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BM-MSC Transplantation Alleviates Intracerebral Hemorrhage-Induced Brain Injury, Promotes Astrocytes Vimentin Expression, and Enhances Astrocytes Antioxidation via the Cx43/Nrf2/HO-1 Axis
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Intracerebral hemorrhage (ICH) is a particularly severe form of stroke, and reactive astrogliosis is a common response following injury to the central nervous system (CNS). Mesenchymal stem cells (MSCs) are reported to promote neurogenesis and alleviate the late side effects in injured brain regions. Gap junctions (Gjs) are abundant in the brain, where the richest connexin (Cx) is Cx43, most prominently expressed in astrocytes. Nuclear factor erythroid 2-related factor 2 (Nrf2) is an essential transcription factor regulating antioxidant reactions. Here, we aimed to explore whether bone marrow MSCs (BM-MSCs) could alleviate brain injury and protect astrocytes from apoptosis, by regulating Cx43 and Nrf2. We validated the effect of BM-MSC transplantation in an ICH model in vivo and in vitro and detected changes using immunofluorescence, as well as protein and mRNA expression of glial fibrillary acidic protein (GFAP), vimentin (VIM), Cx43, Nrf2, and heme oxygenase-1 (HO-1). Our results showed that BM-MSC transplantation attenuated brain injury after ICH and upregulated VIM expression in vivo and in vitro. Additionally, Cx43 upregulation and Nrf2 nuclear translocation were observed in astrocytes cocultured with BM-MSC. Knockdown of Cx43 by siRNA restrained Nrf2 nuclear translocation. Cx43 and Nrf2 had a connection as determined by immunofluorescence and coimmunoprecipitation. We demonstrated that astrocytes undergo astroglial-mesenchymal phenotype switching and have anti-apoptotic abilities after BM-MSC transplantation, where Cx43 upregulation triggers Nrf2 nuclear translocation and promotes its phase II enzyme expression. The Cx43/Nrf2 interaction of astrocytes after BM-MSC transplantation may provide an important therapeutic target in the management of ICH.
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INTRODUCTION

Intracerebral hemorrhage (ICH) is a severe form of stroke with high mortality and morbidity, and survivors usually have profound neurological deficits (Qureshi et al., 2009; Keep et al., 2012). It is the second most common form of stroke, accounting for about 10–30% of cases, and the major causes of disability and death (Bedini et al., 2018). To date, despite the considerable scientific progress achieved by animal and preclinical studies, there remains no effective therapeutic strategy for ICH patients, except for active rehabilitation (Broderick et al., 1994). Two different processes describe the cascade of injuries caused by ICH. In the primary injury, mechanical compression results in the destruction of neurons and glial structures, resulting in impaired neurotransmitter release, mitochondrial dysfunction, and ultimately apoptosis, edema, inflammation, and necrosis (Graham et al., 2000; Qureshi et al., 2003). The secondary injury is characterized by hemoglobin breakdown products activating hemostatic cascades, and presence of clots is often accompanied by the activation of astrocytes, resulting in dense glial scars, which exacerbate neurological deterioration and affect long-term neuronal recovery (Aronowski and Zhao, 2011; Zhou et al., 2014; Moeendarbary et al., 2017).

Astrocytes are the most important glial cells in the central nervous system (CNS), providing nutrition and maintaining structure for neurons, which also contributing to keeping homeostasis of the extracellular environment (Sofroniew and Vinters, 2010; Macco et al., 2013; Yang et al., 2018). When the CNS is damaged due to nerve injury, infection, ischemia, hemorrhagic stroke, or neurodegeneration, astrocytes are activated, prior to proliferating, migrating, and finally forming glial scars (Anderson et al., 2014). Further study on the potential mechanisms of astrocyte activation could help to improve the prognosis of patients with CNS disorders.

Mesenchymal stem cells (MSCs) are the prototype of pluripotent stem cells, and have potential applications in regenerative medicine. MSCs are self-renewing and multipotent cells capable of generating progenitors and differentiating into various and distinct cell lineages, which can be isolated from different human tissues, amplified and/or differentiated in vitro, and then treated and administered as stem cell-based drugs to patients. The repair mechanisms of MSCs are mainly related to their nutritional effects on other cells, as well as their highly anti-inflammatory and immunomodulatory capabilities (Liao et al., 2009; Uccelli et al., 2011; Zhang et al., 2013). Previous studies have also shown that MSCs have antioxidative stress properties (Shalaby et al., 2014). Several studies have revealed that bone marrow MSCs (BM-MSCs) can interact with the injured microenvironment and shift the balance from toxic to protective regenerative events through the release of bioactive factors (Liu et al., 2018). These special abilities make them a very potent potential treatment for several CNS diseases, such as ischemic stroke (Zhao et al., 2002) and ICH (Seyfried et al., 2006). Ongoing research efforts are increasing our understanding of the cellular and molecular mechanisms by which MSCs could promote neurogenesis and alleviate late side effects in injured brain regions, including through strengthening of the vascular system, and restoring motor, sensory and cognitive functions (Bedini et al., 2018).

The nuclear factor erythroid 2-related factor 2 (Nrf2) antioxidant response element (ARE) signaling pathway is one of the most important cellular defense mechanisms against oxidative stress, regulating the antioxidant reaction caused by reactive oxygen species (ROS) (Itoh et al., 1999; Shih et al., 2003). After encountering oxidative and electrophilic stimulation, Nrf2 would transfers from the cytosol into the nucleus, then combines with and activates antioxidant response (ARE), which produces a protective cell response characterized by high expression of antioxidant enzymes such as NAD(P)H quinone oxidoreductase 1 (NQO1), Heme oxygenase-1 (HO-1) and Superoxide Dismutase 2 (SOD2) (Deng et al., 2015; Liu et al., 2015; Kleszczynski et al., 2016). HO-1 has been shown to have a cytoprotective effect on oxidative and inflammatory stress, with an important role in metabolic function and cell protection (Parada et al., 2014; Liu et al., 2015). It also has been reported that MSCs could be used as an antioxidant, via the Nrf2 signaling pathway, to remove ROS and other harmful substances and protect the body from oxidative stress in many diseases, such as acute lung injury, acute respiratory distress syndrome, myocardial infarction, and acute liver failure (Mahrouf-Yorgov et al., 2017; Zhang et al., 2017; Yan et al., 2019).

Gap junctions (Gjs) are abundant in the brain, where the richest connexin (Cx) is Cx43, which is most prominently expressed in astrocytes. Every set of six Cx monomers form a connexon or hemichannel in the plasma membrane, and the interaction between two opposing hemichannels results in gap junction channels. The hemichannels are usually closed, but may open with cell depolarization or with changes in intracellular and extracellular calcium concentration changes, phosphorylation, or redox status changes (Schulz et al., 2015). Once the two closed hemichannels open, direct access to the channels of two adjacent cytoplasms allows the exchange of ions and small molecules, which facilitates the transmission of electrical signals between neurons, as well as chemical signals and metabolites between astrocytes. This syncytial structure of astrocytes, based on Cx43, is essential for maintaining cellular stability. Gjs can also protect healthy neighboring cells from damage or death by providing essential nutrients and metabolites and limiting the spreading of injury (Garcia-Dorado et al., 2004; Decrock et al., 2009). In physiological and pathological states, the function of Cxs is not associated solely with their roles as channels, but also with their role in intracellular signaling (Le et al., 2014; Chen et al., 2017; Yang et al., 2018). A recent study has reported that a lack of Cx43 expression could lead to increased astrocyte death. Le et al. (2014) also showed that Gjs mediated by Cx43 in astrocytes has a positive effect on resistance to oxidative stress. Chen et al. (2017) have also revealed that Cx43 could regulate Nrf2/ARE signaling to resist oxidative stress injury in glomerular mesangial cells.

The aim of this study was to explore whether BM-MSCs can alleviate brain injury and protect astrocytes from apoptosis by regulating Cx43 and Nrf2. We used both in vivo and in vitro methods to test our hypothesis.



MATERIALS AND METHODS


Experimental Design

The animal experiment protocol was approved by the Animal Care and Use Committee of Ruijin Hospital, Shanghai Jiao Tong University. Animals were maintained in separate cages at room temperature with free access to food and water under a 12/12 h light/dark cycle. Adult male C57BL/6 mice aged 6–8 weeks, weighing 22–25 g were random divided into three groups: (1) group 1, sham (n = 48), (2) group 2, ICH + PBS treated (n = 55), and (3) group 3, ICH + BM-MSCs treated (n = 50) group. At 1, 3, 7, 14 days following BM-MSCs transplantation, neurological score and behavioral experiments were carried out before mice were sacrificed. Brain samples were collected for further experiments. The experimental schematic diagram in vivo is shown in Figure 2A.

The in vitro experiment was performed as follows: primary astrocytes were seeded on 6/12/24/96-well plates, with or without BM-MSCs coculture via a transwell system (3.0 μm Pore Size, Corning, United States), then exposure to 30 μM hemin for 24 h, as shown in Figure 4A. The physiological changes of astrocytes were analyzed according to the proportion of BM-MSCs coculture (0, 1:1000, 1:100, 10) and time of BM-MSCs coculture (0, 12, 24, 48 h).



Isolation and Identification of BM-MSCs

BM-MSCs got from Sprague Dawley (SD) rats (Jiesijie, Co., Shanghai, China) weighing 200–230 g as previously described (Horwitz et al., 2002). The femurs and tibias were separated, removing the attached muscles and ligaments as much as possible, then washed thoroughly with phosphate-buffered saline (PBS) to remove blood cells. Marrow cavities of tibias and femurs were flushed with PBS to harvest BM-MSCs (Nagaya et al., 2005). The cells were cultured by Dulbecco’s modified Eagle’s medium (DMEM; Gibco Laboratories, Grand Island, NY, United States) with 10% fetal bovine serum (FBS; Gibco) and 100 U/mL penicillin/streptomycin (Gibco), kept at 37°C with 95% humidity and 5% carbon dioxide. Non-adherent cells were removed after 48 h and then fresh medium was added. The primary BM-MSCs (passage 0) get confluence at 6–7 days, then passaged at a ratio of 1: 2. Pure passage 2–5 was used for the following experiments.

Flow cytometric analysis of cell surface markers was applied for identification as described previously. BM-MSCs were trypsinized into single-cell suspension and stained with first antibodies including anti-rat CD34, CD45, CD29, and CD90 (Cyagen Biosciences Inc., Guangzhou, China) for 30 min, then incubated with the secondary goat anti-mouse-FITC antibody for another 30 min (Cyagen). After washed with PBS three times, the cells were suspended in 300 μl PBS for identification by flow cytometry (BD Biosciences, Mississauga, ON, Canada).



ICH Models, BM-MSCs Labeling and BM-MSCs Transplantation

ICH was successfully produced by the subjection of collagenase IV (Sigma-Aldrich) with 0.075 U dissolved in 0.4 μL PBS as early described (Yang et al., 2018), briefly, 0.5 mm anterior, 3.5 mm ventral, and 2.2 mm lateral to the bregma with a rate of 0.1 μl/min, as shown in Figure 1D. After placement for another 5 min, the needle was gently removed to avoid reflux. The burr hole was sealed by bone wax, and the wound was sutured. Sham-operated mice underwent the same procedures without the injection of collagenase IV. All animals recovered on a heating pad at 37°C after the operation until consciousness back.
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FIGURE 1. BM-MSCs isolation, identification, and transplantation. (A,B) Morphology of MSCs in cell culture. Cultured cells (passage 0 and passage 3) showed typically spindle-shaped morphology under phase-contrast microscopy. Bar = 50 μm. (C) Flow cytometry analysis of BM-MSCs at passage 3 depicted that cultured cells were negative for CD34 and CD45, and positive for CD90 and CD29. (D) Schematic diagram of BM-MSCs (green) stereotactically injected into the lesion area (red). (E) Red fluorescent (PKH26 dye) cells were located in the lesion area after 3 days of injection. Bar = 100 μm. (F) Magnification pictures of the injured side.


