with the TUNEL assay. Immunofluorescence analysis was performed with TUNEL (red), nuclei were labeled with DAPI (blue). TUNEL - nuclei positive neurons/mm3 was quantified. Date = means ± SD. **P < 0.01 vs. sham; ##P < 0.01 vs. TBI. Bar = 50 μm. n = 6. (I) Brain water content was calculated as [(wet weight – dry weight)/(wet weight)] × 100%. Date = means ± SD. **P < 0.01 vs. sham; ##P < 0.01 vs. TBI. n = 6.





The Integrity of BBB in TBI Rats After siA7 Intervention

Western blot analysis with albumin are shown in Figures 3C,D: The TBI group showed significant differences from the sham group (P < 0.01); TBI has no differences with TBI+ vector group (P > 0.05); TBI+siA7 group has significant differences from the TBI group (P < 0.01). These results confirmed that the blood brain barrier had been significantly damaged after TBI injury, and the integrity of the BBB was significantly improved after the intervention of siA7.



Neuron Death in TBI Rats Treated With siA7 Injection

FIB staining results are shown in Figures 3E,F: The TBI group showed significant differences from the sham group (P < 0.01); TBI showed no differences from the TBI+ vector group (P > 0.05); the TBI+ siA7 group showed significant differences from the TBI group (P < 0.01). The degree of necrosis of neurons in rats after TBI was significantly greater than in the sham group, and significantly reduced after siA7 intervention.



Neuronal Apoptosis in TBI Rats Treated With siA7 Injection

TUNEL staining results are shown in Figures 3G,H: The TBI group has significantly differences with sham group (P < 0.01); TBI showed no differences from the TBI+ vector group (P > 0.05); the TBI+ siA7 group showed significant differences from the TBI group (P < 0.01). Results showed that the rate of apoptosis in rat neurons increased significantly after TBI and decreased significantly after siA7 intervention.



Cerebral Edema Index in TBI Rats Treated With siA7 Injection

Wet/dry method on brain edema are shown in Figure 3I: The TBI group showed significant differences from the sham group (P < 0.01); TBI showed no differences from the TBI+ vector group (P > 0.05); the TBI+ siA7 group showed significant differences from the TBI group (P < 0.01). The results indicated that the cerebral edema in TBI was significantly higher 24 h after TBI, which was significantly different from that of the sham operation group, and the cerebral edema index of the intervention group of the siA7 was significantly lower.




DISCUSSION

ANXA7 exists in many organs throughout the body, including the brain, heart, liver, parotid gland, spleen, lung, normal reticulocyte, and skeletal muscle (Herr et al., 2003; Guo et al., 2013). Recent studies have shown that ANXA7 plays a very important role in atherosclerosis, other cardiovascular diseases, and a variety of tumors (Tincani et al., 1998; Turnay et al., 2005). Results also showed ANXA7 to be widely expressed in brain tissue. During different periods of embryonic development, ANXA7 subcellular localization in brain cells changed from the cytoplasm to the nucleus (Rick et al., 2005). In the cortex of the adult brain, ANXA7 is located in the cytoplasm but not in the nucleus of vertebral body cells and in the top dendrites (Rick et al., 2005). There is a small amount of expression in the cytoplasm and nuclei of the astrocytes (Zhou et al., 2011). In the hippocampus of adrenal excision mice, ANXA7 was mainly located in glial cells, not in neurons or astrocytes (Moga et al., 2005).

When the concentration of cell calcium ions increases, the subcellular localization of ANXA7 shifts. These ions form a polymer to foster the combination with acidic phospholipids, eventually binding to specific parts of the molecule and moving through the lipid bilayer membrane, mediating the release of neurotransmitters and vesicle transport (Hoque et al., 2014). ANXA7 is expressed so widely and participates in basic physical and pathological activities. However, only a few studies of ANXA7 in brain disease have been reported.

In this experiment, we assessed the expression and function of A7 in TBI, ascertained the distribution of A7 in neurons in rats after TBI, and confirmed that A7 showed the most expression after TBI around the damaged brain tissue at both the mRNA and protein levels. The level of A7 was found to change over time, and the peak time of expression is consistent with clinical practice. By using siANXA7 to reduce the protein level of ANXA7 in brain tissue, the rates of brain edema, BBB damage, neuronal apoptosis, and death all declined. It was confirmed that ANXA7 promotes the development of SBI after TBI.

There are a few limitations to this study. The mechanism underlying the role of ANXA7 in TBI brain injury is unclear. ANXA7 mainly acts according to the Ca2+ concentration, and binding to the cell membrane. It can change the permeability of the cell membrane and promote protein release or transfer. In the case of Gerelsaikhan, the Snap-23 stabilized snare-complex plays an important role in neurotransmission (Gerelsaikhan et al., 2012). It is mainly distributed in the postsynaptic membrane in brain, and is the primary material engaged in the transportation of N-methyl-D-aspartic acid receptor (NMDA) receptors (Zhou et al., 2015). NMDA receptor is a subtype of glutamate receptor, which is the most important receptor to mediate Excitatory neurotoxicity (Lai et al., 2014; Newport et al., 2015). It can be speculated that A7 may participate in the process of excitatory neurotoxicity and promote nerve cell apoptosis in the SBI after TBI. The specific mechanism still needs further study. We expect this A7 study can help further understanding the mechanism of TBI, and the suppressive drugs of A7 may be helpful for clinical TBI treatment.



CONCLUSION

The results demonstrate that ANXA7 promotes the development of SBI after TBI. Based on this finding, we propose that ANXA7 might be a key physiological active substance after TBI brain damage, also we suggest that it could be a therapeutic target to SBI following TBI.
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Traumatic brain injury (TBI) affects millions of people in China each year. TBI has a high mortality and often times a serious prognosis. The causative mechanisms of TBI during development and recovery from an injury remain vague, leaving challenges for the medical community to provide treatment options that improve prognosis and provide an optimal recovery. Biological gaseous molecules including nitric oxide (NO), carbon monoxide (CO), hydrogen sulfide (H2S), and molecular hydrogen (H2) have been found to play critical roles in physiological and pathological conditions in mammals. Accumulating evidence has found that these gaseous molecules can execute neuroprotection in many central nervous system (CNS) conditions due to their highly permeable properties allowing them to enter the brain. Considering the complicated mechanisms and the serious prognosis of TBI, effective and adequate therapeutic approaches are urgently needed. These four gaseous molecules can be potential attractive therapeutic intervention on TBI. In this review, we will present a comprehensive overview on the role of these four biological gasses in the development of TBI and their potential therapeutic applications.
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INTRODUCTION

Traumatic brain injury (TBI) affects 3–4 million people in China every year and accounts for 87% of deaths related to trauma. With its high mortality and serious prognosis, it is the fourth leading cause of death in young people (Liu, 2015). In addition, the incidence of TBI in the elderly appears to be increasing (Peeters et al., 2015). The causative mechanisms of TBI during development and recovery from an injury remain poorly understood. This poses great challenges for medical management following TBI, and leaves the medical community with challenges such as finding new treatment options to improve recovery following TBI (Seule et al., 2015; An et al., 2016).

Currently, various gaseous molecules (such as air content gasses, volatile anesthetics, non-volatile anesthetics, noble gasses) were thought to protect neural system in neurological diseases (Deng et al., 2014). Biological gaseous molecules, also referred as gasotransmitters, including nitric oxide (NO), carbon monoxide (CO), hydrogen sulfide (H2S), and molecular hydrogen (H2), also serve critical roles in mammals’ physiological and pathological conditions (Zhou et al., 2012). They can easily cross the blood–brain barrier (BBB) and spread through brain tissue due to their smaller molecular weights compared with chemically formulated drugs (Zhou et al., 2012; Deng et al., 2014). Accumulating evidence has demonstrated that these gaseous molecules provide neuroprotection in many diseases of the central nervous system (CNS) through different mechanisms and administration regimens (Ren et al., 2010; Charriaut-Marlangue et al., 2012; Zhan et al., 2012; Otterbein, 2013).

Considering the complicated mechanisms and the serious prognosis of TBI, effective and adequate therapeutic approaches are urgently needed. A better understanding of the physiological function and alterations of gaseous molecules in pathological conditions may provide a potentially attractive therapeutic intervention for TBI. In our review, we will present a comprehensive overview of the role of these four biological gasses in the development of TBI and their potential therapeutic applications.



NITRIC OXIDE

Nitric Oxide is the most recognized endogenous gasotransmitter in mammalian biology. It is mainly synthesized during L-arginine conversion with the assistance of three NO synthases (NOS): neuronal (n) NOS, inducible (i) NOS, and endothelial (e) NOS (Forstermann and Sessa, 2012). Despite nNOS being the predominant NO producer in CNS, iNOS, and eNOS can also be expressed in neurons and endothelial cells in the brain (Galea et al., 1992; Olivenza et al., 2000). NOS alteration leads to cerebral NO level changes and was found to be associated with TBI occurrence and secondary damage after TBI (Stover et al., 2014; Villalba et al., 2017). In addition, NO participates in the regulation of many biological process such as neurogenesis, cerebral blood flow (CBF) maintenance, oxidative stress reactions, and neuronal cell death (Uchiyama et al., 2002; Packer et al., 2003; Toda et al., 2009). Whether or not it has a protective or destructive role in the CNS remains controversial (Ockelford et al., 2016).

During pathophysiological processes in TBI, NO homeostasis is mainly mediated by NOS isoform activity (Cherian et al., 2004). eNOS and nNOS are constitutively expressed in the brain via induction of Ca++, while iNOS becomes unregulated during brain damage or injury (Bredt and Snyder, 1990). Though the pathogenesis of TBI is driven by complex mechanisms, it was widely accepted that the inflammatory reaction is the main reason a response is elicited to brain injury (Corps et al., 2015). Inflammatory cascades promote expression of constitutive NOS isoforms and up-regulation of iNOS levels after TBI occurs (Olmos and Llado, 2014).

After TBI, the widespread brain injury may induce cell depolarization, such as rising extracellular potassium and intracellular Ca++ (Faden et al., 1989; Bezzi et al., 1998; Folkersma et al., 2011). Currently, studies suggest Ca++ accumulation can be mediated by the glutamate wave that follows TBI (Kawamata et al., 1992; Chamoun et al., 2010). Following inflammatory stimuli, extracellular glutamate concentrations in the brain tissue are markedly increased (Bezzi et al., 1998; Folkersma et al., 2011). These elevated glutamate levels were reported to be related to Ca++ influx and cytotoxicity during TBI (Chamoun et al., 2010). With the assistance of receptors such as NMDA receptors, the increased intracellular Ca++ consequently reacts with calmodulin and promotes the expression of constitutive NOS (Southam et al., 1991; Zur Nieden and Deitmer, 2006). This process appears in the early time period (30 min) of TBI sequela and contributes to the first NO peak (Marletta, 1994; Wada et al., 1998a). In addition, the NO produced by different constitutive NOS synthases may each contribute uniquely to the outcome. Activation of nNOS induces toxic effects that produce excitotoxicity and oxygen free radicals, such as Peroxynitrite (ONOO-) to cause cell death (Wada et al., 1998a; Gahm et al., 2002). nNOS-derived NO is also involved in synaptic plasticity and neuronal signaling after TBI (Garthwaite, 1991). The function of eNOS-derived NO works against the toxic effect of nNOS-derived NO (Gahm et al., 2002). It participates in cerebrovascular responses by dilating blood vessels to maintain CBF (Goadsby et al., 1992; White et al., 2000). The expression of constitutive NOS isoforms also leads to transient hypertension surge through massive sympathetic discharge (Rosner et al., 1984).

In the later response phase, the inflammatory reaction following TBI induces the expression of iNOS (Minc-Golomb et al., 1994; Heneka and Feinstein, 2001). Normally, the response can be divided into two parts (Cherian et al., 2004). The first iNOS response starts 4 to 6 h after trauma, and peaks 8 to 23 h after TBI (Gahm et al., 2002; Ucal et al., 2017). iNOS expression may be associated with the increased amount of neutrophils and microglia during this response (Royo et al., 1999; Bayir et al., 2005). The second iNOS response starts 72 h after trauma and is related to the immunoreactivity of microglia and macrophages (Orihara et al., 2001). The waves of iNOS response peak 7 days following TBI (Wada et al., 1998b; Jin et al., 2012). The role of iNOS remains controversial, but many studies suggest that the NO released by iNOS can react with superoxide radicals and generate more deleterious reactive species, causing neuronal death and worsening neurological outcome (Sinz et al., 1999; Gorlach et al., 2000; Berka et al., 2014). In contrast to these detrimental effects, iNOS-derived NO also has the ability to attenuate oxidative stress reactions by preventing mitochondrial damage from reactive oxygen species (ROS) and decreasing redox iron activity (Bayir et al., 2005; Dungel et al., 2015).

Currently, the application of inhaled NO in TBI models is being investigated. Using closed head mild TBI mouse models, a study found that mild TBI induced a short-term memory loss and strong inflammatory reaction in the first 24 h after mild TBI. This injury only lasts for 2–3 days. Treatment with a low concentration and short duration (less than 8 h) of inhaled NO could prevent the adverse effects of mild TBI including acute and transient cognitive deficits and inflammation. Whereas, the group treated with a higher concentration of NO for 24 h showed no benefit in memory (Liu et al., 2013). Additionally, inhaled NO was shown to significantly improve CBF and reduce intracranial pressure after TBI in mice. Long duration (24 h) inhalation reduced brain injury and improved neurological function (Terpolilli et al., 2013). Further investigation is warranted for the potential use of inhaled NO after TBI, particularly with regard to dosage and timing of administration (Figure 1).
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FIGURE 1. Role of nitric oxide (NO) in the pathological changing after Traumatic brain injury (TBI). The activity of NO produced by different NO synthases (NOSs) function various effects in TBI. The deleterious effects of NO mainly resulted by the oxygen free radicals waves which subsequently caused cell death; the protective effects of NO may include vasodilatation and antioxidant effect.





CARBON MONOXIDE

Carbon Monoxide, traditionally thought of as a toxic gas, also acts as a gasotransmitter in both the extracellular and intracellular spaces. However, its biological function remains controversial (Coburn et al., 1963; Tenhunen et al., 1968). Heme oxygenase (HO) enzymes, including HO-1 and HO-2 are used in the process of heme degeneration and CO generation (Ewing and Maines, 1993; Li and Clark, 2000). HO-1, also named heat shock protein 32, is an inducible protein upregulated predominantly in numerous conditions of cellular stress. It was found to be up-regulated and play a cytoprotective role against oxidative stress after pediatric TBI (Cousar et al., 2006). In contrast, HO-2 is constitutively expressed in neural tissues (Geddes et al., 1996). While it was proved that HO-2 can prevent cellular injury after TBI via inhibition of oxidative stress (Chang et al., 2003). Despite this pathophysiological understanding, the role of CO remains poorly understood in the process of HO metabolism.

The measurement of CO fluctuation and cellular distribution after TBI has been recently studied. Accumulating evidence shows that HO can successfully increase CO production and response to cellular stress (Carratu et al., 2003; Chang et al., 2003; Kanu et al., 2006). CO production rapidly increases in the brain following induction of various pathophysiological conditions in the brain, including acute hypotension, hypoxia, glutamate metabolism, and glutamatergic seizures (Parfenova and Leffler, 2008). Additionally, CO was found to have different therapeutic functions in different brain pathologies.

As with NO, a very low concentration of CO can function as a vasodilator and a neurotransmitter in the brain (Zakhary et al., 1996; Leffler et al., 2006). Low concentrations of inhaled CO can prevent cerebral hypoxia and ischemia in occlusive cerebrovascular disease (Wang et al., 2011; Cai et al., 2017). Carbon monoxide-releasing molecules (CORMs)-A1 can reduce the inflammatory reaction in neuronal degenerative diseases (Chora et al., 2007). While in a mouse model of TBI, a recent study found that treatment with CORM-3 prevented the death of pericytes, thereby rescuing neural stem cells and ameliorating neurological impairment (Choi et al., 2016). The protective effect of CO appears to be related to the activation of sGC and NOS, namely cGMP and NO. However, a detailed mechanism was not described in these studies (Vieira et al., 2008; Queiroga et al., 2012; Schallner et al., 2013). In addition, CO inhibits oxidative apoptosis in the early phase following TBI by suppressing potassium influx, caspases activation, and cytochrome c release (Dallas et al., 2011). CO can also increase the interaction between Nrf2 and HO-1, effectively promoting HO-1 expression and increased antioxidant responses (Wang et al., 2011; Figure 2).
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FIGURE 2. Mechanisms involved in the cytoprotective effect of carbon monoxide (CO) after TBI. The CO produced by heme oxygenase (HO) isozymes participated in the process of antioxidantien, anti-inflammation, anti-apoptosis, and vasodilatation.



In conclusion, the mechanisms of vasodilation, anti-inflammation, anti-apoptosis, anti-proliferation, and anti-oxidant effects of CO need to be further investigated in the TBI model as they are potential targets for therapeutic intervention in TBI. Inhaled CO was rarely applied in past studies since the inhaled form is not tissue specific and the unnecessary CO can bring partial systemic hypoxia and toxicity. These complications make CORMs potential donors of CO (Queiroga et al., 2015). Meanwhile, CO administration should be further investigated in the future pre-clinical or clinical studies.



HYDROGEN SULFIDE

Hydrogen Sulfide is another toxic gas that has important functions in physiological signal transduction (Liu H. et al., 2016). It can easily cross the cell membrane and enter intracellular compartments due to its high solubility in lipophilic solvents (Reiffenstein et al., 1992; Wang, 2002). H2S is produced from the cysteine degradation process by two pyridoxal-5′-phosphate (PLP)-dependent enzymes, namely cystathionine β-synthase (CBS) and cystathionine γ-lyase (CSE). CBS is expressed primarily in the nervous system, liver and kidney. While CSE is expressed in the cardiovascular system and liver (Lowicka and Beltowski, 2007). In addition, brain H2S was also found to be generated from cysteine with the assistance of 3-mercaptopyruvate sulfur transferase and cysteine amino transferase (Shibuya et al., 2009). It is involved in various biological functions after TBI including cerebrovascular regulation, oxidative stress reactions, inflammation, glutamate-mediated excitotoxicity, and apoptosis (Wang et al., 2014).

Recent studies demonstrated that the CBS and H2S levels in the brain were decreased during the early phase (12–24 h) and increased in the late phase (3–7 days) after TBI (Jiang et al., 2013; Zhang et al., 2013). These changes were closely related to levels of oxidative stress and the pathogenesis of TBI (Scheff et al., 2013). CBS activity was found to be up-regulated via the Calcium/calmodulin pathway and enhanced H2S production was found in response to glutamate (Eto and Kimura, 2002). However, CSE activity was less reported in the literature.

Using Sodium hydrosulfide (NaHS) as the H2S source, a study found a significant difference between TBI and NaHS-treated TBI mice in measures of neuronal morphology and the density of the hippocampus (Zhang et al., 2013). 90 or 180 μmol/kg of NaHS treatment can significantly reduce loss of the brain tissue and protect against the neuron damage. It suggested that H2S is also a neuroprotective gas for TBI treatment (Zhang et al., 2013). In addition, another study demonstrated that low dose NaHS (3 mg/kg) decreased the elevated BBB permeability, brain edema, and lesion volume in rats post-TBI. These effects were related to the activation of mitoKATP channels and reduction of oxidative stress. However, a higher dose of NaHS (10 mg/kg) gave a worse outcome in this study, which draws attention to the importance of dosage of H2S supplement (Jiang et al., 2013). Furthermore, H2S was proved able to exert neuroprotection via inhibiting microglia activation following inflammatory effects and counteracts neurotoxicity. iNOS, NF-B, ERK, and p38 MAPK signaling pathways were inhibited in this process (Zhang Q. et al., 2014). Systemic administration of H2S has also been shown to significantly reduce brain edema and behavioral symptoms by anti-apoptosis and anti-autophagy effects. H2S reversed TBI-induced caspase-3 cleavage and Bcl-2 decline and prevented an increase in the Beclin-1/Bcl-2 ratio (Zhang M. et al., 2014; Fang et al., 2017).

In addition, low concentrations of H2S may dilate cerebral vessels and protect against ischemia and hypoxia in the brain (Qu et al., 2006; Li et al., 2011). This effect is more likely led by CSE activation rather than CBS (Leffler et al., 2011). H2S activates KATP channels containing SUR2 subunits and acts on smooth muscle cells to promote vasodilation and subsequently maintain the CBF (Liang et al., 2011). However, fewer studies have investigated this effect in TBI models. The current understanding of the molecular mechanisms and biological roles of endogenous and exogenous H2S remains poor. Also, the study investigating the role of H2S-producing enzyme systems in TBI is unclear. This may be an area of focus in future H2S studies after TBI. Additionally, the use of NaHS and H2S in the clinical application requires optimal and safe concentration recommendations and strategy. Even a very low concentration (50 ppm) of inhaled H2S could lead to intense damage due to its high solubility. Thus, direct inhalation of H2S is not available (Qu et al., 2008; Figure 3).
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FIGURE 3. Mechanisms involved in the cytoprotective effect of hydrogen sulfide (H2S) after TBI. The H2S produced by cystathionine γ-lyase (CSE) and cystathionine β-synthase (CBS) isozymes participated in the process of antioxidantien, anti-inflammation, anti-apoptosis, anti-autophagy, and vasodilatation.





HYDROGEN

Hydrogen (H2) provides potential protective roles in neural diseases such as ischemic or hemorrhagic stroke (Cai et al., 2008; Zhan et al., 2012), TBI (Ji et al., 2010), CO poisoning (Sun et al., 2011), and neurodegenerative diseases (Fu et al., 2009). The underlying mechanisms may involve anti-oxygenation, anti-inflammation, anti-apoptosis effects, and BBB protection (Deng et al., 2014; Liu C.L. et al., 2016). The solubility of H2 is low in the normal environment, and no/few endogenous cells produce H2 in the mammalian CNS (Levitt, 1969; Sahakian et al., 2010). The therapeutic use of exogenous H2 in neural diseases is under investigation. The main donor of exogenous H2 in past research includes intravenous fluid of hydrogen-rich saline (Ono et al., 2011), potable H2 water (Ishibashi et al., 2012), and inhaled H2 gas (Nakao et al., 2010).

Inhalation of 2% H2 from 5 min to 5 h after TBI was shown to attenuate BBB damage, brain edema, lesion volume, and improved neurological outcome. The potential mechanism might be associated with decreasing oxidative products (8-iso-PGF2α and MDA) and promotion of endogenous antioxidant enzymatic activity (SOD and CAT) (Ji et al., 2010). Similarly, another study found that 2.9% H2 inhalation showed similar effects in brain tissues after surgery. However, this treatment failed to present the anti-oxidative or anti-inflammatory effects (Eckermann et al., 2011). In addition, hydrogen-rich saline facilitated synaptic plasticity and improved cognition after mild TBI. The hydrogen-rich saline protected TBI rat model through inhibition of oxidative damage and maintaining energy homeostasis (Hou et al., 2012). Recently, molecular hydrogen given in drinking water (mHW) was shown to relieve the acute alterations and neurodegenerative changes after TBI in a controlled cortical impact (CCI) model. The mHW alleviated brain edema, BBB disruption, and maintained normal brain interstitial fluid circulation. In addition, mHW increased ATP and nucleotide binding after TBI and inhibited pathological gene expressions that regulate oxidation/carbohydrate metabolism and suppressed cytokine activation (Dohi et al., 2014). In another study, pro-inflammatory cytokines (TNF-α, IL-1β, and HMGB1), inflammatory cell numbers (Iba1), and inflammatory metabolites (Cho) were attenuated, and anti-inflammatory cytokine (IL-10) was elevated after hydrogen-rich water therapy (Tian et al., 2016). In addition, H2-rich water can also up-regulate the expression of Nrf2 which prevents oxidative damage in TBI-challenged rats (Yuan et al., 2015).

Based on the neuroprotective effects of H2 published in the past, H2 could be a promising therapy for clinical application (Figure 4). However, the adverse effects have not been well investigated. Researchers reported that some biological enzymes would decline upon ingestion of a certain concentration of H2which may bring a potential toxicity. The intervention strategies and concentrations of H2 used also differed among previous studies. Future studies should also focus on interactions between the anti-oxygenation, anti-inflammation, and anti-apoptosis effects induced by H2 therapy.
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FIGURE 4. The cytoprotective effect of H2 in the pathological changing after TBI. hydrogen (H2) acts essential role in the antioxidant, anti-inflammation, anti-apoptosis, and vasodilatation. It also can relieve the brain edema and blood–brain barrier (BBB) disruption after TBI.





CONCLUSION AND PROSPECTS

Biological gasses have smaller molecular weights compared to chemically formulated drugs. Thus, they can easily cross the BBB and diffuse to the brain tissues. Increasing evidence has demonstrated the potential clinical value of neuroprotective gasses in the treatment of neural diseases, including TBI. Endogenous gaseous are up-regulated during the pathological changes occurring after TBI, including redox reactions, inflammation, apoptosis, and excitotoxicity. Understanding the roles of endogenous gaseous molecules in different stages after TBI and determining an appropriate application strategy for exogenous gaseous molecules might provide us with more treatment options and significantly improve post TBI symptoms and outcome. However, the interaction between gasses and pathology is not well understood, and the application paradigms differ among published studies. The administration differences include in the gas source and gas ingestion methods, as well as the ideal concentrations needed for optimal results. In addition, safety and toxicity remain to be fully understood. Studies in this topic of TBI treatment could also focus on complicated aspects not studied or not elucidated in the current literature to help with the transition from current pre-clinical studies into future clinical studies.
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Aim: Sirtuin3 (sirt3) plays a pivotal role in improving oxidative stress and mitochondrial dysfunction which directly induced neuronal apoptosis after intracerebral hemorrhage (ICH). Reactive oxygen species (ROS) is also a critical activator in triggering NACHT, LRR, and PYD domains-containing protein 3 (NLRP3) inflammasomes activation which can regulate inflammatory responses in brain. Moreover, hyperglycemia can aggravate the ICH-induced damage. Hence, this study was designed to investigate the mechanisms of neuroprotection of sirt3 in hyperglycemic ICH.

Methods: ICH model was established by autologous blood injection. Hyperglycemia was induced by intraperitoneal injection with streptozotocin. Honokiol (HKL, a pharmacological agonist of sirt3) was injected intraperitoneally at doses of 2.5, 5, or 10 mg/kg. Sirt3 small interfering RNA transfection was implemented through intracerebroventricular injection. The expression of sirt3 and its downstream signaling molecules were detected using Western blotting or immunofluorescence staining. Morphological changes of mitochondria were detected by electron microscopy. SH-SY5Y cells were incubated with 10 μM oxyhemoglobin for 48 h to establish an in vitro ICH model, and then JC-1 staining was used to determine mitochondrial membrane potential (Δψm).

Results: Hyperglycemia could suppress sirt3 expression after ICH when compared with non-diabetic rats. Sirt3 protein expression was decreased to the minimum at 24 h in perihematoma tissues. Electron microscope analysis indicated that hyperglycemic ICH induced extensive mitochondrial vacuolization. HKL attenuated ROS accumulation, adenosine triphosphate reduction, and Δψm through Sirt3–superoxide dismutase 2 (SOD2) and Sirt3–NRF1–TFAM pathway. Sirt3 knockdown could exacerbate the neuronal apoptosis and reverse the positive effects of HKL. Sirt3 activation could decrease NLRP3 and interleukin-1β levels through deacetylating SOD2 and scavenging ROS.

Conclusion: HKL protects against hyperglycemic ICH-induced neuronal injury via a sirt3-dependent manner.

Keywords: ICH, hyperglycemia, sirt3, mitochondrial dysfunction, oxidative stress


INTRODUCTION

Intracerebral hemorrhage (ICH) is a serious public health problem with high rates of death and disability, and it accounts for 10–20% of stroke worldwide (Qureshi et al., 2009; van Asch et al., 2010). Perihematoma edema is the main manifestation of secondary brain injury (SBI) after ICH, and it may cause poor prognosis from increased intracranial pressure or hydrocephalus (Inaji et al., 2003; Murthy et al., 2015). Complicated mechanisms are involved in the formation of brain edema. The initial hematoma induces glutamate release and then leads to oxidative stress and mitochondrial dysfunction. Mitochondrial dysfunction may contribute to the deficiency of adenosine triphosphate (ATP) generation and then result in the failure of cellular pumps causing cytotoxic edema and neuronal apoptosis (Kim-Han et al., 2006; Brunswick et al., 2012; Prentice et al., 2015; Duan et al., 2016). Moreover, mitochondrial dysfunction caused the dysregulation of reactive oxygen species (ROS) homeostasis, ROS accumulation further caused damage in mitochondria, and persistence of vicious circles (Brunswick et al., 2012). NACHT, LRR, and PYD domains-containing protein 3 (NLRP3) inflammasomes are associated with inflammatory responses and cellular injury after ischemic stroke or ICH (Ma et al., 2014). Sufficient evidence demonstrated that ROS is a crucial activator in triggering NLRP3 activation (Chen et al., 2017; Gao et al., 2017). ROS scavenging may be an effective method in inhibiting neuroinflammation. Hence, oxidative stress and mitochondrial dysfunction may be the potential breakthrough in treatment of ICH injury.

Notably, factors such as diabetes mellitus, high blood pressure, and alcohol intake are thought to be predictors of poor outcomes after ICH (Kimura et al., 2007). Several studies also demonstrate that hyperglycemia is associated with severe brain edema and increased level of cell apoptosis in animal models of ICH (Song et al., 2003; Chiu et al., 2013). In addition, hyperglycemia can independently increase the risk of early death in patients with acute spontaneous ICH (Kimura et al., 2007). High blood glucose (HG) can also exacerbate stroke and reperfusion injury through oxidative stress and energy metabolism pathway (Robbins and Swanson, 2014). In vitro, hyperglycemia may also results in the activation of ROS and cause the dysregulation of mitochondrial membrane potential which precedes the neuronal apoptosis (Russell et al., 2002). Thus, it remains a great need to find a novel therapeutic target that may help dealing with SBI and hyperglycemia-induced damage in diabetic ICH patients.

Sirtuin3 (sirt3) is a NAD+-dependent deacetylase predominately located in mitochondria. Simultaneously, sirt3 could maintain ROS homeostasis through the regulation of a variety of mitochondrial enzymes such as superoxide dismutase 2 (SOD2), which may transform harmful superoxide radicals into nontoxic oxygen or hydrogen peroxide (Qiu et al., 2010; Bause and Haigis, 2013). In addition, sirt3 was also involved in the mitochondrial basal ATP production through the respiratory chain and ATP synthase pathway (Ahn et al., 2008; Giralt and Villarroya, 2012). Moreover, it could react with peroxisome-proliferator-activated receptor-γ co-activator-1α (PGC-1α) which is the crucial controller of mitochondrial biogenesis, and then participated in the regulation of oxidative metabolism (Kong et al., 2010). Notably, a recent study demonstrated that hyperglycemia could inhibit sirt3 expression in retinal capillary endothelial cells and caused worse oxidative stress injury (Gao et al., 2016). A pervious study also indicated that cerebral AQP-4 expression was downregulated after hyperglycemic ICH in rats (Chiu et al., 2013). Gao et al. (2016) thought that hyperglycemia could result in the activation of poly ADP-ribose polymerase (PARP) which competitively utilized the same cofactor (NAD+) with sirt3. However, the reason why hyperglycemia can suppress protein expression is still inconclusive. The above-mentioned observations inspired us that sirt3 may play a pivotal role in ICH-induced cerebral injury.

Honokiol (HKL) is a small molecular weight natural compound which can be extracted from Magnolia grandiflora. HKL is initially known for its anti-inflammatory, anti-cancerous, and antithrombotic properties (Woodbury et al., 2013). A recent study indicated that intraperitoneal administration of HKL could ameliorate cardiac hypertrophy by activating sirt3. Pharmaceutically, HKL could directly bind to sirt3 and increase sirt3 levels and its enzymatic activity (Pillai et al., 2015). Whether HKL administration can upregulate sirt3 levels and exert neuroprotection in hyperglycemic ICH rats has never been studied. Therefore, this study was designed to: (1) investigate whether hyperglycemia affects sirt3 expression after ICH and (2) explore whether HKL ameliorates oxidative stress and mitochondrial dysfunction via a sirt3-dependent manner.



MATERIALS AND METHODS

Animals

Adult male Sprague-Dawley rats (300–350 g) which were obtained from Slac Laboratory Co., Ltd. (Shanghai, China) were used for this study. A total of 288 rats were used for this study, and the details of grouping information were shown in Supplementary Figure S1. Sprague-Dawley rats were raised in triples in plastic cages with controlled temperature and humidity and a 12-h light/dark cycle. All animal experimental protocols were in compliance with the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health and were approved by the Institutional Animal Care and Use Committee of Zhejiang University.

Hyperglycemia and ICH Model

Diabetic model was induced by intraperitoneal injection with streptozotocin (STZ; Sigma-S0130, Sigma–Aldrich Trading Co., Ltd., Shanghai, China) at 60 mg/kg for 3 days before operation (Chiu et al., 2013). Blood glucose was measured by OneTouch Select Test Strips (Johnson & Johnson) with the tail venous blood after overnight fasting, and hyperglycemia was defined as blood glucose >250mg/dl (Liu et al., 2011).

Sprague-Dawley rats were anesthetized with intraperitoneal pentobarbital (50 mg/kg) and experimental ICH surgery was induced in a stereotaxic frame (Stoelting Stereotaxic Instrument). A 1-mm-diameter burr hole was made in the skull (0.2 mm posterior to bregma and 3.5 mm right lateral to midline), then 100 μl fresh autologous blood (catheterization to femoral artery with PE10 tube) was injected into the right basal ganglia (5.5 mm depth below the skull) with a micro-injector within 5 min. In case of blood leakage, the needle would stay for another 10 min after complete injection, then the burr hole was blocked with bone wax (Yang et al., 1994; Song et al., 2003; Chiu et al., 2013). The rats in sham group received all the above-mentioned procedures but the 100 μl saline was injected instead of fresh autologous blood.

Small Interfering RNA and Intracerebroventricular Injection

In vivo: The sirt3 siRNA or scramble siRNA (Thermo Fisher Scientific) mixed with the transfection reagent (Engreen Biosystem Co., Ltd.; 500 pmol/10 μl) was injected into the right lateral ventricle at a rate of 2 μl/min 24 h before ICH (Zheng et al., 2015). The intracerebroventricular injection was performed as previously reported (Xu et al., 2017). After the rats were anesthetized with intraperitoneal pentobarbital (50 mg/kg), a 1-mm-diameter burr hole was made in the skull (1 mm posterior to bregma and 1.5 mm right lateral to midline). Then, 10 μl of the mixture of siRNA and transfection reagent was infused into the right lateral ventricle (3.5 mm depth below the skull). The needle stayed in the brain for another 10 min after injection and the burr hole was blocked with bone wax.

In vitro: SH-SY5Y cells were transfected with sirt3 siRNA or control siRNA (Thermo Fisher Scientific) mixed with the transfection reagent (Engreen Biosystem Co., Ltd.; final concentration: 100 nM).

Drug Administration

In vivo: HKL (Purity ≥ 98%, Sigma-H4914, Sigma–Aldrich Trading Co., Ltd., Shanghai, China) was dissolved in dimethyl sulfoxide (DMSO):phosphate-buffered saline (PBS) (1:1) and injected intraperitoneally at a dose of 2.5, 5, or 10 mg/kg immediately at 15 min before inducing ICH and 60 min after ICH (Harada et al., 2012; Sulakhiya et al., 2014). Vehicle rats (ICH + vehicle) received intraperitoneal injections of the same volumes of DMSO:PBS (1:1).

In vitro: SH-SY5Y cells were pre-incubated with 10 μM HKL (dissolved in DMSO:PBS = 1:1) for 6 h and then co-treatment with 10 μM oxyhemoglobin (OxyHb, Solarbio, H8020) for an additional 48 h. The control cells received the same volumes of DMSO:PBS (1:1).

Cell Culture

The human neuroblastoma SH-SY5Y cells were cultured (37°C, 5% CO2) in DMEM/F12 (1:1) medium with 15% fetal bovine serum (FBS) and 100 U/ml penicillin. These cells were seeded in 5 ∗ 5 cm2 cell culture flask at a density range of 4 × 106/well - 5 × 106/well. Treatment of 10 μM OxyHb and 20 mM glucose for 48 h was used to induce an in vitro hyperglycemic ICH model (Meng et al., 2018).

Cell Viability: MTT Assay

Measurement of cell viability was determined using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay kit (Beyotime, Shanghai, China). In brief, the SH-SY5Y cells grown in 96-well plates at a density range of 1 × 104/well - 3 × 104/well with a volume of culture medium measuring 100 μl/well were treated with 10 μl of MTT solution (5 mg MTT in 1 ml 0.01 M PBS, pH = 7.40); the mixture yield was then incubated at 37°C for 2 h. After incubation and discarding the medium, 100 μl of DMSO was added in each well to dissolve insoluble formazan. The cell viability was determined by measuring the absorbance at 570 nm using a microplate reader.

Measurement of Mitochondrial Membrane Potential (Δψm)

The SH-SY5Y cells planted in 96-well plates at a density range of 1 × 104/well - 3 × 104/well, then these cells were used for measuring Δψm. The Δψm was measured by a JC-1 kit (Beyotime, Shanghai, China) following the manufacturer’s instructions. SH-SY5Y cells were rinsed with PBS and incubated with JC-1 staining solution at 37°C for 20 min. Then, the inverted fluorescence microscope (Olympus, Tokyo, Japan) was used to capture the pictures and calculate the ratio of the red:green fluorescence.

Measurement of Brain Water Content

As described previously (Xu et al., 2017) to measure the brain water content after ICH, rats were sacrificed under deep pentobarbital anesthesia at 24 h after ICH. We swiftly removed the skull and take out brain tissues with removal of cerebellum and brain stem. Then the right hemispheres were immediately weighed (wet weight), and then dried at 100°C for 24 h in the Electro-Thermostatic Blast Oven. The dry weight of these brain tissues were acquired by reweighting. Ultimately, brain water content was calculated using the following formula: [(wet weight - dry weight)/wet weight] × 100.

Evaluation of Neurological Deficit

As described previously (Zhao et al., 2006) a combination score consisting of a battery of behavioral tests (foot fault, forelimb placing, postural reflex, and circling tests) was conducted as the comprehensive evaluation of the neurological functional deficits (NDSs). The NDS was performed before and at 1, 3, and 5 days after ICH. The final evaluation of neurological deficit (0–16) was the sum of the scores from the above-mentioned four tests. All the above-mentioned assessment was performed by an independent researcher who was blind to the experimental groups.

Immunofluorescence Staining and H&E Staining

Rats were sacrificed under deep pentobarbital anesthesia at 24 h after ICH, and then intracardially perfused with 0.1 mmol PBS and 4% paraformaldehyde (PFA). Coronal cryosections were preprocessed with 10% donkey serum and 0.3% triton X-100. Then the brain cryosections were incubated at 4°C with anti-sirt3 antibody (1:200, Abcam, ab86671), cleaved caspase-3 antibody (1:250, Cell Signaling Technology, CST#9661), Iba-1 (1:500, Abcam ab5076), NeuN (1:500, Abcam, ab177487). Twelve hours later, cryosections were incubated with secondary antibody [Thermo Fisher Scientific, Donkey anti-Rabbit IgG (H+L) Alexa Fluor 488, Donkey anti-Mouse IgG (H+L) Alexa Fluor 594, Goat anti-Rabbit IgG (H+L) Alexa Fluor 488]. Then, the fluorescence microscope (Olympus, Tokyo, Japan) was used to capture the images.

As described previously (Xu et al., 2006) brain samples were dissected and embedded in paraffin. Five to eight micrometers of coronal sections were stained with 0.1% cresyl violet hematoxylin and eosin (H&E) and prepared for the subsequent microscope.

Terminal Deoxynucleotide Transferase dUTP Nick-End Labeling (TUNEL) Stain

A TUNEL staining kit (Roche, Switzerland) was used to assess neuronal apoptosis in basal ganglia (perihematoma) after ICH as previously described (Xu et al., 2017). Apoptosis was defined as TUNEL-positive cells, and counted by an independent individual. The number of TUNEL-positive cells was counted at 200× magnifications in each section.

Electron Microscopy

Rats were sacrificed under deep pentobarbital anesthesia at 24 h after ICH, and then perfused with 0.9% saline and 4% PFA. 1 mm3 fragments of peri-hematoma tissues were obtained from right basal ganglia and then processed with glutaraldehyde (2.5%) at 4°C overnight. As described previously (Fan et al., 2017) the tissues were further handled through a succession of chemical treatment steps (1% osmium tetroxide, distilled water, etc.). Finally, the samples were imbedded in a mixture of propylene oxide and resin (1:1) overnight. After that, the samples were sliced into 100 nm sections and then stained with 4% uranyl acetate and 0.5% lead citrate. The ultrastructure of the basal ganglia was scanned using a transmission electron microscopy (Philips Tecnai 10).

Measurement of ATP Levels

The ATP level was examined by the luciferase-based ATP assay kit (Beyotime, Shanghai, China). As described in the instruction, the brain tissues were lysed in lysis buffer with centrifugation at 4°C and 12,000 ×g for 5 min. Then, the supernatant was extracted for the ATP assay. Before the assay, the ATP working reagents [100 μl; ATP detection reagent:ATP detection reagent diluent (1:9)] were added into a micro-well for 5 min at 37°C. The samples (20 μl) were added and then (2 s later at least) measured by Varioskan Flash (Thermo Fisher Scientific). The ATP concentrations were calculated through the standard curve method. Then the protein levels of different samples were acquired using a detergent-compatible protein assay kit (Bio-Rad, Hercules, CA, United States). Ultimately, the ATP levels were displayed in the form of nanomoles per milligrams.

Measurement of ROS Level

Levels of ROS in brain tissues were examined using a ROS assay kit (JianCheng, China) according to the manufacturer’s instructions. In brief, samples were lysed in 0.01 mol/l PBS with centrifugation at 4°C, 500 ×g for 10 min. Then, the supernatant was extracted for the ROS assay. The supernatant (190 μl) and DCFH-DA (10 μl, 1 mol/l) were mixed in a micro-well at room temperature for 30 min. Afterward, the mixtures were measured by fluorophotometry. Then the protein levels of different samples were acquired using a detergent-compatible protein assay kit (Bio-Rad, Hercules, CA, United States). Ultimately, the ROS levels were displayed in the form of fluorescence/mg protein.

Western Blot

Six rats in each group at different time points had brain tissues harvested for western blot analysis. Western blot was performed as previously described (Xu et al., 2017). Briefly, frozen perihematoma tissues (basal ganglia) were homogenized in RIPA lysis buffer (Beyotime, Shanghai, China). Then the protein samples were separated by 10% or 12% SDS-PAGE, and transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore). Then, the PVDF membranes were blocked with 5% bovine serum albumin for 1 h and incubated with the primary antibodies overnight, including: anti-sirt3 antibody (1:500, Abcam, ab86671), anti-NRF1 antibody (1:2000, Abcam, ab175932), anti-TFAM (1:1000, Abcam, ab131607), anti-SOD2 (1:5000, Abcam, ab13533), anti-Ac-SOD2 (1:1000, Abcam, ab137037), anti-cleaved caspase-3 (1:1000, CST, cst#9661), anti-Bax (1:1000, CST, cst#2772), anti-Bcl-2 (1:800, SantaCruz, sc-492), anti-NLRP3 (1:1000, ab210491, Abcam), anti-interleukin (IL)-1β (1:2000, Santa Cruz, sc-23459), and β-actin (1:5000, Abcam, ab8226). Then, the PVDF membranes were disposed with relevant secondary antibodies (1:5000) for 1 h at normal temperature. The signals of protein bands were detected with ChemiDoc detection system and quantified using Quantity One software (Bio-Rad, Hercules, CA, United States).

Statistical Analysis

All data are shown as means ± SD. Data from different groups were compared using one-way or two-way analysis of variance. The Kruskal–Wallis test was used to compare the difference of data in abnormal distribution. Then, Dunn–Bonferroni test was performed for post hoc comparison. Statistical Package for the Social Sciences (SPSS; version 22.0) and Prism (version 6.0) software were used for statistical analyses. The P-value <0.05 indicated statistical significance.



RESULTS

Physiological Data of Diabetic Rats

Diabetic model was induced by intraperitoneal injection with STZ at 60 mg/kg for 3 days before experimental ICH operation. Blood glucose was measured by glucometer (details were shown in the section “Materials and Methods”) with the tail venous blood. Experimental ICH surgeries were performed in diabetic rats with stereotaxic frame and micro-injector. The representative brain sections from ICH model rats were shown in Figure 1A. The results of serial sections indicated that the sagittal length of hematoma in these groups were 0, 5.22 ± 0.62, and 5.52 ± 0.8 mm, respectively (P < 0.05, Supplementary Figure S2). Since the average sagittal length of rats was 6 mm (Paxinos and Watson, 1998) we calculated the percentages of damage (total lesion length and caudate nucleus distribution), and the results also showed no significant difference between ICH [normal blood glucose (NG)] and ICH [high blood glucose (HG)] group (86.9 ± 0.1% versus 0.92 ± 0.1%, P < 0.05). These results indicate that the ICH model is stability and reproducibility. As shown in the H&E staining picture, the perihematoma regions (black box) were used for examining the immunofluorescent staining. Significant differences were exhibited between STZ-treated and non-STZ-treated rats. The average blood glucose levels were 402.1 ± 64.2 and 86.7 ± 8.8 mg/dl, respectively, and this increase was maintained throughout 5 days in our research (Figure 1B). Other physiological parameters showed no significant differences between each group (Supplementary Figure S3).
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FIGURE 1. Hyperglycemia suppressed sirt3 expression and aggravated cerebral injury after ICH. (A) Representative images of brain sections in each group. HE staining of ICH and the bleeding site (red circle). (B) Glucose levels of streptozotocin (STZ) treated and non-STZ-treated rats before and after experimental intracerebral hemorrhage (ICH), ∗P < 0.05 versus non-STZ-treated group (n = 6 in each group). (C) Western blotting showed the sirt3 protein expression in HG and NG group on days 1, 3, and 5 after ICH, ∗P < 0.05 (n = 6 in each group). HG, high blood glucose; NG, normal blood glucose. (D) The comparison of brain water content in HG and NG group on days 1, 3, and 5 after ICH, ∗P < 0.05 (n = 6 in each group). (E) The comparison of neurologic deficit scores in HG and NG group on days 1, 3, and 5 after ICH, ∗P < 0.05 (n = 9 in each group).



Hyperglycemia Suppressed Sirt3 Expression and Aggravated Brain Injury After ICH

To investigate whether sirt3 expression is influenced by hyperglycemia. Western blotting was performed to explore the differences of sirt3 expression between non-diabetic and diabetic rats after ICH. The results showed that sirt3 expression was suppressed on days 1, 3, and 5 after ICH in HG group when compared with normal blood glucose (NG) group (P < 0.05, Figure 1C).

Intracerebral hemorrhage-induced brain injury was measured by neurological deficit scores and brain water content. Brain water content of lesioned hemisphere was 82.2 ± 0.32% in HG group and 80.4 ± 0.65% in NG group on day 1 after ICH (P < 0.01, Figure 1D). On day 3, the result was 81.5 ± 0.44% in HG group and 80.1 ± 0.33% in NG group (P < 0.01). However, no significant difference was detected on day 5 after ICH between HG group: 80.1 ± 0.4% and NG group: 79.9 ± 0.4% (P > 0.05).

In addition, neurological deficit scores (Figure 1E) showed: 14.1 ± 0.8 in HG group and 12.6 ± 1.2 in NG group on day 1 after ICH (P < 0.05); 13.0 ± 0.9 in HG group and 11.6 ± 1.1 in NG group on day 3 (P < 0.05); 11.9 ± 1.1 in HG group and 10.6 ± 1.2 in NG group on day 5 (P < 0.05).

The above-mentioned findings indicated that hyperglycemia suppressed sirt3 expression after ICH may be one of the reasons why hyperglycemia could deteriorate ICH-induced cerebral injury.

