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Anisodine hydrobromide alleviates oxidative stress caused by hypoxia/reoxygenation in human cerebral microvascular endothelial cells predominantly via inhibition of muscarinic acetylcholine receptor 4
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Abstract: Background: Anisodine hydrobromide (AT3), an anti-cholinergic agent, could be delivered to the brain across the blood-brain barrier and has been used clinically for the treatment of cerebral ischemia/reperfusion injury. Endothelial dysfunction can be caused by hypoxia/reoxygenation (H/R) via oxidative stress and metabolic alterations. The present study investigated whether AT3 regulates the production of nitric oxide (NO) and reactive oxygen species (ROS), and the HIF-1α pathway via regulation of muscarinic acetylcholine receptors (mAChRs) in brain microvascular endothelial cells after H/R exposure. Methods: Under H/R conditions, hCMEC/D3 cerebral microvascular endothelial cells were treated with AT3. Specific inhibitors of M2- and M4- mAChRs were used to explore the mechanism by which AT3 influences oxidative stress in endothelial cells. Then, mAChRs expression was detected by western blotting and NO production was detected by Greiss reaction. The intracellular ROS level was measured using DCFH-DA probes. The expression of hypoxia-inducible transcription factor 1α (HIF-1α) was also detected. Results: While H/R induced the expression of M2- and M4-mAChRs, AT3 suppressed the H/R-upregulated M2- and M4-mAChRs. H/R also induced the production of NO, ROS, and apoptosis. AT3 and M4-mAChR inhibitors inhibited the H/R-induced production of NO and ROS and apoptosis. HIF-1α was induced by H/R, but was suppressed by AT3. Conclusion: Thus, the in vitro evidence shows that AT3 protects against H/R injury in cerebral microvascular endothelial cells via inhibition of HIF-1α, NO and ROS, predominantly through the downregulation of M4-mAChR. The findings offer novel understandings regarding AT3-mediated attenuation of endothelial cell apoptosis and cerebral ischemia/reperfusion injury.
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Introduction

Ischemic stroke is a major cause of disability and mortality and places a huge burden on society and families worldwide (Jackson-Weaver et al., 2019; Wu et al., 2019). The most effective treatment for acute ischemic stroke is to restore cerebral perfusion by thrombolysis (Campbell and Khatri, 2020; Kong et al., 2019). However, reperfusion after ischemia commonly leads to secondary damage to the brain due to the increased production of free radicals, excitatory amino acids and pro-inflammatory cytokines (Kong et al., 2019). Disruption of the blood-brain barrier (BBB) is regarded as an important pathological basis for ischemia-reperfusion (I/R) injury (Luo et al., 2017). The BBB comprises brain microvessel endothelial cells, pericytes, astrocytes, and extracellular matrix. Among these components, endothelial cells contribute the most in maintaining the integrity and function of BBB, and are susceptible to external harmful stimuli. During I/R, oxidative stress can damage the cell membrane, protein, and DNA, disrupting mitochondrial membrane potentials (Xie et al., 2023), thus leading to vascular endothelial cell dysfunction. Therefore, attenuating oxidative stress and endothelial cell injury is a promising treatment strategy to protect the BBB.

The activation of muscarinic acetylcholine receptors (mAChRs) by acetylcholine (Ach) has been widely known to elicit the anti-oxidative effects and prevents I/R injury in the heart (Bi et al., 2015). In one study, activation of M2-mAChR reduced cardiac I/R injury (Liao et al., 2015). M3-mAChR also activates the anti-apoptotic signaling cascades, enhancing the endogenous antioxidant capacity, and diminishing the intracellular Ca2+ overload, contributing to protecting the heart against ischemic injuries (Liu et al., 2011). M4-mAChR has anti-psychotic effects in the central nervous system, and improves cognitive impairment and motor dysfunction (Takai and Enomoto, 2018). M5-mAChR is located mainly in the substantia nigra, ventral tegmental area, cerebral cortex, and the striatum area of the central nervous system. Previous studies have shown the association between cerebral blood flow responses and the M3-mAChR levels in blood vessels (Feng et al., 2019). Activation of M2-mAChR has been reported to reduce cardiac I/R injury. However, the knockdown of the M2-mAChR or the ACh co-treatment with atropine abolished the antioxidant and cardioprotective effect of ACh (Miao et al., 2013). Therefore, it was believed that atropine and bioactive belladonna alkaloid are not suitable for the treatment of the cardiac I/R injury. However, the anti-cholinergic agent, anisodine hydrobromide (AT3) has shown favorable therapeutic outcomes in the clinical and preclinical trials for the ischemia stroke treatment (Dong et al., 2021; Xu and Deng, 1996; Zhang, 2022). The effect of AT3 on mAChRs is queried and attracted widespread interest.