PKH26 red fluorescent cell linker mini kit (PKH26, Sigma) was applied for tracking after transplantation. BM-MSCs were trypsinized and resuspended with 2 μM PKH26 dye at room temperature (RT) for 5 min according to the manufacturer’s instructions. We divided the mice with collagenase injection into two groups at 24 h after ICH. For the ICH + MSCs treated group, 2 × 106 BM-MSCs in 2 μl PBS were stereotactically injected into the ipsilateral lesion area with a rate of 0.1 μl/min and placed for another 5 min thereafter. For the ICH + PBS treated group, an equal volume of PBS was administrated to the same position.

After deeply anesthetized, mice were perfused with saline followed by fixation with 4% paraformaldehyde (PFA) at 1, 3, 7, and 14 days after BM-MSCs transplantation. Brains were stored in −80°C refrigerators. Brain cryosections (20 μm) were prepared and subjected to immunofluorescence staining. At the same time points, the peri-lesion area of the mice was applied for Western blotting (WB) analysis and qRT-PCR.



Isolation and Culture of Primary Cortical Neurons

Primary cortical neurons were obtained from fetal C57BL/6 mice (embryonic day 16 – 18). After removing meninges and blood vessels as much as possible, the remaining cortical tissues were gently ground with 0.25% trypsin and digested at 37°C for 10 min, then plated on transwell chambers at a density of 70,000 cells/cm2. Neuronal cells were cultured using Neurobasal medium, supplemented with 1% B27 and 100 units/mL penicillin/streptomycin, and kept at 37°C at 95% humidity and 5% carbon dioxide (CO2). Experiments were performed at 10 – 12 days after plating.



Isolation and Culture of Primary Astrocytes, and Coculture With BM-MSCs or Neurons

The primary astrocytes were prepared from the pallium of newborn C57BL/6 mice, within 24 h after birth (Jiesijie). The isolation and culture of primary astrocytes performed as previously described (Yang et al., 2018). In brief, after removing meninges and blood vessels as much as possible, the remaining cortical tissues were gently ground with 0.25% trypsin and digested at 37°C for 10 min, then plated on a 75cm2 flask coated with poly-D-lysine (Corning, United States) at a density of 20,000 cells/cm2, and kept at 37°C at 95% humidity and 5% carbon dioxide (CO2). The cells fused in 13–14 days, and half of the media was replaced by fresh media every 4 days. Pure passage 2–5 was used for the following experiments. Astrocytes were incubated into 6/12/24/96-well plates and cocultured with BM-MSCs or Neurons in the transwells system. After 24 h, the cells were exposed to 30 μM hemin to imitating ICH in vitro for further experiments and detections.



Brain Water Content

At 3 days MSCs transplantation, mice were deeply anesthetized, then the entire brain tissues were removed at once. Then the samples were divided into the following five groups: contralateral cortex (Con-Cx), contralateral basal ganglia (Con-BG), ipsilateral cortex (Ipsi-CX), ipsilateral basal ganglia (Ipsi-BG) and cerebellum. Brain tissues were immediately separated and weighed, and the wet weight was recorded. The above five parts were then dried for 72 h at 100–105°C until the tissue water vapored completely to obtain the dry weight. The percentage of water content = (wet weight - dry weight)/wet weight) ∗ 100%.



Brain Hematoma Volume

After mice deeply anesthetized, brains were removed immediately, put in −20°C for 1 h, and then cut into five sections. Brain slices were mounted on dry paper and photographed. Hematoma volume was the sum of all lesion areas multiplied by slice thickness using ImageJ 1.6.0 (NIH, United States) (Wei et al., 2017).



Behavioral Assessments

Behavioral assessments were determined by the rotarod test and the modified Neurological Severity Scores (mNSS), and performed at 3, 7, 14 days after BM-MSCs transplantation, carried out by a partner unaware of the treatment conditions. The rotarod test was performed using an accelerating rotarod (Bio-will Co., Ltd., Shanghai, China). In brief, mice were placed on the rotarod cylinder, and the time that the mice remained on the rotarod was measured. The speed of rotation (rotation/minute) increases slowly from 4 to 40 in 5 min. Four days before ICH, the mice were trained for three trials/day for 4 days, each trial lasted for 5min with a 2 h interval between each trial, and the maximum time score was recorded 1 day before ICH induction. The mNSS ranging from 0 to 14 score, consists of beam balance tests (0 – 6), walking on the floor (0 – 3), raising mice by the tails (0 – 3), and response absence (0 – 2). According to the scoring criteria (Cheng et al., 2018), the higher the score, the more serious the injury.



Drug Administration and siRNA Transfection

We dissolve hemin (Aladdin, China) in absolute ethyl alcohol and diluted it with PBS. ML385, Nrf2 inhibitor, was purchased from TargetMol, United States. Astrocytes were transfected with FAM-labeled specific small interfering Connex43 RNA (si-Cx43) and negative control siRNA (si-NC) (GenePharma, China) by Lipofectamine® 2000 reagent (Invitrogen, United States) under the manufacturer’s instructions. The sequences are listed as followed (sense/antisense, 5′-3′) (Yang et al., 2018), si-Cx43: ACAUCAUUGAGCUCUUCUATT/UAGAAGAGCUCAAUGA UGUTT; si-NC: UUCUCCGAACGUGUCACGUTT/ACGUGA CACGUUCGGAGAATT.



Cell Viability Assay and Cytotoxicity Assessment by Lactate Dehydrogenase (LDH) Assay

Cell viability or LDH was evaluated with Cell Counting Kit-8 (CCK-8, Beyotime, China) or LDH cytotoxicity kit (Beyotime) following the manufacturer’s instructions. Astrocytes were plated into 96/24-well plate, with or without BM-MSCs coculture. The cells were treated with hemin for another 24 h. Then the experiment continued according to the instructions of the kit. The absorbance at 450 nm/490 nm was read with a microplate reader (BioTek, United States). The result was expressed as the percentage of the control group.



ROS Assay and Measurement of MDA

Astrocytes were plated in 6-well plates, cocultured with or without BM-MSCs for 24 h. Reactive oxygen species assay kit (Beyotime) was applied to detected ROS accumulation following the manufacturer’s instructions. Five random fields were pictured using a fluorescence microscope (Leica, Germany). The contents of malondialdehyde (MDA) in the astrocytes were determined through thiobarbituric acid method using an MDA testing kit (Beyotime). Briefly, the cells plated in 6-well plates were homogenized in cell lysis buffer. The homogenate and working solutions were mixed (1:1) and centrifuged. The supernatant was suspended into TBA. After placing in a water bath for 15 min, the samples were centrifuged at 1000 g for 10 min. The optical density of the supernatants was measured at 532 nm with a microplate reader (BioTek).



Total RNA Extraction and Quantitative Real-Time PCR (RT-PCR) Analysis

Total RNA was extracted from the peri-lesion area of the mice with Trizol reagent (Invitrogen, United States). Reverse transcriptase and Taq DNA polymerase (Yeasen Biotech Co., Ltd., China) were applied to reverse transcribed and amplified total RNA. The expression level of all transcripts was normalized to that of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA. The mRNA relative expressions were normalized to control groups. All primer sequences were shown in Table 1.


TABLE 1. Primer sequences for qRT-PCR.
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Plasmid Constructs and Luciferase Reporter Gene Assay

We applied a luciferase reporter gene assay to confirm a direct link between Nrf2 and HO-1 in primary astrocytes. A fragment of HO-1, containing the promotor binding sequence (from -500 bp upstream to 100 bp downstream), was cloned to a luciferase reporter construct (GenePharma). Overexpressed Nrf2 plasmid (Nrf2) (GenePharma) was constructed by empty vector PCDNA 3.1 and transfected into astrocytes on 12-well plates, while PCDNA 3.1 was used as a negative control (NC). Furthermore, we constructed a mutation promotor of HO-1 at the same location with luciferase reporter, the mutation sites shown in Supplementary Figure S1a, and then Nrf2 plasmid and NC plasmid were transfected. 24 h later, the Dual-Glo Luciferase Reporter Assay kit (Promega) was applied to measure luciferase activity.



TUNEL Staining

TUNEL staining (In Situ Cell Death Detection Kit, Roche, Germany) was used to detected cellular apoptosis. Astrocytes were seeded onto coverslips with or without BM-MSCs coculture and treated with 30 μM hemin for 24 h. After fixed in 4% paraformaldehyde for 20 min, permeated with 0.3% Triton X-100 for 15 min, coverslips were incubated with the reaction fluid in dark for 60 min at 37°C. The nuclei were stained with DAPI (1:5000, Beyotime) for another 5 min at RT in dark. The red nucleus staining of TUNEL positive cells was observed and analyzed by a confocal laser-scanning microscope (Leica). Five fields were randomly selected to calculate the ratio of TUNEL positive cells to total cells.



Immunofluorescence

Brain cryosections and astrocytes coverslips were performed as previously described (Song et al., 2019), and immunostained with following primary antibodies: rabbit anti-Nrf2 polyclonal antibody (1:200, Santa Cruz Biotechnology, United States), rabbit anti-HO-1 polyclonal antibody (1:300, Abcam, United Kingdom), mouse anti-Cx43 monoclonal antibody (1:200, Invitrogen, United States), rabbit anti-GFAP polyclonal antibody (1:1000, Servicebio, China), mouse anti-VIM monoclonal antibody (1:500, Servicebio). The secondary antibodies used (1:500, Beyotime): Alexa Fluor 488 goat anti-rabbit IgG, Alexa Fluor 488 goat anti-mouse IgG, Alexa Fluor 555 donkey anti-mouse IgG, Alexa Fluor 555 donkey anti-rabbit IgG, Alexa Fluor 647 goat anti-mouse IgG, Nuclei were stained with DAPI (1:5000, Beyotime). The fluorescence images were observed and analyzed by a confocal laser-scanning microscope (Leica).



Western Blotting Analysis

Brain tissues and astrocytes were treated according to experimental designs. WB was performed as previously described (Song et al., 2019). The following primary antibodies were used: rabbit anti-Nrf2 polyclonal antibody (1:500, Santa Cruz Biotechnology), rabbit anti-HO-1 polyclonal antibody (1:2000, Abcam), mouse anti-Connexin43 monoclonal antibody (1:1000, Invitrogen), rabbit anti-Cx43 polyclonal antibody (1:300, Sigma-Aldrich), rabbit anti-PKCα polyclonal antibody (1:1000, ABclonal Technology, China), rabbit anti-phospho-PKCα polyclonal antibody (1:1000, ABclonal Technology), rabbit anti-GFAP polyclonal antibody (1:1000, Servicebio), mouse anti-VIM monoclonal antibody (1:1000, Servicebio), rabbit anti-histone-H3 monoclonal antibody (1:1000, Cell Signaling Technology, United States), and mouse anti-GAPDH monoclonal antibody (1:2000, Servicebio). Enhanced chemiluminescence solution (Thermo Fisher Scientific) and Tanon Image (Shanghai, China) were used to detect the chemiluminescence signal. The relative intensity of the bands was measured by ImageJ 1.6.0 (NIH, United States).