Sirt3 Expression in Diabetic Rats After ICH

To investigate the time course of sirt3 expression in hyperglycemic ICH. We analyzed the sirt3 protein expression at 0 (sham group), 3, 6, 12, 24, 72, and 120 h after ICH. As shown in Figure 2A, the results of time course indicated that the protein expression of sirt3 was decreased to the minimum at 24 h after ICH (P < 0.05 versus the rest groups). Before that, sirt3 expression was increased at 6 h after ICH (P < 0.05 versus sham group).
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FIGURE 2. Sirt3 protein expression and morphological changes of mitochondria after hyperglycemic ICH. (A) Western blotting showed that sirt3 protein expression was significantly decreased to the minimum at 24 h after ICH. Before that, sirt3 expression was reactively upregulated at 6 h after ICH, ∗P < 0.05 versus sham group, #P < 0.05 versus the rest groups (n = 6 in each group at different time points). (B) Immunofluorescence staining showed the location of sirt3 protein in basal ganglia after hyperglycemic ICH at 24 h. Sirt3 expression was downregulated after ICH when compared with sham group (P < 0.05, 18 cryosections from 6 rats were calculated in each group, scale bars: 50 μm). (C) Transmission electron microscopy images of neuronal apoptosis and mitochondrial ultrastructure (white arrow: cell nucleus; black arrow: mitochondria). The ratio of mitochondrial vacuolization was increased after ICH when compared with sham group (P < 0.05, 18 TEM images from 6 rats were calculated in each group).



Double immunofluorescence staining was performed to assess location of sirt3 expression. We found that sirt3 expression was decreased after ICH when compared with sham group (Figure 2B, P < 0.05).

Electron Microscopy Analysis

In the results of transmission electron microscopy, obvious changes were found in hyperglycemic ICH rats when compared with non-ICH diabetic rats. The magnifications were 4200 or 11,500 times. As shown in Figure 2C, (1) the asterisked mitochondria (the left one with damaged mitochondrial crest) showed serious vacuolization and swelling, the right one was a normal mitochondria with integrated mitochondrial crest; (2) the nuclear chromatin concentration and margination were also seen after hyperglycemic ICH; and (3) the ratio of mitochondria vacuolization (vacuolated/total mitochondria nearby the cell nuclear) was also calculated, the results indicated that hyperglycemic ICH induced extensive mitochondrial vacuolization and mitochondria swelling (P < 0.05).

HKL Increased the Expression of Sirt3 and Its Downstream Signaling Molecules After Hyperglycemic ICH

Three different doses of HKL were selected to identify the effective concentration for ICH. As shown in Figure 3A, Sirt3 levels were significantly enhanced by HKL in a dose-dependent manner (P < 0.05 versus ICH + vehicle group). Meanwhile, sirt3 levels were higher in high and medium dosage group (10, 5 mg/kg) than that in low dosage group (2.5 mg/kg).
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FIGURE 3. HKL mediated the expression of sirt3 and its downstream signaling molecules after hyperglycemic ICH. (A) Sirt3 protein expression was significantly enhanced by HKL in a dose-dependent manner. #P < 0.05 versus ICH + vehicle group, ∗P < 0.05 (n = 6 in each group). (B) NRF1 expression, ∗P < 0.05 versus ICH + vehicle group (n = 6 in each group). (C) TFAM expression, ∗P < 0.05 versus ICH + vehicle group (n = 6 in each group). (D) Ac-SOD2/SOD2 ratio (Ac-SOD2, acetylated SOD2), ∗P < 0.05 versus ICH + vehicle group (n = 6 in each group). (E) Cleaved caspase3 expression, ∗P < 0.05 versus ICH + vehicle group (n = 6 in each group). (F) Representative co-labeling cleaved-caspase3/NeuN images of ipsilateral basal ganglia. Quantification of cleaved caspase3-positive neurons (% = cleaved caspase3-positive neurons/total neurons), ∗P and #P < 0.05 versus the rest groups (n = 6 in each group). Scale bars: 100 μm.



Mitochondria played an important role in energy production and cell death, nuclear respiratory factor 1–mitochondrial transcription factor A (NRF1–TFAM) was a crucial signal pathway in mitochondrial biogenesis (Li et al., 2017). The present study indicated that NRF1 expression was significantly increased in medium and high dosage group (P < 0.05 versus ICH + vehicle group, Figure 3B), and its downstream protein-TFAM was also upregulated after HKL treatment (P < 0.05 versus ICH + vehicle group, Figure 3C). Sirt3 could directly bind and deacetylate SOD2, which plays a crucial role in scavenging ROS (Kawamura et al., 2010; Qiu et al., 2010; Tao et al., 2010). Consist with previous studies (Pillai et al., 2015; Yu et al., 2017; Zhai et al., 2017), the present study indicated that HKL could decrease ac-SOD2/SOD2 ratio (P < 0.05 versus ICH + vehicle group, Figure 3D).

As shown in Figure 3E, the results indicated that HKL (10 or 5 mg/kg) could protect against neuronal apoptosis via decreasing cleaved caspase3 expression (P < 0.05 versus ICH + vehicle group). Hence, we considered 10 mg/kg HKL as the optimal drug concentration.

Sirt3 Knockdown Reversed the Positive Effects of HKL in the Expression of Sirt3 and Its Downstream Molecules After Hyperglycemic ICH

Sirt3 siRNA was used to further investigate the effects of sirt3 in diabetic rats after hyperglycemic ICH. The double immunofluorescence staining results indicated that cleaved caspase3 levels were significantly decreased after HKL treatment (P < 0.05 versus ICH + vehicle group, Figure 3F). Sirt3 siRNA transfection could aggravate the upregulation of cleaved caspase3 and block the positive effects of HKL (P < 0.05 versus ICH + HKL group).

As shown in Figure 4A, sirt3 protein levels were significantly decreased in ICH + sirt3 siRNA group when compared with other groups (P < 0.05). Meanwhile, sirt3 siRNA transfection could block the activating effects of HKL in sirt3 expression (P < 0.05 versus ICH + HKL group). NRF1 and TFAM levels were also significantly decreased after sirt3 knockdown (P < 0.05 versus ICH + vehicle group, Figures 4B,C). HKL also failed to upregulate NRF1 and TFAM expression in ICH + HKL + siRNA group (P < 0.05 versus ICH + HKL group). In Figure 4D, Ac-SOD2/SOD2 ratio was significantly increased in ICH + sirt3 siRNA group when compared with ICH + HKL group and ICH + vehicle group (P < 0.05). Moreover, sirt3 siRNA could block the effects of HKL in Ac-SOD2/SOD2 ratio (P < 0.05 versus ICH + HKL group). Furthermore, in Figure 4E, the results indicated that cleaved caspase3 was distinctly increased in ICH + sirt3 siRNA group (P < 0.05 versus ICH + vehicle group). In ICH + HKL + sirt3 siRNA group, the anti-apoptosis effects of HKL were blunted after sirt3 silenced (P < 0.05 versus ICH + HKL group).
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FIGURE 4. Sirt3 knockdown abolished the positive effects of HKL and exacerbated cerebral injury. (A) Sirt3 expression. (B) NRF1 expression. (C) TFAM expression. ∗P < 0.05 versus the rest three groups, #P < 0.05 (n = 6 in each group). (D) Ac-SOD2/SOD2 ratio. (E) Cleaved caspase3 expression. ∗P < 0.05 versus the rest two groups, #P < 0.05 versus the rest four groups (n = 6 in each group). (F) Representative co-labeling TUNEL/NeuN pictures of ipsilateral basal ganglia. Quantification of TUNEL-positive neurons (the index of apoptosis = TUNEL-positive neurons/total neurons, n = 6 in each group), Scale bars: 100 μm. (G) Brain water content. (H) Neurologic deficit scores. (I) ROS levels. (J) ATP levels ∗P and #P < 0.05 versus the rest groups (n = 6 in each group).



TUNEL Staining

Further TUNEL staining was used to confirm the effects of HKL on neuronal survival (Figure 4F). TUNEL-positive cells were significantly increased in ICH + vehicle group compared with sham group (P < 0.05). Greatly increase of TUNEL-positive cells were found in ICH + sirt3 siRNA group (P < 0.05 versus ICH + vehicle group). Moreover, sirt3 agonist (HKL) could decrease ICH-induced neuronal apoptosis (P < 0.05 versus ICH + vehicle group), and such effects could be blocked by sirt3 siRNA (P < 0.05 versus ICH + HKL group).

Sirt3 Knockdown Aggravated Cerebral Injury via Exacerbating Oxidative Stress and Mitochondrial Dysfunction

Experimental ICH induction could distinctly increase brain water content in ipsilateral hemisphere 82.2 ± 0.33% at 24 h when compared with sham group 78.8 ± 0.6% (P < 0.05, Figure 4G). Brain water content was further elevated after sirt3 siRNA transfection 83.6 ± 0.7% (P < 0.01 versus the rest groups). HKL could alleviated brain edema 80.25 ± 0.33% after ICH (P < 0.01 versus the rest groups), and such effects were reversed after sirt3 knockdown 81.43 ± 0.48% (P < 0.01 versus ICH + HKL group).

In addition, neurological deficits were more severe in ICH + vehicle group (13.8 ± 1.3) than that of sham group (P < 0.05, Figure 4H), and sirt3 knockdown (15.0 ± 0.8) could aggravate neurological deficits after ICH (P < 0.01 versus ICH + vehicle group). HKL could decrease neurological deficit scores (11.56 ± 1.13, P < 0.01 versus ICH + vehicle group), and the positive effect of HKL was reversed after sirt3 knockdown (13.0 ± 1.0, P < 0.01 versus ICH + HKL group).

As shown in Figure 4I, ROS levels were significantly decreased in HKL-treated group (P < 0.05 versus ICH + vehicle group) which were consistent with the decrease of Ac-SOD2/SOD2 ratio. In addition, ROS accumulation was more severe in ICH + sirt3 siRNA group (P < 0.05 versus ICH + vehicle group) after sirt3 siRNA transfection. The positive effect of HKL in attenuating ROS accumulation was reversed after sirt3 knockdown (P < 0.05 versus ICH + HKL group).

Upregulation of sirt3 expression also enhanced ATP levels when compared with ICH group (P < 0.05, Figure 4J). Because, sirt3 activation upregulated NRF1 and TFAM expression that could promote mitochondrial biogenesis and then facilitate ATP generation. After sirt3 silenced, ATP reduction was more severe in ICH + sirt3 siRNA group than that of ICH group (P < 0.05). Meanwhile, in ICH + sirt3 siRNA + HKL group, sirt3 siRNA transfection could reverse the positive impact of sirt3 agonist in preserving against ATP reduction (P < 0.05 versus ICH + HKL group).

Sirt3 Activation Improved Mitochondrial Permeability Potential and Cell Viability in SH-SY5Y Cells Exposed to OxyHb

Mitochondrial membrane potential (Δψm) was determined by JC-1 staining. As shown in Figure 5A, normal membrane potential indicated red fluorescence intensity in control group. Treatment of 10 μM OxyHb and 20 mM glucose increased green fluorescence intensity which represented the decline of Δψm in SH-SY5Y cells. Pre-incubation with HKL attenuated OxyHb-induced collapse of Δψm, but sirt3 siRNA transfection reversed such effects. The results in scramble siRNA group indicated no significant difference between OxyHb group (data not shown). Quantification of JC-1 fluorescence intensity (red/green florescent area) was shown in Figure 5B.
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FIGURE 5. Measurement of Δψm and cell viability in SH-SY5Y cells. (A) Representative JC-1 staining pictures of SH-SY5Y cells. (B) Quantification of JC-1 fluorescence intensity (red/green florescent area), Scale bars: 100 μm. (C) Cell viability. ∗P and #P < 0.05 versus the rest groups (n = 6 in each group).



Moreover, the effects of sirt3 activation in protecting SH-SY5Y cells from OxyHb-induced cell injury were evaluated by MTT assay (Figure 5C). The viability of SH-SY5Y cells was significantly increased after the treatment of HKL (81.76 ± 4.9%) when compared with OxyHb group (71.59 ± 3.01%). Sirt3 siRNA transfection could decrease the viability (62.9 ± 4.7%) and reverse the positive effect of HKL (72.22 ± 2.3%). The results in scramble siRNA group indicated no significant difference between OxyHb group (data not shown).

Sirt3 Attenuated Neuroinflammation Through Sirt3/ROS/NLRP3 Pathway

The present study indicated that Sirt3 expression was downregulated after hyperglycemic ICH, and then caused the increase of Ac-SOD2/SOD2 ratio which could aggravate ROS accumulation (Figures 6A,B). Since the mitochondrial ROS accumulation is one of the critical causes in triggering NLRP3 activation (Ma et al., 2014; Chen et al., 2017). The NLRP3 inflammasome plays a crucial role in neuro-inflammation after ICH, and NLRP3 activation can further lead to the release of pro-inflammatory cytokine IL-1β (Ma et al., 2014). NLRP3 and IL-1β levels were significantly increased after experimental ICH (Figures 6C,D). Sirt3 agonist (HKL) could significantly increase the sirt3 protein levels, and then deacetylated SOD2. Thereby, Ac-SOD2/SOD2 ratio and ROS levels were decreased after sirt3 upregulation, and then NLRP3 and IL-1β levels were suffered a corresponding decrease (Figures 6E–H). Inversely, sirt3 siRNA transfection could exacerbate neuroinflammation through upregulating sirt3 expression and consequently increasing NLRP3, IL-1β levels, and Ac-SOD2/SOD2 ratio.
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FIGURE 6. Sirt3 attenuated neuroinflammation through Sirt3–ROS–NLRP3 signaling pathway. (A) Sirt3 expression. (B) Ac-SOD2/SOD2 ratio. (C) NLRP3 expression. (D) IL-1β expression. ∗P < 0.05 versus the rest groups. (E) Sirt3 expression. (F) Ac-SOD2/SOD2 ratio. (G) NLRP3 expression. (H) IL-1β expression. ∗P < 0.05 versus the rest groups, #P < 0.05 (n = 6 in each group). (I) Quantification of Iba-1 positive cells (% = Iba-1-positive cells/total cells, ∗P < 0.05 versus the rest groups, #P < 0.05 versus the rest groups). Scale bars: 100 μm.



In addition, the immunofluorescence staining results indicated that the amount of Iba-1-positive cells was significantly decreased when compared with ICH + Vehicle group (P < 0.05, Figure 6I). Sirt3 siRNA transfection could reverse such results and extremely increased the quantity of Iba-1-positive cells (P < 0.05 versus ICH + vehicle group, Figure 6I). It demonstrated that sirt3 attenuated neuroinflammation through sirt3/ROS/NLRP3 pathway.



DISCUSSION

In present study, we first demonstrated that: (1) hyperglycemia can aggravate the downregulation of sirt3 in animal models of ICH; (2) HKL ameliorates oxidative stress and mitochondrial dysfunction via a sirt3-dependent manner after hyperglycemic ICH; and (3) Sirt3 activation could also decrease NLRP3 and IL-1β levels through deacetylating SOD2 and scavenging ROS.

Perihematomal edema is the main manifestation of SBI, and it is significantly associated with risk of poor functional outcomes (Murthy et al., 2015). The initial hematoma leads to mitochondrial dysfunction through the induction of glutamate release. Mitochondrial deficits cause ATP reduction and then result in the failure of cellular pumps causing cytotoxic edema and cell death (Kim-Han et al., 2006; Brunswick et al., 2012). Mitochondrial dysfunction may also lead to the overproduction of ROS which can induce inflammation and apoptosis (Prentice et al., 2015; Duan et al., 2016). The edema and ROS result in more cell apoptosis, further glutamate release, and persistence of vicious circles. In addition, hyperglycemia may also result in the activation of ROS and cause the dysregulation of mitochondrial membrane potential which precedes the neuronal apoptosis (Russell et al., 2002). Hence, oxidative stress and mitochondrial dysfunction are thought to play an important role in hyperglycemic ICH.

Interestingly, our research data indicated that hyperglycemia could suppress sirt3 expression in HG and NG group on days 1, 3 and 5, and then cause more serious cerebral damage after ICH. This finding was consistent with the previous study that hyperglycemia could inhibit sirt3 expression in retinal capillary endothelial cells (Gao et al., 2016). Moreover, the results of sirt3 expression showed no significant difference between ICH (NG) and ICH (HG) group at other time points. The details of the comparison were shown in Supplementary Figure S4. A pervious study also demonstrated that cerebral AQP-4 expression was downregulated in hyperglycemic ICH (Chiu et al., 2013). However, the reason why hyperglycemia can suppress protein expression is still unknown. Gao et al. (2016) thought that hyperglycemia could result in the activation of PARP which competitively utilized the same cofactor (NAD+) with sirt3. Hence, hyperglycemia-induced PARP activation was thought to be one of the reasons that caused the downregulation of sirt3 (Gao et al., 2016). Since the downregulation of sirt3, its neuroprotective effects were receded. Therefore, that may be one of the reasons why hyperglycemia can aggravate brain edema and neuronal apoptosis.

Mitochondrial dysfunction includes ATP reduction, damaged mitochondrial biogenesis, disordered membrane potential, and ROS accumulation (Pieczenik and Neustadt, 2007; Bhatti et al., 2017). Sirt3 is involved in the mitochondrial basal ATP production through the ETC and ATP synthase pathway (Ahn et al., 2008; Giralt and Villarroya, 2012). The electron transport chain (ETC) can create the mitochondrial membrane potential (Δψm) which is essential for ATP generation (Bause and Haigis, 2013). As we know, intracellular ATP level is essential for neuronal survival. ICH-induced mitochondrial deficits may contribute to ATP reduction and then result in the failure of cellular pumps causing neuronal apoptosis. The present study indicated that HKL improved Δψm via activating sirt3. Moreover, ATP levels in perihematoma tissues were significantly decreased after hyperglycemic ICH injury. HKL could enhance ATP levels and sirt3 siRNA transfection could reverse such effects. In addition, we also found that NRF1 and TFAM expression were altered along with the alteration of sirt3 expression. Notably, NRF1 and TFAM are proven to play an important role in mitochondrial biogenesis (Li et al., 2017). As the upstream molecule of TFAM, NRF1 activation can increase TFAM expression and exert functions such as mitochondrial DNA transcription, maintenance, replication, and repair (Picca and Lezza, 2015). A recent study also demonstrated that AMPK-PGC-1α-SIRT3 pathway is involved in the regulation of NRF1 and its downstream TFAM (Yu et al., 2017). Given the above-mentioned findings from previous and present studies, sirt3 may protect against neuronal apoptosis via improving ATP generation and mitochondrial biogenesis after hyperglycemic ICH.

Sirt3 has been shown to bind and deacetylate several metabolic and respiratory enzymes that participate in the regulation of ETC function (Giralt and Villarroya, 2012; Bause and Haigis, 2013). ETC plays a pivotal role in mitochondrial ROS production because of numerous [image: image] generated by complexes I and III. Sirt3 could maintain ROS homeostasis through SOD2, which may transform harmful superoxide radicals into nontoxic oxygen or hydrogen peroxide (Qiu et al., 2010; Bause and Haigis, 2013; Gao et al., 2016). The present study demonstrated that HKL decreased cellular Ac-SOD2/SOD2 ratio in a sirt3-dependent manner after hyperglycemic ICH. The deacetylation by sirt3 is essential for SOD2 activity and ROS elimination. Our research indicated that AcSOD2/SOD2 ratio was increased, and HKL could decrease AcSOD2/SOD2 ratio and increase SOD2 activity. Sirt3 siRNA transfection reversed such effects and aggravated oxidative stress injury after hyperglycemic ICH. In conclusion, sirt3 activation can also attenuate oxidative stress injury through deacetylating SOD2 after hyperglycemic ICH.

Furthermore, several studies have demonstrated that ROS is a critical activator which directly or indirectly induce NLRP3 activation (Zhou et al., 2010; Ma et al., 2014; Chen et al., 2017). A recent study has also shown that NLRP3-induced vascular inflammation can be inhibited through sirt3/SOD2/mtROS pathway (Chen et al., 2017). Notably, NLRP3 is associated with inflammatory responses which play a crucial role in SBI after ICH and ischemic stroke (Ma et al., 2014; Gao et al., 2017). Activation of innate inflammatory responses causes the release of inflammatory cytokines such as IL-1β and tumor necrosis factor-α (TNF-α) (Brunswick et al., 2012; Zhou et al., 2014). These factors further activate the downstream pathway which may cause BBB disruption and vasogenic edema, and ultimately lead to the extensive cell death (Xi et al., 2006; Wang and Dore, 2007). Hence, ROS scavenging may be an effective method in inhibiting NLRP3 activation and attenuating the relevant inflammation. Consistent with the above-mentioned studies, the present study indicated that sirt3 activation could deacetylate SOD2 and then scavenge excess ROS after hyperglycemic ICH. Ultimately, NLRP3 and IL-1β were decreased in a sirt3/SOD2/ROS-dependent pathway. These results implicated that sirt3 could mediate ICH-induced neuroinflammation through sirt3/ROS/NLRP3 signaling pathway.



CONCLUSION

In summary, all these findings reveal that sirt3 acts as a crucial factor in improving brain edema and neuronal apoptosis after hyperglycemic ICH. The neuroprotective mechanism of sirt3 mainly depends on the resistance to oxidative stress, mitochondrial dysfunction via SOD2 and NRF1–TFAM pathway. Meanwhile, the Sirt3/ROS/NLRP3 pathway also participates in mediating inflammatory reaction after hyperglycemic ICH. Such findings implicate a novel therapeutic target for hyperglycemic ICH.
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The association of α-synuclein (α-syn) with mitochondria occurs through interaction with mitochondrial complex I. Defects in this protein have been linked to the pathogenesis of Parkinson disease (PD). Overexpression of α-synuclein in cells has been suggested to cause elevations in mitochondrial oxidant radicals and structural and functional abnormalities in mitochondria. Asiatic acid (AA), a triterpenoid, is an antioxidant that is used for depression, and we have shown that pretreatment with AA can prevent PD-like damage, but its therapeutic effects in PD and mechanism remain unknown. In this study, we found that 0.5–2 mg AA/100 g diet significantly improves climbing ability in drosophila and extends their life-span—effects that we attributed to its antioxidant properties. AA also protected mitochondria against oxidative stress and apoptosis in a rotenone-induced cellular model. In an isolated mitochondria model, AA attenuated the decline in mitochondrial membrane potential that was induced by α-syn. Consequently, AA maintained membrane integrity and ATP production. Finally, we demonstrated that AA protects by blocking the translocation of α-syn into mitochondria. Our results suggest that mitochondria are crucial in PD and that AA is an excellent candidate for the prevention and therapy of this disease.
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INTRODUCTION

Parkinson disease (PD) is a progressive neurodegenerative disorder that is characterized by the preferential loss of dopaminergic neurons in the substantia nigra pars compacta (SNpc)(Moore et al., 2005) and the formation of intracytoplasmic protein aggregates, termed Lewy bodies, a major component of which is α-synuclein (α-syn) (Spillantini et al., 1997). Increased expression of α-syn has been hypothesized to cause familial and sporadic PD, culminating in a loss of nigrostriatal dopaminergic neurons and motor deficits (Feany and Bender, 2000; Rochet et al., 2004; Lee and Trojanowski, 2006; Jellinger, 2012).

Mitochondrial dysfunction has been implicated in pathogenesis of PD, in which α-syn is central. In α-syn-expressing dopaminergic neuronal cultures, α-syn can translocate to the mitochondria, interact with respiratory complex I, and interfere with mitochondrial function (Devi et al., 2008). Moreover, recombinant human α-syn leads to a dose-dependent loss of mitochondrial transmembrane potential and phosphorylation capacity when incubated with isolated rat brain mitochondria (Banerjee et al., 2010). Hoogerheide et al. (2017) found that α-syn molecules could be captured by a voltage-dependent anion channel (VDAC) using free energy considerations that allow α-synuclein translocation and retraction.

Rotenone, a mitochondrial complex I inhibitor, causes the loss of ATP and increases α-syn levels and oxidative stress (Sherer et al., 2002). Most in vitro models of PD are “acute” models that might fail to mimic exactly the characteristics of PD, a chronic neurodegenerative disease. Therefore, we have used a “chronic” model with a low dose (5 nM) of rotenone for 4 weeks in human neuroblastoma SH-SY5Y cells (Sherer et al., 2002). Sherer et al. (2002) concluded that this model can be used efficiently to screen anti-PD drugs.

Asiatic acid (AA) is a triterpene that is extracted from Centella asiatica (L.) Urban (Umbelliferae), which has been used widely as an antioxidant and anti-inflammatory herb in Ayurvedic medicine and traditional Chinese medicine. AA has neuroprotective properties in cell culture and animal systems (Mook-Jung et al., 1999; Lee et al., 2000, 2012; Krishnamurthy et al., 2009), protecting neurons from C2 ceramide-induced cell death by antagonizing mitochondria-dependent apoptosis (Zhang et al., 2012). We have also reported that AA has neuroprotective effects through mitochondrial pathways (Xiong et al., 2009a; Xu et al., 2012).

In this study, we found that AA protects against Parkinson-like injury in drosophila, SH-SY5Y cells, and isolated mitochondria. Notably, the mechanism is related to direct prevention of mitochondrial permeability transition pores (MPTPs) opening and inhibition of the translation of α-syn to mitochondria. These results confirm that AA is a candidate molecule for the prevention or therapy of PD.



MATERIALS AND METHODS

Cells and Reagents

Human neuroblastoma SH-SY5Y cells were a gift from Dr. Zunji Ke, Institute for Nutritional Science, Chinese Academy of Sciences (Shanghai, China). Human recombinant wild-type α-syn from Escherichia coli was purchased from ProSpec-Tany TechnoGene Ltd. The purity was greater than 95% by RP-HPLC, according to the company. AA was obtained from Sigma (St. Louis, MO, United States); β-actin, α-syn, cytochrome C (Cyt C), peroxisome proliferator-activated re-ceptor gamma coactivator-1α (PGC-1α), BAX, and VDAC primary antibodies were obtained from Abcam (Cambridge, MA, United States); all secondary antibodies were obtained from Boster Biological Technology (Wuhan, China). All other reagents were acquired from commercial suppliers and were standard biochemical quality-grade.

Drosophila Culture

Transgenic Drosophila α-syn was a gift from Dr. Liu Jiankang, Xi’an Jiaotong University. According to previous methods (Long et al., 2009), non-PD flies (UAS wild-type alpha-synuclein/+) and PD flies (Ddc-GAL4/+; UAS wild-type alpha-synuclein/+) were housed in bottles, on the bottoms of which was medium that contained agar, cornmeal, sucrose, water, dried yeast, and propionic acid, at 25°C with a 12-h light-dark cycle. PD drosophila were divided into five groups: PD, 0.5 mg AA/100 g medium, 1 mg AA/100 g medium, 1 mg AA/100 g medium, and 2 mg alpha lipoic acid (LA)/100 g medium.

Climbing Assay and Life Span Observation

The climbing assay was performed as described (Feany and Bender, 2000; Pendleton et al., 2002). Briefly, every 230 flies were placed into one group, and every 10 flies were added to a 110 × 27 mm glass tube, around which a horizontal line was drawn 80 mm above the bottom of the vial. When the experiment was begun, the number of flies that climbed above the mark on the vial after 10 s was recorded, and every trial was repeated 10 times. All behavioral studies were performed in a quiet isolation room at 25°C in 60–70% humidity under a red light. The climbing tested commenced on Day 3 after eclosion. After the climbing assay, the flies were maintained until death to calculate their lifespan.

Spectrophotometric Determination of Intracellular Reduced Glutathione (GSH) and Malondialdehyde (MDA) Content

Drosophila were collected at DAY 36, ground on ice, and centrifuged at 12,000 × g for 6 min. The supernatant was taken, and the reaction was carried out according to the kit instructions. The intracellular GSH and MDA content was measured on a microplate reader.

SH-SY5Y Cell Culture

SH-SY5Y cells were cultured in medium with equal amounts of MEM and F-12, supplemented with 1% nonessential amino acids (Gibco), 10% heat-inactivated fetal calf serum (FCS), 100 U/ml penicillin, and 100 U/ml streptomycin in a humid atmosphere of 5% CO2 and 95% air at 37°C. For routine cultures, cells were grown in dishes and passaged approximately twice per week when they reached confluence. Then, 5 nM rotenone was added to the culture every 3 days when the medium was changed. After 4 weeks, cells were treated with AA for 24 h or detected immediately without rotenone treatment. Solvents were used as parallel controls. For the acute model, cells were plated in 6-well plates at a density of approximately 3 × 10 (Rochet et al., 2004) viable cells. Twenty-four hours later, the cells were treated with AA (0.01–100 nM containing 0.1% DMSO, which had no toxic effect on the cells) for 24 h and then exposed to a fresh batch of the same medium containing 100 nM rotenone for 24 h.

Preparation of Mouse Brain Mitochondria

Brain mitochondria were isolated from male ICR mice (weight 18–22 g) according to previous methods (Lai and Clark, 1979). Animal welfare and experimental procedures conformed to the Guide for the Care and Use of Laboratory Animals (Ministry of Science and Technology of China, 2006) and the related ethical regulations of our University. The experimental protocols were approved by ethics committee of Jiangsu University. Briefly, whole mouse brains, minus the cerebellum, were washed, minced, and homogenized in ice-cold isolation buffer (250 mmol/L sucrose, 10 mmol/L Tris–HCl, 0.5 mmol/L EDTA-K+, 0.1% BSA, pH 7.4). After different centrifugation, the pellet was suspended in 3% Ficoll medium (3% Ficoll, 250 mmol/L sucrose, 0.5 mmol/L EDTA-K+, and 10 mmol/L Tris–HCl, pH 7.4) and carefully layered onto 6% Ficoll medium. After being centrifuged at 11,500 × g for 30 min at 4°C, the mitochondrial pellet was suspended in isolation buffer (without BSA) and washed once. The final pellet was suspended in ice-cold storage buffer (250 mmol/L sucrose, 2.5 mmol/L KH2PO4, and 10 mmol/L Tris–HCl, pH 7.4). The protein concentration was determined by Bradford assay (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Fresh mitochondria were prepared for each experiment and used within 4 h after isolation.

Fluorometric Analysis of Mitochondrial Membrane Potential (MMP)

Mitochondrial membrane potential reflects the functional state of the mitochondria within cells (Wadia et al., 1998). Changes in MMP were measured by the uptake of 5, 50, 6, 60-tetrachloro-1, 10, 3, 30-tetraethylbenzimidazolcarbocyanine iodide (JC-1) into the mitochondria. When excited at 488 nm, the monomeric form of JC-1 has an emission maximum at 525 nm, but the aggregated form (J-aggregates) has an emission maximum at 595 nm (Reers et al., 1991). Cells and isolated mitochondria were incubated with JC-1 at 37°C for 30 min in medium or reaction buffer (0.32 mmol/L sucrose, 10 mmol/L Tris, 20 mmol/L Mops, 50 μmol/L EGTA, 0.5 mmol/L MgCl2, 0.1 mmol/L Pi (K+), 5 mmol/L sodium succinate in the presence of 5 μg/mL JC-1). At the end of the incubation, the dye-loaded cells and mitochondria were collected by centrifugation, washed extensively with reaction buffer to remove excess dye, and then resuspended in the same buffer at the appropriate dilution. The cells were visualized under an inverted fluorescence microscope (Nikon, Ti-E Live Cell Imaging System Japan), and the fluorescence intensity was measured (488 nm excitation and 595 nm emission) on a Molecular Device spectrofluorometer (United States).

Mitochondrial Mass

To count the mitochondria, a suspension of cells in free serum medium was loaded with 200 nmol/L MitoTracker Red FM for 30 min at 37°C. Fluorescence intensity was measured at an excitation wavelength of 581 nm and emission wavelength of 644 nm using a fluorescence spectrometer (Molecular Devices Corporation, Sunnyvale, CA, United States). Amounts were determined by comparing the intensity of the fluorescence signal that was produced by 1 × 10 (Rochet et al., 2004) cells.

Measurement of ATP Synthesis by Mitochondria

ATP content was measured by luminometric assay, based on luciferin-luciferase reactions (Drew and Leeuwenburgh, 2003), using the Beyotime chemical luciferase ATP assay kit. Briefly, mitochondrial membranes were lysed in a buffer that contained 10 mmol/L Tris and 0.05% Triton X-100. Then, 50 μL of this lysate was added, and the luciferin-luciferase assay mixture was transferred to a white microplate. The results were measured on a multifunctional microplate reader (Perkinelmer, United States).

Quantification of ROS Levels

Reactive oxygen species (ROS) levels were measured using the ROS-specific probe 5′,6′-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA, Beyotime Institute of Biotechnology, Nantong, China). Cells and mitochondria were incubated with 10 μmol/L H2-DCFDA for 30 min at 37°C in medium or reaction buffer (0.32 mmol/L sucrose, 10 mmol/L Tris, 20 mmol/L Mops, 50 μmol/L EGTA, 0.5 mmol/L MgCl2, 0.1 mmol/L Pi (K+), 5 mmol/L sodium succinate) (Friberg et al., 2002). Next, the cells were visualized under an inverted fluorescence microscope (Nikon, Ti-E Live Cell Imaging System, Japan), and the mitochondria were monitored kinetically for 60 min at 37°C on a Molecular Device spectrofluorometer (United States) with 488 nm excitation and 525 nm emission filters.

Analysis of Mitochondrial Swelling

Mitochondrial swelling was assessed by measuring the absorbance of their suspension at 540 nm. Brain mitochondria were prepared in assay buffer (1 mg protein/mL) that contained 125 mmol/L sucrose, 50 mmol/L KCl, 2 mmol/L KH2PO4, 5 μmol/L rotenone, 10 mmol/L HEPES, and 5 mmol/L succinate. To induce mitochondrial swelling, 0.05 μg/μL α-syn was administered. Cyclosporine A (CsA) (50 nmol/L) was used as a positive reference (Elimadi et al., 2001). The extent of mitochondrial swelling was analyzed by measuring the decrease in absorbance (A) 0–60 min after the addition of α-syn at 37°C; a decrease in absorbance indicated an increase in mitochondrial swelling (Lee et al., 2002).

Western Blot

Equal amounts of cell protein and mitochondria sample were loaded onto a 12% SDS-polyacrylamide gel, separated, and transferred to a nitrocellulose membrane, which was then incubated overnight with anti-Cyt C, anti-α-syn, or anti-PGC1-α. The secondary antibody (1:1000 dilution) was HRP-conjugated anti-mouse or anti-rabbit IgG (Boster Biological Technology, Wuhan, China). The signals were detected using ECL according to the manufacturer’s instructions and Kodak x-ray film.

Statistical Analysis

Differences were tested by one-way analysis of variance (ANOVA), followed Student–Newman–Keuls test as a post hoc test. A value of P < 0.05 was considered significant. All experiments were done in triplicate and repeated three or four times.



RESULTS

AA Improves Climbing Ability and Prolongs the Life Span in PD Drosophila

As shown in Figures 1A,C the climbing ability of all drosophila decreased progressively with age. However, PD drosophila (male and female) climbed more slowly than non-PD drosophila from Days 3 to 42. Notably, 0.5–2 mg AA/100 g of culture medium significantly improved the climbing response in male and female PD drosophila from 18 to 42 days. As shown in Figures 1B,D male and female transgenic PD drosophila lived longer than control drosophila. AA significantly extended the lifespan of PD drosophila.
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FIGURE 1. Neuroprotective effects of AA against α-syn-induced injury in α-syn transgenic PD drosophila. Control and a-syn transgenic PD Drosophila were divided into indicated groups, and the climbing ability and the number of dead drosophila were assayed on indicated day. AA promotes climbing in α-syn transgenic PD drosophila (N = 230; ∗p < 0.05 vs. non-PD group; #p < 0.05 vs. PD group) for (A) male and (C) female Drosophila melanogaster (average). AA prolongs the life-span of α-syn transgenic PD drosophila in (B) males and (D) females (mean ± SEM, N = 230; ∗p < 0.05 vs. non-PD group; #p < 0.05 vs. PD group)).



AA Has Antiapoptotic Effects in Rotenone-Induced SH-SY5Y Cell Damage

As shown in Figure 2B, the cell survival rate decreased after treatment with 100 nM rotenone. In contrast, 0.01–100 nM AA completely blocked the rotenone-induced decline in cell viability (Figure 2B). The pictures also show the same results compared with the rotenone group (Figure 2A), the treatment of AA (0.01–100 nM) prior to rotenone exposure clearly improved neuronal morphology, showing clear cell bodies and smooth processes. By flow cytometry, rotenone induced apoptosis in SH-SY5Y cells, which could be inhibited by AA (Figure 2C). The data on apoptotic protein–BAX also show the same results (Figure 2D).
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FIGURE 2. Anti-apoptotic effects of AA in rotenone-induced SH-SY5Y cell damage. (A) Morphology of SH-SY5Y cells after 24 h of treatment with various concentrations of AA after 24 h 100 nM rotenone exposure. Bar: 10 μm. (B) Cell viability of SH-SY5Y cells treated with AA after rotenone-induced cell damage. The data represent means ± SD n = 5. P < 0.05 vs. control group. (C) SH-SY5H cells were treated with AA and rotenone, and apoptosis rates of SH-SY5Y cells were measured by Annexin V/PI. (D) Translation levels of BAX were measured by western blot. Data are expressed as means ± SD, n = 3. ∗p < 0.01 vs. control group, #p < 0.01 vs. rotenone group.



AA Has Antioxidative Effects in Parkinson-Like Injuries

The amount of MDA often indicates the degree of lipid peroxidation in the body, indirectly reflecting the extent of cell damage. As shown in Figure 3A, MDA in PD flies increased by 2.8-fold compared with the normal control group, indicating a significant difference in the level of lipid peroxidation in drosophila. The MDA content in the AA group decreased from 64.5 to 76.7% compared with the PD group, showing a significant difference versus the control group (P < 0.01), indicating that AA antagonizes the overexpression of α-syn oxidative stress injury. However, 2 mg LA/100 g medium did not change the degree of lipid peroxidation in the fruit flies. The GSH content also showed the same results. It is indicated that AA could enhance the antioxidant capacity of PD fruit fly.
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FIGURE 3. AA reverses PD-like oxidative stress. (A) Effects of AA on the activities of MDA and GSH in α-syn transgenic PD drosophila. Control and a-syn transgenic PD Drosophila were divided into indicated groups, and they all collected at DAY 36. The level of MDA and GSH in supernatant of drosophila homogenate were detected by kits. (mean ± SD, n = 3, ∗p < 0.05 vs. normal control group after treatment with different concentrations of AA or LA). (B,C) Intracellular ROS levels were determined based on DCF fluorescence under an inverted fluorescence microscope and on a spectrofluorometer. SH-SY5Y cells were treated with 5 nM rotenone exposure for 4 weeks and then various concentrations of AA after 24 h. a: control; b: 5 nmol/L chronic rotenone; c: 1 μM AA; d: 10 μM AA. Bar: 10 μm. Data are expressed as means ± SD, n = 3. ∗p < 0.01 vs. control group, #p < 0.01 vs. rotenone group. (D) Effects of AA on α-syn induced mitochondrial ROS formation (DCF production). Isolated mitochondria dyed with DCFH-DA were treated with vehicle or AA for 60 min at 37°C and exposed to 0 or 0.05 μg/μL α-syn at the same time. 60 min later fluorescence were detected on a spectrofluorometer. Data are expressed as means ± SD, n = 3. ∗p < 0.01 vs. control group, #p < 0.01 vs. α-syn group.



Asiatic acid also had antioxidative effects in SH-SY5Y cells and isolated brain mitochondria. As shown in Figures 3B,C, AA decreased the intensity of DCFH-DA fluorescence, which was elevated by rotenone. As seen in Figure 3D, untreated isolated mitochondria displayed substantial fluorescence, but mitochondria that were stressed with α-syn experienced an increase in ROS generation compared with untreated cells after 30 min. In contrast, 1–10 μmol AA/L attenuates the ROS generation that was induced by α-syn to normal levels. However, 100 μmol AA/L only partly attenuated the α-syn-induced ROS enhancement. CSA was a positive control and showed the same results as AA.

AA Protects Mitochondria Against Rotenone- and α-Syn-Induced Injury in SH-SY5Y Cells and Isolated Mitochondria

To determine whether AA can protect mitochondrial function, we first measured MMP in cultured SH-SY5Y cells. From the fluorescence microscopy images, we found that rotenone induced a significant decrease in MMP in cultured SH-SY5Y (Figures 4A,B). Nevertheless, pretreatment with AA (1 and 10 nM) blocked this decline, which indicated that AA protects mitochondria (Figures 4A,B).
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FIGURE 4. AA protects against mitochondrial dysfunction induced by PD-like injury. (A,B) SH-SY5Y cells were treated with 5 nM rotenone exposure for 4 weeks and then various concentrations of AA after 24 h. Intracellular red and green fluorescence of JC-1 was determined under an inverted fluorescence microscope (A) and on a spectrofluorometer (B). Mitochondria number was determined with an inverted fluorescence microscope (C) and spectrofluorometer (D) and based on expression of PGC1-α (E,H). (F) Effects of AA on mitochondrial membrane potential (JC-1 fluorescence intensity). Isolated mitochondria were treated with vehicle or AA for 60 min at 37°C and exposed to 0 or 0.05 μg/μL α-syn at the same time. Data are expressed as means ± SD, n = 3. ∗p < 0.01 vs. control group, #p < 0.01 vs. rotenone group. (G) Effects of AA on mitochondrial ATP synthesis. Isolated mitochondria were treated with vehicle or AA for 60 min at 37°C and exposed to 0 or 0.05 μg/μL α-syn at the same time. The values are expressed as percentage of control, which is set to 100%. Data are expressed as means ± SD, n = 3. ∗p < 0.01 vs. control group, #p < 0.01 vs. α-syn group. Bar: 10 μm.



Next, we investigated the effects of AA against rotenone induced the number of mitochondria reduced in SH-SY5Y cells. As shown in Figures 4C,D, AA enhanced the red fluorescence intensity, reflecting an increase in the number of mitochondria. AA also elevated the level of PGC1-α (Figures 4E,F), indicating the biogenesis of mitochondria.

When mitochondria were exposed to 0.05 μg α-syn/μL for 60 min, a loss of mitochondrial membrane potential of approximately 10% of J-aggregate fluorescence was observed (Figure 4G). Co-incubation with AA (1–10 μmol/L) significantly prevented the α-syn-induced decline in JC-1 fluorescence intensity dose-dependently (Figure 4G). MMP is the driver of ATP synthesis, and its loss is expected to result in decreased ATP levels in cells and isolated mitochondria. As shown in Figure 3B, 0.05 μg α-syn/μL decreased ATP levels from 100 to 50% compared with control. Treatment with 1–10 μmol AA/L for 1 h effected significant ATP production compared with the α-syn group (Figure 4H).

AA Lowers the Permeability of the Mitochondrial Membrane and Inhibits α-Syn Translocation to Mitochondria

The change in absorbance at 540 nm (A540) was measured to analyze mitochondrial swelling, which indirectly reflects the permeability of the mitochondrial membrane (Wills et al., 2010). The addition of 0.05 μg α-syn/μL to mitochondrial suspensions for 22.5 min resulted in a 6% decrease in A540, although the effect slightly lower than with 200 μmol/L Ca2+, which caused a 10% decrease compared with the control group. Mitochondrial swelling that was induced by α-syn was inhibited by pretreatment with 1–100 μmol AA/L for 3 min (Figure 5A)—an effect that was nearly the same as with CsA, a specific blocker of MPTPs, which lie in the sites where the mitochondrial inner and outer membranes meet. This result suggests that AA was.
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FIGURE 5. Neuroprotective effects of AA against α-syn-induced injury in isolated mitochondria. Isolated mitochondria were treated with vehicle or AA for 60 min at 37°C and exposed to 0 or 0.05 μg/μL α-syn at the same time. (A,B) Inhibitory effects of AA on α-syn-induced mitochondrial swelling, which was reflected by the decrease in absorbance at 540 nm and the results were statistics at the endpoint of the experiment. (C) AA reverses α-syn-induced release of cyt C from mitochondria and mitochondrial translocation of α-syn. Data are expressed as means ± SD, n = 3. ∗p < 0.01 vs. control group, #p < 0.01 vs. α-syn group.



The opening of MPTPs can stimulate the release of proapoptotic factors from the mitochondrial interspaces. Thus, we measured Cyt C in the mitochondria by immunoblotting. After mitochondria were incubated for 1 h with 0.05 μg α-syn/μL at 37°C, the level of Cyt C decreased markedly (Figure 5B), indicating its release into the extramitochondrial medium. Cotreatment with 10 μmol AA/L for 1 h partially inhibited α-syn-induced Cyt C release.

Next, we examined whether AA can block α-syn accumulation in the mitochondria. As shown in Figure 5C, after mitochondria were incubated for 1 h with 0.05 μg α-syn/μL at 37°C, α-syn amassed in the mitochondria, which could be inhibited by 10 μmol AA/L. These results indicate that AA blocks mitochondrial translocation of α-syn.



DISCUSSION

Many observations suggest that α-syn causes neurodegeneration by interfering with multiple signaling pathways. α-syn protein can form plasma membrane channels or modify their activity, thus altering membrane permeability to ions; abnormally associate with mitochondria and cause mitochondrial dysfunction (e.g., mitochondrial depolarization, Ca2+ dyshomeostasis, cytochrome c release); and interfere with autophagy regulation (Ottolini et al., 2017). Previously, we found that AA protects neuronal cells against rotenone-induced mitochondrial dysfunctional injury (Xiong et al., 2009b). In the present study, we found that AA protects against rotenone- and α-syn-induced damage in vivo and in vitro through a mechanism that is related to directly preventing MPTPs from opening and inhibiting α-syn translocation to mitochondria (Figure 6). Our results are consistent with previous reports that in PD, α-syn aggregates are associated with intact mitochondria but interact with and cause nuclear degradation, which might be a major cause of cell death (Power et al., 2017).
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FIGURE 6. Illustration of the protective effects of AA in α-syn- and rotenone-induced PD-like models. AA may maintain the integrity of the mitochondrial membrane and then block α-syn importation into mitochondria.



We observed a significant improvement in the climbing response of PD flies with 0.5–2 mg AA/100 g of culture medium. These results suggest that AA exerts its neuroprotective effects through the prevention of oxidative damage via potent ROS-scavenging ability. AA extended the average lifespan of female PD flies at 0.5 mg/100 grams of culture medium.

Mitochondrial dysfunction has been implicated in the pathogenesis of many neurodegenerative diseases (Lin and Beal, 2006). In recent years, isolated mitochondria from brain and liver have been used frequently to identify the direct mechanisms of mitochondria in pathology and pharmacology (Jia et al., 2008; Gao et al., 2009; Banerjee et al., 2010), demonstrating that it is a good model for studying neurodegenerative diseases and screening drugs for neurodegenerative diseases.

Recent neurochemical studies in the postmortem brains of patients with PD have revealed significant increases in α-syn, indicating a relationship between the accumulation of α-syn and PD (Wills et al., 2010). Although the physiological functions of α-syn are unknown, more and more researchers have identified an association between α-syn and mitochondria in cellular and mouse models (Devi et al., 2008; Shavali et al., 2008; Liu et al., 2009). There is also substantial evidence that implicates α-syn and its ability to aggregate and bind vesicle membranes in the development of PD (Giannakis et al., 2008). α-syn can accumulate in mitochondria, based on its N-terminal 32-amino-acid region, which targets dopaminergic neurons and isolated mitochondria (Devi et al., 2008). In parallel, we found that additional α-syn could be imported to mitochondria in only 1 h—an effect that could be blocked by 10 μmol/L AA.

Mitochondrial import of α-syn is dependent on the mitochondrial transmembrane potential (ΔΨm) and mitochondrial ATP. Under our experimental conditions, AA attenuated the α-syn-induced MMP decline and ATP synthesis. This result is consistent with our previous study, in which AA rescued SH-SY5Y cells from rotenone- and H2O2-induced damage by preventing mitochondrial dysfunction (Xiong et al., 2009a). Several lines of evidence suggest that α-syn regulates membrane stability, neuronal plasticity, and enzymatic activity (Perez et al., 2002; Recchia, 2004; Bennett, 2005; Cookson, 2005; Shults, 2006). Moreover, constitutive levels of α-syn may be important for maintaining the functional integrity of the mitochondrial membrane (Ellis et al., 2005; Devi et al., 2008).