Both anisodamine hydrobromide (Ani HBr) and AT3 are atropine (ATP)-like agents and active ingredients derived from the roots of a Chinese specialty plant Scopolia tangutica maxim (Qiu et al., 2022; Zhong et al., 2023). AT3 was thought to be readily transported across the BBB, but Ani HBr was not, due to its structure, and exerts its effects mainly by improving the microcirculation function and scavenging the ROS (Chen et al., 2019; Liu et al., 2015). AT3 has also been reported to exert neuroprotective effects in the cerebral I/R rat model (Chen et al., 2017; Xu and Deng, 1996). Therefore, whether AT3 acts on the brain endothelial cells as a specific antagonist of mAChRs is of particular interest.

Considering the harmful role of anti-cholinergic agents in cardiac I/R injury (Miao et al., 2013), understanding the molecular mechanisms by which AT3 protects the brain endothelial cell injury following hypoxia/reoxygenation (H/R) exposure will aid to the clinical use of AT3. Hypoxia enhances tissue injury via hypoxia-inducible factor-1α (HIF-1α)-dependent reactive oxygen species (ROS) production (Xie et al., 2023). HIF-1α is mediated by mAChRs (Xie et al., 2023). The nitric oxide (NO) synthase uncoupling induces massive production of ROS (Wierońska et al., 2021). During hypoxia, both NO and ROS were produced and caused oxidative stress in the brain endothelial cells (Meng et al., 2021; Robertson et al., 2011). Increased brain endothelial NO stabilized HIF-1α in the astrocytes, resulting in increased expression of a “hypoxic program” (Lopez-Ramirez et al., 2021). In the present study, we tested the hypothesis that AT3 protects brain endothelial cells against H/R-induced injury via downregulation of the specific mAChR subtypes and downstream HIF-1α, and suppression of NO and ROS; we used an in vitro endothelial cell H/R injury model to simulate the brain I/R injury in vivo and explored the potential mAChRs using the specific inhibitors of mAChRs.

Materials and Methods

Cell culture and hypoxia/reoxygenation treatment

The immortalized human cerebral microvascular endothelial cell (hCMEC/D3) was obtained from BNBIO, China. The hCMEC/D3 were grown at 37°C and 5% CO2 in endothelial cell medium (ECM; cat.1001, Sciencell, San Diego, USA) containing 10% fetal bovine serum (FBS; cat.0025, Sciencell, San Diego, USA), 1% penicillin/streptomycin (cat.0503, Sciencell, San Diego, USA) and 1% endothelial cell growth supplement (cat.1052, Sciencell, San Diego, USA). AT3 was obtained from Chengdu No.1 Pharmaceutical Co., Ltd., Chengdu, China, dissolved in phosphate-buffered saline (PBS) at 20 mg/mL and filtered through a 0.22 μm filter membrane (Millipore, Boston, USA). The final concentrations of AT3 at 10 and 20 µg/mL were prepared with ECM. For treatment, the hCMEC/D3 cells were maintained in 1% serum, and treated in hypoxia using the AnaeroPouch pack (C-11, Mitsubishi Gas Chemical Company, Inc., Tokyo, Japan) for 3 h with or without AT3 (10 and 20 µg/mL), M2 inhibitor gallamine triethiodide (68 μM, Selleck, Shanghai, China), or M4 inhibitor tropicamide (10 nM, MedChemExpress, Shanghai, China), respectively. Then, cells were transferred back to the normoxic conditions (95% air and 5% CO2) for 3 h for reoxygenation, without changing the culture medium. The cells cultured in normoxic conditions were used as controls. The concentrations of AT3 were selected by pre-experimental screening based on cell viability.