Co-immunoprecipitation of Cx43 and Nrf2

Immunoprecipitation was performed per the standard protocol as previously reported (Yang et al., 2018). Astrocytes were treated according to experiment designs, which were lysed with immunoprecipitation buffer and centrifuged at 12000 g for 10 min at 4°C. The supernatant was gathered for co-immunoprecipitation (Co-IP) and estimated for protein concentration. Then the lysates were pre-clearing with 20 μL washed protein A/G agarose (Santa Cruz Biotechnology) and centrifuged briefly to collect the supernatant. Lysates (1 mg protein) was incubated with 1 μg rabbit anti-Nrf2 monoclonal antibody (Santa Cruz Biotechnology), or 1 μg normal rabit IgG (Santa Cruz Biotechnology) with shaking for 12 h at 4°C. 20 μL protein A/G agarose was added to the complex and shaken for 4 h at 4°C. The agarose was then collected via centrifugation. Twenty μL 2∗loading buffer was added to the agarose bounding to the protein, boiled together at 99°C for 5 min, followed by WB analyzing with mouse anti-Cx43 monoclonal antibody (Invitrogen) to assess the connection between Cx43 and Nrf2 protein.



Statistical Analysis

Data were expressed as mean ± standard deviation (SD) of at least three independent experiments. One-way ANOVA followed by Kruskal–Wallis test was applied for comparisons among several groups. Comparisons between two groups were made by Student’s t test. A p-value of < 0.05 was taken to indicate statistical significance. Statistical calculations were performed using SPSS 20.0 (SPSS, Chicago, IL, United States). GraphPad Prism 5 (CA, United States) was used to draw statistical charts.



RESULTS


BM-MSCs Isolation, Identification, and Transplantation

BM-MSCs were isolated from the femoral and tibial bone marrow of adult male SD rats and maintained in culture for several passages. The cultured cells demonstrated a typical spindle-shaped morphology (Figures 1A,B). Before intracranial transplantation, cells were characterized, and flow cytometry analysis confirmed that the cells at transplantation were positive for CD90 (97.90%) and CD29 (99.98%), and had low expression of CD34 (0.59%) and CD45 (1.01%; Figure 1C), which was highly consistent with previous studies (Dominici et al., 2006). For cell tracking, red fluorescent (PKH-26)-positive cells, indicating transplanted cells, were located in the hemisphere ipsilateral to the ICH 3 days after transplantation (Figures 1E,F).



BM-MSCs Transplantation Attenuated Brain Water Content, Reduced Hematoma Volume, and Improved Neurological Behavior Impairment After ICH

Brain water content was measured to explore the effects of BM-MSCs treatment on ICH-induced brain edema. No significant differences were noted in the contralateral cortex, contralateral basal ganglia, cerebellum, or ipsilateral cortex in the three groups (Figure 2D). In the ipsilateral basal ganglia, the water content in the PBS group was significantly higher than that in the sham group, and the water content in the MSCs group was significantly lower than that in the PBS group (p < 0.05). BM-MSCs transplantation also ameliorated ICH volume on day 3, compared with the PBS group (p < 0.05; Figures 2B,C). We further tested the neurological outcomes at 3, 7, and 14 days after BM-MSCs transplantation, using the rotarod test and modified neurological severity score (mNSS). The results showed that neurological deficits were significantly reduced after BM-MSCs transplantation at 7 and 14 days (p < 0.05 and p < 0.001, respectively; Figures 2E,F), when compared to the PBS group.
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FIGURE 2. BM-MSCs transplantation attenuated brain water content, reduced hematoma volume, improved neurological outcomes, and promoted astroglial mesenchymal phenotype switching of astrocytes after ICH. (A) Diagram in vivo experiments. (B) Coronal sections of brain tissues after 3 days post-transplantation. (C) The volume of ICH in BM-MSCs and PBS treated Mice after 3 days post-transplantation (n = 7). (D) Brain water content at 3 days post-transplantation (n = 10). (E,F) BM-MSCs improved neurological outcomes both in the rotarod test and mNSS (n = 10). All data are displayed as means ± SD. The difference between groups was analyzed using One-way ANOVA test. *p < 0.05, **p < 0.01, ***p < 0.001. (G) Immunofluorescence staining for VIM (purple) and GFAP (green) in ICH mouse brain at 7 days post-PBS transplantation. Bar = 100 μm. GFAP was strongly expressed in reactive astrocytes, and VIM was observed around the lesion area 7 days after ICH. Glial scar (white arrows) could be seen around the hematoma. (H) Immunofluorescence staining for VIM (purple) and GFAP (green) in ICH mouse brain at 7 days with BM-MSCs (yellow) transplantation. Bar = 100 μm. After the transplantation of BM-MSCs, VIM maintained high expression, whereas GFAP was kept at a relative low level. (I) Western blotting analysis of Cx43, GFAP, VIM, Nrf2 and HO-1 expression in ICH mouse brain of control, PBS, and BM-MSCs treatment at 1, 3, 7, and 14 days. The results of densitometric analysis of the bands were shown in Supplementary S1.




BM-MSCs Transplantation Promoted Astrocytes Transformation of Mesenchymal Phenotypes, and Enhanced Nrf2 and HO-1 Expression After ICH in vivo

Astrocytes express the main intermediate filament (IF) protein subtypes of glial fibrillary acidic protein (GFAP), together with vimentin (VIM), nestin, and diamine (Hol and Pekny, 2015). VIM and GFAP are the two IF components associated with astrocyte activation and reactive gliosis in response to CNS injury, both in the early and late stages; thus, increased expression of GFAP and VIM is widely used as a marker of reactive astrocytes (Pekny and Pekna, 2014; Hol and Pekny, 2015; Kamphuis et al., 2015). We performed immunofluorescence staining and WB analysis to detect the expression pattern of GFAP and VIM in ICH. As shown in Figure 2G, GFAP was strongly expressed in reactive astrocytes, and low levels of VIM were observed around the lesion area 7 days after ICH. Glial scars with high expression of GFAP were visualized around the hematoma. After the transplantation of BM-MSCs, VIM maintained high expression at 7 days, whereas GFAP remained at a relatively low level, compared with the ICH-PBS group (Figure 2H). We also found that Nrf2 and HO-1 expression increased after ICH, but after BM-MSCs transplantation, Nrf2 and HO-1 expression increased significantly compared to the PBS-ICH group (p < 0.05; Figure 2I and Supplementary Figures S1a-e).



BM-MSCs Co-culture Enhanced the Resistance of Astrocytes to Hemin Neurotoxicity, Downregulated ROS and MDA Accumulation, and Regulated mRNA Expression of Cytokines in vitro

Through in vivo studies, we concluded that astrocytes responded to BM-MSCs; we therefore established an ICH model in vitro by exposing primary astrocytes to hemin, with or without BM-MSCs or neurons coculture to hemin. The schematic diagram is shown in Figure 3A. We evaluated astrocyte viability and death by the CCK-8 and LDH-releasing assays, after hemin exposure, with or without BM-MSCs or neurons coculture (at a ratio of 1:10). The results showed that the cell viability increases with the increase in hemin dosage (Figures 3B,C; p < 0.05). The neurotoxicity of hemin is predominatly due to the production of ROS. Therefore, we explored whether BM-MSCs coculture could protect astrocytes against hemin neurotoxicity, by blocking the accumulation of intracellular ROS accumulation. Our experimental results confirmed this hypothesis that BM-MSCs coculture significantly reduces ROS accumulation (Figure 3E). Since the half-life of ROS is short, the examination of oxidative productions like malondialdehyde (MDA) was checked further. The levels of lipid peroxidation (MDA) were significantly decreased in the BM-MSC coculture group, compared to the no coculture and neuron coculture group (p < 0.001 and p < 0.001, respectively; Figure 3F). We further analyzed cytokine mRNA expression using qRT-PCR and found that TNFα and IL-6 decreased significantly after BM-MSCs coculture (p < 0.05, p < 0.01 respectively), but IL-10 increased significantly, when compared to the no coculture group (p < 0.001; Figure 3D).
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FIGURE 3. BM-MSCs coculture protected astrocytes from neurotoxicity induced by hemin. (A) Schema of primary cells and co-culture of rat BM-MSCs and mouse astrocytes. (B) Astrocytes were exposed to 0, 5, 10, 20, 30, 40, 50 μM hemin for 24 h with or without BM-MSCs/Neuron coculture, then the cell viability was evaluated by CCK-8 (n = 5). (C) Astrocytes were exposed to 30 μM hemin with or without BM-MSCs for 24 h, and the cell death was evaluated by LDH releasing assay (n = 5). (D) mRNA expression of TNFα, IL-6, and IL-10 was checked, and the relative expression of the mRNA was normalized to control (n = 3). (E) After DCFH-DA probes were loaded, the intracellular ROS was observed using fluorescent microscopy, bar = 400 μm. (F) The contents of MDA in the astrocytes were determined (n = 4). All data are displayed as means ± SD. The difference between groups was analyzed using One-way ANOVA test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, compared with control (0 μM); #p < 0.05, ##p < 0.01, compared with Neuron coculture (1:10).




BM-MSCs Coculture Activated Astrocytes Underwent a Transformation in Mesenchymal Phenotypes

With respect to the expression of IF proteins, when astrocytes are placed in culture, the differentiation process of cultured astrocytes from a newborn mouse brain closely follows that of astrocytes in the developing brain (Galou et al., 1996). To confirm that astroglial mesenchymal phenotype switching occurs in vitro, immunofluorescence staining was performed to detect GFAP and VIM in astrocytes with or without BM-MSCs coculture. The results (Figure 4A) confirmed a trend to astroglial mesenchymal phenotype switching. WB analysis was used to confirm the protein expression of GFAP and VIM. Astrocytes were cocultured with BM-MSCs at concentrations of 0, 1:1000, 1:100, and 1:10 for 24 h or at a concentration of 1:10 for 0, 12, 24, and 48 h. The WB results showed that GFAP expression decreased significantly with increases in both coculture concentration and coculture time (p < 0.05; Figures 4B–E). The expression of VIM vary from that of GFAP. These results supported astroglial mesenchymal phenotype switching following the activation of astrocytes induced by BM-MSCs coculture.
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FIGURE 4. BM-MSCs coculture induced an epithelial-mesenchymal switch, and induced Cx43 upregulation in astrocytes. (A) Immunofluorescence staining of astrocytes for VIM (red) and GFAP (green). The cell nuclei were counterstained with DAPI(blue). Bar = 25 μm. (B–E) Western blotting analysis of GFAP and VIM in astrocytes exposure to 30 μM hemin, cocultured with BM-MSCs for indicated times and doses. (F) Immunofluorescence staining for Cx43 (green) and GFAP (red) in astrocytes treated with or without BM-MSCs coculture. The cell nuclei were counterstained with DAPI (blue). Cx43 was expressed on the cell membrane where astrocytes contact, after coculture with BM-MSCs, Cx43 expression was increased. Bar = 25 μm. (G–J) Western blotting analysis of Cx43 and GFAP in astrocytes exposure to 30 μM hemin, cocultured with BM-MSCs for indicated times and doses. (K,L) Cx43 mRNA expression of Cx43 in astrocytes exposure to 30 μM hemin, cocultured with BM-MSCs for indicated times and doses. Expressions were normalized against the internal reference GAPDH. The fold change values were calculated by normalizing to control samples. All data are displayed as means ± SD (n = 3). The difference between groups was analyzed using One-way ANOVA test. *p < 0.05, **p < 0.01, ***p < 0.001, compared with control (0 h or 0 μM).