Impaired integrity of the mitochondrial membrane destroys the transmembrane proton gradient and interrupts the synthesis of ATP but also indirectly induces an increase in ROS and the loss of enzyme activity and can even trigger apoptosis (Norenberg and Rao, 2007). Consistent with these data, we observed ROS overproduction and the release of mitochondrial Cyt C—which can initiate apoptosis—due to disruptions in the integrity of the mitochondrial membrane structure by α-syn. However, this damage was reversed by AA, which might maintain the functional integrity of mitochondrial membranes.

Further, AA blocked α-syn-induced mitochondrial swelling in our study. Generally, mitochondrial swelling has been considered to result from an increase in inner membrane permeability and opening of MPTPs, high-conductance channels with several macromolecular components, including VDAC. AA regulates VDAC expression, according to our previous study (Xiong et al., 2009a), implying that the maintenance of the mitochondrial membrane by AA is due to preventing the MPTPs from opening.

In summary, this study has demonstrated the protective effects of AA in α-syn- and rotenone-induced PD-like models. We found that this protection occurs mainly through the maintenance of membrane integrity and blockade α-syn importation into mitochondria (Figure 4). We also found that AA reverses the increase in MDA levels and the decline in GSH content that is induced by α-syn overexpression in PD flies. AA reduces oxidative stress, against the α-syn aggregation caused by cell death, to protect nerve cells and reduce or even revert the symptoms of PD.
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Studies have suggested that blood-brain barrier (BBB) disruption contributes to the pathogenesis of early brain injury after subarachnoid haemorrhage (SAH). Activation of the receptor tyrosine kinase ErbB4 can cause intramembrane proteolysis and release a soluble intracellular domain (ICD) that modulates transcription in the nucleus. This study was carried out to investigate the potential roles of ErbB4 in preserving BBB integrity after experimental SAH, as well as the underlying mechanisms of its protective effects. Endovascular perforation was used to prepare a rat SAH model. The SAH grade, neurological score, brain edema and BBB permeability were evaluated after surgery. Immunohistochemistry was used to determine the localization of ErbB4 and yes-associated protein (YAP). ErbB4 activator Nrg1 isoform β1 (Nrg1β1), Specific ErbB4 siRNA, YAP siRNA and PIK3CB specific inhibitor TGX 221 were used to manipulate the proposed pathway. The expression levels of ErbB4 ICD and YAP were markly increased after SAH. Double immunohistochemistry labeling showed that ErbB4 and YAP were expressed in endothelial cells and neurons. Activation of ErbB4 by Nrg1β1 (dosage 150 ng/kg) treatment promoted the neurobehavioral deficit, alleviated the brain water content and reduced albumin leakage 24 and 72 h after SAH. ErbB4 activation significantly promoted YAP and PIK3CB activity and increased the expression of tight junction proteins Occludin and Claudin-5. Depletion of ErbB4 aggravated neurological impairment and BBB disruption after SAH. The beneficial effects of ErbB4 activation were abolished by YAP small-interfering RNA and specific PIK3CB inhibitor. Activation of ErbB4 improved neurological performance after SAH through the YAP/PIK3CB signaling pathway, this neuroprotective effects may associated with BBB maintenance.
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INTRODUCTION

Aneurysmal subarachnoid hemorrhage (SAH) is one of the most life-threatening diseases, with high mortality and disability rates (Connolly et al., 2012). Recent studies have shifted the research focus from SAH-induced vasospasm to early brain injury. Defined as the pathophysiological event that occurs within 72 h after SAH, early brain injury (EBI) has been proposed as the primary determinant of poor outcome in SAH patients (Sehba et al., 2012). Nevertheless, the definitive mechanisms of EBI after SAH have remained unclear, and blood-brain barrier (BBB) disruption plays an important role (Chen et al., 2014; Li et al., 2015). Strategies against BBB disruption after SAH may be helpful in attenuating EBI and lead to a better prognosis.

ErbB4 (EGFR family member v-erb-b2 avian erythroblastic leukemia viral oncogene homolog 4) is a kind of epidermal growth factor receptor kinases, which has been proven to play a key role in the regulation of neurite outgrowth, axonal guidance and synaptic signaling (Huang et al., 2000; Shamir et al., 2012). ErbB4 can undergo intramembrane proteolysis to release a soluble intracellular domain (ICD) (Ni et al., 2001). The ErbB4 ICD relocalizes to the nucleus, where it regulates transcription through its association with transcriptional co-regulators (Vidal et al., 2005; Gilmore-Hebert et al., 2010). Mice lacking ErbB4 receptor have shown defects in axon guidance in the central nervous system (Tidcombe et al., 2003). In an oxidative stress injury study, ErbB4 promoted the survival of endothelial cells and preserved BBB integrity (Lok et al., 2009). However, the precise role of ErbB4 during the pathological process after subarachnoid hemorrhage (SAH) and its acting pathway remain largely unknown.

ErbB4 was found to be a major receptor that could activate Yes-associated protein (YAP), which has emerged as a critical signaling hub that regulates cellular growth and organ size maintenance (Dong et al., 2007). Activation of YAP stimulated the expression of genes that contribute to cellular development (Zhao et al., 2010). PIK3CB is a catalytic component of phosphoinositol-3-kinase (PI3K), which was reported to be activated downstream of YAP (Lin et al., 2015). This study investigated potential effects of ErbB4 with its downstreams on BBB integrity in EBI after SAH.



MATERIALS AND METHODS

Study Design

All procedures were conducted following the institutional Animal Care and Use Committee at Zhejiang University and in accordance with NIH guidelines for the Care and Use of Laboratory Animals. Two hundred and eight three Male Sprague-Dawley (SD) rats (290–330 g; Harlan, Indianapolis, IN, United States) were housed in a humidity-controlled room (25 ± 1°C, 12-h light/dark cycle) and were raised with free access to water and food.

Experiment 1

To detect the time course expressions of ErbB4 and YAP in the sham group and at 3, 6, 12, 24, and 72 h after SAH (n = 6 in each group). Double immunohistochemistry staining of ErbB4/YAP with CD31 was performed at 24 h after SAH (n = 2) for morphological study.

Experiment 2

Extracellular domain of Neuregulin 1 isoformβ1 (Nrg1β1, R&D systems, Minneapolis, MN, United States) was used for activation of ErbB4, and administered intraperitoneally at 1 h after SAH induction. Besides the sham and vehicle groups, two groups of rats received a different dosage of Nrg1β1 (50 ng/kg and 150 ng/kg, n = 6). The dose of Nrg1β1was set according to a previous study (Depboylu et al., 2015). For outcome evaluation, neurobehavioral scores, brain edema and albumin extravasation were measured at 24 and 72 h after SAH in all groups (n = 6). The expression levels of ErbB4, ErbB4 ICD, YAP, PIK3CB, Occludin and Claudin-5 were analyzed via Western blotting.

Experiment 3

ErbB4 small-interfering RNA (siRNA) was injected via intracerebroventricular (ICV) administration at 24 h before SAH induction. The neurobehavior, brain edema, albumin extravasation and expression of ErbB4, YAP, PIK3CB, Occludin and Claudin-5 were measured at 24 h after SAH in all groups. The rats were randomly assigned into the following groups: SAH + Vehicle, SAH + Nrg1β1, SAH + Nrg1β1 + scrambled siRNA (in 5 μl sterile saline), and SAH + Nrg1β1 + ErbB4 siRNA (in 5 μl of sterile saline).

Experiment 4

Yes-associated protein siRNA was administered by ICV injection at 24 h before SAH. Neurobehavior, brain edema, albumin extravasation and the expression levels of ErbB4, YAP, PIK3CB, Occludin, and Claudin-5 were measured at 24 h after SAH in all groups. Rats were randomly assigned into the following groups: SAH + Vehicle, SAH + Nrg1β1, SAH + Nrg1β1 + scrambled siRNA (in 5 μl of sterile saline), and SAH + Nrg1β1 + YAP siRNA (in 5 μl of sterile saline).

Experiment 5

The PIK3CB specific inhibitor TGX 221 (2.5 mg/kg, I.V., Cayman Chemical Corp., Ann Arbor, MI, United States) dissolved in PBS was administered at 1 h before SAH induction (Sturgeon et al., 2008). Control animals were injected with the same volume of PBS. Neurobehavior, brain edema, BBB permeability and western blots were measured at 24 h after SAH in all groups.

SAH Model

The SAH rat model was induced by endovascular perforation as previously described (Yan et al., 2017a). The rats underwent tracheal intubation with 3% isoflurane anesthesia. Next, we dissected the left external carotid artery, and a sharpened, 4-0 monofilament nylon suture was inserted vertically into the left internal carotid artery through the bifurcation of the external carotid artery until we felt slight resistance. The suture was then further advanced to impale the vessel. Sham-operated rats underwent nearly the same procedure, and we withdrew the suture once resistance was felt without any puncture.

Intracerebroventricular Drug Injection

Intracerebroventricular drug injection was performed as reported previously (Yan et al., 2017b). The rats were placed in a stereotaxic apparatus under 2.5% isoflurane anesthesia. The needle of a 10-μl Hamilton syringe (Microliter701; Hamilton Company, Reno, NV, United States) was stereotactically inserted through a burr hole into the left lateral ventricle, which is coordinated relative to the bregma as follows: 1.5 mm posterior, 1.0 mm lateral and 3.5 mm below the horizontal plane of the skull. Next, 500 pmol/5 μl of ErbB4 siRNA (Thermo Fisher Scientific, Waltham, MA, United States), YAP siRNA (Thermo Fisher Scientific, Waltham, MA, United States), or scrambled siRNA (Thermo Fisher Scientific, Waltham, MA, United States) was injected at 1 day before SAH induction with Lipofectamine 2000 (Thermo Fisher Scientific, Waltham, MA, United States) at the rate of 0.5 μl/min. To enhance the gene silencing efficiency, two different ErbB4 siRNAs were mixed (5′ CCCACUAGUCAUGACUGCAUUUACU3′ and 5′AGUAAAUGCAGU-CAUGACUAGUGGG3′) and two different YAP siRNAs were mixed (5′GGCUGC-GAUUGAAACAGCAGGAGUU3′ and 5′AACUCCUGCUGUUUCAAUCGCAGC-C3′).

SAH Grade

The severity of SAH was quantified using a previously published grading scale at the time of euthanasia (Sugawara et al., 2008). The basal cistern was divided into 6 segments, and the amount of the subarachnoid blood clot on each segment was scored from 0 to 3. Each rat received a total SAH score ranging from 0 to 18, and rats with mild SAH (score < 8) were excluded from this study.

Neurological Score

Neurological deficits were evaluated at 24 and 72 h after SAH according to the modified Garcia’s scoring system (Garcia et al., 1995): spontaneous activity, symmetry in movement of four limbs, forepaw outstretching, climbing, body proprioception, and response to vibrissae touch. The total scores of the modified Garcia’s test ranged from 3 to 18. Additionally, beam balance test (4-point scoring system) was performed (Tang et al., 2015). The rats were placed on a beam, and the walking distance within 1 min was measured (0–4).

Brain Water Content

The brains were collected 24 and 72 h after SAH induction and were separated into the left hemisphere, right hemisphere, cerebellum and brain stem. Each part was weighed immediately after removal (wet weight) and then was dried in an oven at 105°C for 72 h before another weighing (dry weight). The percentage of water content was calculated following the equation: [(wet weight- dry weight)/wet weight] × 100% (Chen et al., 2015).

Immunofluorescence Staining

Double-immunofluorescence staining of cerebral cortex was performed at 24 h after SAH as described previously (Xie et al., 2017). Sections were incubated overnight at 4°C with rabbit anti-ErbB4 (Abcam, Cambridge, MA, United States), rabbit anti-YAP (Cell Signaling Technology, Beverly, MA, United States), and mouse anti-CD31 (Abcam, Cambridge, MA, United States), followed by fluorescence dye-conjugated secondary antibodies (Jackson Immunoresearch, West Grove, PA, United States) for 3 h at 20°C. The sections were then visualized with a fluorescence microscope. Photomicrographs were analyzed using Image-Pro Plus software (Olympus, Melville, NY, United States).

Western Blotting

Western blot analysis was performed as previously described (Yan et al., 2014). The left brain hemisphere (perforation side) was collected according to scheduled time point. Equivalent amounts of protein (50 μg) were loaded onto sodium dodecyl sulfate (SDS) polyacrylamide gels and were separated by electrophoresis. The proteins were transferred onto nitrocellulose membranes, which were blocked by a blocking buffer. Primary antibodies were diluted to incubate with the membrane under gentle agitation at 4°C overnight: anti-ErbB4 (Abcam, Cambridge, MA, United States), anti-YAP (Cell Signaling Technology, Beverly, MA, United States), anti-PIK3CB (Abcam, Cambridge, MA, United States), anti-Occludin (Abcam, Cambridge, MA, United States), anti-Claudin-5 (Thermo Fisher Scientific, Waltham, MA, United States) and anti-β-actin (Santa Cruz Biotechnology, Dallas, TX, United States). Appropriate secondary antibodies were incubated with the membrane for 2 h at room temperature. Chemiluminescent detection was performed to identify the immune bands using the ECL Plus kit (Amersham Bioscience, Arlington Heights, IL, United States). Data was analyzed by densitometry with Image J software.

Statistical Analysis

One-way ANOVA followed by Turkey’s multiple comparisons test was used for comparison between groups. The data were expressed as means ± SEM. P < 0.05 was considered statistically significant. All statistical analyses were performed using GraphPad Prism for Windows (LaJolla, CA, United States).



RESULTS

Mortality and Exclusion

There was no significant difference in the SAH grading score in all SAH groups (Supplementary Figures S1A,B). No rats died in the sham group. The mortality rate for each group is listed as follows: SAH group 18.18% (8/44), SAH + Vehicle group 21.43% (9/42), SAH + Nrg1β1 (50 ng/kg) group 17.07% (7/41), SAH + Nrg1β1 (150 ng/kg) group 13.51% (5/37), SAH + Nrg1β1 + Scr siRNA group 13.33% (2/15), SAH + Nrg1β1 + ErbB4 siRNA group 22.22% (4/18), SAH + Nrg1β1 + Scr siRNA group 14.29% (2/14), SAH + Nrg1β1 + YAP siRNA group 23.53% (4/17), SAH + Nrg1β1 + TGX 221 group 26.32% (5/19) (Supplementary Figure S1C). According to the SAH grading score, 19 rats with mild SAH were excluded from this study (Supplementary Table S1).

Time Course of Endogenous ErbB4, ErbB4 ICD and YAP Expression After SAH

Western blot analysis was applied on the rats of all groups at different time points after SAH induction (Figure 1A). The results demonstrated a significant increasing in the expression of ErbB4 ICD as early as 3 h after SAH. This trend continued and reached a peak at 72 h after SAH, while the total ErbB4 level remained stable (p < 0.05, Figure 1B). A similar tendency was observed in the expression of YAP, which started to increase at 3 h after SAH (p < 0.05, Figure 1C). Morphological study with double immunohistochemistry staining showed that ErbB4 expression was colocalized with CD31 (Marker for endothelial cell), YAP was also proved to be intensely expressed in CD31-positive cells (Figure 1D). Double immunostaining showed that both ErbB4 and YAP were colocalized with Neuron at 24 h after SAH (Supplementary Figure S2).
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FIGURE 1. Expression of endogenous ErbB4, ErbB4 ICD and YAP after subarachnoid haemorrhage (SAH) induction. Representative Western blot bands of ErbB4, ErbB4 ICD and YAP from the ipsilateral hemisphere after SAH (A), quantitative analyses of ErbB4 ICD/ErbB4 (B) and YAP (C) expression. n = 6. Double immunostaining showed that both ErbB4 and YAP were colocalized with CD31-positive endothelial cells at 24 h after SAH (D). n = 2, ∗p < 0.05 versus sham; #p < 0.05 versus 72 h.



Nrg1β1 Treatment Improves Neurobehavioral Functions and Reduces BBB Permeability After SAH

Remarkable neurobehavioral impairment was observed in the vehicle and Nrg1β1 (50 ng/kg)-treated group compared with that in the sham group at 24 and 72 h after SAH. Post-SAH administration of high-dosage Nrg1β1 (150 ng/kg) significantly improved the neurobehavioral performance (p < 0.05, Figures 2A,B). Brain water content in both hemispheres significantly increased in rats from the vehicle and Nrg1β1 (50 ng/kg)-treated group at 24 and 72 h after SAH (p < 0.05, Figures 2C,E). Nrg1β1 (150 ng/kg) treatment significantly decreased brain water content and attenuated brain swelling compared with the vehicle and Nrg1β1 (50 ng/kg) -treated group (p < 0.05, Figures 2C,E). BBB permeability was assessed by albumin extravasation in the ipsilateral hemisphere. Western blot analysis demonstrated a remarkable increased expression of albumin in vehicle and Nrg1β1 (50 ng/kg)-treated rats at 24 and 72 h after SAH that was significantly reversed by Nrg1β1 (150 ng/kg) treatment (p < 0.05, Figures 2D,F).
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FIGURE 2. Neuregulin1 isoformβ1 (Nrg1β1) treatment improved neurological functions, reduced brain water content and deceased albumin leakage at 24 and 72 h after SAH. Neurological impairment (A,B), increased brain water content (C,E) and albumin extravasation (D,F) were found in the SAH + Vehicle groups. Nrg1β1 (150 ng/kg) treatment significantly alleviated neurological deficit (A,B), reduced brain water content (C,E) and deceased albumin extravasation (D,F). n = 6 for each group. ∗p < 0.05 versus sham; #p < 0.05 versus SAH + vehicle; &p < 0.05 versus SAH + Nrg1β1 (50 ng/kg).



ErbB4 Activation by Nrg1β1 Administration Stabilizes Tight Junction Proteins After SAH

The expression of ErbB4 and its downstream signals was measured by western blot analysis (Figure 3A). The ratio of ErbB4 ICD/ErbB4 expression significantly increased after Nrg1β1 (50 ng/kg) administration and was further increased by high-dose Nrg1β1 (150 ng/kg) treatment compared with that in the sham and vehicle group (p < 0.05, Figure 3B). The expression level of YAP and PIK3CB was also significantly upregulated after Nrg1β1 administration, and there was a significant dose-dependent effect (p < 0.05, Figures 3C,D). The expression levels of tight junction proteins Occludin and Claudin-5 were significantly reduced at 24 h after SAH in the vehicle and low-dose Nrg1β1 (50 ng/kg)-treatment group. Treatment of Nrg1β1 (150 ng/kg) significantly reversed this tendency (p < 0.05, Figures 3E,F).
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FIGURE 3. ErbB4 activation by Nrg1β1 administration stabilizes tight junction proteins. Representative western blot bands of ErbB4, YAP, PIK3CB, Occludin and Claudin 5 (A), the expression of ErbB4 ICD/ErbB4 (B), YAP (C), and PIK3CB (D) were increased at 24 h after SAH induction and were further up-regulated by high-dose Nrg1β1 (150 ng/kg) administration. SAH induction significantly reduced the expression of Occludin (E) and Claudin-5 (F). Nrg1β1 (150 ng/kg) administration significantly reversed this effect. n = 6, ∗p < 0.05 versus sham; #p < 0.05 versus SAH + vehicle; &p < 0.05 versus SAH + Nrg1β1 (50 ng/kg).



Silencing ErbB4 Aggravates Neurological Deficits and BBB Disruption After SAH

ErbB4 knockdown by siRNA significantly aggravated neurological deficits and increased albumin extravasation at 24 h after SAH (p < 0.05, Figures 4A,B) compared with that in the Nrg1β1-treatment group. The silencing efficacy of ErbB4 with its downstream signals and their effects on tight junction protein expression was measured by western blotting analysis (Figure 4C). Injection of scrambled siRNA had no effect on the expression of ErbB4 after Nrg1β1 administration (p > 0.05, Figure 4D), while specific ErbB4 siRNA significantly decreased the ratio of ErbB4 ICD/ErbB4 (p < 0.05, Figure 4D). ErbB4 activation promoted YAP expression with its downstream protein PIK3CB, which were both remarkably decreased by ErbB4 siRNA administration (p < 0.05, Figures 4E,F). The increased expression of Occludin and Claudin-5 after Nrg1β1 treatment was significantly reversed by ErbB4 siRNA injection (p < 0.05, Figures 4G,H).
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FIGURE 4. Effects of ErbB4 siRNA pre-treatment on blood-brain barrier integrity at 24 h after SAH. ErbB4 siRNA aggravated neurological deficits (A) and increased albumin extravasation (B). Representative western blot bands of ErbB4, YAP, PIK3CB, Occludin and Claudin 5 (C). ErbB4 knockdown decreased the expression of ErbB4 ICD/ErbB4 (D), YAP (E), and PIK3CB (F). The increased expression levels of Occludin and Claudin-5 after Nrg1β1 treatment were significantly reduced by ErbB4 depletion (G,H). The PIK3CB specific inhibitor TGX 221 did not affect the expression of ErbB4 ICD/ErbB4 (D), YAP (E) and significantly reduced the expression of PIK3CB (F), Occludin (G) and Claudin-5 (H). n = 6, #p < 0.05 versus SAH + vehicle; @p < 0.05 versus SAH + Nrg1β1; §p < 0.05 versus SAH + Nrg1β1 + ErbB4siRNA.



YAP Knockdown Reversed the Protective Effects of ErbB4 Activation on BBB Integrity After SAH

Subarachnoid haemorrhage rats were administered scrambled or YAP-specific siRNA before Nrg1β1 treatment to further explore the downstream signaling pathway participating in ErbB4 activation. YAP depletion significantly aggravated neurological deficits and increased albumin extravasation at 24 h after SAH (p < 0.05, Figures 5A,B). Western blot analysis was used to measure the effects of YAP knockdown and PIK3CB inhibition on tight junction protein expression (Figure 5C). Both scrambled and YAP siRNA injection had no effect on the increased ratio of ErbB4 ICD/ErbB4 expression after Nrg1β1 administration (p > 0.05, Figure 5D). YAP knockdown by specific siRNA significantly reduced the expression of YAP and its downstream PIK3CB (p < 0.05, Figures 5E,F). The expression level of tight junction protein Occludin and Claudin-5 were highly preserved by Nrg1β1 treatment at 24 h after SAH, but this tendency was significantly abolished by YAP siRNA pre-administration (p < 0.05, Figures 5G,H).
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FIGURE 5. Effects of YAP siRNA pre-treatment on blood-brain barrier integrity at 24 h after SAH. YAP siRNA aggravated neurological deficits (A) and increased albumin extravasation (B). Representative western blot bands of ErbB4, YAP, PIK3CB, Occludin and Claudin 5 (C). YAP knockdown did not affect the ratio of ErbB4 ICD/ErbB4 (D), and reduced the expression of YAP (E), PIK3CB (F), Occludin (G), and Claudin-5 (H). PIK3CB inhibition by TGX 221 had no effect on the expression of ErbB4 ICD/ErbB4 (D) and YAP (E), and significantly reduced the expression of PIK3CB (F), Occludin (G) and Claudin-5 (H). n = 6, #p < 0.05 versus SAH + Vehicle; @p < 0.05 versus SAH + Nrg1β1; p < 0.05 versus SAH + Nrg1β1 + YAP siRNA.



Inhibition of PIK3CB Reverses the Beneficial Effects of erbB4 Activation on BBB Integrity After SAH

The potent PIK3CB inhibitor TGX 221 significantly aggravated neurological deficits and increased albumin extravasation at 24 h after SAH (p < 0.05, Figures 4A,B). Western blotting indicated that TGX 221 injection did not affect the ratio of ErbB4 ICD/ErbB4 and YAP expression (p > 0.05, Figures 4D,E) but remarkly reduced PIK3CB expression (p < 0.05, Figures 4F, 5F). The increased expression of tight junction protein Occludin and Claudin-5 by Nrg1β1 treatment was significantly reversed by TGX 221 administration (p < 0.05, Figures 4G,H, 5G,H).



DISCUSSION

In the present study, we elucidated the ErbB4-mediated signaling pathway in BBB protection following SAH in rats. This study demonstrated a significant increase in the expression of ErbB4 ICD and YAP in the rat brain within 72 h after SAH. Double-immunofluorescence staining indicated that both ErbB4 and YAP were expressed in endothelial cells. Activation of ErbB4 by recombinant Nrg1β1 treatment improved the neurological deficit, reduced brain edema and alleviated BBB disruption after SAH, which were associated with increased expression of tight junction protein Occludin and Claudin 5. Specific siRNA injection eliminated the protective effects of ErbB4 activation after SAH induction, accompanied by the reduction of YAP and PIK3CB expression. YAP siRNA administration reversed the protective effects of ErbB4 activation with reduced downstream signal expression. The neuroprotective effects of ErbB4/YAP/PIK3CB signaling activation was significantly abolished by PIK3CB inhibition, with degraded tight junction proteins and increased BBB disruption. These data indicated that ErbB4 has great effects on maintaining BBB integrity and ameliorating EBI after SAH in rats, possibly through the YAP/PIK3CB signaling pathway.

ErbB4 is one of the epidermal growth factor receptor tyrosine kinase (RTKs) family, which has great effects on neural development and differentiation. ErbB4 is unusual among RTKs in its ability to undergo regulated intramembrane proteolysis to release a soluble ICD (Ni et al., 2001). The ErbB4 ICD relocalizes to the nucleus, where it regulates transcription through its association with transcriptional co-regulators (Vidal et al., 2005; Gilmore-Hebert et al., 2010). Recent studies have suggested that ErbB4 plays an essential role in the regulation of neurite outgrowth, axonal guidance and synaptic signaling (Huang et al., 2000; Shamir et al., 2012). Previous studies have proven that mice lacking ErbB4 receptor could show defects in axon guidance in the central nerves system (Tidcombe et al., 2003). Upregulated ErbB4 expression helps to protect against neuronal cell apoptosis after brain ischaemia (Lu et al., 2016). ErbB4 was found to promote the survival of endothelial cells and preserve BBB integrity (Lok et al., 2009) in a study about oxidative stress injury. In this study, we found that ErbB4 activation significantly alleviated neurological deficits, reduced brain edema and alleviated BBB disruption after SAH. Increased expression of tight junction proteins Occludin and Claudin-5 were observed after ErbB4 activation, which was accompanied by improved BBB integrity after SAH. ErbB4 blockage by specific siRNA could significantly reverse these beneficial effects and aggravate BBB disruption. These findings suggested the protective effects of ErbB4 on maintaining BBB integrity after SAH.

The transcriptional co-activator YAP was found to be essential for cell proliferation as a nuclear effecter of the Hippo-kinase cascade, which is a critical signaling hub that regulates organ growth and size maintenance. Studies have showed that YAP regulates the expression of target genes manipulate DNA transcription (Zhao et al., 2010). Once activated, YAP stimulated fetal and adult cardiomyocyte proliferation (Lin et al., 2015). In the past decade, many components of the Hippo pathway were discovered by Drosophila mosaic genetic screens and proved to be highly conserved in mammals (Low et al., 2014). Among them, YAP was confirmed to be functional in organ size regulation and tumourigenesis in mammals as a directly phosphorylated transcription co-activator. A study by Haskins et al. provided compelling evidence that ErbB4 and its activator Nrg1β1 robustly regulate the Hippo-YAP pathway. Elevation of ErbB4 in cultured mammary epithelial cells promoted the expression of genes regulated by YAP, implying ErbB4-YAP signaling might exist in mammals (Haskins et al., 2014). In this study, activation of ErbB4 significantly increased YAP expression. Knockdown of ErbB4 by specific siRNA significantly down-regulated the expression level of YAP and its downstream signals. Meanwhile, YAP blockage by specific siRNA abolished protective effects of ErbB4 activation, aggravated neurological deficits and BBB disruption, and degraded tight junction expression without affecting ErbB4 expression. These results suggested that the protective role of ErbB4 in maintaining BBB integrity after SAH may be mediated by YAP.

PIK3CB is an p110 catalytic component of Class IA PI3Kwhich has been found to be directly regulated by YAP (Ilic and Roberts, 2010; Lin et al., 2015). YAP has been reported to increase the expression of PIK3CB, and promote cardiomyocyte survival (Lin et al., 2015). The present study demonstrated that the activation of ErbB4 significantly enhanced the expression of YAP and PIK3CB and improved BBB integrity after SAH. Knockdown of ErbB4 or YAP by specific siRNA significantly reduced PIK3CB expression and aggravated BBB disruption. PIK3CB inhibition by TGX 221 significantly reversed the beneficial effects of ErbB4 activation, aggravated neurological deficits and BBB disruption, and degraded tight junction expression without affecting the expression of ErbB4 and YAP.

There are some limitations in this study. Double-immunofluorescence staining indicated that ErbB4 and YAP both expressed in neuron and endothelial cells, which implied that ErbB4 signaling activation could protect against SAH in multiple ways besides BBB maintenance. Previous study have demonstrated the anti-apoptotic effects of ErbB4 in endothelial cells (Lok et al., 2009). Our study showed strong expression of ErbB4 and YAP in neurons, which implied that ErbB4 activation may effects neuron survival after SAH. This hypnosis needs further exploration. In conclusion, this study demonstrated that activation of ErbB4 could improve neurological impairment and reduce brain edema after SAH via the YAP/PIK3CB signaling pathway, this effects may associated with and preserved BBB integrity.
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FIGURE S1 | Representative Photograph of SAH model, SAH grading and mortality among each group. (A) Representative photographs of sham and SAH model. (B) There was no significant difference of SAH grading among all the experimental groups. (C) The mortality for each group are listed as follow: The mortality rate for each group is listed as follows: SAH group 18.18% (8/44), SAH + Vehicle group 21.43% (9/42), SAH + Nrg1β1 (50 ng/kg) group 17.07% (7/41), SAH + Nrg1β1 (150 ng/kg) group 13.51% (5/37), SAH + Nrg1β1 + Scr siRNA group 13.33% (2/15), SAH + Nrg1β1 + ErbB4 siRNA group 22.22% (4/18), SAH + Nrg1β1 + Scr siRNA group 14.29% (2/14), SAH + Nrg1β1 + YAP siRNA group 23.53% (4/17), SAH + Nrg1β1 + TGX 221 group 26.32% (5/19). No statistically significant difference was observed among all the operated groups.

FIGURE S2 | Immunofluorescence double staining of ErbB4 (red), YAP (red), and neuronal marker (NeuN, green) showed that the expression of ErbB4 and YAP were localized in neurons at 24 h after SAH. n = 2, bars = 100 μm.

TABLE S1 | Numbers of animals used in each group.
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Melatonin Protects Against Neuronal Apoptosis via Suppression of the ATF6/CHOP Pathway in a Rat Model of Intracerebral Hemorrhage
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Neuronal apoptosis is an important factor accounting for the poor outcomes of intracerebral hemorrhage (ICH). This study first showed that inhibition of activating transcription factor 6 (ATF6) could alleviate secondary brain injury through anti-apoptosis after ICH in rats. Melatonin, ATF6 and CCAAT/enhancer-binding protein homologous protein (CHOP) siRNAs were applied in this study. Brain edema, neurological functions, blood-brain barrier (BBB) integrity were evaluated at 24 h after ICH. Western blot analysis was used to evaluate the protein level of target proteins (ATF6, CHOP, Bip, Bcl-2, Bax, and cleaved caspase-3). Reverse transcription-polymerase chain reaction (RT-PCR) was used to assess the mRNA level of ATF6, CHOP and cleaved caspase-3. Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) and caspase-3 immunofluorescence staining were applied to evaluate the neuronal cell death. The results suggested that the levels of ATF6 and its downstream protein, CHOP, were upregulated and reached the peak at 24 h after ICH. ATF6 was highly expressed in neurons. The administration of melatonin significantly decreased the mRNA and protein levels of ATF6, and its downstream targets, CHOP and cleaved caspase-3, but increased the Bcl-2/Bax ratio, which ameliorated the neurological functions. The CHOP siRNA significantly reversed the pro-apoptotic effect induced by the increased ATF6 level after ICH. Melatonin could protect against neuronal apoptosis via suppression of ATF6/CHOP arm of ER-stress-response pathway.

Keywords: intracerebral hemorrhage, mesencephalic astrocyte-derived neurotrophic factor (ATF6), CCAAT/enhancer-binding protein homologous protein (CHOP), apoptosis, secondary brain injury


INTRODUCTION

Intracerebral hemorrhage is one of the most common types of stroke (Feigin et al., 2009; Steiner et al., 2014), which is featured by a high rate of death and disability (van Asch et al., 2010; Krishnamurthi et al., 2014). The underlying mechanisms accounting for the poor prognosis after ICH include neural apoptosis, neuroinflammation, oxidative stress, et al (Shen et al., 2017; Zeng et al., 2017). Among them, apoptosis plays a pivotal role in the secondary brain injuries. Surgical procedures are restricted and can only relieve a small number of patients (Pías-Peleteiro et al., 2017). Many studies focus on the pharmacological treatment of ICH, but no target has been launched with specific efficacy.

The ER is an organelle which mainly provides a topologically distinct membranous network for protein modification, proper protein folding and assembly (Senkal et al., 2010). Insults that perturb ER function result in ER stress (Roussel et al., 2013). The pathophysiological process of inflammation, oxidative stress, mitochondrial calcium overloading (Zhou et al., 2015), and toxic glutamate release induced by ICH could greatly activate the ER stress response. Finally, the overloaded proteins could further trigger UPR (Schroder and Kaufman, 2005). The UPR is mainly conducted via three types of ER stress sensor proteins, IRE1, RNA-activated PERK, and ATF6. Among the three, ATF6 was reported to display the key roles in the UPR (DuRose et al., 2006; Wu et al., 2007; Doroudgar and Glembotski, 2012).

Long-lasting and serious ER stress was reported to cause cell death (Tabas and Ron, 2011; Fouillet et al., 2012). Once the ER stress is over activated, protein synthesis outpaces protein-folding capacity, then ATF6 moves to the Golgi, and is cleaved by the Golgi-localized proteases, SP1 and SP2 (Ye et al., 2000). The resulting 50 kD cytosolic fragment translocates to the nucleus, binds to elements in ATF6-responsive genes, and up-regulates its downstream target, CHOP. CHOP is a transcriptional factor and is involved in the commitment phase of ER stress-mediated apoptosis (Li et al., 2014). Suppression of ATF6 was also reported to provide neuroprotection in a cerebral ischemic model (Menzie-Suderam et al., 2018), but the role of ATF6 has not yet been explored in ICH.

Furthermore, as ATF6 is one of the main proteins in the UPR, we hypothesized that melatonin conducted its neuroprotective effects via suppressing the activation of ATF6/CHOP pathway. The neuroprotective effects of melatonin have been widely verified. In recent years, many studies put the focus on the effects of melatonin on ER stress (Fernández et al., 2015; Lin et al., 2018). Their results suggested that melatonin could exert its neuroprotective effects via suppression of ER stress.

In this study, we verified the following hypotheses: (1) ICH resulted in an increase of ATF6 expression; (2) the suppression of ATF6 by melatonin reduced brain edema, alleviated BBB disruption, and improved neurological functions; (3) selective inhibition of ATF6 expression with siRNA protected neuronal cells from apoptosis via suppressing the expression of CHOP and other pro-apoptotic factors, Bax and cleaved caspase-3.



MATERIALS AND METHODS

Animals

We did all the operations according to the Institutional Animal Care and Use Committee of Zhejiang University. The procedures were conducted according to the National Institutes of Health’s Guide for the Care and the Use of Laboratory Animals and the ARRIVE (Animal Research: Reporting in vivo Experiments) guidelines. We only chose Sprague–Dawley (SD, Male) rats (291 rats, 280–330 g) (SLAC Laboratory Animal Co., Ltd. Shanghai, China) in this study (Supplementary Table I). We kept the rats in a 12 h day/night cycle (22 ± 1°C; 60 ± 5% humidity). The rats were free to water and food.

ICH Rat Model

The ICH model was performed as previously described (Zhou et al., 2014). We used pentobarbital (40 mg/kg, intraperitoneal injection) to anesthetize the rat and then immobilized it in a stereotaxic frame (Stoelting Co., United States). Briefly, the right femoral artery was exposed and we obtained blood (100 μl) for the following injection. Then, we used cranial drill to make a burr hole 3.5 mm lateral right of the bregma. Afterward, the blood was manually injected in the right striatum (5.5 mm depth). We withdraw the needle 10 min after injection. Finally, we used medical bone wax to seal the burr hole and closed the incision with sutures. For the rats in sham group, we did all the procedures except for the injection.

Experimental Design (Figure 1)


[image: image]

FIGURE 1. Experimental design and animal groups.



In the first step, we explored the effects of melatonin. Sixty rats were distributed into five groups: sham (n = 12), ICH (n = 12), ICH + vehicle (n = 12), ICH + melatonin (100 mg/kg, n = 12), ICH + melatonin (150 mg/kg, n = 12). We assessed neurobehavior conditions, brain edema (n = 6), and EB extravasation (n = 6) at 24 h after ICH in each group.

In the second step, the time course of ATF6 and CHOP was evaluated in sham group and ICH groups with different time points. Forty-six rats were randomized distributed into seven groups: sham (n = 8), 3 h (n = 6), 6 h (n = 6), 12 h (n = 6), 24 h (n = 8), 48 h (n = 6), and 72 h (n = 6). Western blot analysis was performed in each group (n = 6). Two rats in the sham and ICH(24 h) were used for colocalized immunofluorescence staining of ATF6 with neuronal nuclei (NeuN).

In the third step, in order to further explore the underlying mechanisms of neuroprotective effects of melatonin, ninety-six rats were distributed into five groups: sham (n = 20), ICH + vehicle (n = 20), ICH + melatonin (best dosage, n = 20), ICH + scramble siRNA (500 pmol in 5 μl in sterile saline, n = 18), or ICH + CHOP siRNA (500 pmol in 5 μl in sterile saline, n = 18). The siRNA was injected intracerebroventricularly at 48 h before induction of ICH. Six rats per group were used for Western blot analysis and RT-PCR, respectively. Furthermore, five rats in each group were used for TUNEL and caspase-3 staining.

In the fourth step, we adopted ATF6 siRNA to further verify the mechanisms mentioned above, as melatonin is not a selective inhibitor of ATF6. Sixty rats were distributed into five groups: sham (n = 12), ICH + vehicle (n = 12), ICH + scramble siRNA (500 pmol in 5 μl in sterile saline, n = 12), ICH + ATF6 siRNA (500 pmol in 5 μl in sterile saline, n = 12), and ICH + CHOP siRNA (500 pmol in 5 μl in sterile saline, n = 12). The siRNA was injected intracerebroventricularly at 48 h before induction of ICH. Six rats per group were used for Western blot analysis and RT-PCR, respectively.

Behavioral Assessment

Neurobehavior conditions were assessed at 24 h after ICH based on a system named the NSS (Cui et al., 2017). Detailed information about the marking system is displayed in Supplementary Table II.

Brain Water Content

We used wet–dry method to evaluated the brain water content at 24 h after ICH. Briefly, after euthanasia, we collected the brain hemisphere and weighed it (wet weight). Then, right hemisphere of the brain was put in an oven for 72 h (105°C, dry weight). Finally, we calculate the brain water content as follows: [(wet weight - dry weight)/(wet weight)] × 100% (Chen et al., 2015).

Evans Blue (EB) Staining

Evans blue staining was applied to evaluate the blood–brain barrier integrity. 2% EB solution (8 mL/kg, Sigma–Aldrich) was intra-peritoneally injected after anesthetization. After 24 h, the rats received trans-cardiac perfusion with 0.1M PBS. Next, the brain was removed and homogenized in 50% trichloroacetic acid. The sample was incubated in a water bath (50°C) for 48 h and centrifuged at 15,000 × g for 30 min. Afterward, the supernatant was detected through spectro-fluorophotometry at 620 nm (Zhao et al., 2016).

Immunofluorescence and Calculation of Apoptotic Cells

After anesthetization, transcardial perfusion with 0.1M PBS was performed, followed by another perfusion with 4% paraformaldehyde (pH = 7.4). Then, the cerebral hemispheres were removed and put into 4% PFA for post-fixation (4°C, 24 h). Afterward, the brains were transferred to sucrose solution (30%, 2 days). Next, the brains were coronally sliced into 10 μm sections, which were then fixed on slides and used for immunofluorescence staining, and then blocked with 10% normal donkey serum for 2 h at room temperature and incubated at 4°C overnight with primary antibodies: ATF6 (1:200, abcam ab203119), caspase-3 (1:200, abcam ab49822), NeuN (1:500, abcam ab104224). Additionally, secondary antibodies were applied for 2 h at room temperature. Finally, the sections were assessed with a fluorescence microscope (Olympus, Tokyo, Japan) and pictures were further processed by Photoshop 13.0(Adobe Systems Inc., Seattle, WA, United States). Additionally, TUNEL (Roche Inc., Basel, Switzerland) staining was applied to assessed cellular apoptosis of brain tissues.

Western Blot Analysis

First, the rats received trans-cardiac perfusion with 0.1M PBS after being anesthetized, then we collected the brain tissues around hematoma (Figure 2A), which were further processed as previously reported (Nakka et al., 2010), and 40 μg of protein from each sample was used for electrophoresis (100 V, 1 h) and then transferred to the polyvinylidene fluoride membranes at 250 V for 1 h. Afterward, the protein was incubated with primary antibodies overnight (4°C): ATF6 (1:500, abcam ab203119), CHOP (1:1000, abcam ab11419), Bip/GRP78 (1:2000, abcam ab21685), MMP-9 (1:800, SCBT, sc-12759), β-actin (1:5000, abcam ab8226), Bax (1:1000, abcam ab32503), Bcl-2 (1:500, abcam ab59348), and caspase-3 (1:500, abcam ab49822). After that, the proteins were incubated with secondary antibodies (1:10000, Zhongshan Gold Bridge) for 1 h. Finally, the ECL Plus chemiluminescence reagent kit (Amersham Bioscience, Arlington Heights, IL, United States) was used to detected the proteins. We displayed the results as the relative density which is the ratio of the grayscale value of the target proteins to that of β-actin.
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FIGURE 2. Effects of melatonin on neurological functions, brain edema and BBB leakage. (A) Representative pictures of brain slices in sham and ICH group (24 h); (B) the quantification of brain water content at 24 h after ICH; (C) the quantification of Evans blue dye extravasation at 24 h after ICH (n = 6 for each group); (D). The quantification of neurological functions; The bars represent the mean ± SD. ∗p < 0.05 vs. sham, #p < 0.05 vs. ICH at 24 h, &p < 0.05 vs. ICH + melatonin (100 mg/kg).



Small Interfering RNA and Intracerebroventricular Injection

The intracerebroventricular injection was conducted as previously reported (Zhou et al., 2018). After the rats were anesthetized, we used cranial drill to make a burr hole at 1 mm posterior to bregma and 1.5 mm right lateral to midline. Afterward, following the manufacturer’s instructions, a total volume of 5 μl (500 pmol) of rat ATF6 siRNA or CHOP siRNA (Thermo Fisher Scientific, United States) dissolved in nuclease-free water was injected into the right ventricle (3.5 mm depth below the skull) with a pump at the rate of 0.5 μl/min at 48 h before ICH. The same volume of scramble siRNA (Thermo Fisher Scientific, United States) was used as a negative control. Finally, the needle was kept in place for 5 min. Finally, we used medical bone wax to sealed the burr hole and the incision was closed with sutures.

Real-Time Polymerase Chain Reaction (RT-PCR)

TRIzol reagent (Sigma–Aldrich, St. Louis, MO, United States) was applied to extract total RNA. Then, RNA (1 μg) from each sample was reverse-transcribed to cDNA by PrimeScriptTM RT reagent kit (Takara Bio Inc, Shiga, Japan). Afterward, qRT-PCR was conducted with SYBR® Premix Ex TaqTM (Takara Bio Inc, Shiga, Japan) on a 7300 Plus Read-Time PCR System (Thermo Fisher Scientific, Waltham, MA, United States). The cDNA was used as a template in a 20 ml reaction volume (10 μl of PCR mix, 5 pmol of forward and reverse primers, 1 μl cDNA template and proper volume of water), including a blank control (without template) in all experiments. The PCR reaction was performed as follows: initial denaturation at 94°C for 3 min; 45 cycles of denaturation at 94°C for 20 s, annealing at 60°C for 60 s, and elongation at 72°C for 45 s; and final elongation at 72°C for 3 min. Each sample was examined in triplicate. The primer sequences are as follows:

(1) ATF6: 5′-AAGTGAAGAACCATTACTTTATATC-3′ (forward) and 5′-TTTCTGCTGGCTATTTGT-3′ (reverse); (GenBank ID: 2138640)

(2) CHOP: 5′-GGAAGTGCATCTTCATACACCACC-3′ (for-ward) and 5′-TGACTGGAATCTGGAGAGAGCGAGGGC-3′ (reverse); (GenBank ID: 2138665)

(3) caspase-3: 5′-CGGACCTGTGGACCTGAAAA-3′ (forward) and 5′-TAGTAACCGGGTGCGTAGA-3′ (reverse); (GenBank ID: 2138666)

(4) β-actin: 5′-CACTGCCGCATCCTCTTCCT-3′ (forward) and 5′-AACCGCTCATTGCCGATAGTG-3′ (reverse); (GenBank ID: 2138668)

Statistical Analysis

Results were displayed as mean ± SD. We performed the analysis with SPSS 22.0 software (IBM, United States). One-way ANOVA analysis of variance was applied for the comparison between different groups, with a p < 0.05 deeming to be statistically significant. However, we used non-parametric statistics to analyze data regarding the time-course of ATF6 as it did not pass the normality test.



RESULTS

Physiological Data, BBB Integrity and Neurological Functions Assessment

During the surgery, we collected the physiological parameters, including body temperature, heart rate, blood pressure, blood glucose, PO2 and PCO2. No significant differences of physiological parameters were observed across each group (Supplementary Tables III, IV).

In order to assess the BBB permeability, brain water content and neurological functions at 24 h after ICH, two dosages of melatonin (100 mg/kg, 150 mg/kg) were administered intraperitoneally at 1 h after ICH. The induction of ICH significantly increased the brain water volume (p < 0.05 vs. sham). However, the administration of a high dose of melatonin was more significant in reducing brain water content at 24 h after ICH (p < 0.05 vs. ICH + vehicle, Figure 2B). The EB extravasation was increased in ipsilateral hemisphere of ICH compared with the rats in sham group (p < 0.05 vs. sham), while the rats receiving the higher dose of melatonin displayed a lower level of EB leakage (p < 0.05 vs. ICH + vehicle, Figure 2C). In addition, remarkable neurobehavioral function impairment was observed in ICH group while administration of the higher dose of melatonin significantly improved the neurological functions (p < 0.05, Figure 2D).

Changes of the Expression of ATF6 and Its Role in Melatonin-Mediated Neuroprotection at 24 h After ICH

The results of time-course study showed that the level of ATF6 started to rise at 3 h and reached peak at 24 h after ICH (p < 0.05, Figure 3A). The expression of CHOP significantly increased at 12 h, and peaked at 24 h after ICH (p < 0.05, Figure 3B). Furthermore, the double immunostaining of ATF6 with NeuN in sham and ICH + vehicle groups showed that ATF6 was highly expressed in neurons (Figure 3C).
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FIGURE 3. Expression of ATF6 and CHOP. (A) Time course of ATF6 in injured hemisphere after ICH; (B) time course of CHOP; n = 6 for each group. The bars represent the mean ± SD. ∗p < 0.05 vs. sham; (C) Representative microphotographs of immunofluorescence staining showing localization of ATF6 (green) and NeuN (red) in the perihematomal region after ICH (N = 2 for each group). Scale bar = 50 μm.