Western blot analysis

The hCMEC/D3 cell lysates were extracted with RIPA buffer (Beyotime, Shanghai, China) containing protease and phosphatase inhibitors on ice. Protein extract was centrifuged at 10000×g for 15 min at 4°C. The protein concentrations were determined by BCA Protein Assay Kit (Beyotime, Shanghai, China). The lysates containing proteins (30 μg) were denatured at 100°C for 5 min and then separated by gel electrophoresis, electro-transferred onto polyvinylidene difluoride membranes (Millipore, Boston, USA), blocked with 5% (w/v) non-fat milk (Solarbio, Beijing, China) for 1 h at room temperature, and then probed with the primary and horseradish peroxidase (HRP)-conjugated secondary antibodies. Finally, the gel bands were detected by the chemiluminescence of the applied ECL solution (Affinity, Changzhou, China). The bands were quantified by the ImageJ software (version 1.53 v, National Institutes of Health, Bethesda, USA). The antibodies used included the cholinergic receptor, muscarinic 1 (CHRM1) polyclonal antibody (1:1000, A16819; Abclonal, Wuhan, China), CHRM2 polyclonal antibody (1:1000, A1567, Abclonal, Wuhan, China), CHRM3 polyclonal antibody (1:1000, A1602; Abclonal, Wuhan, China), CHRM4 polyclonal antibody (1:1000, A2866; Abclonal, Wuhan, China) CHRM5 polyclonal antibody (1:1000, A5367; Abclonal, Wuhan, China), HIF-1α antibody (1:1000; Abclonal, Wuhan, China), GAPDH antibody (1:5000; Cell Signaling Technology, Boston, USA), and HRP-conjugated secondary antibody (1:5000; Cell Signaling Technology, Boston, USA).

Detection of nitric oxide production

To determine the effect of AT3 on NO release, the NO levels in hCMEC/D3 cells were measured using the Griess reaction system (Nanjing Jiancheng, Nanjing, China) according to the manufacturer’s instruction. After the H/R treatment, cells were immediately washed thrice with PBS. The supernatants of cell lysate (100 μL) were collected from each sample (n = 3), and then incubated with 100 μL of Griess reagent. Absorbance was measured at 550 nm by a microplate reader (Labserv K3 Touch, Thermo Fisher, Waltham, USA) and presented as a fold of control.

Measurement of intracellular reactive oxygen species and apoptosis

Cellular ROS production was measured using 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA; Beyotime, Shanghai, China) probes. Apoptotic cells were detected by Hoechst 33342 (Beyotime, Shanghai, China). After H/R, cells were incubated with 5 μM DCFH-DA in ECM with no FBS at 37°C for 30 min. After washing thrice with PBS, cells were stained with 1X Hoechst 33342 for 10 min in the dark. DCFH-DA and Hochest 33342-stained cells were detected using the IX73 inverted fluorescence microscopy (Olympus, Tokyo, Japan). The images were quantified using ImageJ software.

Statistical analysis

Experimental data are shown as mean ± standard deviation (SD). All statistical analyses were performed using SPSS software (v25.0; IBM, Armonk, USA). For data collected from more than two groups, statistical significance was determined by the one-way ANOVA; p < 0.05 was considered as statistically significant.

Results

Anisodine hydrobromide inhibits hypoxia/reoxygenation-induced expression of muscarinic acetylcholine receptors in HCMEC/D3 cells