BM-MSCs Induced Cx43 Upregulation in vivo and in vitro

Intercellular GJs, based on Cx43, are essential for retaining astrocyte homeostasis. Once ICH occurs, homeostasis is disrupted. To evaluate whether Cx43 expression is affected by ICH, immunofluorescence staining, WB, and qRT-PCR were performed. As demonstrated (Figure 2I), protein expression of Cx43 was downregulated in the mouse brain at 1 day (p < 0.01), elevated from 3 days, peaked at 7 days, and returned to normal levels at 14 days. After BM-MSC transplantation, protein expression upregulated significantly at 3 and 7 days (p < 0.01 and p < 0.001, respectively). Through immunofluorescence staining (Figure 4F), we found Cx43 expression not only on the cell membrane where astrocytes were contacted, but also in astrocyte cytoplasm. Cx43 protein and mRNA expression increased after coculture with BM-MSCs. The WB results showed that Cx43 protein expression was significantly increased in association with an increase in MSC coculture concentration (p < 0.05; Figures 4G,H) and reached the highest expression at 24 h (p < 0.001; Figures 4I,J). The qRT-PCR analysis also revealed that Cx43 mRNA expression increased synchronously with protein levels (Figures 4K,L). These results indicate that BM-MSC coculture increased Cx43 mRNA transcription and induced Cx43 protein upregulation.



BM-MSCs Coculture Induced Nrf2 Nuclear Translocation and Enhanced HO-1 Expression

Nrf2 is a critical transcription factor, regulating antioxidant reaction against ROS, and is disrupted after ICH. To explore the changes after ICH, we tracked the expression of Nrf2 and HO-1 by immunofluorescence staining as well as WB analysis. Luciferase gene reporter indicated the fluorescence activity of astrocytes with overexpressed Nrf2 plasmid were significantly increased (p < 0.001), but this decreased significantly in the interference group (p < 0.05), compared to the NC plasmid (Supplementary Figures S2a,b); this suggested that Nrf2 and HO-1 were indeed associated in astrocytes. Immunofluorescence staining revealed that astrocytes cocultured with BM-MSCs after hemin exposure were associated with increased HO-1 staining and Nrf2 nuclear translocation, compared to those not cocultured (Figures 5A,B). The protein expression of HO-1 and Nrf2 also increased in association with an increase in BM-MSC coculture concentration, reaching the highest expression at 24 h and reducing at 48 h (p < 0.05; Figures 5C–F). We further examined Nrf2 expression in nuclear and cytoplasmic samples, corroborating that the Nrf2 nucleus to cytoplasm ratio in astrocytes with BM-MSC coculture was significantly higher than that seen in the control group (p < 0.01; Figures 5G,H). Then, we further evaluated the effect of BM-MSCs on mRNA expression of Nrf2 and its antioxidant enzymes, independent of HO-1. Results were clear with regards to Nrf2 and HO-1 protein expression (Figure 5I).
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FIGURE 5. BM-MSCs coculture induced Nrf2 upregulation and promoted its nuclear translocation in astrocytes. (A) Immunofluorescence staining of astrocytes with Nrf2 (green). The cell nuclei were counterstained with DAPI (blue). BM-MSCs coculture treatment triggered Nrf2 nuclear translocation in astrocytes exposure to 30 μM hemin. Bar = 25 μm. (B) Immunofluorescence staining of astrocytes with HO-1 (green). The cell nuclei were counterstained with DAPI (blue). BM-MSCs coculture treatment increased HO-1 expression in astrocytes exposure to 30 μM hemin. Bar = 25 μm. (C–F) Western blotting analysis of Nrf2 and HO-1 expression in astrocytes exposure to 30 μM hemin, cocultured with BM-MSCs for indicated times and doses. (G) Western blotting analysis of cytoplasmic and nucleus extraction samples from astrocytes, cocultured with BM-MSCs or not, with Nrf2 antibody. GAPDH and H3 were used as a loading control for cytoplasmic and nucleus protein, respectively. (H) The histogram showing the results of densitometric analysis of nucleus/cytoplasmic Nrf2 expression in astrocytes cocultured with BM-MSCs or not. (I) mRNA expression of Nrf2, HO-1, NQO1, SOD2 in astrocytes with or without BM-MSCs coculture exposed to 30 μM hemin for 24 h. The relative expression of the mRNA was normalized to control. The results of densitometric analysis of the bands were plotted into histogram. All data are displayed as means ± SD (n = 3). The difference between groups was analyzed using One-way ANOVA test. Comparisons between two groups were made by Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001, compared with control (0 h or 0 μM).




Nrf2 Inhibition Counteracted BM-MSCs Coculture Induced Antioxidation

Nrf2 has transcriptional activity when translocated into nuclei, after which it regulates its downstream genes ARE, in response to antioxidants. ML385, widely accepted as an Nrf2 inhibitor, was used to downregulate Nrf2 expression; as per previous studies, we chose 5 and 10 μM as the ML385 concentration in our in vitro experiment (Jiao et al., 2019; Zhang et al., 2019). Using the above in vitro model, we found that the ratio of TUNEL-positive cells was significantly increased, in a dose-dependently manner, after ML385 administration (p < 0.05 and p < 0.01, respectively; Figures 6A,B). The upregulation of VIM and downregulation of GFAP were reversed after ML385 administration (p < 0.05; Figures 6C,D). These results supported the role of Nrf2 signaling in the antioxidant and astroglial mesenchymal phenotype switching of astrocytes associated with BM-MSCs coculture.
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FIGURE 6. Nrf2 inhibitor ML385 counteracted BM-MSCs coculture induced antioxidation and GFAP/VIM switch. Astrocytes were administrated with or without ML385 for 6 h, then followed by 30 μM hemin incubation, with or without BM-MSCs coculture treatment. (A) TUNEL staining (red) was used to mark apoptotic cells. Bar = 50 μm. (B) The results of the apoptosis rate and densitometric analysis of the bands were plotted into a histogram of five randomly fields. (C,D) Western blotting analysis of Cx43, GFAP, VIM, Nrf2, HO-1 protein expression was examined. The relative expression was normalized to control. All data are displayed as means ± SD (n = 3). The difference between groups was analyzed using One-way ANOVA test. *p < 0.05, **p < 0.01, ***p < 0.001, compared with control (ML385 0 μM).




Knockdown of Cx43 Cut Down Nrf2 Nucleus Translocation and Restrained Phosphorylation of PKCα

Subsequently, we turned our attention to explore whether Cx43 upregulation was closely related to Nrf2 nuclear translocation. To confirm whether Nrf2 nuclear translocation was triggered by Cx43 upregulation, we performed the si-RNA interference experiment. finding more than 80% of Cx43 was restrained by si-Cx43 (p < 0.001; Figures 7A,B). With immunofluorescence staining, Nrf2 was mainly located in the cytoplasm in si-Cx43 transfected astrocytes with BM-MSCs coculture. In contrary, Nrf2 nuclear translocation was evident in control and si-NC transfected astrocytes with BM-MSCs coculture, as shown with immunostaining (Figure 7C) and WB analysis (p < 0.05; Figures 7D,E). These results suggest that Cx43 upregulation might be one of the upstream events of Nrf2 nuclear translocation. Some evidence suggests that PKCα, an upstream of Nrf2, can regulate Nrf2 activation (Huang et al., 2000; Niture et al., 2010); therefore, we explored whether Cx43 knockdown would lead to the changes in PKCα expression. WB analysis showed that phosphorylation of PKCα increased after BM-MSCs coculture, and it was significantly inhibited after si-Cx43 administration, compared to the si-NC group (p < 0.05; Supplementary Figure S3).
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FIGURE 7. Cx43 knockdown suppressed BM-MSCs-induced Nrf2 nuclear translocation. (A,B) Western blotting analysis of Nrf2 expression in control, si-NC, si-Nrf2 transfected astrocytes. (C) Immunofluorescence staining of control, si-NC, si-Cx43 treated astrocytes with anti-Nrf2 (red). The siRNA was labeled with fluorophore FAM (green) to show the transfected cells. The cell nuclei were counterstained with DAPI (blue). Bar = 50 μm. (D) Western blotting analysis of cytoplasmic and nucleus extraction samples from control, si-NC, si-Cx43 transfected astrocytes with anti-Nrf2. GAPDH and H3 were used as a loading control for cytoplasmic and nucleus protein, respectively. (E) The histogram showing the results of densitometric analysis of nucleus/cytoplasmic Nrf2 expression in control, si-NC, si-Cx43 transfected astrocytes. All data are displayed as means ± SD (n = 3). The difference between groups was analyzed using One-way ANOVA test. *p < 0.05, ***p < 0.001.




Cx43 and Nrf2 Are Connected

To detect whether there was a connection between Cx43 and Nrf2, we performed immunofluorescence staining and co-immunoprecipitation (Co-IP). As shown in Figure 8A,B, Cx43 and Nrf2 co-localize at Gjs and cytoplasm (r = 0.5706). Strikingly, after coculture with BM-MSCs, the fluorescence of Cx43-Nrf2 complex was stronger (r = 0.7684), resulting in Nrf2 nuclear translocation. With Nrf2 immunoprecipitation, Cx43 was detected in the precipitated complex (Figure 8C). In summary, both immunofluorescence staining and Co-IP suggested that there was a direct or indirect connection between Cx43 and Nrf2, which was enhanced after BM-MSCs coculture.
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FIGURE 8. Cx43 and Nrf2 were co-localized and physically associated. (A) Immunofluorescence double staining for Cx43 (green) and Nrf2 (red) in astrocytes exposed to 30 μM hemin, with or without BM-MSCs coculture treatment. The cell nuclei were counterstained with DAPI (blue). Both proteins were co-localized at the cell–cell contact in untreated astrocytes, and Nrf2 was located in the cytoplasm at this time. After co-culture with BM-MSCs, the expression of Cx43 increased and Nrf2 accumulated in the nuclei. Bar = 25 μm. (B) Pearson correlation analysis was used to check the relationship between Cx43 and Nrf2. In the scatter plot, the symbol r represented the Pearson’s correlation coefficient (n = 3). (C) Western blotting analysis of Nrf2 immunoprecipitated samples using mouse anti-Cx43 monoclonal antibody. Cx43 was detected in the immunoprecipitated complex.




DISCUSSION

Astrocytes are the major glial cells in the CNS and outnumber neurons by several folds (Hol and Pekny, 2015). As an important component of the neuro-glial system, astrocytes have key roles in maintaining CNS homeostasis, including neurotrophic and structural supporting functions, maintenance of the extracellular environment, stabilization of cell–cell communications, and anti-oxidative stress functions (Ransom and Ransom, 2012). Astrocyte activation is a usual response to injury to the CNS, the function role of which remains controversial (Liu et al., 2014). In glial scars, reactive astrocytes would express a wide range of molecules that inhibit axonal regeneration (McKeon et al., 1991). However, glial scars also have a positive role in isolating injured sites from healthy tissues, forming a physical and chemical barrier, and preventing inflammatory waves leading to uncontrolled tissue damage (Faulkner et al., 2004). In addition, reactive astrocytes might produce neurotrophic factors, and protect neurons from ischemic injury (Hansson and Ronnback, 2003), the key challenge in the treatment of ICH is to therefore understand how to magnify the advantages and minify the disadvantage of reactive astrocytes. GFAP and VIM are the two IF components associated with astrocyte activation and reactive gliosis, and particular transitions are observed following CNS injury, which have been widely utilized as a marker of reactive astrocytes (Galou et al., 1996; Pekny and Pekna, 2014; Hol and Pekny, 2015; Kamphuis et al., 2015). The astrocytes of VIM-GFAP double knockout mice are obviously deficient in cytoplasmic IFs, and characterized by decreased reactive glial degeneration and a lack of characteristic hypertrophy of astrocyte processes, after CNS injury (Wilhelmsson et al., 2004).