Based on the neuroprotective effects of melatonin, which has been proved above, we chose high dose of melatonin for mechanism study. The results showed that administration of the high dose of melatonin significantly reduced the expression of ATF6 compared with ICH + vehicle group in both protein and mRNA levels (p < 0.05, Figures 4A–C). Additionally, the ratio of Bcl-2/Bax was significantly reduced, while the mRNA and protein level of cleaved caspase-3 was increased in ICH + vehicle group (p < 0.05, vs. sham). The administration of the higher dose of melatonin could significantly reverse these results (p < 0.05, vs. ICH + vehicle, Figures 4A–C). Furthermore, the administration of melatonin significantly reduced the expression level of MMP-9, which was increased after the introduction of ICH (p < 0.05, vs. ICH + vehicle, Figures 4A,B). The increase of MMP-9 further indicated the disruption of BBB except for the results from EB testing. The results of TUNEL staining suggested that the number of TUNEL positive cells and caspase-3 significantly increased at 24 h after ICH (p < 0.05, ICH vs. sham), whereas the number of TUNEL-positive and caspase-3 positive cells was obviously decreased after the administration of the higher dose of melatonin (p < 0.05, vs. ICH + vehicle, Figures 5A,B, 6A,B).
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FIGURE 4. Intraperitoneal administration of melatonin Promotes Neuronal Survival at 24 h after ICH. (A) Representative Western blot images. (B) Quantitative analyses of ATF6, CHOP, Bip, MMP-9, Bcl-2, Bax, cleaved caspase-3; (C) Relative level of mRNAs of ATF6, CHOP and caspase-3. n = 6 for each group. The bars represent the mean ± SD. ∗p < 0.05 vs. sham, #p < 0.05 vs. ICH + vehicle.
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FIGURE 5. The administration of melatonin significantly decreased the number of caspase-3 and DAPI double-stained cells in the perihematomal region 24 h after ICH. (A) Representative microphotographs showed the co-localization of DAPI (blue) with caspase-3 (green)-positive cells in injured brain hemisphere at 24 h after ICH; (B) quantitative analysis of caspase-3 positive cells showed that melatonin decreased the number of apoptotic cells after ICH.
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FIGURE 6. The administration of melatonin significantly decreased the number of TUNEL and DAPI double-stained cells in the perihematomal region 24 h after ICH. (A) Representative microphotographs showed the co-localization of DAPI (blue) with TUNEL (green)-positive cells in injured brain hemisphere at 24 h after ICH; (B) Quantitative analysis of TUNEL-positive cells showed that melatonin decreased the number of apoptotic cells after ICH. Scale bar = 100 μm. ∗p < 0.05 vs. sham, #p < 0.05 vs. ICH + vehicle.



Role of Downstream CHOP in the ATF6-Mediated Pro-apoptotic Effects 24 h After ICH

In order to explore the role of CHOP in the ATF6 signaling pathway, ATF6 siRNA and CHOP siRNA were injected intracerebroventricularly at 48h before ICH. The results showed that the administration of ATF6 siRNA could significantly reduce the level of CHOP expression in both protein and mRNA levels, while CHOP siRNA had no effects on the expression of ATF6, which was elevated at 24 h after ICH (p < 0.05, vs. sham). However, the increased expression of CHOP induced by ATF6 at 24 h after ICH was significantly suppressed by CHOP siRNA (p < 0.05 vs. ICH + vehicle, Figures 7A,B). Meanwhile, the induction of ICH could increase the cell apoptosis by decreasing Bcl-2/Bax ratio and increasing cleaved caspase-3 expression (p < 0.05, sham vs. ICH + vehicle); However, these pro-apoptotic effects could be significantly reversed by CHOP siRNA (p < 0.05, vs. ICH + vehicle, Figures 7A,B).
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FIGURE 7. Application of ATF6 siRNA promotes neuronal survival at 24 h after ICH. (A) Representative Western blot images. (B) Quantitative analyses of ATF6, CHOP, Bip, Bcl-2, Bax, cleaved caspase-3. n = 6 for each group. The bars represent the mean ± SD. ∗p < 0.05 vs. sham, #p < 0.05 vs. ICH + vehicle.





DISCUSSION

In this study, we explored the neuroprotective effects of melatonin in a new mechanism mediated by suppression of ATF6/CHOP pathway in the experimental ICH of rats. The induction of ICH could significantly enhance the expression of ATF6, and its downstream effector, CHOP, both of which peaked at 24 h after ICH. ATF6 was expressed primarily in neurons. Up-regulation of ATF6 and CHOP expression increased neuronal apoptosis, which would be partially offset by administration of the higher dose of melatonin. Melatonin significantly improved the neurological functions, reduced brain edema, BBB disruption and neuronal apoptosis by suppressing the expression of ATF6 and CHOP in both protein and mRNA levels, increasing Bcl-2 expression, and reducing the levels of Bax and cleaved caspase-3. In addition, the inhibition of CHOP signaling with siRNA markedly decreased the pro-apoptotic effects of ATF6 induced by ICH.

Intracerebral hemorrhage is usually caused by ruptured vessels that are degenerated due to long-standing hypertension (Boulouis et al., 2017). The underlying mechanisms include the disturbance of ion hemostasis, the induction of oxidative stress, and apoptosis. The ER is an organelle which mainly manipulates protein synthesis and processing (Qiu et al., 2017). Insults that perturb ER function result in ER stress (Gong et al., 2017). It could be induced by inflammation, oxidative stress, mitochondrial calcium overloading (Louessard et al., 2017), and toxic glutamate release. Overactivation of ER stress leads to an accumulation of misfolded proteins in the ER. ATF6, a single-pass transmembrane protein, is the key response factor in the regulation of misfolded proteins. ER stress could significantly increase the activation of ATF6, which then translocates to the Golgi, where it is cleaved by the Golgi-localized proteases, SP1 and SP2 (Glembotski, 2014). The resulting 50 kD cytosolic fragment translocates to the nucleus, binds to elements in ATF6-responsive genes, resulting in the sustained reduction of global protein synthesis, thereby determining the fate of the cells (Stephens and Nicchitta, 2008; Xiong et al., 2017). In an in vitro study of hypoxic-ischemic encephalopathy (HIE), the cells suffering from hypoxia could have significantly increased levels of cleaved ATF6, which would promote apoptosis. The results demonstrated that ATF6 is an important factor in triggering HIE brain injury (Liu et al., 2015). In the present study, we determined the time course of the expression level of ATF6 and its downstream signal, CHOP, after ICH. The results were consistent with the abovementioned observations that protein levels of ATF6 and CHOP were significantly increased and peaked at 24 h after ICH. Based upon these results, the activity of ATF6 was strongly associated with increased pro-apoptotic markers in the experimental ICH model.

We further investigated the role of ATF6 in experimental ICH and its relationship with melatonin by intraperitoneal injection of it 1 h after ICH. The administration of melatonin could significantly reduce the protein and mRNA levels of ATF6 expression. In addition, the expression of Bcl-2 was up-regulated while Bax and cleaved caspase-3 levels were down-regulated. Colocalized immunofluorescence staining showed that neuronal apoptosis was significantly increased after ICH, while the administration of melatonin reversed the results. Furthermore, the induction of ICH significantly increased the level of EB and MMP-9, which was offset by the administration of melatonin. MMP-9, also known as type IV collagenase, belongs to the family of zinc-dependent metalloendo-peptidases. It could degrade the structures of cell junctions, like Claudin-5, ZO-1, et al., and destroy the BBB (Vafadari et al., 2016). The levels of EB and MMP-9 were increased, which indicated that the BBB was destroyed after ICH. However, the administration of melatonin restored the integrity of BBB. Additionally, melatonin could improve neurobehavioral deficits and reduce brain edema at 24 h after ICH. These results were consistent with what has been reported in the literature. The neuroprotective effects of melatonin have been verified in many studies. The mechanisms involved anti-inflammation, anti-oxidative stress, BBB protection and anti-apoptosis (Ramos et al., 2017; Wu et al., 2017). Recently, an increasing amount of studies have demonstrated roles of melatonin in the regulation of ER stress. Melatonin reduced cellular apoptosis and autophagy via suppression of ER stress in both in vivo and in vitro studies (Hosseinzadeh et al., 2016; Tungkum et al., 2017).

However, the role of ATF6 currently remains controversial. Contrary to our study, the activation of ATF6 was also reported to act as a cellular protective factor in many disease models. For example, in cultured cardiac myocytes, Peter J. and his colleagues demonstrated that adenovirus over-expressing ATF6 could protect cardiac myocytes from apoptosis by down-regulation of miR-455 and calr expression (Belmont et al., 2012). In addition, the activation of ATF6 branch of the UPR was also reported to improve the outcomes after cerebral ischemia(Yu et al., 2018). On the contrary, it has been demonstrated in a rat model of spinal cord injury, that knockout of ATF6 could protect against ER stress and promote oligodendrocyte precursor cell survival (Saraswat et al., 2018). Actually, the activation of ATF6 branch of UPR has dual roles in the regulation of cell survival. If the injury is mild and short, the activation of ATF6 could help to fold the proteins in a right way and decrease the ER stress, otherwise, the ATF6 would initiate the pro-apoptotic pathway. In response to the ER stress, ATF6 regulates the expression of several genes, the products of which can either relieve ER stress or trigger cell death if the stress cannot be relieved (DuRose et al., 2006). ICH is a subtype of stroke and characterized by high mortality and morbidity. The devastating outcome after ICH was mainly caused by direct damages to the brain parenchyma from blood accumulation and secondary injuries such as brain edema, BBB disruption, and inflammation, which leads to neuronal apoptosis or necrosis. The resulting accumulations of blood components, overproduced iron complexes, dysfunctional organelles, and other cytokines can disrupt normal protein folding, leading to activation of UPR/ER stress, which eventually leads to the irreversible disruption of brain parenchyma and massive cell death (Niu et al., 2017). The results of this study suggested that overactivated ER stress occurred at 24 h after ICH and suppression of ATF6 reduced neuronal apoptosis. In addition, Quan et al. (2015) found that melatonin could bind to its receptor and further suppress the activation of ER stress markers, including (Bip)/(GRP78), which is essential for the activation of ATF6. In the present study, the use of melatonin could significantly decrease the level of Bip and ATF6, suggesting that melatonin could suppress the activation of ATF6 via reducing the level of Bip (Quan et al., 2015).

We further explored the role of CHOP in melatonin-mediated neuroprotection. CHOP remains in low levels under normal conditions, but is greatly up-regulated in response to ER stress (Tabas and Ron, 2011). The active role of CHOP has been reported in many diseases. Miyazaki et al. (2011) demonstrated that CHOP deficiency could attenuate myocardial reperfusion injury by inhibiting cellular apoptosis and inflammation. In the rat model of ischemic stroke, suppression of CHOP expression could prevent ER stress overactivation and finally promote neuroprotection. Furthermore, Gotoh et al. (2002) explored the role of ATF6/CHOP pathway in the NO-mediated apoptosis in macrophages. They demonstrated that cell apoptosis induced by p50ATF6 could be inhibited by either a CHOP or ATF6 form (Gotoh et al., 2002). The mechanisms of CHOP-mediated apoptosis are reported to be the suppression of Bcl-2 expression and promotion of Bax expression both in vivo and in vitro (Wang et al., 1998; Sok et al., 1999; Fu et al., 2010). Based on the results aforementioned, CHOP acted as a pro-apoptotic factor mediated by ATF6 in the ER stress. In the present study, the results suggested that the level of CHOP significantly increased at 12 h and peaked at 24 h after ICH. However, the application of ATF6 siRNA or melatonin distinctly reduced both the protein and mRNA levels of CHOP expression, as well as the expression of Bax and cleaved caspase-3. Additionally, the pro-apoptotic characteristics of ATF6 induced by ICH could be partially reversed by the use of CHOP siRNA, which suggested that the CHOP also acts as a pro-apoptotic factor in the ATF6/CHOP pathway. All of the results suggested that melatonin exerts its neuroprotective role in ICH via suppression of ATF6 and CHOP expression.

Although this study verified the value of melatonin in a novel mechanism mediated via ATF6/CHOP signaling, some limitations could not be ignored. Firstly, melatonin could exert its neuroprotective effects in many pathways by the regulation of ER stress. This study only explored its role in the ATF6/CHOP pathway. Secondly, only the pro-apoptotic characteristic of ATF6 was evaluated in this study, without further investigation of its role in inflammation or autophagy. Therefore, studies focusing on further exploration of melatonin in ER stress and other characteristics of ATF6 in the experimental ICH model are needed.



ETHICS STATEMENT

All experimental protocols were warranted by the ethics committee of Zhejiang University. The procedures were conducted according to NIH guidelines.



AUTHOR CONTRIBUTIONS

WX and TL designed the study. WX, JinZ, and XL completed the experiments. AS and LG performed the statistical analysis. WX and JinZ finished writing the manuscript. CL and XL revised the manuscript. JY and JiaZ participated in discussion development and provided expert guidance.



FUNDING

This work was funded by China Postdoctoral Science Foundation (2017M612010), National Natural Science Foundation of China (81701144, 81371433), National Key Research and Development Program of China (2017YFC1308500), and Key Program of Science and Technology Development of Zhejiang (2017C03021).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnins.2018.00638/full#supplementary-material



ABBREVIATIONS

ATF6, activating transcription factor 6; BBB, blood brain barrier; CHOP, CCAAT/enhancer-binding protein (C/EBP) homologous protein; EB, Evans blue; ER, endoplasmic reticulum; ICH, intracerebral hemorrhage; IRE1, inositol requiring kinase 1; NSS, Neurological Severity Score; PERK, protein kinase-like ER kinase; RT-PCR, reverse transcription-polymerase chain reaction; SD, Sprague–Dawley; TUNEL, Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labeling; UPR, unfolded protein response.



REFERENCES

Belmont, P. J., Chen, W. J., Thuerauf, D. J., and Glembotski, C. C. (2012). Regulation of microRNA expression in the heart by the ATF6 branch of the ER stress response. J. Mol. Cell. Cardiol. 52, 1176–1182. doi: 10.1016/j.yjmcc.2012.01.017

Boulouis, G., Morotti, A., Goldstein, J. N., and Charidimou, A. (2017). Intensive blood pressure lowering in patients with acute intracerebral haemorrhage: clinical outcomes and haemorrhage expansion. systematic review and meta-analysis of randomised trials. J. Neurol. Neurosurg. Psychiatry 88, 339–345. doi: 10.1136/jnnp-2016-315346

Chen, M., Li, X., Zhang, X., He, X., Lai, L., Liu, Y., et al. (2015). The inhibitory effect of mesenchymal stem cell on blood-brain barrier disruption following intracerebral hemorrhage in rats: contribution of TSG-6. J. Neuroinflammation 12:61. doi: 10.1186/s12974-015-0284-x

Cui, J., Cui, C., Cui, Y., Li, R., Sheng, H., Jiang, X., et al. (2017). Bone marrow mesenchymal stem cell transplantation increases GAP-43 expression via ERK1/2 and PI3K/Akt pathways in intracerebral hemorrhage. Cell. Physiol. Biochem. 2, 137–144. doi: 10.1159/000477122

Doroudgar, S., and Glembotski, C. C. (2012). New concepts of endoplasmic reticulum function in the heart: programmed to conserve. J. Mol. Cell. Cardiol. 55, 85–91. doi: 10.1016/j.yjmcc.2012.10.006

DuRose, J. B., Tam, A. B., and Niwa, M. (2006). Intrinsic capacities of molecular sensors of the unfolded protein response to sense alternate forms of endoplasmic reticulum stress. Mol. Biol. Cell 17, 3095–3107. doi: 10.1091/mbc.e06-01-0055

Feigin, V. L., Lawes, C. M., Bennett, D. A., Barker-Collo, S. L., and Parag, V. (2009). Worldwide stroke incidence and early case fatality reported in 56 population-based studies: a systematic review. Lancet Neurol. 8, 355–369. doi: 10.1016/S1474-4422(09)70025-0

Fernández, A., Ordóñez, R., Reiter, R. J., González-Gallego, J., and Mauriz, J. L. (2015). Melatonin and endoplasmic reticulum stress: relation to autophagy and apoptosis. J. Pineal Res. 59, 292–307. doi: 10.1111/jpi.12264

Fouillet, A., Levet, C., Virgone, A., Robin, M., Dourlen, P., Rieusset, J., et al. (2012). ER stress inhibits neuronal death by promoting autophagy. Autophagy 8, 915–926. doi: 10.4161/auto.19716

Fu, H. Y., Okada, K., Liao, Y., Tsukamoto, O., Isomura, T., Asai, M., et al. (2010). Ablation of C/EBP homologous protein attenuates endoplasmic reticulum-mediated apoptosis and cardiac dysfunction induced by pressure overload. Circulation 122, 361–369. doi: 10.1161/CIRCULATIONAHA.109.917914

Glembotski, C. C. (2014). Roles for ATF6 and the sarco/endoplasmic reticulum protein quality control system in the heart. J. Mol. Cell. Cardiol. 71, 11–15. doi: 10.1016/j.yjmcc.2013.09.018

Gong, L., Tang, Y., An, R., Lin, M., Chen, L., and Du, J. (2017). RTN1-C mediates cerebral ischemia/reperfusion injury via ER stress and mitochondria-associated apoptosis pathways. Cell Death Dis. 8:e3080. doi: 10.1038/cddis.2017.465

Gotoh, T., Oyadomari, S., Mori, K., and Mori, M. (2002). Nitric oxide-induced apoptosis in RAW 264.7 macrophages is mediated by endoplasmic reticulum stress pathway involving ATF6 and CHOP. J. Biol. Chem. 277, 12343–12350. doi: 10.1074/jbc.M107988200

Hosseinzadeh, A., Kamrava, S. K., Joghataei, M. T., Darabi, R., Shakeri-Zadeh, A., Shahriari, M., et al. (2016). Apoptosis signaling pathways in osteoarthritis and possible protective role of melatonin. J. Pineal Res. 61, 411–425. doi: 10.1111/jpi.12362

Krishnamurthi, R. V., Moran, A. E., Forouzanfar, M. H., Bennett, D. A., Mensah, G. A., Lawes, C. M., et al. (2014). The global burden of hemorrhagic stroke: a summary of findings from the GBD 2010 study. Glob. Heart 9, 101–106. doi: 10.1016/j.gheart.2014.01.003

Li, Y., Guo, Y., Tang, J., Jiang, J., and Chen, Z. (2014). New insights into the roles of CHOP-induced apoptosis in ER stress. Acta Biochim. Biophys. Sin. 46, 629–640. doi: 10.1093/abbs/gmu048

Lin, Y. W., Chen, T. Y., Hung, C. Y., Tai, S. H., Huang, S. Y., Chang, C. C., et al. (2018). Melatonin protects brain against ischemia/reperfusion injury by attenuating endoplasmic reticulum stress. Int. J. Mol. Med. 42, 182–192. doi: 10.3892/ijmm.2018.3607

Liu, L., Liu, C., Lu, Y., Liu, L., and Jiang, Y. (2015). ER stress related factor ATF6 and caspase-12 trigger apoptosis in neonatal hypoxic-ischemic encephalopathy. Int. J. Clin. Exp. Pathol. 8, 6960–6966.

Louessard, M., Bardou, I., Lemarchand, E., Thiebaut, A. M., Parcq, J., Leprince, J., et al. (2017). Activation of cell surface GRP78 decreases endoplasmic reticulum stress and neuronal death. Cell Death Differ. 24, 1518–1529. doi: 10.1038/cdd.2017.35

Menzie-Suderam, J. M., Mohammad-Gharibani, P., Modi, J., Ma, Z., Tao, R., Prentice, H., et al. (2018). Granulocyte-colony stimulating factor protects against endoplasmic reticulum stress in an experimental model of stroke. Brain Res. 1682, 1–13. doi: 10.1016/j.brainres.2017.12.022

Miyazaki, Y., Kaikita, K., Endo, M., Horio, E., Miura, M., Tsujita, K., et al. (2011). C/EBP homologous protein deficiency attenuates myocardial reperfusion injury by inhibiting myocardial apoptosis and inflammation. Arterioscler. Thromb. Vasc. Biol. 31, 1124–1132. doi: 10.1161/ATVBAHA.111.224519

Nakka, V. P., Gusain, A., and Raghubir, R. (2010). Endoplasmic reticulum stress plays critical role in brain damage after cerebral ischemia/reperfusion in rats. Neurotox. Res. 17, 189–202. doi: 10.1007/s12640-009-9110-5

Niu, M., Dai, X., Zou, W., Yu, X., Teng, W., Chen, Q., et al. (2017). Autophagy, endoplasmic reticulum stress and the unfolded protein response in intracerebral hemorrhage. Transl. Neurosci. 8, 37–48. doi: 10.1515/tnsci-2017-0008

Pías-Peleteiro, J., Campos, F., Castillo, J., and Sobrino, T. (2017). Endothelial progenitor cells as a therapeutic option in intracerebral hemorrhage. Neural Regen. Res. 12, 558–561. doi: 10.4103/1673-5374.205085

Qiu, J., Wang, X., Wu, F., Wan, L., Cheng, B., Wu, Y., et al. (2017). Low dose of apelin-36 attenuates ER stress-associated apoptosis in rats with ischemic stroke. Front. Neurol. 8:556. doi: 10.3389/fneur.2017.00556

Quan, X., Wang, J., Liang, C., Zheng, H., and Zhang, L. (2015). Melatonin inhibits tunicamycin-induced endoplasmic reticulum stress and insulin resistance in skeletal muscle cells. Biochem. Biophys. Res. Commun. 463, 1102–1107. doi: 10.1016/j.bbrc.2015.06.065

Ramos, E., Patiño, P., Reiter, R. J., Gil-Martín, E., Marco-Contelles, J., Parada, E., et al. (2017). Ischemic brain injury: new insights on the protective role of melatonin. Free Radic. Biol. Med. 104, 32–53. doi: 10.1016/j.freeradbiomed.2017.01.005

Roussel, B. D., Kruppa, A. J., Miranda, E., Crowther, D. C., Lomas, D. A., and Marciniak, S. J. (2013). Endoplasmic reticulum dysfunction in neurological disease. Lancet Neurol. 12, 105–118. doi: 10.1016/S1474-4422(12)70238-7

Saraswat, O. S., Hetman, M., and Whittemore, S. R. (2018). ATF6α deletion modulates the ER stress response after spinal cord injury but does not affect locomotor recovery. J. Neurotrauma 35, 486–491. doi: 10.1089/neu.2015.3993

Schroder, M., and Kaufman, R. J. (2005). ER stress and the unfolded protein response. Mutat. Res. 569, 29–63. doi: 10.1016/j.mrfmmm.2004.06.056

Senkal, C. E., Ponnusamy, S., Bielawski, J., Hannun, Y. A., and Ogretmen, B. (2010). Antiapoptotic roles of ceramide-synthase-6-generated C16-ceramide via selective regulation of the ATF6/CHOP arm of ER-stress-response pathways. FASEB J. 24, 296–308. doi: 10.1096/fj.09-135087

Shen, H., Liu, C., Zhang, D., Yao, X., Zhang, K., Li, H., et al. (2017). Role for RIP1 in mediating necroptosis in experimental intracerebral hemorrhage model both in vivo and in vitro. Cell Death Dis. 8:e2641. doi: 10.1038/cddis.2017.58

Sok, J., Wangm, X. Z., Batchvarova, N., Kuroda, M., Harding, H., and Ron, D. (1999). CHOP-Dependent stress-inducible expression of a novel form of carbonic anhydrase VI. Mol. Cell. Biol. 19, 495–504. doi: 10.1128/MCB.19.1.495

Steiner, T., Al-Shahi Salman, R., Beer, R., Christensen, H., Cordonnier, C., Csiba, L., et al. (2014). European Stroke Organisation (ESO) guidelines for the management of spontaneous intracerebral hemorrhage. Int. J. Stroke 9, 840–855. doi: 10.1111/ijs.12309

Stephens, S. B., and Nicchitta, C. V. (2008). Divergent regulation of protein synthesis in the cytosol and endoplasmic reticulum compartments of mammalian cells. Mol. Biol. Cell 19, 623–632. doi: 10.1091/mbc.e07-07-0677

Tabas, I., and Ron, D. (2011). Integrating the mechanisms of apoptosis induced by endoplasmic reticulum stress. Nat. Cell Biol. 13, 184–190. doi: 10.1038/ncb0311-184

Tungkum, W., Jumnongprakhon, P., Tocharus, C., Govitrapong, P., and Tocharus, J. (2017). Melatonin suppresses methamphetamine-triggered endoplasmic reticulum stress in C6 cells glioma cell lines. J. Toxicol. Sci. 42, 63–71. doi: 10.2131/jts.42.63

Vafadari, B., Salamian, A., and Kaczmarek, L. (2016). MMP-9 in translation: from molecule to brain physiology, pathology, and therapy. J. Neurochem. 139, 91–114. doi: 10.1111/jnc.13415

van Asch, C. J., Luitse, M. J., Rinkel, G. J., van der Tweel, I., Algra, A., and Klijn, C. J. (2010). Incidence, case fatality, and functional outcome of intracerebral haemorrhage over time, according to age, sex, and ethnic origin: a systematic review and meta-analysis. Lancet Neurol. 9, 167–176. doi: 10.1016/S1474-4422(09)70340-0

Wang, X. Z., Kuroda, M., Sok, J., Batchvarova, N., Kimmel, R., Chung, P., et al. (1998). Identification of novel stress-induced genes downstream of chop. EMBO J. 17, 3619–3630. doi: 10.1093/emboj/17.13.3619

Wu, H. J., Wu, C., Niu, H. J., Wang, K., Mo, L. J., Shao, A. W., et al. (2017). Neuroprotective Mechanisms of Melatonin in Hemorrhagic Stroke. Cell. Mol. Neurobiol. 37, 1173–1185. doi: 10.1007/s10571-017-0461-9

Wu, J., Rutkowski, D. T., Dubois, M., Swathirajan, J., Saunders, T., Wang, J., et al. (2007). ATF6alpha optimizes long-term endoplasmic reticulum function to protect cells from chronic stress. Dev. Cell 13, 351–364. doi: 10.1016/j.devcel.2007.07.005

Xiong, Y., Chen, H., Lin, P., Wang, A., Wang, L., and Jin, Y. (2017). ATF6 knockdown decreases apoptosis, arrests the S phase of the cell cycle, and increases steroid hormone production in mouse granulosa cells. Am. J. Physiol. Cell Physiol. 312, C341–C353. doi: 10.1152/ajpcell.00222.2016

Ye, J., Rawson, R. B., Komuro, R., Chen, X., Dave, U. P., Prywes, R., et al. (2000). ER stress induces cleavage of membrane-bound ATF6 by the same proteases that process SREBPs. Mol. Cell 6, 1355–1364. doi: 10.1016/S1097-2765(00)00133-7

Yu, Z., Sheng, H., Liu, S., Zhao, S., Glembotski, C. C., Warner, D. S., et al. (2018). Activation of the ATF6 branch of the unfolded protein response in neurons improves stroke outcome. J. Cereb. Blood Flow Metab. 37, 1069–1079. doi: 10.1177/0271678X16650218

Zeng, J., Chen, Y., Ding, R., Feng, L., Fu, Z., Yang, S., et al. (2017). Isoliquiritigenin alleviates early brain injury after experimental intracerebral hemorrhage via suppressing ROS- and/or NF-κB-mediated NLRP3 inflammasome activation by promoting Nrf2 antioxidant pathway. J Neuroinflammation 14:119. doi: 10.1186/s12974-017-0895-5

Zhao, H., Zhang, X., Dai, Z., Feng, Y., Li, Q., Zhang, J. H., et al. (2016). P2X7 receptor suppression preserves blood-brain barrier through inhibiting RhoA activation after experimental intracerebral hemorrhage in rats. Sci Rep. 6:23286. doi: 10.1038/srep23286

Zhou, K., Enkhjargal, B., Xie, Z., Sun, C., Wu, L., Malaguit, J., et al. (2018). Dihydrolipoic acid inhibits lysosomal rupture and NLRP3 through lysosome-associated membrane protein-1/calcium/calmodulin-dependent protein kinase II/TAK1 pathways after subarachnoid hemorrhage in rat. Stroke 49, 175–183. doi: 10.1161/STROKEAHA.117.018593

Zhou, X., Xie, Q., Xi, G., Keep, R. F., and Hua, Y. (2014). Brain cd47 expression in a swine model of intracerebral hemorrhage. Brain Res. 1574, 70–76. doi: 10.1016/j.brainres.2014.06.003

Zhou, Y., Sun, P., Wang, T., Chen, K., Zhu, W., and Wang, H. (2015). Inhibition of calcium influx reduces dysfunction and apoptosis in lipotoxic pancreatic β-cells via regulation of endoplasmic reticulum stress. PLoS One 10:e0132411. doi: 10.1371/journal.pone.0132411

Conflict of Interest Statement: 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.

Copyright © 2018 Xu, Lu, Zheng, Li, Gao, Lenahan, Shao, Zhang and Yu. 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.












	 
	ORIGINAL RESEARCH
published: 20 September 2018
doi: 10.3389/fnins.2018.00657






[image: image]

Andrographolide Alleviates Acute Brain Injury in a Rat Model of Traumatic Brain Injury: Possible Involvement of Inflammatory Signaling

Li Tao1†, Li Zhang2†, Rong Gao2, Feng Jiang2, Jianbo Cao1* and Huixiang Liu2*

1Department of Pharmacy and Translational Medicine Center, Zhangjiagang First People’s Hospital, Suzhou, China

2Department of Neurosurgery, Zhangjiagang First People’s Hospital, Suzhou, China

Edited by:
Gang Chen, The First Affiliated Hospital of Soochow University, China

Reviewed by:
Yang Wang, Anhui Provincial Hospital, China
Sheng Chen, Zhejiang University School of Medicine, China

*Correspondence: Jianbo Cao, Caojianbo65@126.com Huixiang Liu, liuhuixianglab@sina.com

†These authors have contributed equally to this work

Specialty section: This article was submitted to Neurodegeneration, a section of the journal Frontiers in Neuroscience

Received: 14 May 2018
Accepted: 03 September 2018
Published: 20 September 2018

Citation: Tao L, Zhang L, Gao R, Jiang F, Cao J and Liu H (2018) Andrographolide Alleviates Acute Brain Injury in a Rat Model of Traumatic Brain Injury: Possible Involvement of Inflammatory Signaling. Front. Neurosci. 12:657. doi: 10.3389/fnins.2018.00657

Neuroinflammation plays an important role in secondary injury after traumatic brain injury (TBI). Andrographolide (Andro), a diterpenoid lactone isolated from Andrographis paniculata, has been demonstrated to exhibit anti-inflammatory activity in neurodegenerative disorders. This study therefore aimed to investigate the potential neuroprotective effects of Andro after TBI and explore the underlying mechanisms. In our study, we used a weight-dropped model to induce TBI in Sprague–Dawley rats, the neurological deficits were assessed using modified neurological severity scores, Fluoro-Jade B (FJB) and terminal deoxynucleotidyl transferase (TdT) dUTP Nick-End Labeling (TUNEL) staining were employed to examine neuronal degeneration and apoptosis after TBI, immunofluorescence was designed to investigate microglial activation. Quantitative Real-time PCR and ELISA were conducted to detect the expression levels of pro-inflammatory cytokines, Western blot was used to examine the expression level of proteins of relative signaling pathway. Our results showed that after Andro administration, the neurological deficit was attenuated, and the cerebral edema and apoptosis in brain tissues were also decreased following TBI. Both microglial activation and the expression of pro-inflammatory cytokines were significantly inhibited by Andro after TBI. Moreover, Andro inhibited NF-κB p65 subunit translocation and decreased the expression levels of phosphorylated extracellular signal regulated kinase (ERK) and p38 MAPK after TBI. Altogether, this study suggests that Andro could improve neurobehavioral function by inhibiting NF-κB and MAPK signaling pathway in TBI, which might provide a new approach for treating brain injury.
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INTRODUCTION

Traumatic brain injury (TBI) is a prevalent healthcare concern with more than 10 million people suffering annually worldwide. It has been a major cause of mortality and disability resulting from traffic accidents, falls, and external mechanical concussion etc, especially in children and young adults (Hyder et al., 2007; Gardner and Zafonte, 2016). TBI can lead to temporary or permanent motor deficit and cognition deficits which negatively affects the quality of life of patients. Despite the progress in diagnosis, neuroradiology, neurosurgical care and treatment in recent years, effective treatment strategies for improving functional outcome of TBI patients remain limited. Therefore, it is important to develop novel therapeutic interventions that could be helpful for TBI patients.

The pathophysiology of TBI can be divided with two parts: primary and secondary injury. Primary brain injury involve brain contusion, skull fractures, diffused axonal injury and intracranial hemorrhage, usually causes immediate neuronal death (Laplaca et al., 2007; Cheng et al., 2012). Secondary brain injury is a complicated cellular processes and biochemical cascades which occur in minutes and last for days following the traumatic events, resulting in exacerbated damage, progressive neurodegeneration and cell death (Kabadi and Faden, 2014). The mechanism of TBI-induced secondary injury includes glutamate excitotoxicity (Hyder et al., 2007), oxidative stress (Zhang et al., 2018), blood-brain barrier (BBB) disruption (Lutton et al., 2017), neuroinflammation and mitochondrial dysfunction (Lozano et al., 2015). It is well known that neuroinflammation occurs in both primary and secondary injury following TBI, as well as in other neurodegenerative diseases (Eikelenboom et al., 2010; Perry et al., 2010). As the resident immune cells in brain, microglia plays important roles in response to neuronal pathology. Activated microglia release a complex series of pro-inflammatory factors such as nitric oxide (NO), tumor necrosis factor (TNF), prostaglandin E2 (PGE2) and, interleukin (IL), leading to detrimental effects and neuronal dysfunction (Chiu et al., 2016). Therefore, inhibiting microglial activation might be a beneficial therapeutic target for treating TBI patients.

Andrographolide (Andro) is a natural diterpenoid from Chinese traditional herb Andrographis paniculata, which is widely used for treating fever, upper respiratory tract infections, laryngitis, diarrhea and rheumatoid arthritis (Batkhuu et al., 2002; Shen et al., 2002; Xia et al., 2004). Recently, several studies have reported that Andro exerts neuroprotective effects via inhibiting neuroinflammation and oxidative stress in neurodegenerative disorders. It has been reported that Andro could reduce the expression of NADPH oxidase 2 (NOX2), as well as inducible-nitric oxide synthase (iNOS), and it protect against cerebral ischemia via attenuating nuclear factor kappa B (NF-κB) and inhibiting the expression of hypoxia-inducible factor 1-α (HIF-1α) (Lu et al., 2006; Chern et al., 2011). Moreover, it has been reported that Andro reduced inflammation-mediated dopaminergic neurodegeneration by inhibiting microglial activation, indicating that Andro may be a new finding in clinical use in treating Parkinson’s disease (PD) (Wang et al., 2004, 2007). However, it remains unknown that whether Andro has impact on microglia-mediated inflammatory response in a model of TBI. Therefore, our main purpose of this work was to investigate neuroprotective effect of Andro after TBI and explore its underlying mechanism.



MATERIALS AND METHODS

Animals and Treatment

Male adult Sprague–Dawley (SD) rats (300–350 g) were purchased from Animal Center of Chinese Academy of Sciences, Shanghai, China. The animals were housed in a temperature- and humidity-controlled room with a 12 h light/dark cycle and they were supplied with food and water ad libitum. All procedures of animal experiments were approved by the Institutional Animal Care Committee of the Soochow University and were according to the guidelines of the National Institutes of Health on the care and use of animals.

A total 96 rats (118 rats were used, 96 rats were survived) were randomly divided into four groups: [(1) sham group (n = 24) (2) TBI group (n = 24) (3) TBI + saline (NS) group (n = 24) (4) TBI + Andro group (n = 24)]. [Mortality in the sham group is 0% (0 of 24), in TBI group is 25% (8 of 32), in TBI + NS group is 23% (7 of 31), and in TBI + Andro group is 23% (7 of 31)]. As described in previous study (Chern et al., 2011), Andro (Sigma-Aldrich) was first dissolved in ethanol, then it was diluted with 0.9% normal saline (NS). Rats were injected intraperitoneally with Andro (1 mg/kg) at 1 h after TBI model was conducted. The dose and administration method were chosen according to the previous study (Chan et al., 2010). Rats of TBI + NS group received an equal volume of saline, intraperitoneally. The brain areas around the injured cortex as shown in Figures 1A,B were collected for subsequent analysis.
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FIGURE 1. Andro treatment improved neurological function, reduced blood-brain barrier (BBB) disruption and cerebral edema after TBI. (A) A schematic image of the cortical contusion area induced by weight-dropping model of traumatic injury and the sampled area around the injured brain. (B) A schematic of a coronal section and the microphotographed areas used in immunofluorescence staining are marked with a box. (C) The expression level of albumin in peri-contusive cortex was examined by Western blot analysis at 24 h after TBI. (D) Relative expression levels of albumin were calculated based on densitometry analysis. The mean values of albumin in the sham group were normalized to 1.0. (E) Neurological function was measured by mNSS tests at 24 h after TBI. (F) Brain water content of each group was measured at 24 h after TBI. Data are presented as the mean ± SD. ∗p < 0.05, ∗∗p < 0.01 ∗∗∗p < 0.001, ns p > 0.05; n = 6 in each group.



Experimental Model of Traumatic Brain Injury

Rat experimental model of TBI was established according to modified Feeney’s method (Feeney et al., 1981). Briefly, after shaving and sterilization, rats were fixed in a stereotactic frame, then a midline incision was made over the skull to expose the right parietal bone. A right 5 mm parietal craniotomy was drilled 2 mm caudal to the oronal suture and 3 mm from the midline. We modified the method of Feeney’s weight-drop model, an object weighing 40 g was dropped along a steel rod onto the dura from a height of 25 cm to cause severe brain injury (Feeney et al., 1981).

Evaluation of Neurological Behavior Function

The modified neurological severity scores (mNSS) method was performed at 24 h to evaluate neurological function after TBI, a series of composite tests including motor, sensory, reflex and balance tests were measured and scaled from 0 to 18 score (Jin et al., 2014). The score of 0 means normal while 18 means severe brain injury.

Brain Water Content

The brain edema of rats in each group was examined using a wet/dry method at 24 h post-injury. Briefly, bilateral brains were weighed separately as wet weight after quickly removed from the skull. The brains were dryed at 100 C in an oven for 72 h and weighed again as dry weight. The brain water content was calculated using the formula as follows: [(wet weight-dry weight)/wet weight] × 100% (Chen et al., 2017).

Brain Tissue Preparation

For immunofluorescence staining, the rats in each group were sacrificed and perfused intracardially with NS and then fixed with 500 mL 4% paraformaldehyde at 24 h after TBI. The brains were quickly removed from skull and fixed with 4% paraformaldehyde. Then, the brains were dehydrated in 15%, 30% sucrose until infiltration was complete. For quantitative real-time PCR and Western Blot analysis, the rats were only infused with NS, then the brain tissues were quickly removed and the peri-contusive cortex were collected and stored at -80 C until use.

Immunofluorescence Staining

The brains tissues were quickly removed from the rats, after embedded in paraffin and dehydration, brains tissues were sectioned at 15 μm. The staining for Iba1 (Wako Pure Chemical Industries, Osaka, Japan) was performed. Sections were first blocked with 5% bovine serum for 1 h and then incubated with primary antibodies at 4 C overnight. Sections were incubated with secondary antibodies (Life Technologies, United States) for 1 h after washing 3 times with PBST, After final washing, the sections were stained with DAPI (Southern Biotech, United States) for 30 min and observed in a fluorescent microscope (Leica, TCS SP8). Fluoro-Jade B (FJB) and terminal deoxynucleotidyl transferase (TdT) dUTP Nick-End Labeling (TUNEL) staining were performed to detect neuronal degeneration and apoptosis after TBI according to the manufacturer’s instructions. The relative fluorescence intensity was analyzed using Image J program.

Quantitative Real-Time PCR

Quantitative real-time PCR analysis was performed to examine the gene expression levels of pro-inflammatory cytokines. Total RNA was extracted from peri-contusive cortex with the Trizol Reagents (Invitrogen Life Technologies, United States). cDNA was synthesized using a cDNA synthesis kit (Thermo Scientific) according to the manufacturer’s protocol. cDNA was amplified with SYBR Green (Thermo Fisher, United States) using specific primers of TNF-α, IL-6, IL-1β or GAPDH. The primer sequences were referred to our previous study (Tao et al., 2018). 2-(ΔΔCT) method was choosed to calculate the quantification of relative gene expression and the values were normalized to GAPDH.

Enzyme-Linked Immunosorbent Assay (ELISA)

The peri-contusive cortex were collected and homogenized. Then the supernatants were collected and centrifuged at 12,000 × g for 20 min. The expression of TNF-α, IL-1β and IL-6 were measured with ELISA kits (Boster Biosciences Co., Wuhan, China).

Western Blot Analysis

The peri-contusive cortex were collected and lysed in RIPA buffer with protease inhibitors and the lysates were centrifuged at 12,000 × g for 15 min at 4 C. Protein concentration was determined using a BCA assay kit (Thermo Scientific). A total 80 μg protein was loaded on SDS–PAGE gel and transferred to polyvinylidene difluoride membranes (Millipore, MA, united States). Then the membranes were blocked with 5% fresh skimmed milk for 2 h, incubated with primary antibodies against albumin (Abcam Cambridge, United Kingdom), p38 MAPK (Abcam Cambridge, United Kingdom), ERK (Cell Signaling Technology, United States), NF-κB p65 (Cell Signaling Technology, United States) at 4 C overnight. After overnight incubation, the membranes were washed and incubated with secondary antibodies conjugated to horseradish peroxidase (Invitrogen Life Technologies, United States) for 1 h. Finally, protein bands were detected with enhanced chemiluminescence (ECL) reagents (Millipore, United States) in a Western Blotting Detection System. The relative protein quantity was analyzed by ImageJ software (National Institutes of Health, United States).

Statistical Analysis

SPSS 19.0 software and GraphPad Prism were used in the experiment for data analysis. The data were presented as mean ± SD. Statistical significance was subjected to one-way ANOVA followed by Tukey’s test. p < 0.05 was considered statistically significant.



RESULTS

Andro Attenuated Neurological Deficit, Cerebral Edema and BBB Breakdown in Rats Following TBI

Neurological function was confirmed using mNSS test at 24 h after injury in all groups of rats. Rat in TBI and TBI + NS group showed higher scores than sham group. As shown in Figure 1E, the scores of rats treated with Andro were decreased than that of TBI + NS group. Next, we detected the expression of albumin in each group to examine BBB breakdown after TBI. The results suggested that Andro treatment decreased the albumin expression induced by TBI (Figures 1C,D). Brain water content is an important indicator to in the prognosis after TBI. Our data showed that brain water content was markedly increased in the TBI and TBI + NS group compared with sham group. Andro treatment decreased brain water content 24 h after TBI (Figure 1F).

Andro Inhibited Neuronal Apoptosis in Rats Following TBI

Fluoro-Jade B staining, widely used as a marker of damaged neuronal cells, was performed to determine neuronal degeneration at 24 h after TBI. FJB staining is widely used as a maker of damaged neuronal cells (Ullah et al., 2011). The number of FJB-positive cells was significantly increased after injury, while Andro treatment decreased the number of FJB-positive cells (Figures 2A,B). Additionally, TUNEL staining was performed to detect neuronal apoptosis at 24 h after injury. As our results indicated that the number of TUNEL-positive cells was markedly increased after TBI and it was also decreased by Andro administration (Figures 2C,D). Both FJB and TUNEL staining revealed that Andro inhibited neuronal degeneration and apoptosis after TBI.
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FIGURE 2. Andro treatment decreased the number of neuronal degeneration and apoptosis after TBI. (A) Degenerating neurons were detected with Fluoro-Jade B staining at 24 h after TBI. Arrows indicated the FJB-positive cells. (B) Percentage of FJB-positive cells around the injured brain tissues. (C) Apoptotic cells were labeled with TUNEL staining at 24 h after TBI. Arrows indicated the TUNEL-positive cells. (D) Percentage of TUNEL-positive cells around the injured brain tissues. Data are presented as the mean ± SD. ∗p < 0.05, ∗∗p < 0.01 ∗∗∗p < 0.001, ns p > 0.05; n = 6 in each group. Scale Bars = 50 μm.



Andro Inhibited Microglial Activation Following TBI

To investigate the effect of Andro on microglial activation, immunofluorescence staining of Iba1 was performed at 24 h after TBI. In the sham group, microglia cells were ramified with small cellular body, while microglia cells became thickened with larger bodies after injury. In Andro treatment group, cells showed a smaller cell body compared with TBI and TBI + NS group (Figures 3A,B).


[image: image]

FIGURE 3. Andro treatment inhibited microglia activation after TBI. (A) Double staining for Iba1 (green) and 4, 6-diamino-2-phenylindole (DAPI, blue) in peri-contusive cortex at 24 h after TBI. Microglia cells were highly ramified, exhibited long branching processes and a small cellular body in the sham group. In response to brain injury, the branches of microglia become short, retracted and thick. In Andro treatment group, microglia showed a smaller cellular body. Scale Bars = 50 μm. (B) The relative fluorescent intensity of Iba1. Data are presented as the mean ± SD. ∗p < 0.05, ∗∗p < 0.01 ∗∗∗p < 0.001, ns p > 0.05; n = 6 in each group.



Andro Decreased the Production of Pro-Inflammatory Cytokines Following TBI

The expression of TNF-α, IL-1β and IL-6 in the peri-contusive tissues were detected by qPCR and ELISA at 6 h and 24 h after TBI, separately. As shown in Figure 4, the expression of TNF-α, IL-1β and IL-6 were expressed at a low level in sham group. The expression of TNF-α, IL-1β and IL-6 was increased in TBI and TBI + NS group, while in the group of Andro treatment, the expression of pro-inflammatory cytokines were decreased.
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FIGURE 4. Andro treatment decreased the expression levels of pro-inflammatory cytokines after TBI. The mRNA levels of TNF-α (A), IL-1β (B) and IL-6 (C) in peri-contusive cortex were determined by QPCR at 6 h after TBI. The protein levels of TNF-α (D), IL-1β (E) and IL-6 (F) in peri-contusive cortex were measured by ELISA at 24 h after TBI. All data are presented as the mean ± SD. ∗p < 0.05, ∗∗p < 0.01 ∗∗∗p < 0.001, ns p > 0.05; n = 6 in each group.



Andro Inhibited NF-κB Translocation and MAPK Activation Following TBI

Both NF-κB and MAPK signaling pathway were involved in the modulation of pro-inflammatory cytokines (Tao et al., 2014). To investigate the underlying mechanism of the anti-inflammatory effect of Andro, we detected the expression of NF-κB and MAPK by Western blot analysis at 24 h after injury. As shown in Figure 5, Andro treatment inhibited p65 translocation from cytoplasm to nucleus after injury. Moreover, we determined the expression of p-ERK and p-p38 MAPK at 24 h after injury. The results of Western blot analysis suggested that Andro decreased the expression level of both p-ERK and p-p38 MAPK induced by TBI (Figure 6).
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FIGURE 5. Andro treatment suppressed NF-κB translocation from the cytosol to the nucleus after TBI. Both cytoplasmic (A) and nuclear (C) protein were extracted in peri-contusive cortex at 24 h after TBI. The expression levels of NF-κB p65 were examined by Western blot analysis. Relative expression levels of NF-κB p65 in cytoplasmic (B) and nuclear (D) protein were calculated based on densitometry analysis. The mean values of NF-κB p65 in the sham group were normalized to 1.0. All data are presented as the mean ± SD. ∗p < 0.05, ∗∗p < 0.01 ∗∗∗p < 0.001, ns p > 0.05; n = 6 in each group.
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FIGURE 6. Andro treatment inhibited the phosphorylation of p38 MAPK and ERK after TBI. (A) The expression levels of p-p38 MAPK and p-ERK in peri-contusive cortex were examined by Western blot analysis at 24 h after TBI. Relative expression levels of p-p38 MAPK (B) and p-ERK (C) were calculated based on densitometry analysis. The mean values of p-p38 MAPK and p-ERK in the sham group were normalized to 1.0. All data are presented as the mean ± SD. ∗p < 0.05, ∗∗p < 0.01 ∗∗∗p < 0.001, ns p > 0.05; n = 6 in each group.