AT3 was earlier believed to exert its effect via mAChR (Han and Chen, 1984; Pan and Han, 2004), but the expression of mAChRs in endothelial cells remained unclear. To identify which subtype of mAChRs is responsible for the protection of AT3 against H/R injury in endothelial cells, the M1-M5 mAChRs were detected (Figs. 1a-1f). In control cells, the levels of mAChR subtypes were expressed in the order of M3 > M2 > M5 > M4 > M1. AT3 treatment (10 and 20 μg/mL) significantly inhibited the M2- and M4-mAChRs in a dose-dependent manner (Figs. 1c and 1e). Following H/R exposure, expressions of M2- and M4-mAChRs were significantly increased (p < 0.001), and were significantly inhibited by AT3 in a dose-dependent manner. Interestingly, in normoxic endothelial cells, atropine inhibited the expression of M2-mAChR, but induced their expression in endothelial cells after H/R exposure (Fig. 1c). Similar to AT3, Ani HBr significantly inhibited M2- and M4-mAChRs in normoxic cells and significantly inhibited the H/R-induced M2- and M4-mAChRs toward the baseline levels (Figs. 1c and 1e). These results suggest that AT3 suppressed the H/R-induced M2- and M4-mAChRs, and that the alteration of mAChRs and protective mechanism of AT3 in endothelial cells are rather different from atropine. The subsequent investigations were focused on the M2- and M4-mAChRs.
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Figure 1: Effect of anisodine hydrobromide (AT3) and inhibitors of muscarinic acetylcholine receptors (mAChRs) on mAChRs expression in hCMEC/D3 cells. Cells were treated with or without AT3 (10 and 20 µg/mL) followed by normoxic (Control) or H/R (hypoxia 3 h and reoxygenation 3 h) exposures. The anti-cholinergic agents Ani HBr (10 and 20 µg/mL) and atropine were used as pharmaceutical controls. Then, the expression of M1-M5 mAChRs in the cells were detected by western blotting. (a) Detection of the protein levels of M1-M5 receptors in the hCMEC/D3 cells by western blotting. (b–f) Quantification of the ratios of M1-M5 mAChRs to GAPDH based on immunoblot images. Results are shown as mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 vs. control; #p < 0.05; ##p < 0.01; ###p < 0.001 vs. H/R. (d and f) ANOVA with Tamhane’s T2 test; (b, c and e) ANOVA with the least significant difference test.

Anisodine hydrobromide and muscarinic acetylcholine receptors inhibitors decrease hypoxia/reoxygenation-induced nitric oxide production in hCMEC/D3 cells

To investigate the role of AT3 in the regulation and the production of NO and its release after H/R exposure, Greiss reaction was performed using selective antagonists for mAChRs (Fig. 2). H/R exposure significantly increased the production of NO in hCMEC/D3 cells by 1.2-fold (Fig. 2; p < 0.01 vs. control). AT3 at 10 and 20 μg/mL significantly reduced the H/R-induced NO (p < 0.01 vs. H/R) to levels lower than baseline, showing that AT3 at 10 and 20 μg/mL abolished the H/R-induced NO production of endothelial cells.
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Figure 2: Effect of anisodine hydrobromide (AT3) and muscarinic acetylcholine receptors (mAChRs) inhibitors on nitric oxide (NO) production in hCMEC/D3 cells. Cells were treated with or without AT3 (10 and 20 µg/mL), M2 inhibitor gallamine triethiodide, and M4 inhibitor tropicamide followed by normoxic (Control) or H/R (hypoxia 3 h and reoxygenation 3 h) exposures. The anti-cholinergic agent atropine was used as pharmaceutical control. Then, the NO levels in supernatants of cell lysates were detected using the Greiss reaction. Data are presented as mean ± SD. **p < 0.01, ***p < 0.001 vs. control; #p < 0.05; ###p < 0.001 vs. H/R. ANOVA with the least significant difference test.

After treatment with the M4-mAChR inhibitor tropicamide, the NO expression induced by H/R was significantly reduced. However, M2 inhibitor gallamine triethiodide only slightly but not significantly decreased the production of NO after H/R exposure. In addition, other mAChRs inhibitors, including M1 inhibitor biperiden hydrochloride, M3 inhibitor darifenacin HBr, and M5 inhibitor aclidinium bromide were also used, but they could not suppress the H/R-induced NO production (data not shown).

Overall, these results show that AT3 treatment and M4-mAChR inhibitor attenuated the NO release of endothelial cells following H/R exposure. AT3-mediated downregulation of the M4-mAChR indicates that AT3 suppresses the NO production through downregulation of M4-mAChR in hCMEC/D3 cells after H/R exposure.