MSCs are believed to pass through the blood brain barrier, migrate to the damage boundary sites, and reduce apoptosis of astrocytes (Zhao et al., 2002; Tang et al., 2014). Early and sustained beneficial effects of MSCs secreting bioactive factors with neurotrophic/immunoregulatory potential on functional and structural damage have been observed (Borlongan et al., 2004). Animals presented a natural ability to recover from behavioral deficits gradually after ICH injury without cell therapy, but 7 days after the transplantation of BM-MSCs, the cognitive and motor function of the brain-injured mice were facilitated significantly. The difference was more significant on 14 days after the transplantation of BM-MSCs (Bedini et al., 2018). Although there was no significant difference was found in the water content of the Ipsi-Cx, brain edema still showed a downward trend in the BM-MSC transplantation group. This might be because our collagenase injection mimics the human hypertensive ICH model, centered on the basal ganglia. These results suggested that BM-MSCs transplantation could ameliorate brain injury (including neurological brain edema, behavioral impairment, and hematoma volume) after ICH.

MSCs therapy has been reported to modulate microglial activation toward a pro-regenerative function after stroke, by maintaining the resting microglial phenotype, or by controlling the microglial activation (Wei et al., 2012; Yan et al., 2013). Donega et al. (2014) also reported that human-MSCs treatment reduced GFAP expression and glial scars formation. During our in vivo study, we observed an increase in VIM expression after ICH. As mentioned earlier (Yang et al., 2018), there were temporal and spatial differences in the expression of GFAP and VIM in our ICH model. After BM-MSCs transplantation, VIM increased early and remained elevated for a long time, and the GFAP was suppressed at a relatively low level. In our previous studies (Yang et al., 2018), we have proposed that, following ICH, astrocytes might undergo dedifferentiation. Dedifferentiation might be a mechanism of astrocytes to dealing with injury, promoting astrocytes anti-apoptosis and activation. Lynch et al. (2013) have revealed that VIM is essential for proper cell spreading, which could regulate adhesion and focal contact size, and control cell adhesion strength (Hol and Pekny, 2015). This might help to isolate injured sites from healthy tissues. After BM-MSCs transplantation, de-differentiation is enhanced, VIM expression is increased, apoptosis is inhibited, hypertrophy is regulated, and ultimately formation of the glial scar is inhibited. Our in vitro experiments showed that GFAP was downregulated, but VIM was upregulated, in cultured astrocytes with BM-MSCs coculture after exposure to hemin. We found a mismatch between the in vivo and in vitro dynamics of astrocyte IF expression, which may be due to differences between the in vivo and in vitro models. In the in vivo model, we used collagenase to induce ICH, while in the in vitro model, we used hemin, which is the purified form of natural heme in vitro. We also found that astrocytes associated with BM-MSCs coculture were resistant to neurotoxicity in vitro, by downregulating the pro-inflammatory cytokines TNF-α and the inflammatory cytokines IL-6, and upregulating the anti-inflammatory cytokines IL-10. To demonstrate the specific ability of BM-MSCs to regulate cytokines, we added a negative control group (neuron coculture, at a ratio of 1:10) to our in vitro experiments, to prove their antioxidant capacity. Finally, The results paralleled with Aggarwal’s research (Aggarwal and Pittenger, 2005). IL-10 is well-known to suppress the pro-inflammatory phenotype of astrocytes and microglia (Ziebell and Morganti-Kossmann, 2010). Although the observation that the neuroprotective effect of BM-MSCs may occur in vivo is consistent with primary astrocytes cocultured with BM-MSCs in vitro, data in vitro were obtained through a transwell system, which could strongly suggest that BM-MSCs protect astrocytes from apoptosis through regulating anti-inflammatory, pro-inflammatory and inflammatory cytokines rather than through cell–cell contact (Supplementary Figure S4).

Gj communication is considered essential in many biological processes, such as control of cell proliferation, differentiation and proper migration, embryonic development, and wound healing et al. (Reaume et al., 1995). Intercellular Gjs based on Cx43 are the main cell adhesions in astrocytes. Zhang et al. (2015) have also shown that pro-inflammatory cytokines can promote Cx43 degradation via ubiquitin-proteasome. Rucker-Martin et al. (2006) also showed the distribution of Cx43 was affected by fibrosis, destroying the cytoskeleton network and adhesion proteins, which were related to normal Cx43 organization and function. In our research, astrocytes apoptosis following ICH led to disruption of homeostasis simultaneously with Cx43 downregulation, finally leading to Cx43 conformational changes, channel closure, and degradation. After BM-MSCs transplantation, the Cx43 protein expression was significantly higher at 3 and 7 days when compared to the PBS group. Similar results were obtained in our in vitro experiments, where coculture of astrocytes with BM-MSCs was associated with stronger Cx43 expression and lower GFAP expression, which correlated with the concentration of BM-MSCs. Based on this work, we propose that the down-regulation of Cx43 in activated astrocytes after ICH might result from the production of inflammatory cytokines, whereas after BM-MSCs transplantation, the downregulation of Cx43 was restrained.

Nrf2 is a key transcription factor regulating antioxidant defense. Once stimulated by oxidative stress, Nrf2 escapes from Keap1, transfers to the nucleus, and results in the upregulation of ARE-mediated gene expression (Huang et al., 2000; Wang et al., 2012; Liu et al., 2015). The Nrf2-ARE signaling pathway is considered a multiple-organ protective agent, playing a vital role in several CNS diseases, including subarachnoid hemorrhage (SAH), cerebral ischemia, traumatic brain injury and cerebral hemorrhage (Shih et al., 2005; Chen et al., 2011; Yin et al., 2015). The Nrf2 pathway was activated in astrocytes to protect themselves and their adjacent neurons from oxidative damage (Wang et al., 2019). We also found coculture with BM-MSCs increased expression of Nrf2 and HO-1 RNA and protein in astrocytes, compared to the control and untreated groups. Application of Nrf2 inhibitors to block upregulation and translocation resulted in no significant change in the expression of Cx43 and p-PKCα, while both anti-apoptotic ability and astroglial-mesenchymal phenotype switching were restrained. Wang et al. (2007) found that Nrf2 knockout impairs neurological function after ICH. Our findings suggest that Nrf2 is a positive regulator of anti-apoptosis and participates in reactive astrogliosis, and the anti-inflammatory factors released by BM-MSCs trigger increased Nrf2 translocation.

Several studies have described the importance of Cx43 in antioxidant stress. Inhibition of Cx43 degradation could protect cardiomyocytes exposed to hydrogen peroxide, by inhibiting oxidative stress (Lee et al., 2018). Chen et al. (2017) revealed that Cx43 could regulate Nrf2/ARE signaling to resist oxidative stress injury in glomerular mesangial cells. Le et al. (2014) showed that Gjs mediated by Cx43 in astrocytes have a positive effect on resistance to oxidative stress. Based on the above, we explored whether the regulation of Cx43 would result in the changes to Nrf2 expression after ICH. We found that knockdown of Cx43 prevented Nrf2 nuclear translocation and PKCα phosphorylation. PKC is one of several protein kinases able to modulate Nrf2 activity; furthermore, phosphorylation of Nrf2 serine 40 can lead to the escape or release of Nrf2 from Keap1, allowing it to translocate to the nucleus, and bind to the ARE that leads to coordinated activation of gene expression (Huang et al., 2000, 2002). Therefore, in combination with our experimental results, we believe that Cx43 might cause Nrf2 to separate from Keap1 and transfer into the nucleus, through phosphorylation of PKCα, to play a role in antioxidant stress.

In addition, we applied double immunostaining and Co-IP to confirm the connection between Cx43 and Nrf2. These results supported our hypothesis that elevated Cx43 promoted Nrf2 nuclear translocation and its phase II enzyme expression. After BM-MSCs transplantation, this phenomenon was enhanced. The potential mechanisms are shown in Supplementary Figure S4. Whether Cx43 would be directly bound to these regulatory genes, or mediated by other proteins besides PKCα, still needs further confirmation. A limitation of our study was that the implanted BM-MSCs were not homologous with the host, and the host tissue immunological response could also damage to the BM-MSCs. Further studies are required to explore how to best ensure the activity of implanted cells.



CONCLUSION

ICH is a severe insult to the CNS, and astrocytes are the primary defense system. Astrocyte activation is a double-edged sword, but BM-MSC transplantation could help improve the anti-apoptotic ability of reactive astrocytes, trigger GFAP/VIM switch, and inhibit the final formation of the glial scar. Following the secretion of bioactive factors from BM-MSCs, Cx43 retards degradation, which helps liberate Nrf2 from Keap1 and allows its nuclear translocation, promoting phase II detoxification enzyme genes involved in antioxidant stress and anti-apoptosis. Astrocyte Cx43/Nrf2 interactions after BM-MSC transplantation may provide an important therapeutic target in the management of ICH.
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FIGURE S1 | Western blotting analysis of Cx43, GFAP, VIM, Nrf2 and HO-1 expression in ICH mouse brain of control, PBS, and BM-MSCs treatment at 1, 3, 7, and 14 days. (A–E) The results of densitometric analysis of the bands. All data are displayed as means ± SD (n = 3). The difference between groups was analyzed using One-way ANOVA test. *p < 0.05, **p < 0.01, ***p < 0.001, compared with control.

FIGURE S2 | The diagram and results of luciferase activity analysis between Nrf2 and HO-1 in primary astrocytes. (a) The HO-1 wildtype group (WT) and the HO-1 mutation group (Mut) were set up to verify our experiments. Three mutation sites were set at – 303 ∼ – 298 bp, – 138 ∼ – 133 bp, and – 2 ∼3 bp, respectively (from −500 bp upstream to 100 bp downstream). (b) All data are displayed as means ± SD (n = 4). The difference between groups was analyzed using One-way ANOVA test. *p < 0.05, ***p < 0.001, compared with control.

FIGURE S3 | Cx43 knockdown suppressed BM-MSCs-induced p-PKCα expression. (a,b) Western blotting analysis of p-PKCα and PKCα expression in control, si-NC, si-Nrf2 transfected astrocytes. All data are displayed as means ± SD (n = 3). The difference between groups was analyzed using One-way ANOVA test. *p < 0.05, **p < 0.01.

FIGURE S4 | Diagram outlining the potential mechanism of BM-MSCs enhancing astrocytes antioxidative function via the Cx43/Nrf2/HO1 axis. BM-MSCs induced Cx43 upregulation, PKCα phosphorylation, Nrf2 stabilization and nuclear translocation, and upregulation of HO-1, then restraining ROS accumulation and cell apoptosis.