DISCUSSION

In this study, we demonstrated that Andro, a natural diterpenoid from Chinese traditional herb, conferred neuroprotective effect in rat model of TBI. Our data showed that Andro reduced brain edema, neuronal apoptosis and neurological deficit. In addition, Andro inhibited the expression of pro-inflammatory cytokines including TNF-α, IL-6 and IL-1β by QPCR and ELISA analysis. Moreover, Andro inhibited NF-κB p65 translocation from cytoplasm into the nucleus, the expression of p-ERK, p-p38 MAPK induced by TBI was also decreased after Andro treatment. To our knowledge, it is the first time we reported that Andro may attenuate acute neuroinflammation mediated by NF-κB and MAPK activation in acute phase of TBI.

It is well known that edema formation, increased oxidative stress, calcium influx, excitotoxicity, inflammation and cell death or apoptosis contribute to the process of secondary injury (Werner and Engelhard, 2007; Lutton et al., 2017). Brain edema exacerbation is a major and severe pathophysiological change induced by TBI (Lutton et al., 2017). In our study, we found that Andro reduced TBI-induced brain edema, moreover, Andro decreased the expression of albumin after injury, indicating that Andro rehabilitate the BBB integrity. Apoptosis plays a critical role in secondary brain injury following TBI. Neuronal apoptosis occurs as early as 4 h around the lesion site after injury and may last for weeks (Liu et al., 1997; He et al., 2018). Our results showed that Andro significantly reduced neuronal apoptosis and degeneration at 24 h after TBI.

Persistent neuroinflammation, characterized by glial cell activation, is associated with neurodegeneration and is an important mediator of progressive secondary injury (Chiu et al., 2016). Microglia cells exist in resting state in normal conditions, which is characterized by ramified morphology. When activated with stimuli, microglia cells became amoeboid and protected the damaged CNS (Morganti-Kossmann et al., 2007; Kadhim et al., 2008; Skaper et al., 2017, 2018). Activated microglia can produce and release a large number of pro-inflammatory cytokines and mediators, which can further exacerbate the inflammatory response and contribute to secondary brain injuries (Ding et al., 2014; Chen et al., 2017). Previous studies have been revealed that Andro inhibited microglia activation and decreased the production of pro-inflammatory chemicals in a rat model of stroke (Chan et al., 2010). However, the effects of Andro on TBI-induced microglial activation and the mechanism of Andro on neuroinflammation remain unknown. Our results indicated that in a rat model of TBI, microglia were activated at the acute phase of brain injury (24 h) and the expression of TNF-α, IL-1β and IL-6 were up regulated. After Andro administration, both microglia activation and the release of pro-inflammatory cytokines were inhibited, suggesting that Andro treatment could attenuate the microglial activation, reduce brain edema, ameliorate neuronal death and improve neurological function.

In order to further understand the mechanism by which Andro treatment inhibits TBI-induced inflammation, we detected the expression of relative factors involved in the NF-κB and MAPK signaling pathways. NF-κB activation is the first step in regulating inflammatory responses (Viatour et al., 2005; Zhang et al., 2018). Growing evidence has revealed that NF-κB signaling pathway also plays important role in TBI-induced inflammatory responses (Zhu et al., 2014; Chen et al., 2017; Zhao et al., 2017). Previous studies have demonstrated that Andro could decrease the production of cytokines including TNF-α and IL-1β, and pro-inflammatory factors such as PGE2 through inhibiting NF-κB activation to protect against cerebral ischemia (Chan et al., 2010; Chern et al., 2011). Moreover, it has been reported that Andro reduced inflammation-mediated dopaminergic neurodegeneration by inhibiting microglial activation, indicating that Andro may be a new finding in clinical use in treating Parkinson’s disease (PD). However, the mechanism of its anti-inflammatory effects in TBI model remains unknown. In our present study, Andro treatment suppressed not only production of pro-inflammatory cytokines but also NF-κB translocation from the cytosol to the nucleus. Mitogen-activated protein kinases (MAPKs), a family of serine/threonine protein kinases, are composed of three members: ERK, JNK and p38 MAPK. The MAPK signaling pathway is one of the major pathways involved in regulating inflammatory responses (Luo et al., 2013). Here, we found that Andro inhibited NF-κB p65 translocation and suppressed the expression of p-p38 MAPK and p-ERK. These results revealed that Andro could inhibit inflammatory responses after TBI via NF-κB and MAPK pathway.

It is our first time to demonstrate that Andro had neuroprotective effects in TBI. However, there exist some limitations about this study. We demonstrated the neuroprotective effects of Andro in early time point (24 h) after TBI, further investigations are needed to illuminate the effect of Andro in long-term recovery processes. Taken together, it is likely that Andro exhibited neuroprotective effects through inhibiting inflammation by blocking the NF-κB and MAPK activation in TBI.
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Electroacupuncture Improves Cerebral Vasospasm and Functional Outcome of Patients With Aneurysmal Subarachnoid Hemorrhage
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Cerebral vasospasm is the major cause of a poor outcome after aneurysmal subarachnoid hemorrhage (aSAH), and effective treatments for vasospasm are limited. The purpose of this study was to research the impact of electroacupuncture (EA) on cerebral vasospasm and the outcomes of patients with aSAH. A total of 60 age- and sex-matched aSAH patients were collected from Ningbo First Hospital between December 2015 and June 2017. All patients were given a basic treatment of nimodipine and randomized into two groups. The study group was treated with EA therapy on the Baihui (GV20) acupoint, and the control group was given mock transcutaneous electrical nerve stimulation. Cerebral vasospasm was measured by computed tomographic perfusion (CTP) and transcranial doppler (TCD). The mean flow velocity (MFV) in the middle cerebral artery (MCA), cerebral blood flow (CBF), cerebral blood volume (CBV), and mean transit time (MTT) of the patients were analyzed. The CBV and MTT exhibited significant differences between the study and control groups on the 1st (p = 0.026 and p = 0.001), 7th (p = 0.020 and p < 0.001), and 14th (p = 0.001 and p < 0.001) day after surgery, whereas CBF exhibited statistical significance only on the 14th day after surgery (p = 0.002). The MFV in MCA were significantly reduced after EA treatment in all patients (all p < 0.001). Additionally, the MFV in the MCA in patients treated with EA were considerably reduced compared with those of the control group (3rd day p = 0.046; 5th day, p = 0.010; 7th day, p < 0.001). Moreover, better outcomes were noted in the EA-treated group for the 1st month (p < 0.001) and 3rd month (p = 0.001) after surgery than in the control group. In conclusion, EA represents a potential method to treat cerebral vasospasm after aSAH and can improve the outcomes of patients with aSAH.

Keywords: aneurysmal subarachnoid hemorrhage, electroacupuncture, cerebral vasospasm, Baihui (GV20), computed tomographic perfusion, transcranial doppler


INTRODUCTION

Aneurysmal subarachnoid hemorrhage (aSAH) is a devastating event accounted for 5% of all stroke cases (Sehba et al., 2012; Garg and Bar, 2017). The incidence of aSAH is approximately 9 per 100,000, and the mortality is approximately 60% within 6 months (Steiner et al., 2013). The surgical treatment of aSAH includes endovascular coiling and surgical clipping. However, there are a lot of complications frequently occur after successful surgery (Connolly et al., 2012; Steiner et al., 2013), such as cerebral vasospasm, rebleeding, or hydrocephalus. Cerebral vasospasm typically appears on the third day after aSAH, is maximal at 6–8 days, and subsequently lasts 2–3 weeks (Wilkins, 1990). There are approximately 23% of deaths or disabilities in patients with aSAH due to cerebral vasospasm (Keyrouz and Diringer, 2007). Delayed cerebral vasospasm is considered as the major cause of poor outcomes in aSAH patients in subsequent decades (Dusick and Gonzalez, 2013).

According to the past research, cerebral vasospasm after aSAH was regarded as an outcome of many factors, such as inflammatory changes, abnormal endothelial hypertrophy, prolonged contraction of the smooth muscle cells, and gene expression in the brain arteries (Rothoerl and Ringel, 2007). In addition, it seems possible that disruptions in either or both nitric oxide and endothelin-1 metabolism may play key roles in the pathogenesis of cerebral vasospasm (Findlay et al., 2016). Consequently, various methods are used to prevent cerebral vasospasm on the basis of its pathogenesis, such as the endothelin antagonist clazosentan, the cholesterol-lowering agent simvastatin, and the vasodilator magnesium sulfate, calcium channel blocker nicardipine (van Gijn and Rinkel, 2001; Wilson et al., 2005; van Gijn et al., 2007). However, some researchers find that the prevention of cerebral vasospasm does not improve the outcomes of aSAH patients (Macdonald et al., 2008; Vergouwen, 2009; Macdonald et al., 2011).

Acupuncture has been used to treat aSAH effectively and safely for centuries (Hu et al., 1993). In recent years, numerous studies have demonstrated that acupuncture can increase the content of nitric oxide in vascular endothelial cell, activate the activity, and improve the function of injured vascular endothelial cells (Chen and Ma, 2003; Kim et al., 2006). In addition, acupuncture or EA at the Baihui (GV20) and left Zusanli (ST36) acupoints in rat model significantly reduces the expression of the proinflammatory enzyme MMP2 and the water channel proteins AQP4, to relieve inflammation related brain edema (Xu et al., 2014). Therefore, we hypothesized that EA might be used to improve cerebral vasospasm and the outcomes of patients with aSAH. In this study, we recruited 60 age- and sex-matched volunteers and performed a case–control study to investigate and validate the impact of EA treatment on patients with aSAH from a Chinese Han population.



MATERIALS AND METHODS

Participants

This double-blinded, randomized controlled study was approved by the Ethics Committee of Ningbo First Hospital. A total of 60 age- and sex-matched aSAH patients from Department of Neurosurgery, who were randomly allocated by computer algorithm to the study group (n = 30) or the control group (n = 30). Inclusion criteria were as follows: (1) the individuals were aged older than 18 years and had the ability to begin acupuncture treatment within 24 h after aSAH; (2) aSAH were independently diagnosed by at least two neurosurgeons using computed tomography and cerebral angiography; (3) the patients with aneurysm who had been treated by the operative treatment such as endovascular coiling or surgical clipping; (4) written informed consent was obtained before the study. Exclusion criteria were as follows: (1) the patients with traumatic or infectious aSAH; (2) the patients without ability to undergo TCD; (3) the patients with severe heart, hepatic and renal dysfunctions; (4) the patients with cardiac pacemaker; or (5) the patients with a previous EA experience.

Intervention

EA treatment started within 24 h of aSAH, after intracranial aneurysm surgery including endovascular coiling or surgical clipping. EA was applied four times in 2 weeks, and it was performed by the same acupuncturist with over 10 years acupuncture treatment experience. At the same time, standard medicine treatments, such as hemodilution (triple-H) therapy, nimodipine, hypertension control, and hypervolemic, were appropriated for all patients.

Study and Control Group

The patients in the study group were administered EA therapy using HANS100A analgesic apparatus (Nanjing Jisheng Medical Technology Co., Nanjing, China) with a dilatational wave of 2 Hz in the GV20 position. The electric current was gradually increased (0 up to 5 mA), and the speed depended on the patient’s pain threshold. Each treatment session based on the electric current intensity of 5 mA and lasted 30 min. EA treatment was performed on the 1st, 3rd, 5th, and 7th days after the operation. The MFV in the MCA was measured by TCD (Prosound α10, Aloka Co, Ltd, Tokyo, Japan) before and after EA therapy (Figure 1). The MFV was calculated according to the primary study (Lysakowski et al., 2001). The control group received standard medicine treatments as same as the study group, but without EA treatment. In addition, cerebral vasospasm was measured by CTP on the 1st, 7th, and 14th day after surgery, and the dates of CBF, CBV, and MTT were collected.
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FIGURE 1. The MFV in the MCA was measured by TCD. PSV, peak systolic velocity; EDV, end-diastolic velocity; MFV, mean flow velocity; MCA, middle cerebral artery; TCD, transcranial doppler; EA, electroacupuncture. A 52-year-old female patient with subarachnoid hemorrhage caused by rupture of right anterior communicating artery aneurysm, developed vasospasm on the 5th day after surgery. The maximum value of flow velocity in systole was calculated at the apex of the waveform, which defined as PSV. EDV was measured at end diastole, and indicated the lowest point of waveform. MFV was calculated as EDV plus a third of the difference between PSV and EDV (MFV [cm/s] = [PSV + 2EDV]/3). TCD detection showed that the MFV in MCA in the range of 120∼140 cm/s was indicative of mild cerebral vasospasm, 140∼200cm/s was accord with moderate cerebral vasospasm, and above 200 cm/s was consistent with severe cerebral vasospasm. (A) TCD showed a high MFV in MCA (144.1cm/s) before EA. (B) The MFV in MCA (90.3cm/s) was decreased after EA.



Statistics

The sample size was calculated based on the primary study. The incidence rate of delayed ischemic neurological deficit in the acupuncture group was 10%, and the control group was 38.9% (Cho et al., 2015). To detect a significance level of 0.05 between the groups with 80% power at the assumption of a drop-out rate of 20% and a 1-tailed α = 0.05, 54 patients (27 participants in each group) were required for this study (Shuster, 2014). Data were represented as mean ± standard deviation (SD) or number (%) and analyzed using SPSS version 23.0 (IBM Corp. Armonk, NY, United States) software. Categorical variables were analyzed with the chi-square test or Fisher’s exact test, and the means of continuous variables were analyzed using the Student’s t-test. Statistical significance was defined as a ps-value of <0.05.



RESULTS

Clinical Characteristics of the Subjects

The clinical characteristics of the patients are presented in Table 1. The control group consisted of 30 aSAH patients (13 males and 17 females) with a mean age of 51.9 ± 9.51 years. The study group underwent EA therapy and consisted of 30 aSAH patients (13 males and 17 females) with a mean age of 52.67 ± 11.27 years. No significant differences in the aneurysm location (p = 0.612), aneurysms therapies (p = 0.121), Hunt-Hess grade (p = 0.793), and Fisher grade (p = 0.279) were noted between the two groups.

TABLE 1. Patient characteristics of the two groups.
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Cerebral Vasospasm Was Measured by CTP

Significant differences in CBF, CBV, and MTT variations were noted in both groups on the 1st, 7th, and 14th days after surgery (all p < 0.001, Table 2, Figures 2A–C). The CBF was considerably increased in the study group on the 14th day after surgery (study group vs. control group: 47.10 ± 7.79 vs. 41.52 ± 5.65, p = 0.002, Table 3, Figure 2D). The CBV was markedly increased in the study group compared with the control group on the 1st (study group vs. control group: 3.84 ± 0.68 vs. 4.20 ± 0.53, p = 0.026), 7th (study group vs. control group: 3.57 ± 0.67 vs. 3.19 ± 0.54, p = 0.020), and 14th days (study group vs. control group: 4.33 ± 0.66 vs. 3.79 ± 0.59, p = 0.001, Table 3, Figure 2E) after surgery. Besides, the MTT was considerably reduced in the study group compared with the control group on the 1st (study group vs. control group: 6.89 ± 0.92 vs. 7.82 ± 1.16, p = 0.001), 7th (study group vs. control group: 7.43 ± 0.98 vs. 8.48 ± 1.15, p < 0.001), and 14th (study group vs. control group: 6.81 ± 0.97 vs. 9.50 ± 1.17, p < 0.001, Table 3, Figure 2F) days after surgery.

TABLE 2. The changes in CBF, CBV, and MTT in the two groups over time.
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FIGURE 2. The CBF, CBV, MTT in two groups. CBF, cerebral blood flow; CBV, cerebral blood volume; MTT, mean transit time. All the data were analyzed using student’s t-test. (A) CBF variations in the two groups based on time after surgery. (B) The variation in CBV in the two groups based on time after surgery. (C) The variation in the MTT of the two groups based on time after surgery. (D) The difference in CBF in two groups on the 1st, 7th, and 14th day after surgery. (E) The difference in CBV in the two groups on the 1st, 7th, and 14th day after surgery. (F) The difference in MTT in the two groups on the 1st, 7th, and 14th day after surgery.



TABLE 3. Comparisons of CBF, CBV, and MTT in the two groups over time.
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Cerebral Vasospasm Was Relieved After EA Therapy and Measured by TCD

As presented in Table 4, statistically significant variations in the MFV levels of MCA were noted between the two groups based on the length of time after surgery. Significant differences in the MFV of MCA were noted between the two groups on the 3rd (study group vs. control group: 115.32 ± 19.22 vs. 124.60 ± 15.80, p = 0.046), 5th (study group vs. control group: 117.34 ± 18.49 vs. 128.68 ± 14.37, p = 0.010), and 7th (study group vs. control group: 108.19 ± 16.16 vs. 124.94 ± 14.85, p < 0.001, Table 4, Figure 3A) day after surgery. In the study group, all patients accepted EA therapy at the same time point after surgery (1st, 3rd, 5th, and 7th day), and the MFV in MCA was significantly reduced compared with that measured post-EA on the 1st (Pre-EA vs. Post-EA: 118.49 ± 20.38 vs. 109.12 ± 18.40, p < 0.001), 3rd (Pre-EA vs. Post-EA: 125.29 ± 22.51 vs. 115.32 ± 19.22, p < 0.001), 5th (Pre-EA vs. Post-EA: 128.37 ± 22.15 vs. 117.34 ± 18.49, p < 0.001), and 7th (Pre-EA vs. Post-EA: 118.94 ± 18.61 vs. 108.19 ± 16.16, p < 0.001, Table 5, Figure 3B) day.

TABLE 4. The MFV level in MCA in the two groups.
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FIGURE 3. The MFV in MCA and the outcome in the two groups. MFV, mean flow velocity; MCA, middle cerebral artery. The GOS score was used 1 or 3 months after surgery to assess the clinical outcome of patient survival. (A) Comparison of MFV in MCA in the study group versus control group on the 1st, 3rd, 5th, and 7th day after surgery. The data were analyzed using student’s t-test. (B) Comparison of MFV in MCA in the study group pre-EA versus post-EA on the 1st, 3rd, 5th, and 7th day after surgery. The data were analyzed using student’s t-test. (C) Comparison of outcome in the study group versus control group 1 month after surgery The data were analyzed using chi-square test. (D) Comparison of outcome in the study group versus control group 3 months after surgery. The data were analyzed using chi-square test.



TABLE 5. The MFV level in MCA in the study group.
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Patients With aSAH Exhibited a Better Outcome After EA Treatment

The GOS score was used 1 or 3 months after surgery to assess the clinical outcome of patient survival. Significant differences were noted in the outcomes of the two groups at 1 (p < 0.001, Table 6, Figure 3C) and 3 months (p = 0.001, Table 6, Figure 3D) after surgery, and more patients exhibited a good outcome in the study group.

TABLE 6. The outcome of aSAH patients in the two groups.
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DISCUSSION

Cerebral ischemia after aSAH is a complex complication involving delayed cerebral vasospasm that may cause clinical deterioration, cerebral infarctionand death. Cerebral vasospasm after aSAH may related with multifactorial etiology, and this hypothesis was confirmed by the massive available treatment modalities. Currently, strong evidence supports that nimodipine and the triple-H therapy are benefits for cerebral vasospasm patients (Adamczyk et al., 2013). Many treatments have improved the prognosis, but the neurological outcomes remain poor in the patients with delayed cerebral vasospasm. Therefore, it is urgent to identify safer and more efficacious methods to manage cerebral vasospasm and improve the outcomes of aSAH patients. EA is a advanced therapy on the basis of combination of traditional acupuncture and modern electrotherapy and is recommended as a treatment for stroke (Li et al., 2014). Here, our results demonstrate that EA at GV20 significantly reduces cerebral vasospasm after aSAH and improves the outcomes of aSAH patients.

Acupuncture at the Baihui (GV20) acupoint had been used to treat stroke for hundreds of years (Wang et al., 2014). Currently, scientists revealed that acupuncture Baihui (GV20) could protect the neuro in ischemic stroke animal models. Dong et al.’s (2009) study suggested that EA preconditioning of the Baihui (GV20) acupoint could ease the brain edema and attenuate blood–brain barrier disruption via effecting the related protein activity. Kim et al. (2013) found that EA at the Baihui (GV20) and Dazhui (GV14) acupoints could increase CBF and improve the functional recovery in acute moderate focal cerebral ischemia. Wang et al. (2012) reported that EA pretreatment at the Baihui (GV20) acupoint could protect the brain against transient ischemic injury through activating the anti-inflammatory proteins. Given that cerebral vasospasm begins 24–72 h after aSAH, early intervention of EA is urgent and necessary. In our study, in all patients who accepted EA therapy after coiling or clipping, the occurrence of rebleeding during EA treatment was avoided. In addition, to ensure the safety of all patients, treatment with nimodipine and other supporting agents was also administered. There are various advantages of EA compared with manual acupuncture. EA can be performed standardly, measured objectively, and controlled fully. Besides, EA has also been recommended for clinical trials and mechanistic research on acupuncture (Tsuchiya et al., 2007).

In our study, cerebral vasospasm was monitored by CTP and TCD. CTP has been used in patients with aSAH (Sviri et al., 2006; van der Schaaf et al., 2006) and has rapidly gained popularity given its simplicity, speed, and veracity (Washington et al., 2011). CTP can detect the reduction of CBF, prolongation of MTT, and the status of CBV (Dankbaar et al., 2010). Moreover, threshold values of 35 mL/100 g/min for CBF and 5.5 s for MTT are suggested for the diagnosis of cerebral vasospasm (Sanelli et al., 2011), and CBV exhibited the lowest diagnostic accuracy among all variables (Othman et al., 2016). The results of this study demonstrated that the CBV and MTT were significantly different between the study and control groups at 1, 7, and 14 days after surgery, whereas CBF exhibited statistical significance only 14 days after surgery. In addition, TCD works on that blood-flow velocity within an artery increases as the artery narrows, result in doppler frequency shift (Purkayastha and Sorond, 2012). The maximum value of flow velocity in systole was calculated at the apex of the waveform, which defined as PSV (Fotakopoulos et al., 2018). EDV was measured at end diastole, and indicated the lowest point of waveform (Fotakopoulos et al., 2018). MFV was calculated as EDV plus a third of the difference between PSV and EDV (MFV [cm/s] = [PSV + 2EDV]/3) (Lysakowski et al., 2001). TCD detection showed that the MFV in MCA in the range of 120 ∼ 140 cm/s was indicative of mild cerebral vasospasm, 140 ∼ 200 cm/s was accord with moderate cerebral vasospasm, and above 200 cm/s was consistent with severe cerebral vasospasm (Sebastian et al., 2013). A skilled researcher operated TCD monitoring at a specific time every other day. In our study, the MFV levels of MCA were significantly reduced after EA treatment in the same patients. Additionally, the MFV levels of MCA in patients with EA treatment were markedly reduced than the control group. These findings suggest that EA is a potential method to relieve cerebral vasospasm after aSAH. Recent study suggested that EA Baihui (GV20) and Dazhui (GV14) could significantly increase cerebral cortex acetylcholine release, and repair nerve damage (Kim et al., 2013). Several studies have demonstrated that acupuncture enhances the nitric oxide production and increases local circulation (Tsuchiya et al., 2007). Dong et al. (2009) found that EA at GV20 could reduce MMP2 and the water channel proteins, AQP4 and AQP9, which repair brain injury and improve functional outcomes depending on the mitigation of inflammation-related brain edema in model rats. We believe that these effects may explain the main mechanism through which EA treatment improves patient outcomes, and the outcome of the study group was significantly improved than the control group. Therefore, we think that the effect of EA treatment appears after it is continuously applied to aSAH patients over a 2-week period.

Study Limitations

Apparently, our research has several limitations. First, only one center was included in this study, multicenter with a more homogeneous samples were needed to certificate the specific treatment effect in the future. Second, only a limited number of measurement timepoints were included in the study, so more frequent timepoints in the assessment of cerebral vasospasm should be included in future studies. Third, protein signaling pathways were not investigated in the current study, but should be a focus of future research. Fourth, the craniotomy procedure might affect cerebral vasospasm and the curative effect of EA therapy. Thus, a comparison between the clipping and coiling group is required in the future.



CONCLUSION

In summary, our study confirmed that cerebral vasospasm was presented in patients with aSAH. EA therapy at the Baihui (GV20) position could increase the MFV of cerebral circulation and improve the outcome of aSAH patients. It is a safe and convenient treatment to improve cerebral vasospasm and the outcomes of aSAH patients.
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Abuse of methamphetamine (METH) results in neurological and psychiatric abnormalities. Lactulose is a poorly absorbed derivative of lactose and can effectively alleviate METH-induced neurotoxicity in rats. The present study was designed to investigate the effects of lactulose on METH-induced neurotoxicity. Rats received METH (15 mg/kg, 8 intraperitoneal injections, 12-h interval) or saline and received lactulose (5.3 g/kg, oral gavage, 12-h interval) or vehicle 2 days prior to the METH administration. Reactive oxygen species (ROS) and malondialdehyde (MDA) were measured. Protein levels of toll-like receptor 4 (TLR4), myeloid differentiation factor 88 (MyD88), tumor necrosis factor receptor associated factor 6 (TRAF6), nuclear factor κB (NFκB), interleukin (IL)-1β, IL-6, TNF-α, cleaved caspase 3, and poly(ADP-ribose) polymerase-1 (PARP-1) were determined by western blotting. mRNA expressions of nuclear factor erythroid 2-relatted factor-2 (Nrf2), p62, and heme oxygenase-1 (HO-1) were assessed by RT-qPCR. The lactulose pretreatment decreased METH-induced cytoplasmic damage in rat livers according to histopathological observation. Compared to the control group, overproduction of ROS and MDA were observed in rat striatums in the METH alone-treated group, while the lactulose pretreatment significantly attenuated the METH-induced up-regulation of oxidative stress. The lactulose pretreatment significantly repressed over-expressions of proteins of TLR4, MyD88, TRAF6, NFκB, IL-1β, IL-6, TNF-α, cleaved caspase 3, PARP-1. The lactulose pretreatment increased mRNA expressions of Nrf2, p62, and HO-1. These findings suggest that lactulose pretreatment can alleviate METH-induced neurotoxicity through suppressing neuroinflammation and oxidative stress, which might be attributed to the activation of the Nrf2/HO-1 axis.

Keywords: METH, neuroinflammation, oxidative stress, lactulose, Nrf2/HO-1 axis


INTRODUCTION

Methamphetamine (METH) is a popular new-type psychostimulant drug that may result in neurotoxicity. METH-induced neurotoxicity may be related to apoptosis (Jumnongprakhon et al., 2014), oxidative stress (Nguyen et al., 2015; Wen et al., 2016) and inflammatory changes (Gonçalves et al., 2010; Park et al., 2017). Overproduction of reactive oxygen species (ROS) induced by METH may play a key role in oxidative damage (Gluck et al., 2001). METH can also trigger a neuroinflammatory process by releasing pro-inflammatory molecules, acting as processors (Coelho-Santos et al., 2012; Park et al., 2017). The pro-inflammatory molecules may indirectly result in neurotoxicity and the activation of glial cells, which could exacerbate neuroinflammation (Park et al., 2017).

Nuclear factor erythroid 2-relatted factor-2 (Nrf2) is a fundamental regulator of antioxidant response element-dependent transcription. It plays a significant role in the cellular adaptive response to oxidative stress (Yang et al., 2018). Besides its antioxidant function, Nrf2 activation also plays a central role in the regulation of inflammation (Kuhn et al., 2011). Under unstressed conditions, a low level of Nrf2 is maintained by Kelch-like ECH-associated protein 1, while under oxidative stress conditions, Nrf2 is released to activate antioxidant response elements (e.g., heme oxygenase-1, HO-1) in the nucleus (Suzuki et al., 2013). Sequestosome-1 (SQSTM1, p62) expression can prevent Nrf2 degradation and enhance its nuclear accumulation (Sun et al., 2016). In addition, p62 is a target gene of Nrf2 (Jain et al., 2010) and they can form a positive feedback loop by inducing an antioxidant response element and an anti-inflammatory effect.

Lactulose is a non-digestible galactose-fructose disaccharide. Lactulose is metabolized in the colon by bacterial flora to short-chain fatty acids, which increases H+ concentration and promotes the formation of [image: image] from NH3 (ammonia) in the colon. Accumulation of ammonia in the colon effectively reduces serum ammonia concentration and subsequently alleviates adverse effects of hyperammonemia (Moratalla et al., 2017), such as neurotoxicity, neurocognitive defects. Therefore, lactulose can be used as prevention and treatment of hepatic encephalopathy with cirrhosis, as it can effectively improve patients' neurocognitive impairment and reverse low-grade cerebral edema by preventing hyperammonemia and inflammation (Rai et al., 2015; Moratalla et al., 2017). In this study, rats were pretreated with lactulose/vehicle and administered with METH/saline. Focusing on oxidative stress, inflammatory responses and the Nrf2/HO-1 axis, the effects of lactulose on METH-induced neurotoxicity in rat striatum were clarified.



MATERIALS AND METHODS


Chemicals

METH (purity of 99.1%, identified by the National Institute for Food and Drug Control, Guangzhou, China) was purchased from the National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China). Lactulose was obtained from Pharmaceutical Associates Inc., Greenville, SC. DCFH-DA was purchased from Sigma Chemical Co (St. Louis, MO, USA).



Animals and Treatments

A total of eighteen male Sprague Dawley rats (5-weeks-old) were purchased from the Laboratory Animal Center of Southern Medical University (Guangzhou, China). The rats were singly housed in plastic cages in an animal facility maintained under standard conditions (room temperature, 23 ± 1°C; relative humidity, 44 ± 5%; and a light/dark cycle of 12 h) and given free access to a basal diet and water. The animals were acclimatized for 1 week prior to the beginning of the experiment. This study was reviewed and approved by the National Institutes of Health Guide for the Care and Use of Laboratory Animals of the Southern Medical University.

Briefly, the rats were randomly divided into 3 groups (6 rats in each group). The rats received 8 intraperitoneal (i.p.) injections of METH (15 mg/ml/kg body weight/injection) or saline (1 ml/kg) at 12 h (h) intervals. When exposed to this dose, rats have a similar concentration of METH in the blood at 1 h after the last injection to the median value of METH in the blood of METH abusers (Melega et al., 2007; Huang et al., 2015). Therefore, the single dose of METH was chosen based on previous studies (Huang et al., 2015; Wang et al., 2017). Two days prior to the METH treatment, the rats were pretreated with lactulose (5.3 g/kg body weight, oral gavage, every 12 h) or vehicle (100 mg/mL galactose and 80 mg/mL lactose) until the day before sacrifice. The dose of lactulose, which was chosen in this study, could effectively enhance ammonia excretion and has been used as an treatment for the cirrhosis patients with hepatic encephalopathy and neurocognitive defects (Jia and Zhang, 2005; Nicaise et al., 2008; Al Sibae and McGuire, 2009; Northrop et al., 2016). All rats were killed by rapid decapitation 24 h after the last injection of METH/saline. The livers as well as the striatums were quickly excised. The livers were fixed in 10% phosphate-buffered formalin for histopathological observation and the striatums were stored at −80°C for subsequent analyses.



Histopathological Observation

Liver tissues were embedded in paraffin, sectioned at 3-μm thickness, and stained with hematoxylin and eosin (H&E) for histopathological examination.



Detections of ROS Production in Rat Striatum

Striatum tissues were washed with ice-cold PBS. Then they were made into single-cell suspension by homogenizer and centrifuged at 500 g for 10 min at 4°C. After being washed twice with ice-cold PBS, the cells were re-suspended. The re-suspension solution was divided into two parts: One part was used to determine the protein content after ultrasonic disruption using the Bradford protein assay kit (Bio-Rad, Hercules, CA), and the other part was incubated with 10 μM DCFH-DA (Sigma), kept out of light for 30 min at 37°C and washed twice with ice-cold PBS. DCFH-DA fluorescence was determined by flow cytometry (BD LSRFortessaTM, BD, CA, USA). The results of ROS generation were calculated as DCFH-DA fluorescence per microgram and expressed as fold changes compared with the mean value of the control group.



Measurement of Malondialdehyde (MDA) Content in Rat Striatum

Striatums of rats were homogenized in RIPA lysis buffer on ice and centrifuged at 12,000 g for 10 min at 4°C to collect the supernatant. The total protein content was tested with the Bradford protein assay kit (Bio-Rad, Hercules, CA). MDA content was determined using a Lipid Peroxidation MDA Assay Kit (Nanjing Jiancheng Bioengineering Institute, China) following the manufacturer's instructions. MDA content was calculated and expressed as nanomole per microgram (nmol/mg) protein.



Real-Time Quantitative RT-PCR (RT-qPCR) Analysis for Nrf2/HO-1 Axis in Rat Striatum

Briefly, cDNA copies of total RNA were obtained using a PrimeScript™ RT Master Mix (RR036A, Takara Biotechnology Co., LTD.). RT-qPCR was conducted using Premix Ex TaqTM GC (RR820A, Takara) on the StrataGene MX 3005P Multiplex Quantitative PCR System (Agilent Technologies, USA), with primers for Nrf2, HO-1, and p62. The PCR program cycles were set as follows: initial denaturing at 95°C for 30 s, followed by 40 cycles at 95°C for 15 s, and 60°C for 30 s. β-actin was used as an internal standard, and the mRNA levels of the target genes were normalized to β-actin. mRNA expressions in the METH alone and the METH plus lactulose groups were displayed as fold changes compared to the mean value of the control group. All the RT-qPCR experiments were performed in triplicate. Detailed information of the primers is listed in Supplementary Table 1.



Western Blotting Analysis for Inflammatory-Related Factors and Apoptosis in Rat Striatum

Proteins were extracted from the rat striatum as described previously (Wang et al., 2017). The proteins were separated by SDS-polyacrylamide gel electrophoresis (PAGE). After electrophoresis, the proteins were transferred to polyvinylidine difluoride membranes. The membranes were then blocked with 5% milk-Tris-buffered solution-Tween solution for 2 h and subsequently incubated overnight at 4°C followed by appropriate secondary antibodies for 2 h at room temperature. Bands were visualized using the ECL system (BIO-RAD Laboratories, Inc., California, USA). Primary antibodies against toll-like receptor 4 (TLR4, sc-293072, Santa Cruz Biotechnology), myeloid differentiation factor 88 (MyD88, sc-74532, Santa Cruz), tumor necrosis factor (TNF) receptor associated factor 6 (TRAF6, sc-8409, Santa Cruz), nuclear factor (NF) κB (sc-8008, Santa Cruz), interleukin (IL)-1β (sc-12742, Santa Cruz), IL-6 (sc-57315, Santa Cruz), TNF-α (sc-12744, Santa Cruz), caspase 3 (9665, Cell Signaling Technology), poly(ADP-ribose) polymerase-1 (PARP-1, sc-8007, Santa Cruz), and GAPDH (sc-32233, Santa Cruz) were used.

Densitometric analysis was conducted using Tanon Gel Image System (version 4.2). Data of relative integrated optical density values of bands are presented as bar charts.



Statistical Analysis

All values were expressed as means ± SEM. Statistical analyses were conducted using the scientific statistics software SPSS (version 16). One-way analysis of variance (ANOVA) with repeated measures, followed by post-hoc Tukey tests, was used for comparisons of multiple groups. Values of p < 0.05 were considered as statistically significant.




RESULTS


Lactulose Decreased METH-Induced Hepatotoxicity in Rats

Extensive cytoplasmic damage was observed in the livers of the METH alone-treated rats (Figure 1b), while no obvious changes of hepatocellular morphology were observed in the control group (Figure 1a) by histopathological observation. METH-induced changes in hepatocellular morphology were attenuated under pretreatment with lactulose (Figure 1c).
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FIGURE 1. Histopathological observation of rat livers. (a) No pathological change was observed in the control group. (b) Vacuolar degeneration in the cytoplasmic was observed in the METH alone-treated rats. (c) The cytoplasmic damage was obviously attenuated by the pretreatment with lactulose.





Lactulose Suppressed Overproductions of ROS and MDA Induced by METH in Rat Striatum

As shown in Figure 2A, the ROS level was more significantly augmented in the METH alone-treated rats than that in control rats, which indicates the pro-oxidative effect of METH. However, the pretreatment with lactulose markedly decreased METH-induced increasing of ROS compared with the METH alone-treated group. Consistently, Figure 2B shows that the MDA content significantly increased in the METH alone-treated group compared with the control group, while the pretreatment with lactulose effectively suppressed the increase.
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FIGURE 2. Detection of ROS generation (A) and MDA production (B) in rat striatum. (A) Compared to the control group, over-generation of ROS was detected in the METH alone-treated rats, while the pretreatment with lactulose significantly decreased the ROS generation induced by METH. Significant compared to the control group (*p < 0.05); Significant compared to the METH alone-treated group (#p < 0.05). Lact, Lactulose. (B) Overproduction of MDA was observed in the METH alone-treated rats compared to the control group. The pretreatment with lactulose significantly suppressed the production of MDA resulting from the METH treatment. Significant compared to the control group (*p < 0.05); Significant compared to the METH alone-treated group (#p < 0.05). Lact, Lactulose.





Lactulose Up-Regulated mRNA Expressions of Nrf2/Ho-1 Axis, Decreased Protein Expressions of Inflammatory-Related Factors and Suppressed Apoptosis in Rat Striatum

The lactulose pretreatment markedly up-regulated mRNA expressions of Nrf2, HO-1, and p62, compared with the METH alone-treated group (Figure 3). The lactulose pretreatment significantly repressed over-expressions of proteins of TLR4, MyD88, TRAF6, NFκB, IL-1β, IL-6, and TNF-α induced by METH. Expressions of cleaved caspase 3 and PARP1 were substantially decreased by the lactulose pretreatment compared to the METH-alone group (Figure 4).
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FIGURE 3. RT-qPCR analysis for genes of Nrf2, HO-1, and p62 in rat striatum. Compared to the control group, mRNA expressions of Nrf2 and p62 were significantly up-regulated in the METH alone-treated rats, while no change of HO-1 was observed. The pretreatment with lactulose significantly increased mRNA expressions of Nrf2, HO-1 and p62 compared to the METH alone-treated rats. Significant compared to the control group (*p < 0.05); Significant compared to the METH alone-treated group (#p < 0.05). Lact, Lactulose.
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FIGURE 4. Western blotting analysis for protein expressions of TLR4, MyD88, TRAF6, NFκB, IL-1β, IL-6, TNF-α, cleaved caspase 3 and PARP1 in rat striatum. Compared to the control group, expressions of TLR4, MyD88, TRAF6, NFκB, IL-1β, IL-6, TNF-α, cleaved caspase 3 and PARP1 significantly increased in the METH alone-treated group, while the lactulose pretreatment effectively alleviated these over-expressions, suggesting suppressions of neuroinflammation and apoptosis induced by METH. Significant compared to the control group (*p < 0.05); Significant compared to the METH alone-treated group (#p < 0.05). Lact, Lactulose.






DISCUSSION

In this study, obvious hepatic injury can be detected after METH alone treatment, showing as cytoplasmic vacuolar degeneration. However, the lactulose pretreatment effectively reduced the cytoplasmic damage. These findings indicate that the model was successfully established (Halpin and Yamamoto, 2012).

Overproduction of ROS was observed in striatums of the METH alone-treated group, indicating the pro-oxidative effects of METH. Overproduction of MDA, a final product of lipid peroxidation, was found in striatums of the METH alone-treated group, suggesting the induction of oxidative stress. However, when compared with the METH alone-treated rats, the lactulose pretreatment significantly attenuated productions of ROS and MDA. These findings indicated that pretreatment with lactulose can suppress METH-induced up-regulation of oxidative stress.

Toll-like receptors (TLRs) are a class of immunological pattern recognition receptors that play a fundamental role in pathogen recognition as well as in inflammatory responses. TLR4, also called CD284, can recruit the adaptor proteins (for example MyD88) bind to TRAF6, and then trigger NFκB activation to induce the transcription of pro-inflammatory cytokines, such as IL-6, IL-1β, TNF-α (Moscat et al., 2006; Zhang et al., 2013; Wang et al., 2018). Previous studies have reported that TLR4 plays an important part in METH-induced neuroinflammation (Du et al., 2017). In this study, over-expressions of proteins of TLR4, MyD88, and TRAF6 were observed in the METH alone-treated rats when compared with the control group. Consistently, protein expressions of NFκB as well as the pro-inflammatory cytokines, IL-6, IL-1β, and TNF-α, were also significantly up-regulated after METH treatment. These results confirmed that METH treatment induced neuroinflammation by activating the TLR4/NFκB pathway, whereas decreased protein expressions of TLR4, MyD88, TRAF6, NFκB, IL-6, IL-1β, and TNF-α were observed in the lactulose-pretreated group, suggesting the alleviation of neuroinflammation by lactulose.

The Nrf2/HO-1 axis is commonly referred to as an antioxidant system, which can be activated by ROS overproduction (Suzuki and Yamamoto, 2017). Besides its anti-oxidative function, Nrf2/HO-1 axis is an important part of the regulation of inflammation (Kuhn et al., 2011). In our previous study, in the whole-cell lysates of rat striatum, METH-induced over-expression of Nrf2 and p62 protein leves were significantly attenuated by the lactulose pretreatment. However, in cell nucleus, protein expressions of Nrf2 and HO-1 obviously decreased in METH alone-treated rats, but increased by the pretreatment with lactulose compared to the METH alone-treated rats, suggesting excessive accumulation of Nrf2 in cytoplasm paradoxically repressed Nrf2 nuclear transformation and induction of HO-1 from the level of protein (Xie et al., 2018). In this study, mRNA expressions of Nrf2, HO-1 and p62 in the whole-cell lysates of rat striatum were examined. Compared with the control group, the mRNA expression of Nrf2 was markedly up-regulated by METH treatment, whereas no significant change of HO-1 in the mRNA level was observed. These findings might suggest that as one of the downstream response elements of Nrf2, HO-1 was not effectively activated in rat striatums at transcription level. Furthermore, mRNA expression of p62 was significantly up-regulated in the striatums of METH alone-treated rats, while the lactulose pretreatment further increased mRNA expressions of Nrf2 and its targets, HO-1 and p62, suggesting activation of Nrf2/HO-1 axis by lactulose. The lactulose pretreatment can induce nucleus translocation of Nrf2. Therefore, to maintain the activation of Nrf2/HO-1 axis, mRNA expression of Nrf2 were further up-regulated by the lactulose pretreatment. Moreover, p62 is a target gene for Nrf2 and can create a positive feedback loop by inducing a downstream response element (Jain et al., 2010). In addition, p62 can be selective turnover by autophagy. Lactulose pretreatment increased turnover of p62 by alleviating impaired autophagy flux and decreased p62 protein expression (Xie et al., 2018). Thus, in the lactulose pretreatment group, the increased mRNA levels and decreased protein expressions of Nrf2 and p62 were observed in the whole-cell lysates of rat striatum when compared with METH-alone group, which may be caused by differences in translation efficiency or RNA/protein kinetics, though further investigations are needed to clarify the underlying mechanism.

Compared with the control group, increased expressions of proteins of cleaved caspase 3 and PARP1 were found in the METH alone-treated rats, implying its neurotoxicity. Previous studies have reported that METH-induced increase of oxidative stress and pro-inflammatory cytokines may activate downstream apoptosis (Allagnat et al., 2012; Park et al., 2017), which may play an important role in METH-induced neurotoxicity. However, in this study, decreased protein expressions of cleaved caspase 3 and PARP1 were observed in lactulose-pretreated rats, suggesting alleviation of METH-induced neurotoxicity.

METH abuse could also induce obvious neurocognitive defects (Cuzen et al., 2015), which is correlated with high serum ammonia levels. Lactulose could improve neurocognitive scores by reducing serum ammonia in cirrhotic patients with minimal hepatic encephalophthy (Moratalla et al., 2017). Therefore, we speculated that the treatment with lactulose might attenuate METH-induced neurotoxicity as well as neurocognitive defects and be favorable to improving the therapeutic effects of METH intoxication/addiction, at least at certain exert, which should be confirmed in further clinical practices.

In summary, oxidative stress and neuroinflammation induced by METH may play an important role in its neurotoxicity, while pretreatment with lactulose can alleviate the neurotoxicity through repressing oxidative stress and decreasing neuroinflammation, which might attribute to the activation of Nrf2/HO-1 axis.
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Mutations in leucine-rich repeat kinase 2 (LRRK2) are common causes of familial Parkinson’s disease (PD). Oxidative stress plays a key role in the pathogenesis of PD. Mutations in LRRK2 have been shown to increase susceptibility to oxidative stress. To explore mechanisms underlying susceptibility to oxidative stress in LRRK2 mutants, we generated stable Caenorhabditis elegans (C. elegans) strains in which human LRRK2 proteins including wild type LRRK2 (WT), G2019S LRRK2 (G2019S), and G2019S-D1994A kinase-dead LRRK2 (KD) were expressed in all neurons. Human 14-3-3 β was injected into LRRK2 transgenic worms to allow co-expression of 14-3-3 β and LRRK2 proteins. We found that G2019S transgenic worms had increased sensitivity to stress (heat and juglone treatment) and impaired stress-induced nuclear translocation of DAF-16. In addition, G2019S inhibited ftt2 (a 14-3-3 gene homolog in C. elegans) knockdown-associated nuclear translocation of DAF-16. Comparably, overexpression of human 14-3-3 β could attenuate G2019S-associated toxicity in response to stress and rescued G2019S-mediated inhibition of sod-3 and dod-3 expression. Taken together, our study provides evidence suggesting that 14-3-3-associated inhibition of DAF-16 nuclear translocation could be a mechanism for G2019S LRRK2-induced oxidative stress and cellular toxicity. Our findings may give a hint that the potential of 14-3-3 proteins as neuroprotective targets in PD patients carrying LRRK2 mutations.
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INTRODUCTION

Parkinson’s disease (PD, [MIM: 168600]) is a neurodegenerative disorder caused by genetic and environmental factors. A substitution of serine for glycine at position 2019 (G2019S) in the kinase domain of leucine-rich repeat kinase 2 (LRRK2, [MIM: 609007]) represents the most prevalent genetic mutation in PD (Zimprich et al., 2004; Di Fonzo et al., 2005; Gilks et al., 2005; Nichols et al., 2005). Furthermore, oxidative stress is also believed to play an important role in the pathogenesis of PD (Halliwell, 2006; Gandhi and Abramov, 2012), as elevated levels of reactive oxygen species (ROS) have been implicated as a pathological feature of PD. For example, G2019S LRRK2 causes uncoupling of mitochondrial oxidative phosphorylation (Mortiboys et al., 2010; Papkovskaia et al., 2012) which consequently promotes ROS accumulation and neurodegeneration (Lu et al., 2004; Angeles et al., 2011; Lebel et al., 2012). While G2019S LRRK2 and stress are involved in the pathogenesis of PD, the underlying pathway linking these processes is unknown.

DAF-16, a homolog of mammalian FoxO (forkhead box O subclass of transcription factors), is an important transcriptional regulator of genes that rapidly respond to and neutralize the effects of oxidative stress, such as superoxide dismutase (McElwee et al., 2003). Translocation of DAF-16 from cytoplasm into the nucleus is a key step for its transcription factor activity. Moreover, 14-3-3 is a key regulator of DAF-16 nuclear translocation. 14-3-3 proteins can bind to phosphorylated FoxO in mammalian cells (Brunet et al., 1999; Durocher et al., 2000; Obsil et al., 2003) and phosphorylated DAF-16 in C. elegans (Cahill et al., 2001), and this binding leads to retention of forkhead proteins in the cytoplasm, thereby rendering them inactive. In parallel, 14-3-3 proteins are also required for SIR-2.1-induced transcriptional activation of DAF-16 and stress resistance (Berdichevsky et al., 2006).

The family of 14-3-3 proteins comprises evolutionarily conserved modulator proteins that regulate multiple signaling pathways through binding to specific Ser/Thr-phosphorylated motifs on target proteins (Tzivion and Avruch, 2002; Tzivion et al., 2006; Morrison, 2009). This protein family includes seven isoforms in mammals (Ichimura et al., 1988; Martin et al., 1993) and two (PAR-5 and FTT-2) in C. elegans (Wang and Shakes, 1996). 14-3-3s have been implicated in the pathogenesis of several neurodegenerative diseases including PD, Alzheimer’s disease, Huntington’s disease and amyotrophic lateral sclerosis. In PD, markedly low levels of 14-3-3 were detected in human PD brain. Disruption of 14-3-3 has been shown to mediate toxicity while overexpression of 14-3-3 is protective via multiple mechanisms such as inhibition of apoptosis and attenuation of protein aggregation in both genetic and toxic models of PD.