Anisodine hydrobromide and muscarinic acetylcholine receptors inhibitors attenuate hypoxia/reoxygenation-induced reactive oxygen species in hCMEC/D3 cells

H/R could cause excessive ROS production (Granger and Kvietys, 2015). Considering that intracellular ROS plays a critical role in brain I/R injury, we assessed ROS levels in hCMEC/D3 cells using DCFH-DA fluorescence probes (Fig. 3). Our results showed that while the normoxic endothelial cells produced a few ROS, and H/R exposure significantly elevated the ROS level (Fig. 3), consistent with the previous study (Jackson-Weaver et al., 2019). After treatment with 10 and 20 μg/mL AT3, the H/R-induced ROS production was significantly suppressed, and 20 μg/mL AT3 showed lower ROS level, indicating a better scavenging effect of 20 μg/mL AT3 on ROS and exerts a better protective effect on endothelial cells.
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Figure 3: Effect of anisodine hydrobromide (AT3) and muscarinic acetylcholine receptors (mAChRs) inhibitors on reactive oxygen species (ROS) in hCMEC/D3 cells. Cells were treated with or without AT3 (10 and 20 µg/mL), M2 inhibitor gallamine triethiodide, and M4 inhibitor tropicamide followed by normoxic (Control) or H/R (hypoxia 3 h and reoxygenation 3 h) exposures. The anti-cholinergic agent atropine was used as pharmaceutical control. Then, the ROS levels of cells were estimated using DCFH-DA probes, and apoptotic cells were labeled using Hoechst 33342. (a) The fluorescence images. (b) Relative mean fluorescence intensity (rMFI) of ROS to that of controls. Data are presented as mean ± SD (n = 5). ***p < 0.001 vs. control; ###p < 0.001 vs. H/R. ANOVA with Tamhane’s T2 test. (c) Percentage of apoptotic cells in per field. Data were presented as mean ± SD (n = 4). ***p < 0.001 vs. control; #p < 0.05; ##p < 0.01; ###p < 0.001 vs. H/R. ANOVA with the least significant difference test.

The potential mechanism by which AT3 reduces ROS production induced by H/R was investigated and the roles of M2- and M4-mAChRs were also assessed by using gallamine triethiodide and tropicamide, respectively (Figs. 3a and 3b). M2-mAChR inhibitors significantly reduced the production of ROS (p < 0.001), while M4-mAChR inhibitors reduced more ROS compared to the M2-mAChR inhibitors (p < 0.001), to a level close to that in the normoxic cells. Other mAChRs inhibitors, including M1, M3, and M5 did not suppress the H/R-induced ROS production (data not shown). These results indicate that AT3 can inhibit H/R-induced ROS via mAChRs, especially M4-mAChR.

Anisodine hydrobromide and muscarinic acetylcholine receptors inhibitors attenuate hypoxia/reoxygenation-induced apoptosis in hCMEC/D3 cells

High levels of ROS cause apoptosis in endothelial cells (Dharmashekar et al., 2023; Jin et al., 2023). Consistently, Hoechst staining showed that H/R exposure induced cell apoptosis (Figs. 3a and 3c). The apoptotic cells were reduced by AT3 in a dose-dependent manner. Although atropine dramatically suppressed the production of ROS, the number of apoptotic cells were only slightly (16%) reduced (p < 0.05). Both M2- and M4-mAChR inhibitors significantly inhibited cell apoptosis after H/R exposure, and M4-mAChR inhibitors reduced the level more towards that of the control. Our results supported that AT3 had an anti-apoptotic effect against hypoxia-induced damage predominantly via downregulation of M4-mAChR.