REFERENCES

Aggarwal, S., and Pittenger, M. F. (2005). Human mesenchymal stem cells modulate allogeneic immune cell responses. Blood 105, 1815–1822. doi: 10.1182/blood-2004-04-1559

Anderson, M. A., Ao, Y., and Sofroniew, M. V. (2014). Heterogeneity of reactive astrocytes. Neurosci. Lett. 565, 23–29. doi: 10.1016/j.neulet.2013.12.030

Aronowski, J., and Zhao, X. (2011). Molecular pathophysiology of cerebral hemorrhage: secondary brain injury. Stroke 42, 1781–1786. doi: 10.1161/strokeaha.110.596718

Bedini, G., Bersano, A., Zanier, E. R., Pischiutta, F., and Parati, E. A. (2018). Mesenchymal stem cell therapy in intracerebral haemorrhagic stroke. Curr. Med. Chem. 25, 2176–2197. doi: 10.2174/0929867325666180111101410

Borlongan, C. V., Hadman, M., Sanberg, C. D., and Sanberg, P. R. (2004). Central nervous system entry of peripherally injected umbilical cord blood cells is not required for neuroprotection in stroke. Stroke 35, 2385–2389. doi: 10.1161/01.STR.0000141680.49960.d7

Broderick, J., Brott, T., Tomsick, T., Tew, J., Duldner, J., and Huster, G. (1994). Management of intracerebral hemorrhage in a large metropolitan population. Neurosurgery 34, 882–887; discussion 887. doi: 10.1227/00006123-199405000-00015

Chen, G., Fang, Q., Zhang, J., Zhou, D., and Wang, Z. (2011). Role of the Nrf2-ARE pathway in early brain injury after experimental subarachnoid hemorrhage. J. Neurosci. Res. 89, 515–523. doi: 10.1002/jnr.22577

Chen, Z., Xie, X., Huang, J., Gong, W., Zhu, X., Chen, Q., et al. (2017). Connexin43 regulates high glucose-induced expression of fibronectin, ICAM-1 and TGF-beta1 via Nrf2/ARE pathway in glomerular mesangial cells. Free Radic. Biol. Med. 102, 77–86. doi: 10.1016/j.freeradbiomed.2016.11.015

Cheng, Z., Wang, L., Qu, M., Liang, H., Li, W., Li, Y., et al. (2018). Mesenchymal stem cells attenuate blood-brain barrier leakage after cerebral ischemia in mice. J. Neuroinflamm. 15:135. doi: 10.1186/s12974-018-1153-1

Decrock, E., Vinken, M., De Vuyst, E., Krysko, D. V., D’Herde, K., Vanhaecke, T., et al. (2009). Connexin-related signaling in cell death: to live or let die? Cell Death Differ. 16, 524–536. doi: 10.1038/cdd.2008.196

Deng, Y., Zhu, J., Mi, C., Xu, B., Jiao, C., Li, Y., et al. (2015). Melatonin antagonizes Mn-induced oxidative injury through the activation of keap1-Nrf2-ARE signaling pathway in the striatum of mice. Neurotox. Res. 27, 156–171. doi: 10.1007/s12640-014-9489-5

Dominici, M., Le Blanc, K., Mueller, I., Slaper-Cortenbach, I., Marini, F. C., Krause, D. S., et al. (2006). Minimal criteria for defining multipotent mesenchymal stromal cells. The international society for cellular therapy position statement. Cytotherapy 8, 315–317. doi: 10.1080/14653240600855905

Donega, V., Nijboer, C. H., Braccioli, L., Slaper-Cortenbach, I., Kavelaars, A., van Bel, F., et al. (2014). Intranasal administration of human MSC for ischemic brain injury in the mouse: in vitro and in vivo neuroregenerative functions. PLoS One 9:e112339. doi: 10.1371/journal.pone.0112339

Faulkner, J. R., Herrmann, J. E., Woo, M. J., Tansey, K. E., Doan, N. B., and Sofroniew, M. V. (2004). Reactive astrocytes protect tissue and preserve function after spinal cord injury. J. Neurosci. 24, 2143–2155. doi: 10.1523/jneurosci.3547-03.2004

Galou, M., Colucci-Guyon, E., Ensergueix, D., Ridet, J. L., Gimenez y Ribotta, M., Privat, A., et al. (1996). Disrupted glial fibrillary acidic protein network in astrocytes from vimentin knockout mice. J. Cell Biol. 133, 853–863. doi: 10.1083/jcb.133.4.853

Garcia-Dorado, D., Rodriguez-Sinovas, A., and Ruiz-Meana, M. (2004). Gap junction-mediated spread of cell injury and death during myocardial ischemia-reperfusion. Cardiovasc. Res. 61, 386–401. doi: 10.1016/j.cardiores.2003.11.039

Graham, D. I., McIntosh, T. K., Maxwell, W. L., and Nicoll, J. A. (2000). Recent advances in neurotrauma. J. Neuropathol. Exp. Neurol. 59, 641–651.

Hansson, E., and Ronnback, L. (2003). Glial neuronal signaling in the central nervous system. FASEB J. 17, 341–348. doi: 10.1096/fj.02-0429rev

Hol, E. M., and Pekny, M. (2015). Glial fibrillary acidic protein (GFAP) and the astrocyte intermediate filament system in diseases of the central nervous system. Curr. Opin. Cell Biol. 32, 121–130. doi: 10.1016/j.ceb.2015.02.004

Horwitz, E. M., Gordon, P. L., Koo, W. K., Marx, J. C., Neel, M. D., McNall, R. Y., et al. (2002). Isolated allogeneic bone marrow-derived mesenchymal cells engraft and stimulate growth in children with osteogenesis imperfecta: Implications for cell therapy of bone. Proc. Natl. Acad. Sci. U.S.A. 99, 8932–8937. doi: 10.1073/pnas.132252399

Huang, H. C., Nguyen, T., and Pickett, C. B. (2000). Regulation of the antioxidant response element by protein kinase C-mediated phosphorylation of NF-E2-related factor 2. Proc. Natl. Acad. Sci. U.S.A. 97, 12475–12480. doi: 10.1073/pnas.220418997

Huang, H. C., Nguyen, T., and Pickett, C. B. (2002). Phosphorylation of Nrf2 at Ser-40 by protein kinase C regulates antioxidant response element-mediated transcription. J. Biol. Chem. 277, 42769–42774. doi: 10.1074/jbc.M206911200

Itoh, K., Wakabayashi, N., Katoh, Y., Ishii, T., Igarashi, K., Engel, J. D., et al. (1999). Keap1 represses nuclear activation of antioxidant responsive elements by Nrf2 through binding to the amino-terminal Neh2 domain. Genes Dev. 13, 76–86. doi: 10.1101/gad.13.1.76

Jiao, Y., Niu, T., Liu, H., Tay, F. R., and Chen, J. H. (2019). Protection against HEMA-induced mitochondrial injury in vitro by Nrf2 activation. Oxid. Med. Cell Longev. 2019:3501059. doi: 10.1155/2019/3501059

Kamphuis, W., Kooijman, L., Orre, M., Stassen, O., Pekny, M., and Hol, E. M. (2015). GFAP and vimentin deficiency alters gene expression in astrocytes and microglia in wild-type mice and changes the transcriptional response of reactive glia in mouse model for Alzheimer’s disease. Glia 63, 1036–1056. doi: 10.1002/glia.22800

Keep, R. F., Hua, Y., and Xi, G. (2012). Intracerebral haemorrhage: mechanisms of injury and therapeutic targets. Lancet Neurol. 11, 720–731. doi: 10.1016/s1474-4422(12)70104-7

Kleszczynski, K., Zillikens, D., and Fischer, T. W. (2016). Melatonin enhances mitochondrial ATP synthesis, reduces reactive oxygen species formation, and mediates translocation of the nuclear erythroid 2-related factor 2 resulting in activation of phase-2 antioxidant enzymes (gamma-GCS, HO-1, NQO1) in ultraviolet radiation-treated normal human epidermal keratinocytes (NHEK). J. Pineal Res. 61, 187–197. doi: 10.1111/jpi.12338

Le, H. T., Sin, W. C., Lozinsky, S., Bechberger, J., Vega, J. L., Guo, X. Q., et al. (2014). Gap junction intercellular communication mediated by connexin43 in astrocytes is essential for their resistance to oxidative stress. J. Biol. Chem. 289, 1345–1354. doi: 10.1074/jbc.M113.508390

Lee, E. J., Kim, M., Kim, Y. D., Chung, M. J., Elfadl, A., Ulah, H. M. A., et al. (2018). Establishment of stably expandable induced myogenic stem cells by four transcription factors. Cell Death Dis. 9:1092. doi: 10.1038/s41419-018-1114-8

Liao, W., Zhong, J., Yu, J., Xie, J., Liu, Y., Du, L., et al. (2009). Therapeutic benefit of human umbilical cord derived mesenchymal stromal cells in intracerebral hemorrhage rat: implications of anti-inflammation and angiogenesis. Cell Physiol. Biochem. 24, 307–316. doi: 10.1159/000233255

Liu, W., Wang, Y., Gong, F., Rong, Y., Luo, Y., Tang, P., et al. (2018). Exosomes derived from bone mesenchymal stem cells repair traumatic spinal cord injury by suppressing the activation of A1 neurotoxic reactive astrocytes. J. Neurotrauma 36, 469–484. doi: 10.1089/neu.2018.5835

Liu, Y., Qiu, J., Wang, Z., You, W., Wu, L., Ji, C., et al. (2015). Dimethylfumarate alleviates early brain injury and secondary cognitive deficits after experimental subarachnoid hemorrhage via activation of Keap1-Nrf2-ARE system. J. Neurosurg. 123, 915–923. doi: 10.3171/2014.11.Jns132348

Liu, Z., Li, Y., Cui, Y., Roberts, C., Lu, M., Wilhelmsson, U., et al. (2014). Beneficial effects of gfap/vimentin reactive astrocytes for axonal remodeling and motor behavioral recovery in mice after stroke. Glia 62, 2022–2033. doi: 10.1002/glia.22723

Lynch, C. D., Lazar, A. M., Iskratsch, T., Zhang, X., and Sheetz, M. P. (2013). Endoplasmic spreading requires coalescence of vimentin intermediate filaments at force-bearing adhesions. Mol. Biol. Cell 24, 21–30. doi: 10.1091/mbc.E12-05-0377

Macco, R., Pelizzoni, I., Consonni, A., Vitali, I., Giacalone, G., Martinelli Boneschi, F., et al. (2013). Astrocytes acquire resistance to iron-dependent oxidative stress upon proinflammatory activation. J. Neuroinflamm. 10:130. doi: 10.1186/1742-2094-10-130

Mahrouf-Yorgov, M., Augeul, L., Da Silva, C. C., Jourdan, M., Rigolet, M., Manin, S., et al. (2017). Mesenchymal stem cells sense mitochondria released from damaged cells as danger signals to activate their rescue properties. Cell Death. Differ. 24, 1224–1238. doi: 10.1038/cdd.2017.51

McKeon, R. J., Schreiber, R. C., Rudge, J. S., and Silver, J. (1991). Reduction of neurite outgrowth in a model of glial scarring following CNS injury is correlated with the expression of inhibitory molecules on reactive astrocytes. J. Neurosci. 11, 3398–3411. doi: 10.1523/JNEUROSCI.11-11-03398.1991

Moeendarbary, E., Weber, I. P., Sheridan, G. K., Koser, D. E., Soleman, S., Haenzi, B., et al. (2017). The soft mechanical signature of glial scars in the central nervous system. Nat. Commun. 8:14787. doi: 10.1038/ncomms14787

Nagaya, N., Kangawa, K., Itoh, T., Iwase, T., Murakami, S., Miyahara, Y., et al. (2005). Transplantation of mesenchymal stem cells improves cardiac function in a rat model of dilated cardiomyopathy. Circulation 112, 1128–1135. doi: 10.1161/circulationaha.104.500447

Niture, S. K., Kaspar, J. W., Shen, J., and Jaiswal, A. K. (2010). Nrf2 signaling and cell survival. Toxicol. Appl. Pharmacol. 244, 37–42. doi: 10.1016/j.taap.2009.06.009