14-3-3 proteins have been shown to interact with wild type LRRK2 and several PD-associated LRRK2 mutants including R1441C, R1441G, R1441H, Y1699C, and I2020T, but not G2019S, which has been shown to disrupt the interaction with 14-3-3 proteins (Dzamko et al., 2010; Nichols et al., 2010; Li et al., 2011). Disruption of 14-3-3 protein expression and function has been recently implicated in PD pathogenesis (Slone et al., 2015). Furthermore, a strong neuroprotective effect of enhanced 14-3-3 expression has been shown in multiple cellular and animal models of PD (Yacoubian et al., 2010). Collectively, 14-3-3 proteins play an important role in LRRK2 mutant-linked Parkinsonism.

We hypothesized that G2019S LRRK2 reduces stress resistance by inhibiting DAF-16 nuclear translocation, which may be mediated by ftt-2. G2019S disrupts and indirectly decreases the stress response system by increasing sensitivity to stress through DAF-16. 14-3-3 β is a potential target that can rescue the loss of stress resistance ability. To investigate whether 14-3-3 protein can regulate G2019S LRRK2-induced toxicity in the current study, we generated C. elegans strains expressing human wild type LRRK2, G2019S LRRK2 and G2019S D1994A kinase-dead (KD) LRRK2, and injected 14-3-3 β into these LRRK2 transgenic worms. We discovered that pan-neuronal expression of G2019S LRRK2 caused defects in stress resistance and impaired stress-induced or 14-3-3 protein-associated DAF-16 nuclear translocation in C. elegans. We also investigated G2019S LRRK2-induced defects in sod-3 and dod-3 mRNA expression by modulating DAF-16 localization. Our data suggest that human 14-3-3 β [MIM: 601289] protein could rescue G2019S LRRK2-associated toxicity in response to stress.



RESULTS

G2019S LRRK2 Enhanced Toxicity in Response to Environmental Stress and Impaired Stress-Induced DAF-16 Nuclear Translocation

We generated C. elegans strains expressing human wild type LRRK2, G2019S LRRK2 and G2019S D1994A KD LRRK2 in all neurons to investigate the responses of different LRRK2 strains to two different kinds of stress conditions: thermal and oxidative (Supplementary Figures S1, S2 and Supplementary Table S1). A strain expressing red fluorescent protein (RFP) alone served as a control. Analysis of sensitivity in response to stress was conducted in age-synchronized populations of nematodes. In the present study, all strains remained alive during the first 3 h of heat stress. However, control worms exhibited 50.0% ± 7.1% survival in response to heat stress for 7 h, while survival rates of WT, G2019S and KD transgenic worms were 42.0% ± 7.0%, 18.0% ± 5.4%, and 46.0% ± 7.0%, respectively. Compared with the control strain, WT showed a similar result, but G2019S significantly decreased the survival rate (Figure 1A, p < 0.01); whereas, KD could rescue G2019S-mediated loss of heat resistance (Figure 1A, p < 0.05). Meanwhile, similar results were achieved in oxidative stress experiments. RFP control worms exhibited 15.9% ± 3.0% survival after exposure to juglone for 7 h, while survival rates of WT, G2019S and KD transgenic worms were 10.4% ± 2.6%, 6.4% ± 2.0%, and 18.3% ± 3.2%, respectively. Compared with the control strain, WT showed similar results, but G2019S significantly decreased the survival rate (Figure 1B, p < 0.01); whereas, KD could rescue G2019S-mediated loss of juglone resistance (Figure 1B, p < 0.01).
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FIGURE 1. G2019S LRRK2 increased sensitivity to stress and impaired stress-induced DAF-16 nuclear translocation. (A) Nematode expressing G2019S LRRK2 increased sensitivity to heat stress. The RFP strain served as a control. (B) Nematode expressing G2019S LRRK2 increased sensitivity to oxidative stress (juglone treatment). The RFP strain served as a control. (C) Three different status of DAF-16 localization (cytoplasm and nucleus and both). The worm is the TJ356 strain. Scale bar = 75 μm. (D) Quantification of stress-induced DAF-16 nuclear translocation in adult synchronized worms. After reaching adulthood, the worms were exposed to heat stress (35°C) or juglone treatment (400 μM) for 1 h and counted for the presence of nuclear or cytoplasmic DAF16::GFP. Intermediate status and nuclear status of DAF-16 were counted as nuclear DAF-16. Error bars indicate SEM. ∗∗∗P < 0.001, represent TJ356 vs. G2019S-TJ356. #P < 0.05, represent G2019S-TJ356 vs. KD-TJ356. (E) Quantification of stress-induced DAF-16 nuclear translocation in adult synchronized worms. After they reached adulthood, the worms were exposed to juglone (400 μM) for 1 h and counted for the presence of nuclear or cytoplasmic DAF16::GFP. Intermediate status and nuclear status of DAF-16 were counted as the nuclear DAF-16. Error bars indicate SEM. ∗∗∗P < 0.001, represent TJ356 vs. G2019S-TJ356. ##P < 0.01, represent G2019S-TJ356 vs. KD-TJ356.



DAF-16, a FoxO transcription factor, is a key player in stress resistance in C. elegans. Translocation of DAF-16 from the cytoplasm into the nucleus is necessary for its transcriptional activity (Henderson and Johnson, 2001; Lin et al., 2001). A C. elegans strain expressing DAF-16::GFP (TJ356) was used to investigate the role of DAF-16 in G2019S-mediated loss of stress resistance. This strain has been shown to respond to environmental stress by displaying DAF-16 nuclear translocation. Three different status of DAF-16 were show in Figure 1C. To examine nuclear translocation of DAF-16 in different LRRK2 strains, LRRK2 strains were crossed with the TJ356 strain to generate WT-TJ356, G2019S-TJ356 and KD-TJ356 strains. Numbers of worms exhibiting DAF-16 nuclear translocation was calculated 60 min after heat stress or juglone treatment. DAF-16 was predominantly localized in the cytoplasm in both WT-TJ356 and G2019S-TJ356 strains under normal conditions (data not shown). However, in response to stress, DAF-16 was translocated from the cytoplasm into the nucleus in most of the TJ356 control strain. In contrast, nuclear translocation of DAF-16 was moderate in the G2019S-TJ356 strain (Figure 1D, p < 0.01 for heat treatment; Figure 1E, p < 0.01 for juglone treatment). However, KD could rescue G2019S-mediated inhibition of DAF-16 nuclear translocation in response to heat stress (Figure 1D, p < 0.01) or juglone (Figure 1E, p < 0.01).

Under stress, percentages of worms exhibiting nuclear translocation of DAF-16 were similar among WT-TJ356, KD-TJ356 and TJ356 strains (heat treatment: TJ356, 88.2% ± 1.4%; G2019S-TJ356, 31.0% ± 1.0%; WT-TJ356, 86.7% ± 4.9%; KD-TJ356, 79.5% ± 9.5%; juglone treatment: TJ356, 81.0% ± 4.9%; G2019S-TJ356, 31.0% ± 2.7%; WT-TJ356, 74.0% ± 3.5%; KD-TJ356, 74.0% ± 12.0%). Thus, our data suggest that G2019S blocks DAF-16 nuclear translocation under stress conditions.

G2019S LRRK2 Inhibited mRNA Expression of Stress-Resistance Genes

DAF-16 controls redox metabolism by regulating the expression of anti-oxidative stress molecules and lifespan-associated genes, such as sod-3 and dod-3. In response to heat stress, we found reduced expression levels of sod-3 and dod-3 in the G2019S transgenic C. elegans strain compared with controls; notably, both genes are under the regulation of DAF-16. As shown in Figures 2A,B, in response to heat stress, the G2019S transgenic strain inhibited mRNA expression of sod-3 (0.28 ± 0.04-fold, p < 0.01 vs. control) and dod-3 (0.36 ± 0.02-fold, p < 0.05 vs. control), while other LRRK2 transgenic strains showed no significant difference from the control strain [sod-3 expression (WT: 0.83 ± 0.17, KD: 0.90 ± 0.09); dod-3 expression (WT: 0.80 ± 0.10, KD: 1.07 ± 0.23)].
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FIGURE 2. G2019S LRRK2 induced defect in mRNA expression of stress-resistance genes. (A) Expression of sod-3 in transgenic strains after heat treatment for 60 min. Nematodes expressing G2019S showed reduced expression of sod-3 (∗∗p < 0.01 versus RFP strain) whereas KD could rescue G2019S-mediated deficit in expression of sod-3 (##p < 0.01 versus G2019S strain). (B) Expression of dod-3 in transgenic strains after heat treatment for 60 min. Nematodes expressing G2019S showed reduced expression of dod-3 (∗p < 0.05 versus RFP strain) whereas KD could rescue G2019S-mediated deficit in expression of dod-3 (#p < 0.05 versus G2019S strain). (C) Expression of sod-3 in transgenic strains after juglone treatment for 60 min. Nematodes expressing G2019S LRRK2 showed reduced expression of sod-3 (∗∗p < 0.01 versus RFP strain) whereas KD could rescue G2019S LRRK2-associated defect in mRNA expression of sod-3 (##p < 0.01 versus G2019S strain). (D) Expression of dod-3 in transgenic strains after juglone treatment for 60 min. Nematodes expressing G2019S LRRK2 showed reduced expression of dod-3 (∗∗∗p < 0.001 versus RFP strain) whereas KD could rescue G2019S LRRK2-associated defect in mRNA expression of dod-3 (##p < 0.01 vs. G2019S strain).



Similarly, we examined the mRNA expression levels of sod-3 and dod-3 of all strains in response to juglone. Compared with the control strain, the G2019S transgenic strain significantly reduced expression levels of sod-3 and dod-3. As shown in Figures 2C,D, in response to juglone, the G2019S transgenic strain inhibited mRNA expression of sod-3 (0.24 ± 0.04-fold, p < 0.01 vs. control) and dod-3 (0.24 ± 0.04-fold, p < 0.001 vs. control), while other LRRK2 transgenic strains showed no significant difference from the control strain [sod-3 expression (WT: 1.15 ± 0.16, KD: 1.08 ± 0.09); dod-3 expression (WT: 1.06 ± 0.05, KD: 0.99 ± 0.05)]. Thus, our data suggest that G2019S modulates the regulation of stress-resistance genes.

G2019S LRRK2 Impaired DAF-16 Nuclear Translocation in a 14-3-3 Protein-Dependent Manner

The C. elegans 14-3-3 protein ortholog FTT-2 acts as a key regulator of DAF-16 by binding to DAF-16 and regulating its sub-cellular localization via sequestration in the cytoplasm (Li et al., 2006). Given that 14-3-3 interacts with LRRK2, we investigated the role of 14-3-3 in G2019S LRRK2-associated inhibition of DAF-16 nuclear localization using RNA-mediated gene interference (RNAi) against ftt-2. Western blotting was performed to detect protein expression levels of strains N2 (Figures 3A,B) and TJ356, WT-TJ356, G2019S-TJ356, KD-TJ356 (Figures 3E,F) fed RNAi control OP50 or ftt-2 OP50. DAF-16::GFP was diffusely and predominantly localized in the cytoplasm in the progeny of TJ356 receiving control RNAi (L4440), whereas DAF-16::GFP was predominantly localized in the nuclei of the TJ356 strain receiving ftt-2 RNAi (Figure 3C). Furthermore, when worms were fed with control RNAi (L4440), all strains exhibited cytoplasmic localization of DAF-16. After being fed with ftt-2 RNAi, worms from WT-TJ356 and KD-TJ356 strains exhibited DAF-16 nuclear localization. However, DAF-16 was still localized in the cytoplasm of the G2019S-TJ356 strain. The percentage of worms with nuclear translocation of DAF-16 was approximately the same among WT-TJ356, KD-TJ356 and TJ356 strains (L4440: TJ356, 6.4% ± 1.9%; G2019S-TJ356, 4.3% ± 1.2%; WT-TJ356, 13.4% ± 3.4%; KD-TJ356, 8.0% ± 2.0%; ftt2 RNAi: TJ356, 88.0% ± 2.0%; G2019S-TJ356, 13.3% ± 1.9%; WT-TJ356, 77.5% ± 2.5%; KD-TJ356, 82.2% ± 11.2%). Compared with the TJ356 control strain, G2019S-TJ356 exhibited a significantly decreased number of nuclear DAF16::GFP (Figure 3D, p < 0.001); whereas, KD could rescue G2019S-mediated inhibition of DAF-16 nuclear translocation (Figure 3D, p < 0.001). Thus, our data suggest that G2019S inhibits ftt-2 -induced DAF-16 nuclear localization.
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FIGURE 3. C. elegansftt-2 is important in G2019S LRRK2-associated defect in DAF-16 nuclear translocation. Worms were synchronized and fed with control (L4440) RNAi or ftt-2 RNAi. Worm lysate was followed by Western blotting with an antibody against pan 14-3-3 to detect FTT-2 protein (28 kDa). (A) Detection on Western blots of FTT-2 proteins (28 kDa) in N2 strain fed with control (L4440) RNAi or ftt-2 RNAi. (B) Quantification to show the effect of ftt2 RNAi. ∗p < 0.05. (C) Representative images show cytoplasmic localization (treated with control L4440 RNAi) and DAF-16 nuclear localization (treated with ftt-2 RNAi). Scale bar = 100 μm. (D) Quantification of DAF-16 nuclear localization. Error bars indicate SEM. (E) Detection on Western blots of FTT-2 proteins (28 kDa) in C. elegans fed with control (L4440) RNAi or ftt-2 RNAi. Worm lysate was followed by Western blotting with an antibody against pan-14-3-3. (F) Quantification to show the effect of ftt2 RNAi. ∗p < 0.05, ∗∗∗p < 0.001 for TJ356 vs.G2019S TJ356; ###p < 0.001 for G2019S TJ356 vs. KD TJ356.



Human 14-3-3 β Protein Rescued G2019S LRRK2-Associated Toxicity in Response to Stress

To examine whether 14-3-3 can rescue G2019S LRRK2-associated toxicity, we generated C. elegans strains co-expressing human 14-3-3 β and LRRK2 by injecting a plasmid containing 14-3-3 β fused with a green fluorescent protein (GFP) marker into WT, G2019S and KD transgenic worms. Subsequently, WT-14-3-3 β, G2019S-14-3-3 β and KD-14-3-3 β were selected using the GFP marker (Figure 4A). After exposure to heat stress at 35°C for 7 h, all G2019S worms died, while survival rates were 48.3% ± 6.6% for WT, 62.0% ± 6.9% for WT-14-3-3 β, 47.1% ± 7.0% for G2019S-14-3-3 β, 55.8% ± 4.0% for KD, and 46.8% ± 4.0% for KD-14-3-3 β. The survival rate of G2019S was significantly different from that of G2019S-14-3-3 β (Figure 4D, p < 0.001), while the survival rate of WT (or KD) was similar to WT-14-3-3 β (or KD-14-3-3 β) (Figures 4B,F). In comparison, when worms were exposed to juglone for 7 h, survival rates were 53.1% ± 4.2% for WT, 55% ± 5.0% for WT-14-3-3 β, 22.0% ± 3.4% for G2019S, 52.5% ± 0.0% for G2019S-14-3-3 β, 61.0% ± 4.1% for KD, and 69.3% ± 4.6% for KD-14-3-3 β. The survival rate of G2019S was significantly different from that of G2019S-14-3-3 β (Figure 4E, p < 0.001), while the survival rate of WT (or KD) was similar to WT-14-3-3 β (or KD-14-3-3 β) (Figures 4C,G).
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FIGURE 4. 14-3-3 β protein can rescue G2019S LRRK2-associated toxicity in response to stress. (A) Representative images of adult worms pan-neuronal expressing human 14-3-3 β in LRRK2 transgenic worms visualized by epifluorescence microscopy (GFP fused with 14-3-3; RFP co-injection with LRRK2). Scale bar = 100 μm. (B) Human 14-3-3 β showed no effect on WT LRRK2 in response to heat stress. Error bars indicate SEM. P = 0.1321. (C) Human 14-3-3 β showed no effect on WT LRRK2 in response to juglone. Error bars indicate SEM. P = 0.7614. (D) Human 14-3-3 β can rescue G2019S LRRK2-associated toxicity in response to heat stress. Error bars indicate SEM. ∗∗∗p < 0.001. (E) Human 14-3-3 β can rescue G2019S LRRK2-associated toxicity in response to juglone. Error bars indicate SEM. ∗∗∗p < 0.001. (F) Human 14-3-3 β showed no effect on KD LRRK2 in response to heat stress. Error bars indicate SEM. P = 0.1165. (G) Human 14-3-3 β showed no effect on KD LRRK2 in response to juglone. Error bars indicate SEM. P = 0.1800.



Human 14-3-3 β Protein Rescued G2019S LRRK2-Mediated Inhibition of Stress-Resistance Gene mRNA Expression

Our data show that co-expression of human 14-3-3 β can rescue the expression of stress-resistant genes sod-3 and dod-3 in the G2019S transgenic strain in response to heat stress. When worms were exposed to heat stress at 35°C for 1 h, mRNA expression of sod-3 and dod-3 in the G2019S strain was significantly different from that of G2019S-14-3-3 β (Figures 5C,D, p < 0.001); whereas, the survival rate of WT (or KD) was similar to WT-14-3-3 β (or KD-14-3-3 β) (Figures 5A,B,E,F). Expression of sod-3 in WT-14-3-3 β, G2019S-14-3-3 β, and KD-14-3-3 β was 0.88 ± 0.03, 0.92 ± 0.15, and 0.88 ± 0.12, respectively; whereas, dod-3 expression was 1.41 ± 0.13, 1.16 ± 0.08, and 1.25 ± 0.13, respectively.
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FIGURE 5. 14-3-3 β protein can rescue G2019S LRRK2-associated defect in mRNA expression of stress-resistance genes. (A) Expression of sod-3 in transgenic strains after heat treatment for 60 min. Human 14-3-3 β showed no effect on WT LRRK2 in mRNA expression of sod-3 (p = 0.5370). Expression of sod-3 in transgenic strains after juglone treatment for 60 min. Human 14-3-3 β showed no effect on WT LRRK2 in mRNA expression of sod-3 (p = 0.7126). (B) Expression of dod-3 in transgenic strains after heat treatment for 60 min. Human 14-3-3 β showed no effect on WT LRRK2 in mRNA expression of dod-3 (p = 0.0680). Expression of dod-3 in transgenic strains after juglone treatment for 60 min. Human 14-3-3 β showed no effect on WT LRRK2 in mRNA expression of dod-3 (p = 0.9849). (C) Expression of sod-3 in transgenic strains after heat treatment for 60 min. Human 14-3-3 β could rescue G2019S LRRK2-associated deficit in mRNA expression of sod-3 (∗∗∗p < 0.001 versus G2019S strain). Expression of sod-3 in transgenic strains after juglone treatment for 60 min. Nematodes expressing G2019S LRRK2 showed reduced expression of sod-3 (##p < 0.01 versus RFP strain). (D) Expression of dod-3 in transgenic strains after heat treatment for 60 min. Human 14-3-3 β could rescue G2019S LRRK2-associated deficit in mRNA expression of dod-3 (∗∗∗p < 0.001 versus G2019S strain). Expression of dod-3 in transgenic strains after juglone treatment for 60 min. Nematodes expressing G2019S LRRK2 showed reduced expression of dod-3 (#p < 0.05 versus G2019S strain). (E) Expression of sod-3 in transgenic strains after heat treatment for 60 min. Human 14-3-3 β showed no effect on KD LRRK2 in mRNA expression of sod-3 (p = 0.8593). Expression of sod-3 in transgenic strains after juglone treatment for 60 min. Human 14-3-3 β showed no effect on KD LRRK2 in mRNA expression of sod-3 (p = 0.7686). (F) Expression of dod-3 in transgenic strains after heat treatment for 60 min. Human 14-3-3 β showed no effect on KD LRRK2 in mRNA expression of dod-3 (p = 0.3736). Expression of dod-3 in transgenic strains after juglone treatment for 60 min. Human 14-3-3 β showed no effect on KD LRRK2 in mRNA expression of dod-3 (p = 0.4913).



As shown in Figure 5, human 14-3-3β can rescue expression of stress-resistant genes sod-3 and dod-3 in the G2019S transgenic strain in response to juglone. When worms were exposed to juglone for 1 h, mRNA expression of sod-3 and dod-3 in the G2019S strain was significantly different from that of G2019S-14-3-3 β (Figures 5C,D, p < 0.01 for sod-3 and p < 0.05 for dod-3); whereas, the survival rate of WT (or KD) was similar to WT-14-3-3 β (or KD-14-3-3 β) (Figures 5A,B,E,F). Expression of sod-3 in WT-1433 β, G2019S-1433 β, and KD-1433 β was 1.02 ± 0.04, 1.07 ± 0.01, and 1.05 ± 0.02, respectively; whereas, dod-3 expression was 1.05 ± 0.16, 1.21 ± 0.09and 1.07 ± 0.11, respectively.



DISCUSSION

In the present study, we examined the role of 14-3-3 and DAF-16 proteins in LRRK2 pathophysiology in C. elegans. Our data is consistent with our hypothesis that G2019S LRRK2 increased sensitivity to stress and impaired stress-induced DAF-16 nuclear translocation. Furthermore, G2019S LRRK2 inhibited 14-3-3 protein-associated DAF-16 nuclear translocation. In contrast, overexpression of human 14-3-3 β could rescue G2019S LRRK2-associated toxicity in response to stress and ameliorate G2019S LRRK2-associated down-regulation of sod-3 and dod-3 expression (two DAF-16 pathway genes). Collectively, the present data suggest that increased stress susceptibility of G2019S LRRK2 is associated with inhibition of DAF-16 nuclear translocation in a 14-3-3-associated manner. Given the critical role of DAF-16 in stress resistance, our findings imply that DAF-16 may play an important role in 14-3-3-mediated attenuation of G2019S LRRK2 toxicity.

G2019S Increases Sensitivity to Stress by Impairing Nuclear Localization of DAF-16

We generated transgenic C. elegans expressing human WT LRRK2 and PD-linked mutant G2019S LRRK2 or G2019S kinase dead LRRK2 in all neurons. Consistent with previous studies, sensitivity to stress was significantly increased in G2019S worms.

DAF-16, the only FoxO transcription factor in C. elegans, plays an important role in stress resistance. DAF-16 is activated by nuclear translocation in response to environmental stress. Once DAF-16 is activated, it activates expression of downstream genes such as sod-3 and dod-3 to increase stress resistance. Consistently, under heat and juglone stress, nuclear translocation of DAF-16 was evident in most C. elegans of both control and WT strains; whereas, DAF-16 was only detected in a relatively small population of G2019S C. elegans. Furthermore, G2019S-induced impairment of DAF-16 nuclear translocation resulted in loss of stress resistance, suggesting that blockage of DAF-16 nuclear translocation may be one mechanism by which G2019S elicits toxicity.

G2019S Impairs 14-3-3 Knockdown-Induced DAF-16 Nuclear Translocation

Previously, LRRK2 has been shown to directly phosphorylate FoxO, an analog of DAF-16, initiating an apoptotic pathway (Kanao et al., 2010). Phosphorylation of DAF-16 is a key upstream event of DAF-16 signaling. Following phosphorylation, DAF-16 can translocate to the nucleus to activate downstream gene expression. The 14-3-3 family of proteins is a major player in the regulation of DAF-16 translocation between the nucleus and cytoplasm. For example, the 14-3-3 protein FTT-2 has been reported to bind to Akt-phosphorylated DAF-16 and consequently confine it to the cytoplasm. However, inhibition of 14-3-3 protein by either genetics or stress (oxidative or heat stress) (Oh et al., 2005; Sunayama et al., 2005; Landis and Murphy, 2010) promotes nuclear translocation of DAF-16. Consistently, in the present study, 14-3-3 knockdown by siRNA induced DAF-16 nuclear translocation. Furthermore, G2019S blocked, whereas G2019S kinase dead completely restored, 14-3-3 knockdown-induced nuclear translocation of DAF-16. Collectively, our data suggest that G2019S blocked 14-3-3 knockdown-induced nuclear translocation of DAF-16 in a kinase-dependent manner.

14-3-3 β Ameliorates G2019S LRRK2-Induced Toxicity by Restoring sod-3 and dod-3

14-3-3 proteins are a key hub for dysregulated proteins in transcriptional analysis of PD patients (Ulitsky et al., 2010). All 14-3-3 isoforms except 14-3-3 σ can interact with the PD-related protein LRRK2 (Nichols et al., 2010). Our results showed that overexpression of human 14-3-3 β could rescue G2019S LRRK2-associated deficiency in response to stress. Additionally, this rescue effect was associated with restored expression of sod-3 and dod-3 in G2019S worms. Given that sod-3 and dod-3 are direct downstream genes of DAF-16, our results suggest that 14-3-3 may rescue G2019S-mediated loss of stress resistance via modulation of DAF-16 activity.

Potential Interplay Among LRRK2, 14-3-3, and DAF-16

Phosphorylation of DAF-16 is a key event in DAF-16 signaling pathways. Phosphorylation can promote or inhibit DAF-16 nuclear translocation depending on the function of kinases. For example, phosphorylation by Akt restricts DAF-16 to the cytoplasm, while JNK promotes nuclear translocation (Oh et al., 2005).

We found that G2019S LRRK2 could block stress/14-3-3 knockdown-associated nuclear translocation. This event is kinase-dependent, as the kinase dead strain of G2019S completely rescued this event. Given that LRRK2 can directly interact with 14-3-3 and DAF-16, both interactions may have a role in nuclear translocation of DAF-16. Interestingly, pathogenic mutations such as R1441C, R1441G, R1441H, Y1699C, and I2020T, but not G2019S, disrupt the interaction with 14-3-3 (Nichols et al., 2010). Furthermore, oxidative stress reportedly reduces the binding of 14-3-3 to WT, kinase-dead LRRK2 and G2019S to the same degree (Mamais et al., 2014). Thus, the interaction of G2019S with 14-3-3 is less likely to play a critical role in DAF-16 nuclear translocation.

LRRK2 has been reported to phosphorylate FoxO1 at S319 (Kanao et al., 2010). We also identified S314 to be a conserved phosphorylated site in DAF-16 (Figure 6A). In the present study, G2019S did not affect sub-cellular localization of DAF-16 under normal conditions (data not shown). We propose that G2019S LRRK2 phosphorylation of DAF-16 inhibits nuclear translocation under normal conditions. There may be two possible explanations for this observation. First, phosphorylation of DAF-16 by G2019S alone may not be sufficient to induce the translocation of DAF-16. Alternatively, G2019S-mediated phosphorylation of DAF-16 may restrict DAF-16 to the cytoplasm. In the current study, we found that G2019S impaired 14-3-3 knockdown-induced DAF-16 translocation, suggesting that the second possibility is the most likely scenario. Normally in WT and G2019S-KD LRRK2, LRRK2 binds with DAF-16 following its phosphorylation to restrict DAF-16 to the cytoplasm. Under stress and 14-3-3 knockdown, 14-3-3 may interact with additional kinases such as JNK to further promote DAF-16 nuclear translocation (Figure 6B). In the case of G2019S LRRK2, G2019S possesses increased kinase activity in relation to LRRK2; thus, under stress or 14-3-3 knockdown, G2019S negatively regulates DAF-16 to prevent nuclear translocation. Further study is needed to examine whether G2019S can indeed phosphorylate specific sites of DAF-16 to directly restrict DAF-16 nuclear translocation or indirectly via reduce the interaction between DAF-16 and 14-3-3. Finally, given the complex regulatory mechanisms of DAF-16 translocation, other possibilities such as varying phosphorylation levels, roles for additional kinases including Akt and JNK, potential involvement of Sir2, and post-translational modifications also need further investigation.
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FIGURE 6. A model of LRRK2 and 14-3-3 associated DAF-16 nuclear translocation in response to stress. (A) Alignment of putative LRRK2 phosphorylation sites in FoxO family. (B) RNAi knockdown of 14-3-3 or stress (heat or juglone treatment) induced DAF-16 nuclear translocation in C. elegans expressing WT-LRRK2 or G2019S-KD LRRK2. Meanwhile, G2019S LRRK2 inhibited DAF-16 nuclear translocation, resulting in stress response deficiency which was rescued by 14-3-3.





MATERIALS AND METHODS

Strains

Several C. elegans strains were obtained from the Caenorhabditis Genetics Center or elsewhere, as indicated, including Bristol N2, TJ356, and BZ555 strains. All strains used were maintained and handled as previously described (Brenner, 1974). Strains were maintained at 20°C on NGM plates with OP50 as food, unless otherwise noted. Bristol N2 was used as a reference strain. NGM was made with Agar (MBCHEN) and Tryptone (OXOID, Ltd.) and other chemicals from Guangzhou Chemical Reagent Factory. Mixed-stage animals were maintained as bulk culture on NGM agar at room temperature (20°C). For most experiments, C. elegans strains were age synchronized using a bleaching method, and underwent development from larval stage L1 to L4, which was considered as the beginning of adulthood and counted as adult day 0. L4-stage worms were then picked and transferred to new NGM plates for growth into adults.

Plasmids

Human cDNA encoding full-length FLAG-tagged human WT LRRK2 and mutants (LRRK2 G2019S and G2019S KD) generated by site-directed mutagenesis were previously constructed in pcDNA3.1 vectors, as described (Smith et al., 2005). The C. elegans promoter for the pan-neuronal transporter UNC51 was used to drive transgene expression in all neurons. The pu51p vector including unc51 promoter was obtained from Kuwahara et al. (2008). The pu51p vector was used as a C. elegans expression vector. We constructed transgenic plasmids expressing human WT LRRK2 and mutants (G2019S and G2019S KD) with the pu51p vector. WT LRRK2 and mutant (G2019S and G2019S KD) LRRK2 cDNA fragments were obtained by cutting between NheI and BamHI sites of modified pcDNA3.1 and inserting fragments into pu51p between NheI and KpnI sites of pu51p. Additionally, we constructed transgenic a pu51p-14-3-3 β-GFP plasmid expressing 14-3-3 β protein fused with eGFP. First, the enhanced GFP sequence was inserted into XhoI and SacI sites of pu51p. Second, the PCR product of 14-3-3 β was inserted into NheI and XhoI sites immediately upstream of GFP in the modified pu51p to create pu51p-14-3-3-GFP. All RNAi vectors were purchased from Open Biosystems (Boston, MA, United States).

Generating Transgenic C. elegans Strains

LRRK2 transgenic nematodes were created by co-injecting a cocktail of DNA containing 50 ng/μL of pu51p-WT LRRK2, pu51p-G2019S LRRK2, or pu51p-G2019S KD LRRK2 plasmid along with the co-marker pu51p-RFP (100 ng/μL). Human 14-3-3 β transgenic nematodes were created by injecting 100 ng/μL of pu51p-14-3-3β-GFP plasmid. This cocktail of DNA was injected into the gonad of young adult hermaphrodites of the N2 strain using a previously described method (Mello et al., 1991). Injected nematodes were grown at 20°C. Nematodes with stable arrays (over 50% transmittance) were analyzed by PCR for the presence LRRK2 cDNA and chosen for chromosomal integrations. L4 nematodes carrying arrays were subjected to UV-irradiation (30,000 μJ/cm2) and grown further to generate F1 progenies. Two hundred F1 nematodes were individually grown in a single plate and selected for 75% transmittance. Four nematodes were picked from every F2 population with 75% transmittance, and then individually grown in single plate and selected for 100% transmittance. With a yield of 1–2% stable integrants, transgenic nematodes were out-crossed with Bristol N2 nematodes at least five times and PCR analyzed for the presence of transgenic cDNA. LRRK2/DAF-16::GFP strains (carrying GFP) were created by conventional crossing of WT LRRK2 or mutant LRRK2 strains with TJ356 (DAF-16::GFP), and verified by checking both RFP and GFP markers. Representative integrated strains from each strain were used in repeated experiments throughout this study, and their detailed genotypes and strain designations are listed in Table 1.

TABLE 1. Transgenic C. elegans strains used in this study.
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Nematodes were synchronized either by a bleaching method or letting nematodes lay eggs for 2–3 h.

Stress Assay

Assays were performed using two dishes of 25 adult nematodes for each condition and strain. Nematodes were exposed to NGM agar containing 400 μM juglone or heated to 35°C. Treatment with juglone was begun on adult day 3, while treatment at 35°C was begun on adult day 2. Nematode viability was checked every hour with a soft touch at the tip of pharynx of the nematode. Nematodes that crawled up the side of the plate were excluded from all analyses.

RNAi Knockdown

RNAi knockdown assay was performed according to Kamath et al. (2001). HT115 bacteria was grown overnight in LB media containing 50 μg/mL ampicillin. Bacteria was then plated on NGM plates containing 1 mM IPTG and allowed to grow overnight at room temperature. Nematodes were synchronized by a bleaching method and exposed at L4 stage to HT115 bacteria containing either the pL4440 expression vector with the ftt2 open reading frame (ORF) (Open Biosystems) or empty vector. On adult day 2 of the next generation, nematodes were used in several experiments.

DAF-16 Nuclear Localization Assay

For quantification of DAF-16::GFP localization, synchronized eggs from TJ356 animals (i.e., transgenic animals expressing DAF-16::GFP) or other strains (as indicated) were seeded onto either control or appropriate RNAi plates. For stress response experiments, adult day 1 worms were transferred to new plates and subjected to heat shock (35°C) or plates containing 400 μM juglone. GFP localization was then analyzed using a Nikon AZ100 fluorescent microscope at 5× magnification. An animal was scored as having nuclear GFP if more than one head hypodermic nuclei contained DAF-16::GFP. For single time point experiments, worms were blindly scored for the presence or absence of GFP accumulation within the nuclei of indicated cells (n ≥ 120 or greater).

Western Blotting

Protein extracts were prepared from mixed-stage worms grown to near confluence on five 60-mm NGM plates. Worms were washed with M9 buffer and collected by brief centrifugation at 3,000 × g for 1 min. The worm pellet was homogenized in ice-cold lysed buffer (1% Triton X-100 in PBS) supplemented with a cocktail of protease inhibitors (Roche), and then sonicated five times for 5 s each. The mixture was then incubated on ice for 30 min. Homogenates were clarified after centrifugation at 14,000 × g for 20 min. The supernatant was collected for sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting using anti-14-3-3 (1:8000, Abcam) for FTT-2 detection. An anti-actin antibody (1:4000, PTG) was used for protein control.

Quantitative RT Real-Time PCR Assay

Total RNA from C. elegans was extracted using an E.Z.N.A. total RNA extraction kit (OMEGA Biotek). Intact RNA was checked by running a 1.0% agarose/formaldehyde gel and quantified spectrometrically (Beckman Coulter DU 800) before proceeding to subsequent steps. Five-hundred nanograms of total RNA were reverse-transcribed using PrimeScriptTM RT Master Mix (Perfect Real Time) Kit (Takara) according to the manufacturer’s instructions. Real-Time PCR was performed on an Opticon MONITORTM Software (MJ Research) using SYBR® Premix Ex TaqTM II (TliRNaseH Plus) (Takara). Expression levels for each target gene were calculated by the 2-ΔΔCT method (Livak and Schmittgen, 2001). All analyses were performed in triplicate. Primers used for RT real-time PCR are listed in Table 2.

TABLE 2. Amplimer sets used for PCR.

[image: image]

Statistical Analysis

Survival analysis was done using logrank test. According to reference and previous study, we need 50 animals per group. Statistical analysis was done using SPSS Statistics software. Survival curves were analyzed by the Kaplan–Meier method. Chi-square was conducted in the daf16 translocation assay. We take Convenience Sampling. At least 50 animals were randomly selected in stress assay and 30 animals were randomly selected in daf16 translocation assay. Descriptive statistics of the results are using mean and SD. Results of Western and qRT-PCR were evaluated by using a t-test. All the curves and column diagrams were performed using Graphpad Prism 7 software.
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FIGURE S1 | Generation of C. elegans lines over expressing WT or G2019S or G2019S kinase dead (KD) LRRK2. (A) Representative images of adult worms from LRRK2 transgenic lines visualized by epifluorescence microscopy (RFP) of the whole body. Scale bar = 50 μm. (B) Detection of transgene LRRK2. Single worm PCR is detected for a ∼617 bp fragment of LRRK2 cDNA. Plasmid WT LRRK2 used for transformation served as a positive control. M: DNA size marker in kb. (C) Detection on Western blots of LRRK2 proteins (280 kDa) in C. elegans over expressing WT, G2019S, and KD LRRK2, but not in the RFP strain. Worm lysate was followed by Western blotting with an antibody against FLAG.

FIGURE S2 | DA neurodegeneration in C. elegans lines over expressing WT or G2019S or G2019S kinase dead (KD) LRRK2. (A) G2019S LRRK2 expression leads to DA neurodegeneration. Control and C. elegans expressing WT or KD LRRK2 contained intact DA neurons (CEP neurons) and smooth neuritis, whereas the G2019S LRRK2 over expression line displayed prominent loss of DA neurons (white arrows) during adult day 2. Scale bar = 75 μm. (B) The DA neuron degeneration was quantified by the loss of CEP neurons in transgenic animals during adult day 2. BZ555 (Pdat-1::GFP) worm was a control. Error bars indicate SEM. G2019S LRRK2 strain and control were significantly different (p < 0.01) whereas KD could rescue G2019S-mediated loss of DA neurons. (C) Numbers of bends every 30 s for control and transgenic lines in adult day 2. G2019S LRRK2 strain and control were significantly different (p < 0.001) whereas KD could rescue G2019S-mediated loss of motor ability. WT LRRK2 strain was similar with control strain.

TABLE S1 | Transgenic C. elegans strains used in DA neuron degeneration assay.
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Dysregulation of microRNAs (miRNAs) has been found in injured spinal cords after spinal cord injury (SCI). Previous studies have shown that miR-133b plays an important role in the differentiation of neurons and the outgrowth of neurites. Recently, exosomes have been used as novel biological vehicles to transfer miRNAs locally or systemically, but little is known about the effect of the delivery of exosome-mediated miRNAs on the treatment of SCI. In the present study, we observed that mesenchymal stem cells, the most common cell types known to produce exosomes, could package miR-133b into secreted exosomes. After SCI, tail vein injection of miR-133b exosomes into rats significantly improved the recovery of hindlimb function when compared to control groups. Additionally, treatment with miR-133b exosomes reduced the volume of the lesion, preserved neuronal cells, and promoted the regeneration of axons after SCI. We next observed that the expression of RhoA, a direct target of miR-133b, was decreased in the miR-133b exosome group. Moreover, we showed that miR-133b exosomes activated ERK1/2, STAT3, and CREB, which are signaling pathway proteins involved in the survival of neurons and the regeneration of axons. In summary, these findings demonstrated that systemically injecting miR-133b exosomes preserved neurons, promoted the regeneration of axons, and improved the recovery of hindlimb locomotor function following SCI, suggesting that the transfer of exosome-mediated miRNAs represents a novel therapeutic approach for the treatment of SCI.
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INTRODUCTION

Traumatic spinal cord injury (SCI) often results in irreversible neurological deficits, with an annual incidence of 15–40 cases per million throughout the world (Sekhon and Fehlings, 2001). Increasing evidence has shown that the spinal cord suffers from primary mechanical injury followed by secondary injury, including inflammation, ischemia, lipid peroxidation, and apoptosis, although the exact pathophysiological mechanisms are still unknown (Popovich, 2014; Stenudd et al., 2015). To date, major progress has been made on neuroprotection and regeneration in preclinical studies;however, finding effective treatments for SCI remains a challenge for basic science and clinical investigators (Dietz and Fouad, 2014).

MicroRNAs (miRNAs) are endogenous ∼22 nucleotide non-coding RNAs that can regulate the expression of protein-coding genes by binding to complementary sites in the 3′-untranslated regions (UTRs) of their target mRNAs (Bartel and Chen, 2004). Recent studies have shown that miRNAs play important roles in synaptic activity, regeneration, and neurogenesis in the central nervous system (CNS). Moreover, several miRNAs have been reported as potentially novel targets for the treatment of SCI, including miR-486, miR-21, and miR-126 (Jee et al., 2012; Hu et al., 2013, 2015). Recently, Yu et al. demonstrated that miR-133b is essential for functional recovery after SCI in zebrafish (Yu et al., 2011). In addition, our previous study indicated that miR-133b promotes the outgrowth of neurites by targeting Ras homolog gene family member A (RhoA) in vitro (Lu et al., 2015).

Exosomes are small-membrane vesicles (30–100 nm) derived from the luminal membranes of multivesicular bodies and are secreted from several types of cells (Thery et al., 2002). These extracellular vesicles mediate intercellular communication by transferring miRNAs, mRNAs, DNA, and proteins between cells without direct cell-to-cell contact (Umezu et al., 2014; Lou et al., 2015). Growing evidence suggests that, as intercellular communicators, exosomes act not only locally but also systemically (Katakowski et al., 2013; Lou et al., 2015). Moreover, accumulating studies have demonstrated that exosomes can be manufactured in culture by transferring therapeutic miRNAs to exosome-producing cells; among the cell types known to produce exosomes, mesenchymal stem cells (MSCs) are the most common (Roccaro et al., 2013; Phinney et al., 2015; Long et al., 2017). Therefore, we hypothesized that systemic injection of exosomes derived from miR-133b-modified MSCs could transfer miR-133b into the injured spinal cord and improve functional recovery after SCI.



MATERIALS AND METHODS

Animals

Adult male Sprague–Dawley rats weighing 250–300 g were purchased from the Animal Center of the Chinese Academy of Sciences, Shanghai, China. The animal experimental protocols, including care, breeding, and operative procedures, were approved by the Animal Care and Use Committee of Soochow University and complied with the Guide for the Care and Use of Laboratory Animals approved by the National Institutes of Health.

Preparation of MSC-Derived miR-133b Exosomes

Primary rat MSCs were isolated from male rats weighing 80–100 g. Briefly, the bone marrow of the femurs and tibias was flushed out with PBS followed by centrifugation. The pellet was suspended in Dulbecco’s modified Eagle medium (DMEM; Life Technologies, United States) with 10% heat-inactivated fetal bovine serum (FBS; Life Technologies) and 1% penicillin–streptomycin, and was then incubated under a humidified atmosphere with 5% CO2 at 37°C. The medium was replaced every 3 days, and the MSCs were passaged when the cultures reached 90% confluence.

MSCs were transfected with miR-133b mimic and negative control using Lipofectamine 3000 (Invitrogen, United States) in serum-free medium according to the manufacturer’s instructions. At 72 h after transfection, exosomes were obtained from MSC supernatants using the ExoQuick-TC Kit (System Biosciences, United States). Subsequently, exosome pellets were resuspended in PBS at a total protein concentration of 10 μg/μl. Moreover, the exosomes were characterized by western blotting of exosome surface markers, including CD81, CD63, and CD9. The sequence of the miR-133b mimic was 5’-UUUGGUCCCCUUCAACCAGCUA-3′.

Compression Spinal Cord Injury Model

Male rats were anesthetized by chloral hydrate (400 mg/kg body weight). Following dissection of the paraspinal muscles, a laminectomy from T9–T11 was performed. Subsequently, SCI was inflicted with an aneurysm clip of 35 g closing force for 60 s at the T10 level as previously described (Figley et al., 2014; Soubeyrand et al., 2014). Finally, the incision was closed in layers with silk sutures. The sham-operated rats only received laminectomy. After surgery, all animals received penicillin and an analgesic for 3 days, and the bladders were manually voided thrice daily. At 24 h following trauma, the animals received treatments by tail intravenous injection of miR-133b exosomes (100 μg exosomes in 0.5 mL of PBS), miR-con exosomes (100 μg exosomes in 0.5 mL PBS), or PBS (0.5 ml) as previously described (Zhang et al., 2015).

Experimental Groups

The rats were randomly divided into four groups, and testing was performed by blinded observers: (1) sham group (the rats were subjected to sham operation), (2) control group (the rats received SCI and were treated with PBS), (3) miR-con group (the rats were subjected to SCI and treated with miR-con exosomes), and (4) miR-133b group (the rats were subjected to SCI and treated with miR-133b exosomes).

Western Blot Analysis

Total protein was extracted with RIPA lysis buffer (Beyotime Institute of Biotechnology, China). We used the BCA protein assay kit to assess protein concentrations (Beyotime Institute of Biotechnology). For in vivo studies, a 10-mm long segment of the spinal cord containing the injury site was harvested at 4 days following SCI (four animals per group). For western blot analysis, 30 μg of protein was separated by 12% SDS–PAGE and transferred to PVDF membranes (Merck Millipore, Germany). Following blocking with 5% non-fat milk, the membranes were incubated with primary antibodies overnight at 4°C: mouse anti-CD63 (Abcam, Cambridge, United Kingdom), rabbit anti-CD81 (Abcam), rabbit anti-CD9 (Abcam), mouse anti- neurofilament (NF) (Abcam), rabbit anti-growth-associated protein 43 (GAP43) (Abcam), rabbit anti-p-signal transducer and activator of transcription 3 (STAT3) (Cell Signaling Technology, United States), mouse anti-STAT3 (Cell Signaling Technology), rabbit anti-p-cAMP response element-binding protein (CREB) (Abcam), rabbit anti-CREB (Abcam), rabbit anti-RhoA (Cell Signaling Technology), or rabbit anti-β-actin (Cell Signaling Technology). Horseradish peroxidase (HRP)-conjugated goat anti-rabbit or mouse was used as secondary antibody (Cell Signaling Technology). Finally, bands were visualized by enhanced chemiluminescence (ECL) Plus (Thermo Scientific, United States), and the relative band densities were determined by Image Lab (Version 2.0.1).

Real-Time PCR

Total RNAs from MSCs, exosomes, or spinal cords (four animals per group) were extracted by TRIzol reagent (Invitrogen) according to the manufacturer’s instructions. For in vivo studies, a 10-mm long spinal cord segment containing the injury epicenter was harvested. Total RNA was reverse-transcribed to cDNA using the PrimeScript RT reagent kit (TaKaRa, Japan). Quantitative real-time PCR was performed using the miScript SYBR Green PCR kit (QIAGEN, Germany). The relative expression of miRNA normalized to U6 was calculated using the 2−ΔΔCT method.

Behavioral Assessment

The recovery of hindlimb locomotor function was evaluated by using the Basso–Beattie–Bresnahan (BBB) locomotor rating scale of 0 (no motor activity) to 21 (normal locomotion) (Basso et al., 1995). Two independent investigators blinded to the treatment observed the movement and scored the locomotor function preinjury and at days 1, 3, 5, 9, and 14 post-injury as previously described (Hu et al., 2013; Datto et al., 2015).

Tissue Processing, Hematoxylin–Eosin (HE) Staining, and Immunohistochemistry

Animals were anesthetized terminally with an overdose of inhalation isoflurane at day 4 after injury. The spinal cords were embedded in an optimal cutting temperature compound. The T9–T11 spinal cord segments near the epicenter of the lesion were collected for histological evaluation. HE staining was performed in accordance with the manufacturer’s instructions to quantify the area of lesion cavity using Imagepro-Plus software. The T9–T11 spinal cord segments in transverse sections were dissected in six rats per group, and every eighth section derived from each animal was used to determine the area of cystic cavity in each group as previously described (Chen et al., 2014; Wang et al., 2014).

For immunohistochemistry, briefly, longitudinal sections containing the lesion site were deparaffinized with xylene and hydrated in graded alcohol, followed by boiling in citrate buffer (pH 6.0) twice for 5 min. Subsequently, to inactivate the endogenous peroxidase, the sections were cooled off and incubated in 3% H2O2 for 15 min at room temperature. The slides were then blocked with 10% FBS for 10 min and incubated with primary antibodies overnight at 4°C, including rabbit anti-GAP43, rabbit anti-NF, rabbit anti-MBP (Abcam), and mouse anti-NeuN (Abcam). Following washing with TBS, the sections were incubated with fluorescence-labeled secondary antibodies (Abcam). Finally, the sections were stained with DAPI and visualized under a confocal laser-scanning microscope (Olympus LSM-GB200, Tokyo, Japan).