Anisodine hydrobromide and muscarinic acetylcholine receptors inhibitors inhibit hypoxia/reoxygenation-induced hypoxia-inducible factor-1α expression in hCMEC/D3 cells

Given that HIF-1α plays a vital role in various hypoxic events, the effect of AT3 on the inflammation regulator HIF-1α was evaluated by western blotting (Figs. 4a and 4b). After H/R exposure, the HIF-1α level increased significantly to 3.6-fold of normoxic cells (p < 0.001). After treatment with 10 and 20 μg/mL AT3, H/R-induced HIF-1α decreased significantly (p < 0.05 at 10 and p < 0.01 at 20 μg/mL). After M2-mAChR inhibitors treatment, the H/R-induced HIF-1α was also reduced significantly (p < 0.05). After treatment with the M4-mAChR inhibitor, the H/R-induced HIF-1α level was reduced more and returned to basal level (p < 0.001). The results indicate the important role of AT3 in protecting the H/R-induced endothelial cell injury through the M2- and M4-mAChRs-HIF-1α signaling axis.
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Figure 4: Effect of anisodine hydrobromide (AT3) and muscarinic acetylcholine receptors (mAChRs) inhibitors on hypoxia-inducible factor (HIF)-1α expression in hCMEC/D3 cells. Cells were treated with or without AT3 (10 and 20 µg/mL), M2 inhibitor gallamine triethiodide, and M4 inhibitor tropicamide followed by normoxic (Control) or H/R (hypoxia 3 h and reoxygenation 3 h) exposures. Then, the cell lysates were collected and HIF-1α levels were determined by western blotting (a). (b) The quantification was performed. Data were presented as mean ± SD (n = 3). *p < 0.05; **p < 0.01; ***p < 0.001 vs. control; #p < 0.05; ##p < 0.01; ###p < 0.001 vs. H/R. ANOVA with the least significant difference test.

Discussion

In the present study, we found that the AT3 downregulated the M2- and M4-mAChRs in the human cerebral microvascular endothelial cell hCMEC/D3 after H/R exposure. After treatment with AT3 or selective inhibitors of M4-mAChR, the H/R-induced ROS production, NO release, and cell apoptosis were abolished. Our findings suggest that AT3 protects the endothelial cells from H/R injury through M4-mAChR inhibition.

The mAChRs are a sub-class of the G-protein-coupled receptors, comprising five subtypes (M1–M5). It was demonstrated that all subtypes of mAChRs are expressed in mouse brain microvascular endothelial cells (BMVECs and bEnd.3), and that their mRNA levels were in the order of M3 > M4 > M1 > M5 > M2 (Radu et al., 2017). In the hCMEC/D3 cells, we found the order of M3 > M2 > M5 > M4 > M1, indicating the expression of mAChRs is cell specific. In the ischemic lesion of the mouse middle cerebral artery occlusion model, the mAChRs, such as M3 was upregulated in the microglia in the ischemic lesion; meanwhile, a protective role of M3-mAChR activation was shown in myocardial injury and motor coordination of microglia and monocytes (Costa et al., 2021). Suppression of M2-mAChR by moxibustion or the receptor antagonist methotramine hemihydrate attenuated the neurogenic detrusor overactivity in spinal cord injury (Wang et al., 2022). Rather different from the activation of mAChRs, however, in the present study, we found that downregulation of M2- and M4-mAChRs by AT3, and M2- and M4-mAChR inhibitors attenuated the H/R-induced cell apoptosis, showing a protective effect of AT3 and M2- and M4-mAChRs antagonists against the H/R injury of hCMEC/D3 cells. Furthermore, the protective role of AT3 in H/R-induced endothelial cell apoptosis is rather different from the effect of atropine, which only slightly attenuated cell apoptosis. Considering the difference in mAChRs expression between AT3 and atropine, M2-mAChR was downregulated by AT3 but not atropine, implying that M2-mAChR is a critical player in the apoptosis of endothelial cells after H/R exposure. In the present work, we tested whether the role of AT3 is similar to that of M2 or M4 inhibitors, thus we did not pretreat the cells with the M2 or M4 inhibitors prior to AT3 application. Also, we could not distinguish the effects of hypoxia or reoxygenation on M2 and M4-mAChR in the present work. The present only proved the AT3 could regulate muscarinic receptors, and the role of AT3 in muscarinic receptors should be further studied in detail.

