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Background: Cerebral small vessel disease (CSVD) is a group of clinical syndromes covering all pathological processes of small vessels in the brain, which can cause stroke and serious dementia. However, as the pathogenesis of CSVD is not clear, so the treatment is limited. Endothelial cell dysfunction is earlier than clinical symptoms, such as hypertension and leukosis. Therefore, the treatment of endothelial cells is expected to be a new breakthrough. Quercetin, a flavonoid present in a variety of plants, has the function of anti-inflammation and anti-oxidation. This study aimed to investigate the protective effect of quercetin on endothelial cell injury and provide a basic theory for subsequent application in the clinic.
Methods: Human brain microvascular endothelial cells (HBMECs) were cultured in vitro, and the injury model of endothelial cells was established by hypoxia and reoxygenation (H/R). The protective effects of quercetin on HBMECs were studied from the perspectives of cell viability, cell migration, angiogenesis and apoptosis. In order to further study the mechanism of quercetin, oxidative stress and endoplasmic reticulum stress were analyzed. What’s more, blood-brain barrier (BBB) integrity was also studied.
Results: Quercetin can promote the viability, migration and angiogenesis of HBMECs, and inhibit the apoptosis. In addition, quercetin can also activate Keap1/Nrf2 signaling pathway, reduce ATF6/GRP78 protein expression. Further study showed that quercetin could increase the expression of Claudin-5 and Zonula occludens-1.
Conclusions: Our experiments show that quercetin can protect HBMECs from H/R, which contains promoting cell proliferation, cell migration and angiogenesis, reducing mitochondrial membrane potential damage and inhibiting cell apoptosis. This may be related to its antioxidation and inhibition of endoplasmic reticulum stress. At the same time, quercetin can increase the level of BBB connexin, suggesting that quercetin can maintain BBB integrity.
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INTRODUCTION
Cerebral small vessel disease (CSVD) is an umbrella term that encompasses all pathological processes involving the small vessels in the brain and refers to a group of clinical, imaging, and pathological syndromes with various etiologies containing the intracranial arterioles to venules (diameter <400 μm) (Wardlaw et al., 2013; Wardlaw et al., 2019).The most common symptoms include mainly new onset subcortical small infarcts, lacunar foci of vascular origin, cerebral white matter hyperintensities, microbleeds, cerebral atrophy, and enlarged perivascular spaces (Wardlaw et al., 2013). With the progression of the disease, subclinical and early-stage patients can have emotional abnormalities, gait, memory, disorientation, and even stroke and dementia and other serious consequences. Up to 25% of stroke and 45% of dementia are caused by CSVD (Cannistraro et al., 2019), which brings a heavy socioeconomic burden and is a major problem that needs to be addressed by slow disease and health strategies.
Scholar has used dynamic contrast enhanced-MRI technique to find that blood-brain barrier (BBB) leakage is more prevalent in CSVD patients (Zhang et al., 2017). Extravasation of blood components may lead to local vascular changes and diffuse brain tissue damage. The BBB is a junction of endothelial cells, pericytes and astrocyte tight junctions (Keaney and Campbell, 2015). In addition, more and more scholars also believe that endothelial dysfunction plays a key role in the early development of CSVD (Hainsworth et al., 2015). Therefore, protecting endothelial cells may be a potential therapeutic strategy for CSVD.
Quercetin, a flavonoid present in several plants, such as Polygonum cuspidatum Sieb. et Zucc, has strong antioxidant and anti-inflammatory activities and can exert protective effects in various pathological conditions including cardiovascular disease, metabolic disorders, neurodegenerative diseases, diabetes, cancer and obesity (Dok-Go et al., 2003; Comalada et al., 2005; Cho et al., 2006). Pretreatment with quercetin significantly increased the expression levels of endogenous antioxidant enzymes in hippocampal CA1 pyramidal neurons of ischemia injured animals, showing strong antioxidant and neuroprotective effects (Chen et al., 2017). Recent studies have also found that quercetin has neuroprotective effects against ischemic injury while maintaining BBB integrity (Jin et al., 2019). However, its effect on brain microvascular endothelial cells (BMECs) under hypoxia and reoxygenation (H/R) injury is poorly studied, and the target protein of quercetin protecting BMECs has not been reported.
In our study, we explored the protective effect of quercetin on human brain microvascular endothelial cells (HBMECs) injured by H/R in culture. At the same time, we further studied the possible mechanism of its protective effect, so as to provide more theoretical basis for the clinical promotion of quercetin, and provide new ideas for the treatment of CSVD.
MATERIALS AND METHODS
Media, Reagents and Antibodies
Quercetin (purity>98%) was acquired from Best Biological Technology Co., Ltd. (Chengdu, China). HBMECs were purchased from Qingqi Biotechnology Development Co., Ltd (Shanghai, China). Fetal bovine serum (FBS) was obtained from Biological Industries (Kibbutz Beit Haemek, Israel). Penicillin/streptomycin and dulbecco’s modified eagle medium (DMEM) were purchased from Hyclone (GA, United States ). Mitochondrial membrane potential (JC-1) test kit, BCA protein test kit, 2,7-dichlorodi-hydrofluorescein diacetate (DCFH-DA) and NP40 lysate were purchased from Beyotime Biotechnology (Shanghai, China). Phosphatase preparation and Complete protease inhibitor were purchased from Roche (Shanghai, China). Apoptosis Kit was purchased from BD Biosciences (Sparks, MD, United States ). Malondialdehyde (MDA), Superoxide dismutase (SOD), Intercellular cell adhesion molecule-1 (ICAM-1), Vascular cell adhesion molecule-1 (VCAM-1) enzyme linked immunosorbent assay (ELISA) was purchased from Abcam company (Cambridge, United Kingdom). Antibodies against Nuclear factor E2-related factor 2 (Nrf2), Kelch Like ECH Associated Protein 1 (Keap1), Activating transcription factor 6 (ATF6), Glucose-regulated protein 78 (GRP78), Zonula occludens 1 (ZO-1), Claudin-5, GAPDH was purchased from Cell Signaling Technology (Danvers, United States). Horseradish peroxidase (HRP)-conjugated anti-rabbit IgG was obtained from Jackson company (Pennsylvania, United States). SDS-PAGE rapid dispensing kit and ECL chromogenic solution were purchased from EpiZyme Biotechnology (Shanghai, China).