Statistical Analyses

Data were analyzed with SPSS 19.0 (SPSS Inc., Chicago, IL, United States). All data represent at least three independent experiments and are expressed as means ± standard deviations (SD). One-way analysis of variance (ANOVA) with Tukey’s post hoc test was used to compare the levels of different groups. BBB scores were analyzed by repeated measures ANOVA followed by Bonferroni post hoc corrections. Statistical significance was set at p < 0.05.



RESULTS

Reduced Expression of miR-133b in Injured Spinal Cords

The expression levels of miR-133b in injured spinal cords were measured by qRT-PCR at 12 h, 24 h, 2, 3, 4, 5, and 7 days after acute SCI. The results revealed that the expression of miR-133b was significantly downregulated at 24 h or later following SCI (Figure 1A).
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FIGURE 1. MSCs package miR-133b into secreted exosomes. (A) Expression levels of miR-133b in injured spinal cords were measured by qRT-PCR at 12 h, 24 h, and at 2, 3, 4, 5, and 7 days after acute SCI. (B) Expressions of CD63, CD81, and CD9 in exosomes derived from miR-133b- or miR-con-transfected MSCs were evaluated by western blot. (C) Expression of miR-133b in exosomes derived from miR-133b- or miR-con-transfected MSCs was assessed by qRT-PCR. Values are presented as means ± SD. NS: p > 0.05, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, n = 4 per group.



MSCs Packaged miR-133b Into Secreted Exosomes

MSCs were cultured as described above and characterized as being positive for CD73, CD90, and CD105, but negative for CD34 and CD45 (data not shown). MSCs were then transfected with miR-133b mimic and negative control (the transfection efficiency was approximately 90%). Exosomes were isolated from MSC supernatants at 72 h after transfection. To characterize the exosomes, we carried out western blot analysis, which showed that exosomes expressed common exosomal marker proteins, including CD9, CD63, and CD81 (Figure 1B), as previously described (Roccaro et al., 2013). As shown in Figure 1C, qRT-PCR revealed that the expression levels of miR-133b were approximately 2.5-fold higher in exosomes derived from miR-133b-transfected MSCs than in those from MSCs transfected with miR-con. These results demonstrated that MSCs efficiently packaged miR-133b into secreted exosomes.

miR-133b Exosomes Improved Functional Recovery, Reduced the Lesion Volume, and Preserved Neurons After SCI

We first explored using qRT-PCR whether the tail vein injection of exosomes would change the miR-133b expression in spinal cords. As shown in Figure 2A, compared with the control groups, the expression of miR-133b was significantly increased in the miR-133b exosome-injected group at day 4 following SCI.
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FIGURE 2. Injection of miR-133b exosomes improved recovery after SCI. (A) Relative expression of miR-133b at the lesion site was evaluated by qRT-PCR following various treatments after SCI. Tail vein injection of miR-133b exosomes significantly increased miR-133b expression in the injured spinal cord when compared with control groups. (B) Hindlimb functional recovery was monitored at 1, 3, 5, 9, and 14 days after SCI using BBB scoring. Values are means ± SD. NS: p > 0.05, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, #p < 0.05, n = 4 per group for miR-133b expression and n = 6 per group for hindlimb functional recovery.



To investigate whether miR-133b exosomes had a beneficial effect on the recovery of hindlimb locomotor function after acute SCI, the BBB locomotor grading scale was used at different time points after SCI. Immediately after SCI, the BBB score was approximately 0–1, indicating that the SCI model was successful. Spontaneous functional recovery was observed in all groups after SCI, as described previously (Pinzon et al., 2008). After 5 days, improved recovery with significant differences between miR-133b and miR-con exosome-injected rats was observed (day 5, p < 0.01; day 9, p < 0.001; and day 14, p < 0.01), indicating that the tail vein injection of miR-133b exosomes improved the recovery of hindlimb locomotor function after SCI (Figure 2B).

We next evaluated the effect of miR-133b exosomes on the volume of the lesion and the preservation of NeuN+ neurons after SCI by immunohistochemistry. HE staining showed that miR-133b exosomes significantly decreased the area of lesion cavity when compared to miR-con or the control group (Figures 3A,C). At day 4 after SCI, neurons in the injured spinal cord were stained with antibodies directed against NeuN, a specific marker of mature neurons. As shown in Figures 3B,D, the results showed significantly increased mature neuron numbers in injured rats receiving miR-133b exosomes compared to rats receiving miR-con exosomes (p < 0.01).
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FIGURE 3. Injection of miR-133b exosomes reduced the lesion volume and preserved NeuN+ neurons after SCI. (A,C) HE staining results for sections of injured spinal cord. (B,D) The effect of miR-133b exosomes on NeuN+ neurons was evaluated by immunofluorescence staining. Values are means ± SD. NS: p > 0.05, ∗∗∗p < 0.01, ∗∗∗p < 0.00, Scale bar = 60 μm, n = 6 per group.



miR-133b Exosomes Promoted Axonal Outgrowth After SCI

To investigate the potential effect of miR-133b exosomes on the outgrowth of axons, an immunohistochemistry study of GAP43 and NF was carried out (Van der Zee et al., 1989). The results showed that the expression of GAP43 was increased in the miR-133b exosomes group compared to the miR-con or control group (Figure 4). Moreover, we observed that treatment with miR-133b exosomes enhanced NF expression at day 4 after SCI (Figure 5). Finally, western blot results confirmed significant increases in the protein levels of GAP43 and NF in the miR-133b exosomes group compared with those in the miR-con group (Figures 6A,B).
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FIGURE 4. Effect of miR-133b exosomes on GAP43 expression was measured by immunofluorescence staining. Scale bar = 60 μm, n = 6 per group.
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FIGURE 5. Effect of miR-133b exosomes on NF expression was measured by immunofluorescence staining. Scale bar = 60 μm, n = 6 per group.
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FIGURE 6. Effect of miR-133b exosomes on expression levels of GAP43, NF, RhoA, pERK1/2, p-CREB, and p-STAT3. Western blotting showed that miR-133b exosomes increased expressions of GAP43 (A) and NF (B), reduced the expression of RhoA (C), and promoted phosphorylation of ERK1/2 (D), CREB (E), and STAT3 (F) in injured spinal cords after SCI. β-Actin was used as a control for GAP43, NF, and RhoA, and ERK1/2, CREB, and STAT3 were used as controls for pERK1/2, p-CREB, and p-STAT3, respectively. Values are presented as means ± SD. NS: p > 0.05, ∗p < 0.05, n = 4 per group.



Effect of miR-133b Exosomes on Neuroprotection-Related Pathways and Phosphorylation of CREB and STAT3

Our previous study indicated that RhoA is a direct target of miR-133b (Lu et al., 2015). Moreover, RhoA has been shown to be involved in the death of neuronal cells in the spinal cord (Wu et al., 2016). To assess the effect of miR-133b exosomes on the expression of RhoA after SCI, we detected the levels of RhoA expression by using western blot. The results demonstrated that the expression of RhoA was significantly decreased in the injured spinal cords of rats receiving miR-133b exosome injections compared to those in miR-con exosome-treated animals (p < 0.05) (Figure 6C). These results are consistent with those of other in vitro and in vivo studies (Niu et al., 2016; Theis et al., 2016). Moreover, the phosphorylation of ERK1/2, another cell survival-related pathway protein, was significantly increased in the injured rats treated with miR-133b exosomes after SCI (Figure 6D).

The transcription factors CREB and STAT3 have been shown to be involved in the outgrowth of neurites (Gao et al., 2004; Qiu et al., 2005). In this study, we observed that injecting miR-133b exosomes increased the protein phosphorylation levels of STAT3 and CREB in injured spinal cords after SCI (p < 0.05 for p-STAT and p < 0.05 for p-CREB; Figures 6E,F).



DISCUSSION

SCI has a significant impact on both the patient and society (McDonald and Sadowsky, 2002). Following SCI, functional recovery is often poor, and to date there have been no effective therapies that have been translated to the clinic (Ramer et al., 2014). Increasing evidence has demonstrated that miRNAs are involved in the pathogenesis of SCI. For instance, miR-21 has been shown to decrease the death of neuronal cells and promote functional recovery after SCI (Hu et al., 2013). Recent studies have indicated that miR-133b plays important roles in neuronal differentiation, neurite outgrowth, and neuronal apoptosis in the CNS (Heyer et al., 2012; Lu et al., 2015; Niu et al., 2016; Xia et al., 2016). Moreover, further studies have shown that overexpression of miR-133b improves functional recovery after stroke in rats (Xin et al., 2013b, 2017). Exosomes, a novel intercellular communicator, have been used as biological vehicles for local or systemic delivery of miRNAs in the treatment of various diseases, such as stroke and Parkinson’s disease (Xin et al., 2013a; Haney et al., 2015). In the current study, we investigated the effect of the transfer of exosome-mediated miR-133b in the treatment of SCI. After SCI, we observed significant differences in the recovery of functions between the miR-133b exosome group and the control group after SCI. Previous studies indicated that various treatments could improve the functional recovery from 3 days after SCI (Paterniti et al., 2014; Liu et al., 2015). In this study, we observed that, after 5 days, BBB scores were significantly higher in animals systemically injected with miR-133b exosomes than in the miR-con-injected rats. These findings are consistent with a recent study that demonstrated that lentiviral delivery of miR-133b improves functional recovery after SCI in mice (Theis et al., 2016).

Several mRNAs have been reported as targets of miR-133b, such as RhoA and MST2 (Care et al., 2007; Qin et al., 2012). In the present study, we found a reduction of RhoA protein levels in the injured spinal cords of rats receiving miR-133b exosomes. This finding is consistent with previous in vitro studies, indicating that RhoA is a direct target of miR-133b (Lu et al., 2015; Niu et al., 2016). RhoA, a member of the Rho family, has been shown to be upregulated after SCI in rats and acts on its direct downstream effector Rho-associated kinase (ROCK) (Schwab et al., 2005). Since a recent study demonstrated that the RhoA/ROCK signaling pathway plays a critical role in the death of spinal cord neurons after acute SCI (Wu et al., 2016), we next tested whether the survival of neurons was enhanced in vivo after miR-133b exosome injection. After SCI, neuronal death occurs at the lesion site within 24 h and is attributed to the primary mechanical force and later secondary factors such as inflammation, oxidation, and apoptosis (Liu et al., 1997; Esposito et al., 2012; Sonmez et al., 2013). In this study, at day 4 following SCI, we observed that the number of mature neurons was significantly increased in the miR-133b exosomes group. These findings are consistent with a recent study that demonstrated that the inhibition of RhoA significantly reduces the death of neuronal cells after SCI (Wu et al., 2016). In addition, we also observed that the injection of miR-133b exosomes enhanced ERK1/2 phosphorylation at the lesion site after SCI. Our previous in vitro study indicated that knockdown of RhoA protein by siRNA enhances the phosphorylation of ERK1/2 in PC12 cells, consistent with previous reports (Li et al., 2013; Gordon et al., 2014; Lu et al., 2015). Thus, miR-133b may promote the phosphorylation of ERK1/2 by targeting RhoA. The ERK pathway has also been shown to be crucial for the survival of neuronal cells after SCI. Previous studies have indicated that the activation of ERK1/2 protects neurons from apoptosis and improves the recovery of functions after SCI (Yune et al., 2008; Lee et al., 2010). These results suggest that the neuroprotective effect of miR-133b exosomes might involve the inhibition of RhoA and the activation of ERK1/2.

It has been established that the lack of regeneration of axons in the injured CNS is largely due to the presence of inhibitory molecules, including oligodendrocyte myelin glycoprotein, myelin-Nogo, and myelin-associated glycoprotein. To investigate the effect of miR-133b exosomes on the outgrowth of neurites, the spinal cord was analyzed by using immunohistochemical staining for NF. We observed that NF expression was elevated in the miR-133b exosomes group and this agreed with the results of western blotting. Next, we examined the expression of GAP43, a regeneration-associated gene that is upregulated in regenerating neurons (Woolf et al., 1990). A significant increase in the expression of GAP43 was observed in the injured spinal cords of rats injected with miR-133b exosomes at day 4 following SCI, suggesting that miR-133b exosomes promoted the regeneration of axons in injured spinal cords.

Growing evidence has shown that the transcription factor CREB plays important roles in the regeneration of axons (Filbin, 2003). The activation of CREB has been shown to be sufficient to overcome myelin inhibitors and to promote the regeneration of spinal axons in vivo (Gao et al., 2004). Here, we found that injecting miR-133b exosomes activated CREB in injured spinal cords. Moreover, the phosphorylation of STAT3, which is involved in the regeneration of axons in the spinal cord, was significantly increased in injured rats treated with miR-133b exosomes compared with those in the miR-con exosomes group (Qiu et al., 2005). These results suggested that miR-133b exosomes enhanced the regeneration of axons after SCI, at least partially, by promoting the phosphorylation of CREB and STAT3.

In conclusion, the results of this study showed that systemically injecting miR-133b exosomes upregulated miR-133b expression at the lesion site and promoted functional recovery after SCI. Moreover, we observed that miR-133b exosomes preserved neuronal cells and enhanced the regeneration of axons, which was attributed at least partially to the activation of ERK1/2, STAT3, and CREB, as well as to the inhibition of RhoA expression. These results suggest that systemic injection of exosomes generated from miRNA-modified MSCs represents a novel therapeutic approach for SCI.
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Rapamycin Enhances Mitophagy and Attenuates Apoptosis After Spinal Ischemia-Reperfusion Injury
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The spinal cord is extremely vulnerable to ischemia-reperfusion (I/R) injury, and the mitochondrion is the most crucial interventional target. Rapamycin can promote autophagy and exert neuroprotective effects in several diseases of the central nervous system. However, the impact of rapamycin via modulating mitophagy and apoptosis after spinal cord ischemia-reperfusion injury remains unclear. This study was undertaken to investigate the potential role of rapamycin in modulating mitophagy and mitochondria-dependent apoptosis using the spinal cord ischemia-reperfusion injury (SCIRI) mouse model. We found that rapamycin significantly (p < 0.05) enhanced mitophagy by increasing the translocation of p62 and Parkin to the damaged mitochondria in the mouse spinal cord injury model. At the same time, rapamycin significantly (p < 0.05) decreased mitochondrial apoptosis related protein (Apaf-1, Caspase-3, Caspase-9) expression by inhibiting Bax translocation to the mitochondria and the release of the cytochrome c from the mitochondria. After 24 h following SCIRI, rapamycin treatment reduced the TUNEL+ cells in the spinal cord ischemic tissue and improved the locomotor function in these mice. Our results therefore demonstrate that rapamycin can improve the locomotor function by promoting mitophagy and attenuating SCIRI -induced apoptosis, indicating its potential therapeutic application in a spinal cord injury.
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INTRODUCTION

Spinal cord ischemia-reperfusion injury is a severe clinical complication in surgical interventions of aortic diseases (Turkoz et al., 2007; Cheng et al., 2009; Dublin et al., 2010). Neurons in the spinal cord are vulnerable to ischemic injury because of a high demand for energy. Mitochondria have been proposed to be the principal subcellular target of a ischemia-reperfusion injury. They are essential not only for generating ATP, but also involved in pathophysiological processes of cell death (Nakai et al., 1997). Functional alterations in the mitochondria resulted in an ATP level reduction, Ca2+ homeostasis damage, ROS stress injury and cell apoptosis(Anne Stetler et al., 2013). Therefore, mitochondria have an enormous potential causing cause severe cell damage and play an important role in the pathophysiological process of SCIRI. It is believed that pharmacological agent targeting on mitochondria is one of the most promising approaches for SCIRI therapy.

Mitophagy, the selective clearance of dysfunctional mitochondria by autophagy, is extremely important for controlling the quality and quantity of mitochondria and promoting cell survival (Yuan et al., 2015). Using the rat middle cerebral occlusion (MCAO) mode, electron microscopy has shown that the damaged mitochondria is surrounded by autophagosomes in the ischemic penumbra, suggesting that the mitochondria are degraded by autophagy. Studies also demonstrated that mitophagy activation via the Parkin translocation mitochondria pathway can inhibit cerebral ischemia-reperfusion injury (Zhang et al., 2013). Mitophagy has been implicated in the pathophysiological process of ischemia reperfusion injury and hemorrhagic stroke injury (Zhang et al., 2013; Li et al., 2017, 2018). Therefore, mitophagy may play a pivotal role in neuronal survival during SCIRI.

Rapamycin is widely used as an inducer of autophagy, acting through its inhibitory effect on a mTOR (Mizushima et al., 2008). Increasing studies reported that rapamycin reduced neuronal death by activating the autophagy process in the injured spinal cord (Sekiguchi et al., 2012; Song et al., 2015). There is cross-talk between the autophagy and apoptosis through the mitochondria. In our previous study, we found that rapamycin reduced mitochondrial dysfunction through activating mitophagy in transient MCAO model (Li et al., 2014). However, the potential neuroprotective effect of rapamycin via activating mitophagy following SCIRI, need be clarified. Furthermore, the mechanism of modulating the dynamic balance between mitophagy and apoptosis by rapamycin after SCIRI, remains to be elucidated. Thus, the present study was undertaken to investigate the neuroprotective role of rapamycin via the activation of mitophagy and the inhibition of mitochondria-dependent apoptosis in the SCIRI mice.



MATERIALS AND METHODS

Animals and Experimental Protocol

The experimental protocol was approved by the Ethical Committee of the Experimental Animal Center affiliated with the Tongji University School of Medicine and in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals. Male C57BL/6J mice (SLAC Inc., Shanghai, China) aged between 10 and 16 weeks were used for all experiments. A total of 114 mice were randomly assigned to three groups, a schematic diagram of the experimental design is shown in Figure 1A. The sham group (n = 18) received the same surgical procedures, but no impact injury was sustained. The rapamycin (Sigma-Aldrich, St. Louis, MO, United States) treatment group (n = 48) received an aortic arch cross-clamping following intraperitoneal rapamycin at the onset of reperfusion (1 mg/kg, 0.5 ml aqueous solution) (Sekiguchi et al., 2012). The vehicle treatment group (n = 48) received an aortic arch cross-clamping, following an intraperitoneal equivalent volume of an aqueous solution.
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FIGURE 1. Rapamycin treatment enhanced mitophagy after spinal cord ischemia-reperfusion injury. (A). Schematic diagram of the experimental design. Experimental groups were treated with vehicle and rapamycin (intraperitoneal injection, 1mg/kg). Mice received treatmetn at reperfusion onset and were sacrificed at 24 h after SCIRI. (B) Immunohistochemical localization of VDAC1 (mitochondrial marker) and LC3B (autophagy marker) co-staining in spinal cord at 24 h after SCIRI. VDAC1 (red), LC3B (green). The inset images represent higher magnification of the boxed area in the corresponding merged images. (C). Electron micrographs demonstrating neuron mitophagy structure in rapamycin-treated SCIRI mice. Autophagic vacuoles, autolysosomes (AL), typical mitophagy structure and swollen mitochondria (black arrow)were observed in neurons. High magnifications in (b) revealed a typical autolysosomes structure. High magnifications in (c) revealed a typical mitophagy structure, that is a degradative autophagic vacuole (Avd) including a partially degraded mitochondrial. (b) is the high magnification of lower-left box in the figure C-a and (C) is the high magnification of upper-right box in the figure C-a. M-mitochondrial, N-nuclear, V-vacuole. scale bar = 0.5 μm or 2 μm. (C) Representative western blots and quantitative graphs demonstrate the expression of LC3-I /LC3-II in the whole homogenates at 24 h after SCIRI. (D) Representative western blots and quantitative graphs demonstrate the expression of LC3-I and LC3-II in the mitochondrial fractions at 24 h after SCIRI. Data were shown as mean ± SD, n = 6. ∗p < 0.05, ∗∗p < 0.01 vs. Sham; #p < 0.05, ##p < 0.01.



Spinal Cord Ischemia-Reperfusion Injury (SCIRI)

Mice were anesthetized using 2% isoflurane and placed in the supine position. During the surgery period, the core body temperature was maintained at 37.0 ± 0.5°C using a rectal temperature probe and an automatic temperature-adjusting pad (RWD Life Science, Shenzhen, China). The aortic arch was exposed using a cervicothoracic approach as previously described (Lang-Lazdunski et al., 2000; Bell et al., 2013). A clip was placed on the aortic arch distal to the left common carotid artery and the subclavian artery for 10 min. A laser Doppler blood flow monitor (Moor Instruments, Devon, United Kingdom) was placed over the left femoral artery. Successful occlusion was defined as ≥ 90% reduction in distal flow.

Neurological Assessment

To evaluate the functional consequences of SCIRI, a locomotor rating test using the BMS was performed (Basso et al., 2006). The BMS ranges from a score of 0 for complete paraplegia to a score of 9 for normal function. An investigator blinded to the treatment group, carried out the test in the open field and the BMS scores were measured at 0, 1, 2 days pre-SCIRI and at 24 h post-SCIRI.

Mitochondria Isolation

Mice were anesthetized with sodium pentobarbital (50 mg/kg, intraperitoneal) and perfused transcardially with saline, 24 h after the SCIRI. The spinal cord tissue (T8-L4) was removed and used to isolate the mitochondria with an animal tissue active mitochondrial extraction kit (Genmed Scientifics Inc., Shanghai, China) as previosuly described (Li et al., 2014). The spinal cord tissue was briefly homogenized with a glass homogenizer (15 20 strokes) and centrifuged at 1500 g for 10 min at 4°C. The supernatant was removed and centrifuged at 10,000 g for 10 min. Next, the supernatant was separated via a cytosolic fraction, and the pelleted materials were washed three times and suspended in 10 mM Tris-HCl, pH 7.4, containing 10 mM KCl, 0.25 M sucrose and 5 mM MgCl2. The protein concentration was measured using a Pierce BCA kit (Pierce, Rockford, IL, United States). The isolated mitochondrial and cytosolic fractions were collected for a western blot assay.

Western Blot Analysis

Spinal cord tissues were collected 24 h after the SCIRI, and the whole homogenate, isolated mitochondrial and cytosolic fractions were used for Western blotting. Equal amounts of protein per lane (30 μg) were briefly subjected to electrophoresis on a 4 12% SDS–PAGE gel. Proteins were electrotransferred onto a polyvinylidene difluoride membrane (Millipore, Billerica, MA, United States). The membrane was blocked with 5% non-fat dry milk/0.1% Tween-20 in Tris-buffered saline for 2 h, at room temperature. Thereafter, the membrane was incubated with different primary antibodies, including rabbit anti-LC3B (1:1000 dilution, Sigma-Aldrich), rabbit anti-p62 (1:800 dilution, Sigma-Aldrich), rabbit anti-Parkin (1:500 dilution, Santa Cruz Biotechnology Inc., Santa Cruz, CA, United States), mouse anti-Cyt C (1:1000 dilution, Santa Cruz Biotechnology Inc., Santa Cruz, CA, United States), rabbit anti-Bax (1:500 dilution, Santa Cruz Biotechnology Inc., Santa Cruz, CA, United States) and mouse anti-Cox IV (1:500 dilution, Santa Cruz Biotechnology Inc., Santa Cruz, CA, United States), β-actin (1:3000 dilution, Santa Cruz Biotechnology Inc., Santa Cruz, CA, United States), rabbit anti-cleaved caspase-3 (1:1000 dilution, Cell Signaling Technology, Danvers), rabbit anti-cleaved caspase-9 (1:1000 dilution, Cell Signaling Technology), and rabbit anti-Apaf-1 (1:1000 dilution, Cell Signaling Technology). Subsequently, the membrane was treated with horseradish peroxidase-labeled secondary antibody for 2 h at room temperature. Immunoblots were probed using an enhanced ECL substrate (Pierce). The chemiluminescence level was recorded using an imaging system (Bio-Rad, Hercules, CA, United States). The results were normalized to a loading control β–actin or Cox-IV (mitochondrial control).

Transmission Electronic Microscope

Mice were sacrificed and perfused transcardially with 4% paraformaldehyde and 0.5% glutaraldehyde in a 0.1 mol phosphate buffer,24 h post-SCIRI. The spinal cord tissue (T8-L4) was collected and coronal sections (100 μm) were cut by a vibratome, and postfixed with 4% glutaraldehyde in a 0.1 mmol cacodylate buffer (pH 7.4) for 1 h and incubated with 1% osmium tetroxide in a 0.1 mmol cacodylate buffer for 2 h. Spinal cord sections were dehydrated by an ascending series of ethanol and dry acetone and then embedded in Durcupan ACM Fluka (Sigma-Aldrich).Ultrathin sections (0.1 μm) were stained with uranyl acetate and lead citrate and subsequently examined with a JEOL JEM-1230 transmission electron microscope (JEOL, Tokyo, Japan).

Immunohistochemistry Staining

Spinal cord tissues were collected 24 h after the SCIRI. The spinal cords (T8-L4) were fixed and sectioned into 15 μm slices using a Leica cryostat. Immunohistochemistry staining was performed as described previously (Han et al., 2016). Sections were blocked with 10% goat serum for 1 h at room temperature, followed by an incubation with primary antibodies overnight at 4°C and an incubation for 60 min at 25°C with secondary antibodies conjugated with the appropriate Alexa 594-conjugated secondary antibody (Molecular Probes, Eugene, OR, United States). The compound DAPI (Molecular Probes) was used to label cell nuclei. Primary antibodies were used in IHC as follows: rabbit anti- LC3 B (1:200 dilution, Sigma-Aldrich), mouse anti- Voltage-dependent anion channel (VDAC)1 (1:200 dilution, Millipore). Negative controls were performed without the primary antibody. The sections were examined under a fluorescence microscope (Eclipse 90i; Nikon, Tokyo, Japan).

Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling (TUNEL) Assay

A TUNEL assay is the most commonly used technique for examining apoptosis via DNA fragmentation. TUNEL staining was performed using an In Situ Cell Death Detection kit (Roche, Shanghai, China) for spinal cords 24 h after the SCIRI, according to established protocols (Zhang et al., 2018). After TUNEL labeling, cell nuclei were labeled with DAPI, and examined under a fluorescence microscope. The number of TUNEL positive cells in each section was counted. The TUNEL-positive cells were defined as cells double labeled with TUNEL and DAPI. The quantity of TUNEL-positive cells of three sections from each mouse were respectively counted at high magnification and used for analysis.

Statistical Analysis

The Mann-Whitney U test was used to compare the neurologic scores and cell numbers. A quantitative analyses of the optical density of the Western blots were analyzed by one-way ANOVA, followed by a Bonferroni post hoc test (GraphPad Software, San Diego, CA, United States). Parametric data were presented as mean ± SD. A p-value of less than 0.05 was considered statistically significant.



RESULTS

Rapamycin Enhanced Mitophagy After SCIRI

To determine the characteristics of the neuronal mitophagy, we performed an IHC co-staining with antibodies against the LC3B (autophagy marker) and VDAC1(mitochondrial marker) in the injured spinal cord. We found that cells expressing LC3 were increased both in the rapamycin-treated mice and in the vehicle-treated mice, compared with the sham controls. The population of cells co-staining LC3B and VDAC1 in the rapamycin-treated mice was obviously higher than that in the vehicle-treated mice (Figure 1B). Higher magnification revealed the accumulation of LC3B-VDAC1 positive punctate dots in the neuron (Figure 1B). We also examined neurons in the gray matter of spinal cord mitophagy structures, corresponding to LC3B-VDAC1 co-staining puncta used with TEM. TEM results showed that the autolysosome filled with membranous whorls and an abnormal autophagic vesicle was distributed in neurons of the gray matter (Figures 1C-b). Furthermore, a mitophagy structure was clearly observed, and that the partially degraded mitochondria was surrounded by double membranes (Figure 1C-c).

To quantitatively analyze the mitophagy level, the mitochondrial fraction was isolated from the spinal cord tissue and LC3-II expression was determined in the mitochondrial fraction of the spinal cord using Western blotting. We found that rapamycin treatment could significantly increase the level of LC3-II in the ischemic spinal cord (p < 0.01, Figure 1D). Furthermore, we found that rapamycin treatment could significantly increase LC3-II expression in the mitochondrial fraction of the spinal cord (p < 0.01, Figure 1D). The data indicated that rapamycin treatment markedly enhanced mitophagy after the SCIRI.

Rapamycin Enhanced Mitophagy via Promoting p62, Parkin Translocation to the Mitochondria

To explore the mechanism of mitophagy activated by rapamycin, we also measured the mitochondrial p62 and Parkin after the SCIRI, which are key mediators for mitophagy (Ashrafi and Schwarz, 2013). The p62 as an adapter protein, can combine with damaged mitochondrial degraded by autophagy. Our results showed that rapamycin markedly promoted p62 accumulation in the mitochondrial fraction (p < 0.05, Figures 2A–C). Interestingly, ischemia-reperfusion induced the increase of the Parkin expression in the whole homogenate (p < 0.01, Figure 2D). Compared between the cytosolic and mitochondrial fraction, the results showed that rapamycin treatment caused a significant Parkin reduction in the cytosolic fraction and an increase in the mitochondrial fraction (p < 0.01, Figures 2E,F). These data suggested that rapamycin treatment significantly increased the Parkin expression in the mitochondria fraction after SCIRI. Overall, the data revealed that rapamycin treatment significantly enhanced mitophagy by increasing the translocation of p62 and Parkin to the damaged mitochondria.
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FIGURE 2. Rapamycin enhanced mitophagy via promoting p62, Parkin translocation to the mitochondria. (A–C) Representative western blots and quantitative graphs demonstrate the expression of p62 in the whole homogenates, in the cytosolic fractions and in the mitochondrial fractions at 24 h after SCIRI. Data were shown as mean ± SD, n = 6. ∗p < 0.05, ∗∗p < 0.01 vs; Sham, #p < 0.05, ##p < 0.01. (D-F) Representative western blots and quantitative graphs demonstrate the expression of Parkin in the whole homogenates, in the cytosolic fractions and in the mitochondrial fractions at 24 h after SCIRI. Cox- IV is as inner control for mitochondria protein, β-actin is as inner control for tissue homogenate protein. Data were shown as mean ± SD, n = 6. ∗p < 0.05, ∗∗p < 0.01 vs. Sham; #p < 0.05, ##p < 0.01.



Rapamycin Inhibited the Release of Apoptosis-Related Proteins From Mitochondria

The mitochondria-dependant apoptosis is a well-accepted mechanism underlying neuronal death induced by an ischemia-reperfusion injury. The mitochondria transmit apoptotic signals through the release of cytochrome c to the cytoplasm during ischemia-reperfusion (Carloni et al., 2008). The release of cytochrome c correlates closely to the translocation of the proapoptotic proteins Bax to the mitochondria. In this present study, the results showed that SCIRI caused a significant Bax reduction in the cytosolic fraction and Bax increase in the mitochondrial fraction, indicating that SCIRI induces a robust Bax translocation from the cytosol to the mitochondria. But rapamycin treatment remarkably reduced Bax translocation after SCIRI (Figures 3A,B). Cytochrome c, an early marker of mitochondria-dependant apoptosis, was determined both in the cytosolic fraction and the mitochondrial fraction of the spinal cord. As shown in Figures 3C,D, cytochrome c expression significantly increased in the cytosolic fraction and decreased in the mitochondrial fraction after SCIRI. But rapamycin treatment significantly inhibited cytochrome c release from mitochondria, induced by the ischemia-reperfusion injury(Figure 3D), which shows that rapamycin treatment decreased the cytochrome c level in the cytosolic fraction and increased in the mitochondrial fraction. Moreover, western blotting results revealed that rapamycin treatment significantly decreased mitochondrial apoptosis related proteins (Apaf-1, Caspase-3, Caspase-9) released in SCIRI mice (p < 0.01 and p < 0.05, respectively, Figures 3E–H). Therefore, these data indicated that the activation of mitophagy by rapamycin in the reperfusion phase, attenuated mitochondria-dependent apoptosis in the ischemic spinal cord.
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FIGURE 3. Rapamycin treatment following spinal cord ischemic injury reduced mitochondrial release of apoptosis related proteins. (A,B) Representative western blots and quantitative graphs demonstrate the expression of Bax in cytosolic and mitochondrial fractions at 24 h after SCIRI. Data are presented as the mean ± SD, n = 6. ∗p < 0.05, ∗∗p < 0.01 vs. Sham; #p < 0.05, ##p < 0.01. (C,D) Representative western blots and quantitative graphs demonstrate the expression of Cyt-c in cytosolic and mitochondrial fractions at 24 h after SCIRI. Data are presented as the mean ± SD, n = 6. ∗p < 0.05, ∗∗p < 0.01 vs. Sham; #p < 0.05, ##p < 0.01. (E–H) Representative western blots and quantitative graphs demonstrate the expression of mitochondrial apoptosis related proteins (Apaf-1, cleaved Caspase-3, cleaved Caspase-9) at 24 h after SCIR. Data are presented as the mean ± SD, n = 6. ∗p < 0.05, ∗∗p < 0.01 vs. Sham; #p < 0.05, ##p < 0.01.



Rapamycin Attenuated Apoptosis and Improved Locomotor Function Following Spinal Cord Ischemia

Apoptosis underlies neuronal loss after SCIRI (Wu et al., 2014). We speculated that improved locomotor function by rapamycin treatment, may be attributed to the inhibition of cell apoptosis. To confirm this, a TUNEL assay was conducted to investigate the protective effect of rapamycin against apoptosis in SCIRI mice. We found marked TUNEL-positive cells in the spinal gray matter 24 h after SCIRI (Figure 4A). But rapamycin treatment significantly reduced TUNEL-positive cells after SCIRI (p < 0.01, Figure 4B). Additionally, BMS scores data, indicated the improvement of locomotor function, consistent with immunostaining results in the rapamycin-treated mice 24 h after SCIRI (p < 0.05, Figure 4C).
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FIGURE 4. Rapamycin attenuated spinal cord ischemia-reperfusion induced apoptosis. (A). These cells were stained with TUNEL and DAPI. The merged picture shows colocolization of apoptotic and nuclear markers. Scare bar = 50 μm. (B).The bar graph shows rapamycin treatment rescued neurons from apoptosis at 24 h after SCIR. Data were shown as mean ± SD, n = 6. The numbers of apoptotic cells were counted in three sections of ischemic spinal cord. ∗p < 0.05, ∗∗p < 0.01 vs. Sham; #p < 0.05, ##p < 0.01. (C) Bar graphs show the rapamycin-treated mice have significantly higher BMS scores than the vehicle-treated mice at 24 h after injury. Data were shown as mean ± SD, n = 16. ∗p < 0.05, ∗∗p < 0.01 vs. Sham; #p < 0.05, ##p < 0.01.





DISCUSSION

In the present study, we identified that autophagy and mitophagy were involved in the SCIRI process. Importantly, identified the protective roles of rapamycin on mitochondria after SCIRI: 1) rapamycin activated mitophagy by promoting p62 and Parkin translocation to the mitochondria; 2) rapamycin inhibited the release of apoptosis-related proteins from the mitochondria and attenuated mitochondria-dependent apoptosis in the ischemic spinal cord; and 3) rapamycin reduced neural tissue damage and improved locomotor function after SCIRI. The present study indicates that rapamycin treatment had a neuroprotective effect against SCIRI injury. These findings provide novel evidence that mitophagy activation can counteract apoptosis after a spinal ischemia-reperfusion injury.

Previous studies have demonstrated that the inhibition of the mTOR signaling, has a neuroprotective effect in the central nervous system (Carloni et al., 2008; Yin et al., 2012; Li et al., 2014). Some studies also demonstrate that rapamycin significantly reduces neuronal loss and cell death in the injured spinal cord (Sekiguchi et al., 2012; Wang et al., 2014). Simvastatin improves functional recovery through autophagy induction by inhibiting the mTOR signaling pathway after spinal cord injury in rats (Gao et al., 2015). Autophagy is involved in the pathophysiological process of SCIRI. Moreover, it was believed that autophagy plays opposing roles during the bimodal stage after SCIRI. Early activated autophagy alleviates spinal cord injury, but later activated autophagy excessively elevated autophagy aggravates I/R injury by inducing autophagic cell death (Fang et al., 2016). Concurrent with these findings, we found that enhancing autophagy by rapamycin treatment, immediately after reperfusion, exerts a protective role on neurons in a SCIR injury. Rapamycin treatment therefore restored neurological and motor function in SCIRI mice.

Given the benefits of autophagy activation via mTOR inhibition, the role of enhanced mitophagy of rapamycin during reperfusion, might imply a contribution to neuroprotection.

Mitophagy, the selective autophagy, is extremely crucial in maintaining mitochondrial homeostasis by removing damaged mitochondria and was implicated in the process of an ischemia-reperfusion injury (Zhang et al., 2013; Zuo et al., 2014; Yuan et al., 2015). Indeed, our results demonstrated that rapamycin could activate not only general autophagy but also mitophagy. In our study, we found marked LC3B-VDAC1 costaining puncta and a marked mitophagy structure under TEM in rapamycin-treated SCIRI mice. In addition, we found that rapamycin upregulated the LC3-II levels in a mitochondrial fraction, suggesting that mitophagosomes accumulated in spinal cord neurons. The key molecular mechanism for rapamycin-induced mitophagy activation is closely related to the p62 and Parkin pathway (Yuan et al., 2015; Tang et al., 2016). In this present study, we found that rapamycin significantly upregulated the p62 and Parkin translocation to the mitochondria after SCIRI injury. The phosphorylation of p62 has been proposed to initiate the binding of p62 to ubiquitinated proteins during autophagy and mitophagy (Ichimura et al., 2013). p62 contains a LC3 interacting domain and facilitates the recruitment of damaged mitochondria to the phagophore by binding to LC3-II (Ding et al., 2010; Geisler et al., 2010). Through polyubiquitinateion, Parkin can bind to the outer membrane of damaged mitochondria, followed by p62 binding to LC3-II, which can further result in damaged mitochondrial degradation via the autophagic machinery (Harper et al., 2018). A previous study has also demonstrated that mitophagy mediated by the Parkin protein, underlies the neuroprotection that occurrs in the process of cerebral ischemia reperfusion (Zhang et al., 2013). In addition to its role in mitophagy process, Parkin also stimulates mitochondrial biogenesis, presumably to replace damaged mitochondria with healthy and functional organelles (Shin et al., 2011). This effect of rapamycin could be examined in future studies.

Spinal cord ischemia reperfusion leads to neuronal death by inducing apoptosis (Wu et al., 2014; Foley et al., 2015). Importantly, mitochondria play a crucial role in regulating neuronal apoptosis (Zuo et al., 2014; Liu et al., 2015). Damaged mitochondria can release pro-apoptotic proteins to increase the activation of caspases and cell death (Adams and Cory, 2007; Anne Stetler et al., 2013). Removal of dysfunctional mitochondria is essential for cellular survival(Anne Stetler et al., 2013; Ashrafi and Schwarz, 2013). Therefore, mitophagy activation may subsequently attenuate apoptosis. It is supposed that the elimination of damaged mitochondria inhibits mitochondria-dependent apoptosis and subsequently promotes neuronal survival. In this study, results showed that rapamycin treatment significantly reduced Bax translocation to mitochondria and cytochrome c release from mitochondria in SCIRI mice. Additionally, rapamycin treatment significantly decreased the number of TUNEL-positive cells 24 h after SCIRI. Our results showed that rapamycin treatment resulted in neuroprotection and a significant functional recovery after SCIRI. We show here that these protective effects are linked to an increased mitophagic flux and inhibits mitochondria-dependent apoptosis. Our previous study reported that rapamycin could reduce brain injury after cerebral ischemia by promoting mitophagy (Li et al., 2014). The evidence in this study further demonstrated the central role of the mitochondria in neuronal survival after SCIRI. This work proves that the mitochondria is an important therapeutic target to protect against SCIRI. These findings increased our understanding of the relationship between mitophagy and neuroprotection after SCIRI.



CONCLUSION

The present work showed that rapamycin administration during the acute phase of SCIRI could significantly reduce the neural tissue damage and locomotor impairment. Enhanced mitophagy by rapamycin could inhibit apoptosis and protect against SCIRI injury. Therefore, rapamycin treatment is a promising and effective therapeutic strategy for SCIRI injury.
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With the use of advanced electron microscopy and molecular biology tools, several studies have shown that autophagy is involved in the development of ischemic stroke. A series of molecular mechanisms are involved in the regulation of autophagy. In this work, the possible molecular mechanisms involved in autophagy during ischemic stroke were reviewed and new potential targets for the study and treatment of ischemic stroke were provided.

Keywords: autophagy, cerebral ischemia, mechanism, apoptosis, target


INTRODUCTION

The incidence of ischemic stroke has increased in recent years, accounting for 60–80% of all strokes. Generally, hypoxic ischemic encephalopathy and acute cerebrovascular accidents cause insufficient blood flow to the brain tissue, which in turn leads to brain cell metabolic disorders, leading to brain cell death, and irreversible damage to tissues. Thrombolytic therapy is a clinically effective treatment, but its limited time window and the associated high rate of recurrence limit its clinical application. Therefore, there is an extremely urgent need to find new and effective therapeutic targets and drugs for ischemic stroke.

Autophagy is a phagocytic degradation process of foreign bodies, damaged or aging organelles in the cytoplasm by autophagy lysosomal system. It belongs to non-caspase-dependent programmed death. Due to the transport and properties of active proteins after autophagy mitosis, neuronal survival is highly dependent on autophagy under physiological conditions. However, recent studies have shown that (Liu et al., 2018; Wang P. et al., 2018) after ischemic stroke, autophagy is activated and may be involved in the development of ischemic stroke. A series of molecular mechanisms are involved in the regulation of autophagy. This review focuses on the role of autophagy in ischemic stroke and its possible molecular mechanisms.



OVERVIEW OF AUTOPHAGY

Autophagy is derived from a Greek words meaning “phagy yourself.” It is a highly conserved cell behavior, mainly involved in the circulation as well as reuse of macromolecular substances in cells. It is also involved in the removal of damaged organelles, and plays an important role in maintaining the homeostasis of the intracellular environment.

Autophagy can be induced by changes in the internal conditions of the cell, such as organelles and cytoplasm accumulation or damage, or the cells are stimulated by external conditions, such as hunger, high temperature, hypoxia, and hormone stimulation (Doherty and Baehrecke, 2018). Mammalian autophagy is often divided into three types: macroautophagy, microautophagy, and chaperon mediated autophagy (CMA). In general terms, “autophagy” refers to large autophagy, which is responsible for the degradation of intracellular stable and persistent proteins to produce amino acids to maintain cell survival in the absence of nutrients. Microautophagy is a depression of the lysosomal membrane, direct phagocytosis of the cytoplasm, organelles, or nucleus to form autophagosomes, which are then degraded by lysosomal enzymes. The chaperone-mediated autophagy is selective, for instance, chaperone HSC70 recognizes a soluble cytosolic protein substrate with a KFERQ sequence and finally degrades the protein substrate with the KFERQ sequence. Its main role in the central nervous system is macrophagy and molecular chaperone-mediated autophagy (Nikoletopoulou et al., 2015).



RELATIONSHIP BETWEEN AUTOPHAGY AND ISCHEMIC STROKE

Mitochondrial dysfunction, acidosis, oxidative stress, calcium overload, excitotoxicity, and inflammatory response are involved in the development of cerebral ischemia-reperfusion injury (Halestrap, 2006), and leads to the accumulation of foreign bodies in the brain tissue to varying degrees. An increase in damaged cells may in turn induce the occurrence of autophagy. Nitatori et al. (1995) observed a significant increase in cathepsin B immunopositive lysosomes and an increase in autophagic phagocytosis using transmission of transient after cerebral ischemia in gerbils. This is the first time that autophagy was found to be activated in cerebral ischemia. Subsequently, the autophagosome structure was observed by transmission electron microscopy, and autophagy was confirmed to be involved in cerebral ischemia-reperfusion (I/R) (Kuma et al., 2004; Rami and Kogel, 2008; Li et al., 2018). Some researchers have further used pharmacological tools or autophagy-related knockout mice to study autophagy induction or inhibition, and verified the biological significance of functional autophagy in stroke (Li et al., 2018). The above evidence indicates that autophagy is involved in the development of stroke.

Recent studies have shown that (Morselli et al., 2008) acute and severe ischemia may cause “excessive autophagy,” thereby promoting cell death and damage. However, chronic and mild hypoxic state trigger “moderate autophagy,” thereby protecting cells by removing damaged tissues and proteins. It can be seen that during the development of cerebral ischemia, autophagy is a “double-edged sword.” However, regardless of the role of autophagy in ischemic stroke, a series of signaling pathways are required to complete the process involved.



POSSIBLE MOLECULAR MECHANISMS OF AUTOPHAGY INVOLVED IN ISCHEMIC STROKE

mTOR Signaling Pathway-Mediated Autophagy

Autolysosome reproduce (ALR) is a mammalian autophagy that extends into a tubular structure and separates the original lysosome, which further matures into a new lysosome. This process requires the activation of the mammalian target of rapamycin (mTOR). mTOR is a serine/threonine protein kinase, which includes mTORC1 (rapamycin sensitive) and mTORC2 (rapamycin under sensitive), where mTORC1 is the major regulatory target. Cellular responses to hypoxia and inflammation in mammals are signaled by the mTOR pathway, including induction of autophagy and cell survival (Sciarretta et al., 2018), where mTORC1 negatively regulates autophagy. When encountering oxygen sugar deprivation or using rapamycin, the kinase activity of mTORC1 is inhibited, thereby promoting autophagy. Hei et al. (2017) found that ischemic stroke can induce autophagy by inhibiting mTOR, and can alleviate the degree of cerebral ischemia in rats with acute hyperglycemia-induced cerebral ischemic injury, which may explain the conclusion that “moderate autophagy” may have a protective effect on the “slow and mild” ischemic brain damage.

The phosphoinositide 3-kinase (PI3K) protein family is involved in the regulation of various cellular functions such as cell proliferation, differentiation, apoptosis, and glucose transport. PI3K is an intracellular phosphatidylinositol kinase. The specificity of structure and substrate is divided into three types: I, II, and III. Among them, type III PI3K (Vps34) can form a complex with becline-1 to participate in the formation of autophagy. At the same time, it catalyzes the phosphorylation of phosphatidylinositol at D3 position to produce 3-phosphophosphatidylinositol, which recruits the “-FYVE-” or “-PX-” motif in the cytoplasm of the cell. This protein is used to form autophagosome membranes. Therefore, the formation of autophagosomes depends on the action of type III PI3K (Vps34). Akt is a major downstream effector of PI3K. Akt phosphorylates TSC1/2 (tuberous sclerosis complex), preventing its negative regulation of Rab (Ras homology, enriched in brain) and further activating Rheb enrichment and mTORC1. According to previous studies, after 3 h of ischemic stroke, the expression of protein kinase PI3K/Akt was significantly reduced; after 12 h, high levels of nerve growth factor (NGF) inhibited cystylation by activating the protein kinase PI3K/Akt signaling pathway, thereby reducing damage to the ischemic brain tissue. Thus, the PI3K/Akt signaling pathway is involved in the regulation of acute neurological damage during stroke (Shioda et al., 2009; Hong et al., 2014; Xu et al., 2018).

Previous study have shown that the selective autophagy inhibitor 3-methyladenine (3-MA) can prevent cerebral ischemia through the PI3K pathway in a time-dependent manner (Yu et al., 2017). Huang et al. (2018) found that curcumin can attenuate autophagy in nerve cells by activating the PI3K/Akt-mTOR pathway, thereby attenuating cerebral ischemia-reperfusion injury in adult rats. However, in the neonatal rat hypoxia model, after treatment with the mTOR inhibitor rapamycin, phosphorylation of p70S6K downstream of mTOR can be inhibited by activating the PI3K/Akt pathway, thereby inducing autophagy and exerting neuroprotection. On the other hand, 3-MA reduces the expression of the autophagy-related protein beclin1 and abolishes the neuroprotective effect of rapamycin (Carloni et al., 2010). The above evidence suggests that the PI3K/Akt-mTOR signaling pathway may be a new target for stroke. However, based on different ischemic animal models, the regulatory effects of PI3K/Akt on mTOR signaling and its effects on autophagy are inconsistent, and the corresponding mechanisms need to be further explored.