The M1-, M3-, and M5-mAChRs are coupled with the Gq protein to generate cytosolic calcium transients via phospholipase C signaling pathway, and M2- and M4-mAChRs are coupled with the Gi protein to inhibit the adenylyl cyclase (Radu et al., 2017). The inhibition of cAMP by the activation of myocardial M2-mAChR could activate the NO synthase (iNOS)/NO-cGMP pathway (Ganzinelli et al., 2009). Enhanced NO production could inhibit I/R-induced cell death (Minato et al., 2020). However, a paradoxical result has also been reported, which showed that the inhibition of NO production could attenuate I/R-induced brain injury (Xia et al., 2023). Excessive NO production is harmful for the BBB in ischemia. Once overproduced NO reacts with superoxide anions to form the peroxynitrite, cell necrosis and apoptosis increase and thus aggravate the oxidative stress damage (Radi, 2018).

In H/R-treated rat cardiomyocytes, the activity and expression of iNOS are upregulated, while eNOS expression is decreased (Chen et al., 2001), suggesting iNOS is responsible for increased NO production under H/R. Anisodamine was found to downregulate the expression of iNOS and enhance the expression of eNOS under the I/R condition (Yao et al., 2018). Downregulation of iNOS expression is a possible mechanism of AT3-inhibited NO production in endothelial cells, which should be tested in the future. Although the precise mechanism of NO production reduced by AT3 in endothelial cells after H/R exposure remains to be explored, our results confirmed that AT3 and the M4-mAChR antagonist could inhibit the NO release, along with protection against endothelial cell apoptosis.

Hypoxia causes a substantial expression of NO and ROS, leading to oxidative stress, and eventually, endothelial cell apoptosis and dysfunction (Janaszak-Jasiecka et al., 2018; Dharmashekar et al., 2023; Jin et al., 2023). During H/R exposure, excessive ROS may be derived from the xanthine oxidase, NADPH oxidase, mitochondria, and uncoupled NO synthase (Granger and Kvietys, 2015; Wierońska et al., 2021). Inhibition of NO and ROS production had a protective effect on the H/R-induced endothelial cell injury (Janaszak-Jasiecka et al., 2018; Zhao et al., 2018). Our results showed that the excess of both NO and ROS in the hCMEC/D3 cells after H/R exposure were abolished by AT3. Also, both specific inhibitors of M2- and M4-mAChRs could suppress the H/R-induced ROS, and specific inhibitor of M4-mAChR yielded the largest inhibition. Taken together, our results suggest that AT3 inhibits the NO and ROS production predominantly via the inhibition of M4-mAChR to protect the cerebral microvascular endothelial cells. M2 and M4 may exert synergistic effects on NO production.

Hypoxia enhances ROS in a HIF-1α-dependent pathway (Xie et al., 2023). Hypoxia could induce accumulation of HIF-1α in endothelial cells, with maximum levels at 6 ± 0.5 and 4 ± 0.3 h in vascular and microvascular endothelial cells, respectively (Bartoszewski et al., 2019). Although we possibly missed the maximal levels of HIF-1α in HCMEC/D3 cells after 3 h hypoxia and 3 h reoxygenation, the HIF-1α level after reoxygenation remained 1.2-fold higher than that in normoxic cells. The muscarinic signaling pathway inhibits the hydroxylation and degradation of HIF-1α and induces the synthesis of HIF-1α protein, suggesting that HIF-1α is a downstream critical molecule of mAChR pathways (Hirota et al., 2004; Xie et al., 2023). Consistent with the downregulation of M2- and M4-mAChRs by AT3, AT3 inhibited the H/R-induced expression of HIF-1α. Also, both M4- and M2-mAChR specific inhibitors inhibited the H/R-induced HIF-1α, implying that AT3 attenuates oxidative stress via downregulation of M4- and M2-mAChRs and downstream HIF-1α.

In summary, following H/R exposure, M2- and M4-mAChRs and downstream HIF-1α were upregulated in hCMEC/D3 cells with concomitant excess levels of ROS and NO, which were recovered by AT3 and the corresponding specific mAChR inhibitors. Our results provide novel mechanistic evidence for the application of AT3 for the treatment of brain I/R injury. The expression of mAChRs in the endothelial cells in the ischemia-reperfusion lesions and their alterations by AT3 exposure should be further clarified by in vivo investigations in the future.
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