Parada, E., Buendia, I., Leon, R., Negredo, P., Romero, A., Cuadrado, A., et al. (2014). Neuroprotective effect of melatonin against ischemia is partially mediated by alpha-7 nicotinic receptor modulation and HO-1 overexpression. J. Pineal Res. 56, 204–212. doi: 10.1111/jpi.12113

Pekny, M., and Pekna, M. (2014). Astrocyte reactivity and reactive astrogliosis: costs and benefits. Physiol. Rev. 94, 1077–1098. doi: 10.1152/physrev.00041.2013

Qureshi, A. I., Ali, Z., Suri, M. F., Shuaib, A., Baker, G., Todd, K., et al. (2003). Extracellular glutamate and other amino acids in experimental intracerebral hemorrhage: an in vivo microdialysis study. Crit. Care Med. 31, 1482–1489. doi: 10.1097/01.Ccm.0000063047.63862.99

Qureshi, A. I., Mendelow, A. D., and Hanley, D. F. (2009). Intracerebral haemorrhage. Lancet 373, 1632–1644. doi: 10.1016/s0140-6736(09)60371-8

Ransom, B. R., and Ransom, C. B. (2012). Astrocytes: multitalented stars of the central nervous system. Methods Mol. Biol. 814, 3–7. doi: 10.1007/978-1-61779-452-0_1

Reaume, A. G., de Sousa, P. A., Kulkarni, S., Langille, B. L., Zhu, D., Davies, T. C., et al. (1995). Cardiac malformation in neonatal mice lacking connexin43. Science 267, 1831–1834. doi: 10.1126/science.7892609

Rucker-Martin, C., Milliez, P., Tan, S., Decrouy, X., Recouvreur, M., Vranckx, R., et al. (2006). Chronic hemodynamic overload of the atria is an important factor for gap junction remodeling in human and rat hearts. Cardiovasc. Res. 72, 69–79. doi: 10.1016/j.cardiores.2006.06.016

Schulz, R., Gorge, P. M., Gorbe, A., Ferdinandy, P., Lampe, P. D., and Leybaert, L. (2015). Connexin 43 is an emerging therapeutic target in ischemia/reperfusion injury, cardioprotection and neuroprotection. Pharmacol. Ther. 153, 90–106. doi: 10.1016/j.pharmthera.2015.06.005

Seyfried, D., Ding, J., Han, Y., Li, Y., Chen, J., and Chopp, M. (2006). Effects of intravenous administration of human bone marrow stromal cells after intracerebral hemorrhage in rats. J. Neurosurg. 104, 313–318. doi: 10.3171/jns.2006.104.2.313

Shalaby, S. M., El-Shal, A. S., Abd-Allah, S. H., Selim, A. O., Selim, S. A., Gouda, Z. A., et al. (2014). Mesenchymal stromal cell injection protects against oxidative stress in Escherichia coli-induced acute lung injury in mice. Cytotherapy 16, 764–775. doi: 10.1016/j.jcyt.2013.12.006

Shih, A. Y., Johnson, D. A., Wong, G., Kraft, A. D., Jiang, L., Erb, H., et al. (2003). Coordinate regulation of glutathione biosynthesis and release by Nrf2-expressing glia potently protects neurons from oxidative stress. J. Neurosci. 23, 3394–3406. doi: 10.1523/JNEUROSCI.23-08-03394.2003

Shih, A. Y., Li, P., and Murphy, T. H. (2005). A small-molecule-inducible Nrf2-mediated antioxidant response provides effective prophylaxis against cerebral ischemia in vivo. J. Neurosci. 25, 10321–10335. doi: 10.1523/jneurosci.4014-05.2005

Sofroniew, M. V., and Vinters, H. V. (2010). Astrocytes: biology and pathology. Acta Neuropathol. 119, 7–35. doi: 10.1007/s00401-009-0619-8

Song, Y., Li, Z., He, T., Qu, M., Jiang, L., Li, W., et al. (2019). M2 microglia-derived exosomes protect the mouse brain from ischemia-reperfusion injury via exosomal miR-124. Theranostics 9, 2910–2923. doi: 10.7150/thno.30879

Tang, G., Liu, Y., Zhang, Z., Lu, Y., Wang, Y., Huang, J., et al. (2014). Mesenchymal stem cells maintain blood-brain barrier integrity by inhibiting aquaporin-4 upregulation after cerebral ischemia. Stem Cells 32, 3150–3162. doi: 10.1002/stem.1808

Uccelli, A., Laroni, A., and Freedman, M. S. (2011). Mesenchymal stem cells for the treatment of multiple sclerosis and other neurological diseases. Lancet Neurol. 10, 649–656. doi: 10.1016/s1474-4422(11)70121-1

Wang, J., Fields, J., Zhao, C., Langer, J., Thimmulappa, R. K., Kensler, T. W., et al. (2007). Role of Nrf2 in protection against intracerebral hemorrhage injury in mice. Free Radic. Biol. Med. 43, 408–414. doi: 10.1016/j.freeradbiomed.2007.04.020

Wang, J., Jiang, C., Zhang, K., Lan, X., Chen, X., Zang, W., et al. (2019). Melatonin receptor activation provides cerebral protection after traumatic brain injury by mitigating oxidative stress and inflammation via the Nrf2 signaling pathway. Free Radic. Biol. Med. 131, 345–355. doi: 10.1016/j.freeradbiomed.2018.12.014

Wang, Z., Ma, C., Meng, C. J., Zhu, G. Q., Sun, X. B., Huo, L., et al. (2012). Melatonin activates the Nrf2-ARE pathway when it protects against early brain injury in a subarachnoid hemorrhage model. J. Pineal Res. 53, 129–137. doi: 10.1111/j.1600-079X.2012.00978.x

Wei, C. C., Kong, Y. Y., Li, G. Q., Guan, Y. F., Wang, P., and Miao, C. Y. (2017). Nicotinamide mononucleotide attenuates brain injury after intracerebral hemorrhage by activating Nrf2/HO-1 signaling pathway. Sci. Rep. 7:717. doi: 10.1038/s41598-017-00851-z

Wei, L., Fraser, J. L., Lu, Z. Y., Hu, X., and Yu, S. P. (2012). Transplantation of hypoxia preconditioned bone marrow mesenchymal stem cells enhances angiogenesis and neurogenesis after cerebral ischemia in rats. Neurobiol. Dis. 46, 635–645. doi: 10.1016/j.nbd.2012.03.002

Wilhelmsson, U., Li, L., Pekna, M., Berthold, C. H., Blom, S., Eliasson, C., et al. (2004). Absence of glial fibrillary acidic protein and vimentin prevents hypertrophy of astrocytic processes and improves post-traumatic regeneration. J. Neurosci. 24, 5016–5021. doi: 10.1523/jneurosci.0820-04.2004

Yan, K., Zhang, R., Sun, C., Chen, L., Li, P., Liu, Y., et al. (2013). Bone marrow-derived mesenchymal stem cells maintain the resting phenotype of microglia and inhibit microglial activation. PLoS ONE 8:e84116. doi: 10.1371/journal.pone.0084116

Yan, X., Fu, X., Jia, Y., Ma, X., Tao, J., Yang, T., et al. (2019). Nrf2/Keap1/ARE signaling mediated an antioxidative protection of human placental mesenchymal stem cells of fetal origin in alveolar epithelial cells. Oxid. Med. Cell Longev. 2019:2654910. doi: 10.1155/2019/2654910

Yang, Y., Ren, J., Sun, Y., Xue, Y., Zhang, Z., Gong, A., et al. (2018). A connexin43/YAP axis regulates astroglial-mesenchymal transition in hemoglobin induced astrocyte activation. Cell Death. Differ. 25, 1870–1884. doi: 10.1038/s41418-018-0137-0

Yin, X. P., Chen, Z. Y., Zhou, J., Wu, D., and Bao, B. (2015). Mechanisms underlying the perifocal neuroprotective effect of the Nrf2-ARE signaling pathway after intracranial hemorrhage. Drug Des. Dev. Ther. 9, 5973–5986. doi: 10.2147/dddt.S79399

Zhang, F. F., Morioka, N., Kitamura, T., Hisaoka-Nakashima, K., and Nakata, Y. (2015). Proinflammatory cytokines downregulate connexin 43-gap junctions via the ubiquitin-proteasome system in rat spinal astrocytes. Biochem. Biophys. Res. Commun. 464, 1202–1208. doi: 10.1016/j.bbrc.2015.07.105

Zhang, R., Liu, Y., Yan, K., Chen, L., Chen, X.-R., Li, P., et al. (2013). Anti-inflammatory and immunomodulatory mechanisms of mesenchymal stem cell transplantation in experimental traumatic brain injury. J. Neuroinflamm. 10:106. doi: 10.1186/1742-2094-10-106

Zhang, T., Wu, P., Budbazar, E., Zhu, Q., Sun, C., Mo, J., et al. (2019). Mitophagy Reduces Oxidative Stress Via Keap1 (kelch-like epichlorohydrin-associated protein 1)/Nrf2 (nuclear factor-e2-related factor 2)/PHB2 (prohibitin 2) pathway after subarachnoid hemorrhage in rats. Stroke 50, 978–988. doi: 10.1161/strokeaha.118.021590

Zhang, Z. H., Zhu, W., Ren, H. Z., Zhao, X., Wang, S., Ma, H. C., et al. (2017). Mesenchymal stem cells increase expression of heme oxygenase-1 leading to anti-inflammatory activity in treatment of acute liver failure. Stem Cell Res. Ther. 8:70. doi: 10.1186/s13287-017-0524-3

Zhao, L. R., Duan, W. M., Reyes, M., Keene, C. D., Verfaillie, C. M., and Low, W. C. (2002). Human bone marrow stem cells exhibit neural phenotypes and ameliorate neurological deficits after grafting into the ischemic brain of rats. Exp. Neurol. 174, 11–20. doi: 10.1006/exnr.2001.7853

Zhou, Y., Wang, Y., Wang, J., Anne Stetler, R., and Yang, Q. W. (2014). Inflammation in intracerebral hemorrhage: from mechanisms to clinical translation. Prog. Neurobiol. 115, 25–44. doi: 10.1016/j.pneurobio.2013.11.003

Ziebell, J. M., and Morganti-Kossmann, M. C. (2010). Involvement of pro- and anti-inflammatory cytokines and chemokines in the pathophysiology of traumatic brain injury. Neurotherapeutics 7, 22–30. doi: 10.1016/j.nurt.2009.10.016


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

Copyright © 2020 Chen, Liang, Xi, Yang, Shan, Wang, Zhong, Xu, Yang, Sun, Sun and Bian. 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.

OPS/images/fcell-08-00302-g005.jpg
>

30 uM Hemin + MSC

w

30 uM Hemin + MSC

S

C . D g€%eo
30 uM Hemin + MSCs g |1l _—
0 1:1000 1:100 1:10 831v 110
Nrf2 l- — - -|68kDa %z. L *
o
>
H01|"'° --.|33kDa Ehﬁ ﬁ ﬁﬂ
S
[~
APDH 36 kDa . , ,
GAPDH| M S e s | . L
3= *%
. o ®0
E 30 uM Hemin + MSCs F 2 | o
12h 24h _ 48h 2] v i x
Nrf2 I i g |68kDa ;‘:" ¥
Q
HO1 | 21
| — - -| 33 kDa g m
GAPDH {6 W88 S8 8| 3ci0. <, _ _
Nrf2 HO1
G 30 uM Hemin + MSCs H § _
Cytoplasm Nucleus § g 207 *%
1:10 0 1:10 Egis
Nrf2 |"- — — -|68kDa &!*;,
E L\w) 1.0 *—0@
GAPDH [ |36kDa g B o)
23
|-~n~ SRR |17kDa 22 00 :
= 0 1:10

I 404 @ cCul
M 30 uM Hemin
A 30 pM Hemin+MSCs(1:10)

w
o
B
¥
>

N
o
3
*
*
*

-—
o
'l

-mﬂﬁ.