AMP-dependent protein kinase and autophagy play an important role in ischemic tolerance induced by cortical spreading depression (CSD), AMPK-mediated autophagy may represent a new target for stroke (Ronnett et al., 2009). The AMPK signaling pathway is an important pathway for enhancing autophagy in cell starvation. When the energy supply in the brain is reduced, the ATP/AMP ratio decreases, and AMPK is activated, which inhibits the downstream mTOR activity and activates autophagy to increase energy production (Dai et al., 2017; Wang J.F. et al., 2018; Zhang and Miao, 2018). Activated AMPK can inhibit mTORC1 in two ways: one is by regulating autophagy through TSC2 and mTOR regulation-related proteins; the other is by inducing autophagy by regulating the AMPK-mTOR pathway. AMPK-mediated autophagy contributes to the neuroprotection of ischemic preconditioning, suggesting that AMPK can be used as a target for the prevention and treatment of ischemic stroke (Liu H. et al., 2016).

In addition, Li et al. (2013) found that knocking out the p50 (NF-κB) gene during cerebral ischemia inhibited the Akt-mTOR pathway and enhanced autophagy, which in turn induced autophagic cell death. Cytoplasmic p53 can directly inhibit the formation of autophagosomes, while activated p53 translocates to the nucleus to promote AMPKβ expression, and transactivates sestrin-1, 2, and finally inhibits downstream mTOR activity to induce autophagy (Morselli et al., 2008). Brain ischemia/reperfusion can induce p53-dependent nuclear factor NF-κB expression while damage-regulated autophagy modulator (DRAM) is a positive regulator of p53-dependent autophagy. During the ischemia/reperfusion process, DRAM-mediated NF-κB/p53 signaling pathway is involved in apoptosis and autophagic cell death. Autophagy and apoptosis mechanisms can also participate in programmed cell death by regulating the p53 pathway (Cui et al., 2013). This suggests that the NF-κB-p53 signaling molecule is ultimately mediated by autophagy via mTOR, which may also serve as a potential target for stroke.

MAPK Signaling Pathway-Mediated Autophagy

Mitogen activated protein kinase (MAPK) is composed of p38, extracellular regulated protein kinases (ERK), and c-Jun N-terminal kinase (JNK). Activation of p38 MAPK signaling pathway in early ischemic stroke promotes Elk1, CHOP10, LEF2C, and protein kinase MAPKK2/3 to maintain neuronal survival and exert anti-inflammatory and anti-apoptotic effects. In the late stage, p38 MAPK is over-activated, which may promote the expression of target genes by activating transcription factors and proteins such as caspase, etc., leading to neuronal apoptosis (Ferrer et al., 2003; Li et al., 2015; Song et al., 2016). Therefore, different interventions targeted at p38 MAPK signaling molecules should be administered at different periods of ischemic stroke. Related studies have confirmed the hypothesis mentioned above, and shown that numerous drugs that enhance autophagy by activating ERK, inhibiting JNK, and p38 MAPK, are beneficial for the treatment of ischemic stroke (Jiang et al., 2014; Vercelli et al., 2015; Wang et al., 2015). The Akt/Smads signaling pathway negatively regulates autophagy in PC12 cells induced by oxygen glucose deprivation (ODD) by inhibiting JNK and p38 MAPK molecules (Xue et al., 2016). p38 inhibitors promote cell survival signaling pathways (such as ERK), attenuate mitochondrial fragmentation caused by ischemia or mitochondrial autophagy, thereby reducing the volume of cerebral infarction after ischemia and protecting nerve function (Han et al., 2015). The above evidence suggests that ERK, JNK, and p38 MAPK mediate the molecular process of autophagy in ischemic stroke, in which ERK activates as well as inhibits autophagy, whereas JNK and p38MAPK produce opposite effects.

HIF-1α Signaling Pathway-Mediated Autophagy

Molecular genetic studies have shown that the activity of hypoxia-inducible factor (HIF-1α) is closely related to ischemia-induced neuronal death. In the early stage of acute stroke, HIF-1α/HIF-2α double knockout in mice showed decreased expression of the anti-survival factors Bnip3, Bnip3L, and Pmaip1, which prevented early acute neuronal cell death and neurological damage (Barteczek et al., 2017). When HIF-1α is overexpressed, development of mitochondrial autophagy is often accompanied by inhibition of the mTOR pathway, thereby increasing neuronal survival, highlighting a novel target molecule that can be used against ischemic neuroprotection (Doeppner et al., 2012; Koh et al., 2015). When mTOR is inactivated by high expression of HIF-1α, AMPK is activated, which may explain the survival of bone marrow mesenchymal stem cells (BMSCs) induced after transplantation of HIF-1α. When BMSCs overexpressing HIF-1α are transplanted into MCAO rats, a reduction in the volume of cerebral infarction, improved neurobehavioral outcomes, inhibited production of pro-inflammatory cytokines, and enhanced secretion of neurotrophic factors occurs, suggesting that HIF-1α may promote BMSCs survival by regulating the activation of AMPK and mTOR to promote autophagy (Lv et al., 2017).

BNIP3 is one of the important target genes of HIF-1α, and BNIP3 gene expression is significantly correlated with HIF-1α gene expression (Feng et al., 2016). Increased expression of HIF-1α promotes BNIP3 gene expression which then activates autophagy. Cerebral ischemia often causes severe mitochondrial damage. By studying the mechanism of mitochondrial autophagy, new targets for ischemic brain damage may be discovered. Along this line of thought, Yuan et al. (2017) found that BNIP3L/NIX is involved in mitochondrial autophagy induced by cerebral ischemia-reperfusion, suggesting that BNIP3L may be a new therapeutic target for ischemic stroke management. In addition, other studies have shown that sirtuin family members have protective effects on neurons and attenuate cerebral ischemia (Carloni et al., 2014; Yang F. et al., 2015; Shimizu et al., 2016).

In addition, post-translational regulation of HIF-1α, SIRT1 and AMPK plays a key role in the control of glycolytic mitochondrial energy axis in response to hypoxic ischemic conditions. Under pseudo hypoxia condition, combination of autophagy reduction, stress, and dysregulation increases the response of the impaired host to hypoxic-ischemic injury (Ham and Raju, 2017). Treatment with dexmedetomidine at the beginning of reperfusion can inhibit autophagy of neurons by up-regulating HIF-1α, thereby protecting the brain from ischemia-reperfusion injury. This finding underscores the potential of this protein as a treatment for acute ischemic injury (Zhang et al., 2016; Zhang and Zhang, 2017; Wang Y.Q. et al., 2018).

Proteins Associated With Autophagy Formation

Beclin1, LC3-II, and P62

Beclin1, LC3-phosphatidylethanolamine conjugates (LC3-II), and P62 are the three major proteins involved in autophagy process. Beclin1 plays an important role in the initiation of autophagy, primarily by forming a trimer with PI3K and Atg14, and continuously recruiting autophagy-associated proteins to mediate the initiation of autophagy (Shao et al., 2016; Qian et al., 2017). The microtubule-associated protein light chain 3 (LC3) undergoes two processing steps, one is proteolytic cleavage of pro-LC3 (LC3 precursor), and the other is delipidization of LC3-PE from autophagosomes. Both processes require the involvement of cysteine protease Atg4. Under the action of Atg4, the LC3 precursor is processed into soluble LC3-I, which is linked to phosphatidyl ethanolamine (PE) under the action of Atg7 and Atg3 to form liposoluble LC3-II-PE, which is involved in autophagocytosis, participating in the extension of the body membrane until autophagic lysosome is formed (Maejima et al., 2013; Khaminets et al., 2016; Chu, 2018). In addition, P62 located in the cytoplasm binds to ubiquitinated proteins, which in turn form a complex with LC3-II protein before it is degraded in lysosomes. During the process of autophagy, P62 is continually consumed (Moscat and Diaz-Meco, 2009; Jiang et al., 2015; Liu W.J. et al., 2016). Therefore, these three proteins are key biomarkers for detecting the level of autophagy. In the case of ischemic stroke, intracellular LC3 content and LC3-I to LC3-II transformation are significantly increased, suggesting high level of autophagy.

Interestingly, a another study showed that transformation level of lncRNA metastasis-associated lung adenocarcinoma transcripts (MALAT1) and autophagy-related proteins LC3-I, LC3-II, and beclin-1 increased after middle cerebral artery occlusion and reperfusion. They found that down-regulation of MALAT1 inhibited beclin-1-dependent autophagy by regulating the expression of miR-30a in cerebral ischemic stroke. MALAT1-miR-30a-Beclin1 was found to form lncRNA-miRNA-mRNA regulation network, thereby reducing neuronal cell death, suggesting that MALAT1 may act as a molecular chaperone of miR-30a that negatively regulates its expression (Wang P. et al., 2014; Guo et al., 2017).

Apoptosis-Related Proteins and Heat Shock Protein

Some apoptosis-related genes such as Bcl-2, Bcl-xl, Bax, and caspase can treat stroke by regulating autophagy. Since caspase and Bcl-2 can cleave autophagy-related proteins, a decrease in the level of apoptotic proteins activates autophagy. Previous studies have showed that the GABAβ receptor agonist baclofen can up-regulate the Bcl-2/Bax ratio, increase the activation of Akt, GSK-3β, and ERK, which inhibits autophagy, and significantly alleviate neuronal damage after long-term administration (Liu et al., 2015). This suggests that apoptosis-related genes may attenuate cerebral ischemia by regulating autophagy (Yang Y. et al., 2015; He et al., 2016; Xu et al., 2017).

Heat Shock Protein 27 (Hsp27) has recently become a new effective neuroprotective agent in cerebral ischemia, but the mechanism of Hsp27-mediated neuroprotection is largely unknown. Zhan et al. (2017) found that the expression of phosphorylated MK2 (MAPKAP kinase 2) and Hsp27 were reduced by p38MAPK inhibitor SB203580. Their results showed that inhibition of Hsp27 degradation following autophagy downregulation induced ischemic tolerance after hypoxia post conditioning. It has been suggested that MK2-induced Hsp27 phosphorylation may lead to neuroprotection after hypoxia treatment (Zhan et al., 2017). Blocking the cathepsin-t Bid-mitochondrial apoptosis signaling pathway by inhibiting autophagy and stabilizing the lysosomal membrane is associated with up-regulation of lysosomal Hsp70.1B in astrocytes (Zhou et al., 2017). Further, other studies have found that HSP proteins are involved in the pathophysiology of cerebral ischemia (Qi et al., 2015; Shi et al., 2017; Choi et al., 2018; Yamamoto et al., 2018). This suggests that additional studies on heat shock proteins may provide new options for clinical treatment of stroke.



OTHER RELATED PROTEINS

Recent studies have shown that α-Synuclein (α-Syn) is a potential therapeutic target for reducing brain damage after stroke. Knock-out of α-Syn significantly reduces infarction in rodent rats with focal cerebral ischemia and promotes neurological recovery. PLK2 (Polo-like kinase 2, the major kinase that mediates α-Syn S129 phosphorylation) knockout in mice during transient focal cerebral ischemia showed better functional recovery and smaller infarcts, indicating a deleterious effect of phosphorylation of the S129 site of α-Syn (Kim et al., 2016).

In the late stage of cerebral ischemia, the expression level of NGF receptor Trk A is decreased, and its endogenous neuroprotective effect is significantly down-regulated. The natural ligand of Trk A, a neurotrophic factor, may then rescue nerve cells by up-regulating the Trk A receptor signaling pathway. Some scholars used glial cell line-derived neurotrophic factor (glial cell line-derived neurotrophic factor, GDNF) and hepatocyte growth factor (HGF) to treat ischemic rats, both of which significantly reduced the infarct size, the number of LC3 and apoptosis-positive cells. These results indicate that GDNF and HGF are not only involved in anti-apoptosis, but are also associated with the inhibition of autophagy (Shang et al., 2010; Yamashita and Abe, 2016). This provides a new scientific basis for the clinical application of neurotrophic factors.



PROSPECT

In summary, autophagy and various signal transduction pathways as well as other mechanisms are involved in the development of ischemic stroke. Continuous research and exploration are needed to establish the exact underlying mechanisms. Whether the role of autophagy in ischemic stroke is beneficial or harmful depends not only on the degree of stress in brain cells and mechanism of autophagy, but also on experimental models, detection methods, and research methods (Descloux et al., 2015; Tang et al., 2016; Wang P. et al., 2018; Wolf et al., 2018). Therefore, exploring the occurrence and development of autophagy, strengthening the role of autophagy in different stages of ischemic stroke, studying its molecular mechanisms and signal transduction pathways will help medical practitioners make full use of autophagy in clinical practice, and minimize or avoid the damage caused by autophagy to normal cells in the treatment of ischemic stroke.
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Carnosic Acid Mitigates Early Brain Injury After Subarachnoid Hemorrhage: Possible Involvement of the SIRT1/p66shc Signaling Pathway
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Carnosic acid (CA) has been reported to exhibit a variety of bioactivities including antioxidation, neuroprotection, and anti-inflammation; however, the impact of CA on subarachnoid hemorrhage (SAH) has never been elucidated. The current study was undertaken to explore the role of CA in early brain injury (EBI) secondary to SAH and the underlying mechanisms. Adult male Sprague-Dawley rats were perforated to mimic a clinical aneurysm with SAH. CA or vehicle was administered intravenously immediately after the SAH occurred. Mortality, SAH grade, neurologic function scores, brain water content, Evans blue extravasation, and the levels of reactive oxygen species (ROS) levels in the ipsilateral cortex were determined 24 h after the SAH occurred. Western blot, immunofluorescence, Fluoro-Jade C (FJC) and TUNEL staining were also performed. Our results showed that CA decreased ROS levels, alleviated brain edema and blood-brain barrier permeability, reduced neuronal cell death, and promoted neurologic function improvement. To probe into the potential mechanisms. We showed that CA increased SIRT1, MnSOD, and Bcl-2 expression, as well as decreased p66shc, Bax, and cleaved caspase-3 expression. Interestingly, sirtinol, a selective inhibitor of SIRT1, abolished the anti-apoptotic effects of CA. Taken together, these data revealed that CA has a neuroprotective role in EBI secondary to SAH. The potential mechanism may involve suppression of neuronal apoptosis through the SIRT1/p66shc signaling pathway. CA may provide a promising therapeutic regimen for management of SAH.

Keywords: subarachnoid hemorrhage, carnosic acid, p66shc, early brain injury, apoptosis


INTRODUCTION

Subarachnoid hemorrhage (SAH) is considered to be one of the most devastating cerebrovascular accidents, leading to a >50% combined morbidity and mortality rate (Chen et al., 2014b). Previous studies have attached importance to the vasospasm secondary to SAH, which is thought to mainly account for the delayed neurologic deficits that occur; however, clinical trials aimed at anti-vasospasm treatment have failed to promote the prognosis of SAH patients (Sehba et al., 2012; Sehba and Friedrich, 2015; Fan et al., 2017). The collective evidence indicates that early brain injury (EBI) contributes to the outcome of SAH. Although the specific mechanisms underlying EBI are controversial, neuronal apoptosis is deemed to have a fatal role in the process and might explain the short and long-term severe pathology of the disease (Biller et al., 1988; Cahill et al., 2006). Thus, extra effort is needed to develop an original and drug targeting apoptosis, which may provide a therapeutic regimen for SAH management.

Apoptosis is a complicated progress and multiple factors have been reported to trigger the process. Reactive oxygen species (ROS) are major causative factors inducing apoptosis (Redza-Dutordoir and Averill-Bates, 2016; Wu et al., 2017; Xia et al., 2018). SIRT1 is a well-characterized member of the highly conserved (NAD+)-dependent class III histone deacetylases and it could restrained ROS and apoptosis (Langley et al., 2002; Brunet et al., 2004). It has been demonstrated that overexpression of SIRT1 protects cardiomyocytes from oxidative injury (Cheng et al., 2003; McBurney et al., 2003; Xie et al., 2012). We previously reported that activated SIRT1 exhibited neuroprotection in SAH (Zhang X.S. et al., 2016); however, the underlying mechanism remains to be elucidated. P66shc, an isoform of the adapter protein ShcA, is a redox enzyme that can stimulate ROS generation and induce apoptosis (Giorgio et al., 2005; Galimov, 2010). Consistently, P66shc knockout mice have been reported to exhibit 30% longer lifespan and exert intensive resistance to oxidant stress (Berry et al., 2007; Kumar et al., 2014; Vikram et al., 2014). Recent studies suggested that p66shc may be regulated by SIRT1 (Chen et al., 2013; Shan et al., 2015). In SIRT1 transgenic diabetic mice, a decreased expression of p66shc has been observed (Zhou et al., 2011). Therefore, we hypothesize that SIRT1-mediated p66shc suppression may contributed to the prevention of SAH-induced brain injury.

Recently, more and more attentions have been paid to natural herbs in the treatment of SAH. Carnosic acid (CA), one of the dominant phenolic compounds in rosemary and sage leaves exhibits various pharmacologic properties, including antiapoptotic, antioxidant and chemopreventive activities (Shan et al., 2015). CA has been shown exhibit a protective effect against various tissue injuries by suppressing apoptosis (Xie et al., 2012; Chen et al., 2013; Shan et al., 2015). It has been reported that SIRT1 can be activated by plant polyphenols, such as resveratrol and quercetin (Chung et al., 2010). Likewise, SIRT1 may also be activated by CA. In this study, we sought to investigate the antiapoptotic effect of CA on protecting against SAH. And the regulation of SIRT1/p66shc pathway involved in CA-mediated protective activity in SAH was also explored.



MATERIALS AND METHODS

Animals and Cell Lines

Animals

Adult male Sprague-Dawley rats (Slac Laboratory Animal Company Limited, Shanghai, China) weighting between 300 and 320 g (6–8 weeks of age) were used in the current study. The animals were housed under controlled temperature and humidity conditions with a 12 h light/dark cycles. All experiments were approved by the Institutional Ethics Committee of Zhejiang Province and consistent with the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health and Animal Research.

Cell Culture

PC12 cells were obtained from American Type Culture Collection (ATCC, United States). Cells were maintained in DMEM supplemented with 10% FBS, 30 μg/ml penicillin, and 100 μg/ml Streptomycin at 37°C under a 5% CO2 atmosphere. For chemical treatment, cells were seed in 6-well plates and treated with 10 μM CA alone or together with 15 μM sirtinol for 24 h.

SAH Model

The rat model were established as previously described (Li et al., 2016). Briefly, the rats were anesthetized with 40 mg/kg of pentobarbital sodium intraperitoneally. Second, the left carotid artery and its branches were dissected. A blunted 4-0 monofilament nylon suture was stabbed into the internal carotid artery from the external carotid artery and stopped until resistance appeared. Then the bifurcation of the anterior and middle cerebral arteries was punctured. Sham rats underwent a similar procedure without the vessel puncture. Finally, the suture was withdrawn after approximately 15 s. All rats were maintained at 37.5°C on a heating pad with rectal thermometer.

Study Design

Experiment 1

To character the time course of p66shc after SAH, we detected the protein using a western blot assay in sham and SAH models for 1, 3, 6, 12, 24, 48, and 72 h (n = 6). Additionally, immunofluorescence co-staining was performed to localize p66shc in SAH rats (n = 6).

Experiment 2

One hundred twenty rates (163 rats were used and 43 rats died) were randomly allocated into four groups: sham (n = 30), SAH (n = 30/45), SAH + vehicle (n = 30/44), and SAH + CA (n = 30/44). The SAH group, the SAH + vehicle group and the SAH + CA groups were subjected to SAH. In addition, SAH + vehicle group and SAH + CA groups were treated with vehicle and CA, respectively. A similar procedure to that used in the SAH group was performed in the sham group but without perforation. All rats were evaluated 24 h after SAH was induced. SAH grade, neurologic score, brain water content, and Evans blue extravasation, and ROS assay, TUNEL staining, FJC staining, and Western blot analysis results were determined in each group.

Experiment 3

Seventy-two rats (107 rats were used and 35 rats died) were randomly assigned into 4 groups at random: SAH + vehicle group (n = 18/28), SAH + CA group (n = 18/26), SAH + sirtinol group (n = 18/27) and SAH + CA + sirtinol group (n = 18/26). Rats in the SAH + vehicle, the SAH + CA and the SAH + sirtinol group were exposed to SAH and treated with vehicle, CA, and sirtinol, respectively. The SAH + CA + sirtinol group was exposed in SAH and dealt with CA and sirtinol. The end point was 24 h after SAH. Brain water content, and Western blot analysis, FJC staining findings and TUNEL staining were determined in each group, respectively.

Drug Administration

Carnosic acid was purchased from Tokyo Chemical Industry (Tokyo, Japan) and dissolved in dimethyl sulfoxide (DMSO). The dose and the time point of CA was chose according to a previous study (Miller et al., 2015). Vehicle (0.5% DMSO in a 10% Ethanol/90% PBS solution) or CA (3 mg/kg in a 10% Ethanol/90% PBS vehicle solution) were administrated intraperitoneally immediately after SAH. CA and its vehicle were administered 24 h prior to tissue collection. Sirtinol (Sigma-Aldrich, St. Louis, MO, United States) was administered via intracerebroventricular injection as previously described (Yan et al., 2016; Li et al., 2018). In brief, a small burr hole was drilled into the skull (1.5 mm posterior and 1.0 mm lateral relative to the bregma) after the rats were anesthetized. A 10 μl Hamilton syringe needle (Microliter 701; Hamilton Company, Reno, NV, United States) needle was inserted into the left lateral ventricle through the hole at a depth of (3.5 mm below the horizontal plane of the bregma). Sirtinol (a SIRT1 inhibitor) was dissolved in DSMO and further diluted in sterile saline to a final DSMO concentration of 0.5% [the dose of sirtinol was selected based on previous study (Zhang X.S. et al., 2016)]. Either sirtinol or vehicle was injected into the left lateral ventricle 2 h before SAH. The syringe was left in situ for at least 10 min before removal to prevent backfilling and then the hole was filled with bone wax.

SAH Grades and Neurologic Scores

The severity of the SAH was evaluated using the SAH grading scale as previously described (Sugawara et al., 2008). In brief, the basal cisterns were allocated into 6 segments and each segment was scored from 0 to 3 based on the amount of bleeding as follows: grade 3, blood clots covered all arteries; grade 2, mediocre blood with visible arteries; grade 1, minimal subarachnoid blood; and grade 0, no SAH. We determined the total score by summing each segment score. We evaluated neurologic function 24 h after SAH according to the modified Garcia score (Garcia et al., 1995). Evaluation of autonomic exercise, exercise coordination, physical activity, and somatic sensation was included. The score ranged from 3 to 18. Six tests including response to vibrissa touch, limb symmetry, body proprioception, climbing, spontaneous activity, and forelimb outstretching were scored and total scores were measured. An independent observer performed all evaluation.

Brain Water Content

The right and left hemispheres of the brains were removed after the rats were euthanized. Each part of the brain was weighed immediately upon removal (wet weight), then put in an oven at 105°C to dry. The brain parts were re-weighed after 72 h (dry weight). The brain water content was computed as follows: (wet weight-dry weight)/wet weight × 100%.

Evans Blue Extravasation

Evans blue could combine with plasma albumin and permeate into the brain tissues by the disruptive BBB. So the permeability of the blood-brain barrier (BBB) was assessed according to Evans blue extravasation. Evans blue extravasation was performed as previously reported (Chen et al., 2014a). The left femoral vein was injected with Evans Blue dye (2%, 5 mL/kg) under general anesthesia 24 h after surgery. After circulating for 60 min, the rats were euthanized, then perfused with 0.01 mol/L phosphate-buffered saline (PBS). The brain was immediately removed and separated into the same regions. We weighed and homogenized the samples in 3 ml of 50% trichloroacetic acid, then centrifuged the samples at 15000 ×g for 30 min. The supernatant (1 ml) was separated and mixed with an equal volume of the mixture (1:3 trichloroacetic acid and ethanol). Then the samples were centrifuged again for 30 min after a 12 h incubation at 4°C. Then, we assessed the supernatant through spectrophotometry (620 nm for excitation and 680 nm for emission).

ROS Assay

The left basal cortical specimen in the face of the blood clot was collected at 24 h after SAH. We used a ROS assay kit (Nanjing Jiancheng Bio-engineering Institute, Nanjing, China) to detect the ROS levels of the rats’ brains referring to the manufacturer protocol. Briefly, rats were perfused with 0.01 mol/L PBS after euthanasia. We subsequently obtained fresh tissues from the brains. Then, the samples were weighed and homogenized in PBS (1 g: 20 ml). The mixtures were centrifuged at 1000 ×g for 10 min at 4°C and measured the protein content of the supernatant with a DC protein assay kit (Bio-Rad, Hercules, CA, United States). According to the protocol, the DCFH-DA (10 μl, 1 mol/L) and supernatant (190 μl) were mixed into 96-well plates and the same volume of PBS was added to the supernatant as a control. The samples were detected by spectrofluorophotometry after incubation for 30 min 3°C, 480 nm excitation wavelength and 520 nm emission wavelength. The ROS levels are presented as fluorescence intensity/gram protein (Li et al., 2016).

Immunofluorescence, TUNEL, and Fluoro-Jade C (FJC) Staining

Rats were perfused transcardially with PBS (0.1 mol/L) followed by 4% paraformaldehyde and euthanized 24 h after SAH. The brains of each group (n = 6) were gained and dipped in the 4% PFA for 24 h, and then dehydrated with sucrose solution (30%). The brains were frozen in tissue-freezing media to cut into coronary sections (7 μm). Conforming to the immunofluorescence protocol, we washed the coronal sections with 0.01 M PBS 3 times and then blocked with 10% normal goat serum (with 0.1% Triton X-100 in 0.01 M PBS) sealing solution. Subsequently the sections were incubated overnight with relevant primary antibodies including anti-p66shc (ab54518, Abcam), anti-NeuN (ab177487, Abcam). After washed with PBS several times the sections were hatched with related secondary antibodies including fluorescein isothiocyanate-labeled goat anti-mouse antibody (Jackson ImmunoResearch) and rhodamine-conjugated goat anti-rabbit antibody (Jackson ImmunoResearch). The sections were stained with DAPI after washing again, then mounted with glycerol. We observed the sections using a fluorescent microscope (Olympus, Tokyo, Japan) and merged the photomicrographs by Image-Pro Plus 6.0 (Olympus, Melville, NY, United States). Five random files per coverslip were imaged. We used FJC staining to identify degenerating neurons according to the manufacturer’s instructions for the FJC staining kit (Biosensis, NY, United States). In addition, terminal deoxynucleotidyl transferase-dUTP nick end labeling (TUNEL) staining was also applied to determine apoptotic cell according to the manufacturer’s protocol (Roche Inc., Basel, Switzerland). An independent investigator counted FJC and TUNEL positive neurons in the left piriform cortex.

SIRT1 Activity

SIRT1 activity in brain was determined with a SIRT1 Fluorometric Kit (Biomol International) according to the manufacturer’s instructions and as described previously (Escande et al., 2010). This assay uses a small lysine-acetylated peptide, corresponding to K382 of human p53, as a substrate. SIRT1 could deacetylate the lysine residue, and this process is dependent on the addition of exogenous NAD+. Briefly, samples were homogenized in NETN buffer and then incubated for 10 min at 37°C. Next, 10 mM DTT was added to the medium and the mixtures were incubated for 10 min at 37°C again. The mixtures (20–30 μg protein/well) were then incubated in SIRT1 assay buffer to determine the SIRT1-independent or SIRT1-dependent activity. After 1 h incubation, the reaction was terminated by adding the solution containing Fluor de Lys Developer (Enzo Life Sciences) and 2 mM nicotinamide. And then the mixtures were incubated for 60 min at 37°C. The samples were detected with an excitation wavelength of 360 nm and an emission wavelength of 460 nm (Spectramax Gemini XPS; Molecular Devices). The SIRT1-dependent activity was assessed after subtracting fluorescence values obtained in the absence of NAD+.

Western Blot

We performed Western blot as previously described (Zhang X.S. et al., 2016). Briefly, samples were obtained from cells or the left basal cortical, then lyzed on ice or homogenized and centrifuged (1000 ×g) for 10 min at 4°C. A DC protein assay kit (Bio-Rad, Hercules, CA, United States) was used to detect the protein content. Equal amounts (60 μg) of proteins were added into polyacrylamide-SDS gels. The proteins were transferred to nitrocellulose membranes after separated by electrophorese. Membranes were incubated overnight at 4°C with the following primary antibodies followed by sealing with non-fat dry milk buffer: anti-p66shc (ab54518, Abcam), anti-SIRT1 (ab110304, Abcam), anti-ß-actin (ab8226, Abcam), anti-MnSOD (ab13533, Abcam), anti-Bax (ab32503, Abcam), anti-Bcl-2 (ab32124, Abcam), and anti-caspase-3 (ab13585, Abcam). Then, the membranes were incubated with the corresponding secondary antibodies at room temperature for 1h. The protein densities were detected via X-ray film and quantified with ImageJ software (NIH).

Statistical Analysis

Data were expressed as mean ± SD or median with interquartile range. The analyses were carried out using GraphPad Prism 7 (GraphPad Software Inc., San Diego, CA, United States) and SPSS (version 24.0; SPSS, Inc., Chicago, IL, United States). We used one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison test to analyze differences among the groups when the data met the normal distribution and homogeneity of variance. For the non-normal distribution and unequal variance parameters, differences among the groups were analyzed using Kruskal–Wallis test. The Garcia score and SAH grading score were analyzed using the Mann–Whitney U-test. Statistical significance was defined as P < 0.05.



RESULTS

Expression of p66shc After SAH

The expression of p66shc in the sham group and in rats euthanized at 1, 3, 6, 12, 24, 48, and 72 h after SAH was detected by Western blot (Figure 1A). The result showed that the expression of p66shc was reduced at 1 and 3 h after SAH, but began to increase at 6 h and peaked at 24 h (P < 0.05, Figures 1A,B). Immunofluorescence co-staining of p66shc with NeuN (the marker of neurons) confirmed that p66shc was localized in neurons (Figure 1C).
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FIGURE 1. (A) Representative Western blot bands of p66shc at different time course in ipsilateral basal cortex after subarachnoid hemorrhage (SAH) induction. (B) Quantitative analysis of p66shc expression. n = 6 for each group. The bars represent the mean ± SD. ∗P < 0.05 versus sham, #P < 0.05 versus every other group. The densities of the protein bands were analyzed in relation to β-actin and normalized to the sham group. (C) Representative microphotographs of immunofluorescence staining showing localization of p66shc (green) with NeuN (red) in ipsilateral basal cortex of SAH 24 h group (scale bar = 50 μm). The rightmost image was magnified by digital zoom.



Mortality, SAH Grade, and Neurologic Dysfunction

Representative brains from the sham, SAH, SAH + vehicle, and SAH + CA groups are presented in Figure 2A. More blood clots were found in the brain of the SAH group compared with the Sham group, and treatment with CA significantly reduced the blood clots. The neurological scores showed that significant neurological impairments occurred in SAH and SAH + vehicle groups when compared with the sham group. Administration of CA significantly improved neurological impairments 24 h after SAH (P < 0.05, Figure 2B). There was no significant difference among the mortality rates of the different groups. There were no significant differences in SAH grade between the SAH + vehicle and SAH + CA groups (P > 0.05, Figure 2C).
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FIGURE 2. Typical representation of brains from each group and SAH grade, neurological scores, brain water content, and Evans blue dye extravasation at 24 h after SAH. (A) Representative brains from the sham, SAH, SAH + vehicle, SAH + CA group. (B) Quantitative analyses of neurological scores. The bars represent the mean ± SD. n = 30. (C) Quantitative analyses of SAH severity. The bars represent the mean ± SD. n = 30. (D) Quantitative analyses of brain water content. The bars represent the mean ± SD. n = 6. (E) Quantitative analyses of Evans blue dye extraversion. The bars represent the mean ± SD. n = 6. ∗#P < 0.05 vs. Sham, ∗P < 0.05 vs. SAH.



CA Ameliorated Brain Edema and Disruption of BBB

We observed great changes of the brain water content at 24 h after SAH. The brain water content of the left and right cerebral hemisphere increased in SAH and SAH + vehicle group in comparison with the sham group (P < 0.05, Figure 2D). After CA treatment, the brain water content in the left and right hemisphere was notably reduced compared with SAH + vehicle group (P < 0.05, Figure 2D). A remarkable extravasation of Evans blue dye into the left and right hemispheres was found in SAH and SAH + vehicle group in comparison with the sham group (P < 0.05, Figure 2E). CA significantly decreased Evans blue dye extravasation in the left and right hemispheres (P < 0.05, Figure 2E).

Administration of CA Activated the SIRT1/p66shc Pathway and Inhibited Apoptosis

Carnosic acid was administered intraperitoneally after the SAH was induced. Western blot analysis showed that administration of CA significantly upregulated the expression of SIRT1 and downregulated the expression of p66shc compared to the SAH and SAH + vehicle groups (P < 0.05, Figures 3A–C). Consistent with the result from western blot, the activity of SIRT1 was significantly increased after SAH, and this increase was further extended by administration of CA (P < 0.05, Figure 3D). To determine the direct effect of CA on SIRT1 expression, PC12 cells were treated with CA. Western blot analysis showed that treatment with CA significantly increased SIRT1 expression (Figure 3E). The expression of MnSOD, a mitochondria-resident enzyme that governs ROS, was significantly decreased after SAH induction and upregulated after CA administration (P < 0.05, Figures 3F,G). Apoptosis associated proteins, such as Bax, Bcl-2, and cleaved caspase-3 were dramatically altered 24 h after SAH compared with the sham group, and the changes were reversed by CA administration (P < 0.05, Figures 3H–J). In addition, levels of ROS were remarkably increased after SAH, whereas they were markedly reduced in the SAH + CA group (P < 0.05, Figure 3K).
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FIGURE 3. Carnosic acid attenuated apoptosis 24 h after subarachnoid hemorrhage (SAH) via activating SIRT1/p66shc signaling pathway. (A) Representative Western blot bands of SIRT1, p66shc. (B,C) Quantitative analyses of SIRT1 (B), p66shc (C). (D) Activity of SIRT1 in the brain. (E) The effect of CA on SIRT1 expression. (F) Representative Western blot bands of MnSOD, Bax, Bcl-2, and cleaved caspase-3. (G–J) Quantitative analyses of, MnSOD (G), Bax (H), Bcl-2 (I), cleaved caspase-3 (J). The densities of the protein bands were analyzed in relation to β-actin and normalized to the sham group. (K) Quantitation of ROS. The histograms represent the median with interquartile range, n = 6. The statistical differences between two groups were analyzed by Kruskal–Wallis test. ∗#P < 0.05 vs. Sham, ∗P < 0.05 vs. SAH.



Few TUNEL-positive neurons were detected in the sham group after SAH. The numbers of TUNEL-positive neurons in the cortex in the SAH and SAH + vehicle group were remarkably higher compared with the sham group. In comparison with the SAH and SAH + vehicle groups, CA treatment decreased the apoptosis index (P < 0.05, Figures 4A,C). FJC-positive cells representing degenerating neurons dramatically increased after SAH and CA treatment reversed this change (P < 0.05, Figures 4B,D). These results suggest that CA treatment inhibits neuron apoptosis and SIRT1/p66shc cascade might account for this inhibition.


[image: image]

FIGURE 4. Carnosic acid reduced degenerating neurons and neuronal cells death in the ipsilateral cortex at 24 h after SAH. (A) Representative co-labeling TUNEL/NeuN photomicrographs of the ipsilateral cortex in the different groups (scale bar = 100 μm). (B) Representative FJC photomicrographs in the different groups (scale bar = 100 μm). (C) Quantification of TUNEL-positive neurons, expressed as percentage of total (NeuN+) cells. (D) Quantification of FJC-positive degenerating neurons. The bars represent the mean ± SD. n = 6. ∗#P < 0.05 vs. Sham, ∗P < 0.05 vs. SAH.



Inhibition of SIRT1 Abolished the Neuroprotective Effect of CA

To test whether SIRT1 upregulation plays a causal role in CA-mediated neuroprotection, sirtinol, a selective inhibitor of SIRT1, was applied. The results showed that inhibition of SIRT1 by sirtinol significantly abolished the neurological improvements induced by CA, as indicated by the neurological scores (P < 0.05, Figure 5A). Additionally, the levels of ROS rebounded after sirtinol administration (P < 0.05, Figure 5B). In PC12 cells, treatment with sirtinol abolished the inhibitor effect of CA on p66shc inhibition (P < 0.05, Figures 5C–E). Moreover, Western blot showed that upregulation of SIRT1 and downregulation of p66shc caused by CA were also reversed by sirtinol (P < 0.05, Figures 5F–H).
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FIGURE 5. SIRT1 inhibitor sirtinol abolished the beneficial effect of carnosic acid on apoptosis. (A) Quantitative analyses of neurological scores. The bars represent the mean ± SD. n = 18. (B) Quantitative analyses of ROS. The histograms represent the median with interquartile range, n = 6. (C–E) Western blot assay and quantitative analyses of SIRT1 (D), p66shc (E) in PC12 cells after treatment with CA alone or together with sirtinol. ∗P < 0.05 vs. Vehicle, #P < 0.05 vs. CA. (F–L) Western blot assay (F) and quantitative analyses of SIRT1 (G), p66shc (H), MnSOD (I), Bcl-2 (J), Bax (K), cleaved caspase-3 (L) expressions in ipsilateral cortex. The densities of the protein bands were analyzed in relation to β-actin and normalized to the sham group. The bars represent the mean ± SD. n = 6. ∗P < 0.05 vs. SAH, #P < 0.05 vs. SAH + CA.



Inhibition of SIRT1 Reversed the Anti-apoptotic Effect of CA After SAH

As shown in the Western blot analysis 24 h after SAH, administration of CA significantly increased MnSOD expression and the tendency was notably reversed in the SAH + CA + sirtinol group (P < 0.05, Figure 5I). Upregulation of Bcl-2 in the SAH + CA group was also dramatically suppressed by sirtinol (P < 0.05, Figure 5J). Sirtinol also reversed the CA-induced decrease of Bax and cleaved caspase-3 expression (P < 0.05, Figures 5K,L).

Further, TUNEL and FJC staining were used to measure apoptotic cells and degenerating neurons in the ipsilateral cortex. Results showed that treatment of CA significantly decreased the apoptosis index and FJC-positive cells. However, these alterations were markedly reversed by sirtinol (P < 0.05, Figures 6A–D).
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FIGURE 6. SIRT1 inhibitor sirtinol abolished Carnosic acid-reduced degenerating neurons and neuronal cells death in the ipsilateral cortex at 24 h after SAH. (A) Representative co-labeling TUNEL/NeuN photomicrographs of the ipsilateral cortex in the different groups (scale bar = 100 μm). (B) Representative FJC photomicrographs in the different groups (scale bar = 100 μm). (C) Quantification of TUNEL-positive neurons, expressed as percentage of total (NeuN+) cells. (D) Quantification of FJC-positive degenerating neurons. The bars represent the mean ± SD. n = 6. ∗P < 0.05 vs. SAH, #P < 0.05 vs. SAH + CA.





DISCUSSION

Mounting evidence implies that EBI within the first 72 h of SAH plays a central role in SAH. The treatment of EBI could be a potential therapeutic strategy for the management of patients surviving a SAH. However, the underlying molecular mechanisms has not been elucidated (Ostrowski et al., 2006). The possible mechanisms involving EBI after SAH involve disruption of the BBB, brain edema, oxidative stress, and neural apoptosis (Sehba et al., 2012). CA, one of the major phenolic compounds extracted from Rosmarinus officinalis, is a well-established anti-adipogenic and antioxidant agent (Jordan et al., 2012; Park and Mun, 2013). Recently, CA has been reported to have favorable efficacy in managing some diseases. For example, CA protects myocardial cells, renal cells, SH-SY5Y cells, and hepatocytes against injury by inhibiting apoptosis (Sahu et al., 2011, 2014; Chen J.H. et al., 2012). The mechanisms by which CA regulates neural apoptosis in SAH is unknown. In a recent study, we successfully established the vascular perforation model to mimic clinical aneurysm subarachnoid hemorrhage (aSAH), which is the most common cause of SAH. We observed that CA treatment alleviated neuronal cell death and improved neurological outcome, diminished levels of ROS, and dramatically alleviated BBB disruption and brain edema dramatically. We therefore suggest that the SIRT1/p66shc pathway might be involved in the protective mechanism underlying CA treatment of SAH.

Emerging evidence indicates that under pathophysiologic circumstances, acute and chronic overproduction of ROS are vitally important in the development of cardio-cerebral vascular diseases. ROS, which are highly reactive free radicals including a variety of small molecule radicals such as superoxide anion (O2), hydroxyl radical (OH), and hydrogen peroxide (H2O2), which are important components of cellular signaling pathways physiologically (Venditti et al., 2013; Fan et al., 2017). ROS are also the most important cause of oxidative stress. The increased levels of ROS could incur brain injury by various means, including apoptosis, BBB disruption, and inflammation (Cahill et al., 2006; Olmez and Ozyurt, 2012; Sehba and Friedrich, 2015; Zhang L. et al., 2016). Thus, we measured the levels of ROS in recent study. The cortical ROS levels surged 24 h after SAH and were inhibited by CA. This result further verified the antioxidative activity of CA. To further explore the potential mechanism underlying antioxidative stress by CA, we focused on SIRT1, an NAD-dependent deacetylase. Recently, it has been demonstrated that activation of SIRT1 plays a critical protective role in mediating tissue injury in multiple experimental models and human diseases including cardiac, brain and kidney injuries caused by ischemia/reperfusion (Hsu et al., 2010; Wang et al., 2011; Lempiainen et al., 2012). Interestingly, SIRT1 is widely expressed in the central nervous system and SIRT1 is activated by plant polyphenols. Consistent with our hypothesis, the current study determined that CA treatment facilitated the activation of SIRT1 after SAH and the positive regulatory effect of CA on SAH was restrained by sirtinol, a SIRT1 inhibitor. These results indicate that CA might be a potential activator of SIRT1. Nevertheless, it is notable that the expression of SIRT1 increased slightly at 24 h after SAH. We speculate that self-protection against injury stress might be responsible for this result, which is supported by the results of a previous study (Li et al., 2018).

It has been shown that SIRT1 regulates energy metabolism, oxidative stress, and apoptosis by targeting different genes in the liver (Purushotham et al., 2009). P66shc has been reported to be targeted by SIRT1 through deacetylation of histone H3 lysine (Zhou et al., 2011). Moreover, it has been suggested that CA-promoted activation of the SIRT1/p66shc pathway protects rats against apoptosis in an ischemia/reperfusion (I/R) injury model (Yan et al., 2014). P66shc, an intracellular mediator converts oxidative signals into ROS and induces apoptosis during multiple pathologic conditions, such as diabetes and glomerulopathies (Menini et al., 2007; Zaccagnini et al., 2007). A P66shc defective mutant is unable to maintain normal oxidative stress in p66shc-/- cells and p66shc knockout strengthen cellular resistance to apoptosis induced by H2O2 and ultraviolet light (Menini et al., 2007). Furthermore, p66shc has been suggested to downregulate the expression of antioxidant enzymes and regulatory factors, such as glutathione peroxidase-1, MnSOD (the primary superoxide scavenger) and REF-1 (Miyazawa and Tsuji, 2014). Interestingly, it has been shown that the expression of p66shc is decreased and oxidative stress is reduced markedly in the SIRT1 transgenic diabetic mice (Chen H. et al., 2012). In agreement with these observations, we found that CA treatment reversed the upregulation of p66shc caused by SAH and sirtinol induced an increase in p66shc. Interestingly, CA increased the levels of MnSOD after SAH and sirtinol abolished these changes. Together, these results imply that SIRT1 suppressed p66shc expression and oxidative stress during SAH and that activation of the SIRT1/p66shc pathway might be involved in the neuroprotective effect of CA in SAH.

Current views hold that the formation of a multi-subunit protein complex, which eventually forms a pore in the mitochondrial membrane is promoted by various signals in the course of mitochondrial-dependent apoptosis. The permeabilization of mitochondrial membranes results in proapoptotic proteins activation. It has been demonstrated that p66shc is necessary for permeabilization of mitochondrial membranes (Galimov, 2010). The protective effects of SIRT1 against cardiac I/R can be explained by SIRT1 overexpression inducing up-regulation of MnSOD and Bcl-2 and down-regulation of Bax (Hsu et al., 2010). Similarly, suppression of p66shc protected against intestinal I/R induced by lung injury via the regulation of MnSOD, Bcl-2 and caspase-3 (Wang et al., 2012). In our study, FJC and TUNEL staining revealed that the neuronal degeneration and apoptosis secondary to SAH were suppressed by CA. Additionally, we also determined that the expression of Bax and cleaved caspase-3 were increased markedly after SAH, while CA treatment reserved the changes. The expression of Bcl-2 were presented on the contrary, namely, CA administration increased the expression of Bcl-2. Moreover, Sirtinol diminished the anti-apoptotic effect of CA on EBI. Based on these observations, we deduced that the activation of p66shc is strongly linked to apoptosis secondary to SAH and it is likely that CA protects neuron against apoptosis via suppression of the SIRT1/p66shc signaling pathway.

Several restrictions exist in the present study. First, we discussed the neuroprotection of CA in the early stage of SAH, the long-term effect in SAH needs to be further investigated. Second, several studies have revealed the effect of CA regulating inflammation. In our study, we focused on the anti-apoptosis effect of CA on SAH, however, we cannot completely absolutely exclude the possibility that neuroinflammation is involved in the neuroprotection of CA in EBI after SAH. Therefore, further studies are needed to explore the role of CA in neuroinflammation after SAH. In addition, ROS-induced oxidative stress after SAH warrants further experiments.

In conclusion, this study extended our understanding of the neuroprotective effects of CA on EBI after SAH. We demonstrated that CA-induced SIRT1 upregulation plays a protective role in EBI secondary to SAH. The potential mechanisms may involve the suppression of neuronal apoptosis through the SIRT1/p66shc pathway. Indeed, CA might be a novel and potential therapeutic strategy for SAH management.
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Variable Study group Control group p-value

CBF1st (mL/100 g/min) 37.40 + 7.44 38.05 + 6.94 0.727
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MTT7t (s) 7.43+£0.98 8.48 +£1.15 <0.001
MTT14™ (s) 6.81 + 0.97 9.50 + 117 <0.001

CBF1st/7th/14th, cerebral blood flow on the 1, 7, and 141 day after surgery,
respectively; CBV1st/7th/14™, cerebral blood volume on the 1, 7, and 14t
day after surgery, respectively; MTT1st/7"/14! mean transit time on the 1, 71,
and 14t day after surgery, respectively. All the data were analyzed using student’s
t-test.
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MFV, mean flow velocity; MCA, middle cerebral artery. All the data were analyzed
using student’s t-test.
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Post- EA 109.12 £ 18.40 1156.32 + 19.22 117.34 £ 18.49 108.19 £+ 16.16
(cm/s)

p-value <0.001 <0.001 <0.001 <0.001

EA, electroacupuncture; MFV, mean flow velocity;, MCA, middle cerebral artery;
MFV1st/31d/5t/7th " mean flow velocity in the study group on the 15t, 3@, 5t and
7t day after the operation.

All the data were analyzed using student’s t-test.
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Study group 24 6 29 1
Control group 7 23 19 11
p-value <0.001 0.001

aSAH, Aneurysmal subarachnoid hemorrhage; GOS, Glasgow Outcome Scale. All
the data were analyzed using chi-square test.
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OPS/images/fnins-12-00724/fnins-12-00724-t002.jpg
Variable 15t day 7th day 14th day p-value

CBF 3740+ 744 3326+620 47.10+£7.79 <0.001
(mL/100
g/min)
Study CBV 3.84+068 357+£067 433+£066 <0.001
group (mL/100 g)
MTT (s) 6.89+092 743+098 6.81+097 <0.001
CBF 38.05+6.94 33.15+6.76 4152 +£5.656 <0.001
(mL/100
g/min)
Control  CBV 420+ 053 3.19+054 379+059 <0.001
group (mL/100 g)
MTT (s) 782+116 848+1.15 9504117 <0.001

CBEF, cerebral blood flow; CBV, cerebral blood volume; MTT, mean transit time.
All the data were analyzed using student’s t-test.
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