*%

.

mRNA Relative expression

o

Nif2  HO-1  NQOI

SOD2





OPS/images/fcell-08-00302-g006.jpg
Tunel

Merge

Hemin + ML385

Cx43

p-PKCa
GFAP
VIM
Nrf2
HO-1

GAPDH

MSC+0

Hemin + MSC + ML385 P

0

5uM  10uM

PR e e

— [

Relative ex

o

pression

-—

. 0 *%
W 5uM %
A 10uM *

-

*%k%k

i

» B
x1.54
[}]
©
g x
9
21.01
a LI *
]
Q
©
©0.5
2
©
§
0.0 T T T T
N x0 & o
\Q\) 50 (sl N
\X\ \‘\% \‘\%0

*%

ﬂ

Cx43 p-PKCa GFAP VIM

Nrf2

HO-1





OPS/images/fcell-08-00302-g003.jpg
150+

)

Cell viability
(% of ctrl

-

o

o
1

Nl

Astrocytes BM-MSCs
‘\ -/7
[ ] ".'""""‘
MSCs Coculture
C6o0-
- MSCs Coculture (1:10) £0f FREX
—+— Neuron Coculture (1:10) Bl
4 -0~ Ctrl o %
* 54004 .
m 5] *kk
A3
’4 (=]
i - |iL‘ ﬁ
0= T T T T T T 0 T T
g 10 30 % ctl 0 1:1000 1:100 1:10
Hemin (uM) 30pM Hemin+ MSC
Ctrl 3O|,LM Hemin + coculture(1:10)

Neuron MSCs

O

— -—
o (3]
» y

mRNA Relative expression
(3)]

o

@ Ctrl

M Hemin x

A Hemin+ Neuron (1:10) -
V¥ Hemint+ MSCs (1:10)

*%k%

L

H‘ ﬁ » mﬂ
TNFa

IL-6 IL-10

64 o [
4 M
R4

MDA level
nM/mg protein

Ctrl 0 Neuron MSCs
30puM Hemin + coculture(1:10)






OPS/images/fcell-08-00302-g004.jpg
GFAP F Cx43

VIM

30 uM Hemin + MSC
30 uM Hemin + MSC

GFAP

30uM Hemin + MSCs g : -
30 uM Hemin + MSCs 011000 1100 110 x =+
0 1:1000 1:100 1:10 €478 %000 Cx43 |88 - — 43 kDa ; 1
GFAP WS wwme === == [55kDa  §sf § LI GAPDH | e s s s |36 kDa ko
%2 0 ~ 0 1:1000 1:100 1:10
VIM | e — -| STkDa o I 30,M Homin + MSCs J s o
GAPDH| s s s s 36 kDa 7:31 ﬂﬂﬁﬁ ﬁﬂ g l2h24h  dgh . nolE

w
o
(@)

v GFAP VIM Cx43 |.-..-. i g ;'_;|43 kDa

]

8
8
oy
Qo
2
. - -|36 kDa Fos
D 30 uM Hemin + MSCs E GAPDH| 3,
4n 0 12h 24h  48h
0  12h 24h 48h E | m iz e K g L g
g% £ g
GFAP |wn wesm o s | 55kDa 8| v asn o [B] % 2 — 8
5 & o &
2 i 5o
VIM |- w— e 57kDa 2 o, . o 5 .
| s [hAs : il
GAPDH----|36kDa & o ﬁﬁ = 2] o 2
GFAP VIM < <
Z o Zoll 11 11 |1
é 0 1:1000 1:100 1:10 é 0 12h 24h 48h





OPS/images/fcell-08-00302-g001.jpg
C
2 L.2K = 1 1
& ] CD34 LOK - CD405 Lok _ CD2 90
2 wo- (0.59%) | o] (1.01%) 1(99.98%)
= ] o0
= ] 6007 ]
o . ; ‘ ] | 600
O 400 - \ ]
07 “‘ 200-3 S0
= 0 | ] > ] _ ..
B AL S BRAL L AL L BEAL L IREA L B i L L N L e B AL AL AL AL AL B L Rl AL B A AL L B B L L L R
5 10 108 108

10° 102 10* 10° 10° 102 10t 10° 108 0 10

FITC-A FITC-A FITC-A FITC-A

0

E






OPS/images/fcell-08-00302-g002.jpg
l jA Animals sacrifice
K E_E B E g -
| HE N R | ] L | ]
Day -4 T1 0 % % 7 1T4
Training Neurological score; Behavior test
B
=
o]
<=
70!
72}
@
= | 2
O
|
70!
aa)
A
C _ D
g’ ® Sham
g 2 W PBS
g S 847 A MSCs *
= 301 * s T "
2 D 82-
B A g . &
© 207 ATA S 80~ s
: [N 5 oo
g 10 [LTl C A S 78-
8 N g - Ld ™
g S 76 Wiilu ili
R : g o e
] ] ] ] ] ﬁ\
Sham MSCs  PBS COﬁvc%Y SX—C%ont—S% S\‘S% " Joele

’g -& Sham F
@ 400- - PBS i
e -4 MSCs
<}
& 3004 g
2] *kk o
[ * @
S=i 200 /)
ot )
g Z,
-§ 100~ g
Q 0 T T 1 |

0 3 7 14(d)

/MSCs

I/GFAP/VIN

- Sham
. - PBS
-4 MSCs
2-
o *
6 Kkk
3-
0 3 7 14(d)

T

| -
Ctrl 5 3PBS7 14d 1 B3M 1V£SC14<1

GFAP | o e W e e W W e | 55kDa
VIM [ e . o W5 % wm oo | 57 kDa
Cxa3 | we—- o= wn am o @ e ww|43kDa
Nrf2 |- ——-—---~|68kDa
HO1 | - —

s

GAPDH [we s s s

— ---| 36 kDa






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		BM-MSC Transplantation Alleviates Intracerebral Hemorrhage-Induced Brain Injury, Promotes Astrocytes Vimentin Expression, and Enhances Astrocytes Antioxidation via the Cx43/Nrf2/HO-1 Axis



		INTRODUCTION



		MATERIALS AND METHODS



		Experimental Design



		Isolation and Identification of BM-MSCs



		ICH Models, BM-MSCs Labeling and BM-MSCs Transplantation



		Isolation and Culture of Primary Cortical Neurons



		Isolation and Culture of Primary Astrocytes, and Coculture With BM-MSCs or Neurons



		Brain Water Content



		Brain Hematoma Volume



		Behavioral Assessments



		Drug Administration and siRNA Transfection



		Cell Viability Assay and Cytotoxicity Assessment by Lactate Dehydrogenase (LDH) Assay



		ROS Assay and Measurement of MDA



		Total RNA Extraction and Quantitative Real-Time PCR (RT-PCR) Analysis



		Plasmid Constructs and Luciferase Reporter Gene Assay



		TUNEL Staining



		Immunofluorescence



		Western Blotting Analysis



		Co-immunoprecipitation of Cx43 and Nrf2



		Statistical Analysis







		RESULTS



		BM-MSCs Isolation, Identification, and Transplantation



		BM-MSCs Transplantation Attenuated Brain Water Content, Reduced Hematoma Volume, and Improved Neurological Behavior Impairment After ICH



		BM-MSCs Transplantation Promoted Astrocytes Transformation of Mesenchymal Phenotypes, and Enhanced Nrf2 and HO-1 Expression After ICH in vivo



		BM-MSCs Co-culture Enhanced the Resistance of Astrocytes to Hemin Neurotoxicity, Downregulated ROS and MDA Accumulation, and Regulated mRNA Expression of Cytokines in vitro



		BM-MSCs Coculture Activated Astrocytes Underwent a Transformation in Mesenchymal Phenotypes



		BM-MSCs Induced Cx43 Upregulation in vivo and in vitro



		BM-MSCs Coculture Induced Nrf2 Nuclear Translocation and Enhanced HO-1 Expression



		Nrf2 Inhibition Counteracted BM-MSCs Coculture Induced Antioxidation



		Knockdown of Cx43 Cut Down Nrf2 Nucleus Translocation and Restrained Phosphorylation of PKCα



		Cx43 and Nrf2 Are Connected







		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fcell-08-00302-g007.jpg
Data 1

|

-
a
I

Ctrl si-NC  si-Cx43
Cx43 | " S 43 kDa

-
o
i

o
o
2

GAPDH| ™ s s | 36 kDa

0.0

Relative Cx43 expression

eirl  siXC sivex43

30uM Hemin + MSCs
si-NC Ctrl

si-Cx43

D 30puM Hemin + MSCs .
Cytoplasm Nucleus § .
Ctrl si-NC si-Cx43 Ctrl  si-NC si-Cx43 gg”‘
|-
Nrf2 W - s e - ‘|68kDa g—g-'“) {;}
ile) E
GAPDH| #e s s 36kDa < 205
B —
-g g
H3 . - dn kDa Ea"” ' ' '
R o B bl Ctrl  si-NC  si-Cx43






OPS/images/fcell-08-00302-g008.jpg
30 uM Hemin + MSCs

w

30 uM Hemin + MSCs

1:10
Nrf2 (Red)

Nrf2 (Red)

r=0.5706

Cx43 (Green)

r=0.7684

Cx43 (Green)

Cx43
IB

Nrf2 | 5 73

: IP
nput "Nrf2 IeG

b I

43 kDa

~ |68kDa





OPS/images/cover.jpg
frontiers
in Cell and Developmental Biology

BM-MSC Transplantation
Alleviates Intracerebral
Hemorrhage-Induced Brain
Injury, Promotes Astrocytes
Vimentin Expression,
and Enhances Astrocytes
Antioxidation via
the Cx43/Nrf2/HO-1 Axis









OPS/images/fcell-08-00302-t001.jpg
Gene Forward primer/Reverse primer (5’'-3")

Cx43 GTGACAGAAACAATTCCTCCTG/ATTTTGCTCTGCGCTGTAATTC
Nrf2 TCCAGTCAGAAACCAGTGGAT/GAATGTCTGCGCCAAAAGCTG
HO-1 CAAGGAGGTACACATCCAAGCC/TACAAGGAAGCCATCACCAGCT
NQO1 TGGTGACATAATCCGACAAGAT/TTACCCACCTGAATGCCATAAT
S0D2 ACGCCACCGAGGAGAAGTACC/CGCTTGATAGCCTCCAGCAACTC
IL-6 TGGGACTGATGCTGGTGACA/ACAGGTCTGTTGGGAGTGGT

IL-10 CTGCTATGCTGCCTGCTCTTACTG/ATGTGGCTCTGGCCGACTGG
TNFa TGATCGGTCCCAACAAGGA/TGCTTGGTGGTTTGCTACGA

GAPDH GATGGTGAAGGTCGGTGTGA/TGAACTTGCCGTGGGTAGAG

Cx43, connexin 43; Nrf2, NF-E2 related factor 2, HO-1, Heme oxygenase 1;
NQO1, NAD(P)H: quinoneoxidoreductasel;, SOD2, Superoxide Dismutase 2; IL-
6, interleukin 6; IL-10, interleukin 10; TNFa, tumor necrosis factor a; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase.
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