Cell Culture and Injury Model
HBMECs were cultured in DMEM containing 10% FBS and 1% penicillin-streptomycin, at 37°C incubator with 5% CO2. To cause endothelial cell damage, HBMECs were treated with 12 h hypoxia followed by 8 h reoxygenation, and the specific procedures were as follows (Warpsinski et al., 2020): HBMECs were first incubated with serum-free medium in a hypoxia incubator (1% O2, 5% CO2, 94% N2) for 12 h, and then the medium was changed to normal medium containing 10% FBS, while they were incubated in a normoxia incubator (95% O2, 5% CO2) for 8 h.
Quercetin Treatment
2 mg Quercetin was dissolved in 331 μL DMSO to form a stock solution with a concentration of 1 mmol/L and stored at −20°C. The working solution was diluted to 0.1, 0.5, 1, 2, 5, 10 μmol/L with DMEM, in which the percentage of DMSO was below 0.1%. Once cells had been adherent, quercetin with serum-free medium was added, and the plates were subsequently placed into the hypoxia incubator. After 12 h, cells were removed, changed to quercetin with serum medium, and placed in a normoxia incubator for 8 h.
Cell Viability Assay
The effects of quercetin on the viability of HBMECs were examined by Cell Counting Kit-8 according to the operator’s manual. The safe doses of quercetin to the cells in the absence of damage to the endothelial cells were first assessed, and then the protective effects of it in the condition of cell damage were tested. All experimental results were repeated at least three times.
Scratch Healing and Tube Formation Assay
Migration experiments were performed using a cell scratch method. Before quercetin treatment, a straight perpendicular line was drawn at the bottom of the culture plate and photographed for recording for 0 h, and the cells were subsequently subjected to quercetin and modeling treatment before taking photographs for recording. The anterior and posterior areas were contrasted twice.
Tube formation mimicking cell angiogenic ability, the Matrigel (9–12 mg/ml) was placed on the bottom of the culture plate, then quercetin and modeling treated cells were plated on top, after 8 h, pictures were taken. The branching generation of blood vessels was analyzed and compared using ImageJ.
Mitochondrial Membrane Potentials and Apoptosis Assay
The mitochondrial membrane potential change and apoptosis kit were used to detect cell apoptosis. The alteration of mitochondrial membrane potential was detected by staining HBMECs with JC-1 fluorescent probe. JC-1 (1 ×) staining working solution was added and incubated in a 37°C incubator for 20 min before being washed twice with JC-1 (1 ×) staining buffer and finally added to each well for PBS. Then, the high content cell imager was used to analysis.
HBMECs were collected from the 6-well plates, centrifuged to remove the supernatant, subsequently add 1 × Annexin V binding solution to blow and mix the cells, then add FITC Annexin V dye to incubate in the dark at room temperature for 10 min, add propidium iodide (PI) staining solution 5 min before the machine, and Beckman flow cytometer was employed to detect.
ELISA
After the cells were treated with H/R or quercetin, the supernatant was collected. ICAM-1, VCAM-1, SOD and MDA were detected using ELISA kits according to the operator’s manual.
Reactive Oxygen Species (ROS) Assay
The ability of ROS generation was detected by the DCFH-DA probe, which was evaluated by the high content cell imager, and analyzed by fluorescence using ImageJ.
Western Blotting
HBMECs were collected from culture plates, NP40 lysate adding phosphatase preparation and complete protease inhibitor was used to extract proteins from cells. Protein content was determined and 30 μg protein was taken for immunoblotting experiments. SDS-PAGE gel was used for electrophoresis, blocked with 5% nonfat dry milk after electrotransfer to PVDF membrane for 1 h at room temperature. Then anti-Nrf2 (rabbit, 1:1,000), anti-Keap1 (rabbit, 1:1,000), anti-ATF6 (rabbit,1: 1,000), anti-GRP78 (rabbit, 1:1,000), anti-ZO-1 (rabbit, 1:1,000), anti-Claudin-5 (rabbit, 1:1,000) antibodies were incubated overnight at 4°C. After washing the next day, diluted Goat anti rabbit secondary antibodies (IgG HRP, 1:10,000) were added and incubated for 1 h. Finally, detection was developed after washing three times in TBST.
Proteomic Analysis
HBMECs were treated with H/R in the present of quercetin (1 μmol/L). Subsequently, the cells were gently scraped from the culture plate with a cell scraper, collected in cryovials, quickly placed in liquid nitrogen, and then stored at −80°C for 5 min iTRAQ technology was used to do the proteomic analysis, the proteins with p value <0.05 and ratio multiple change >1.2 or <0.83 were defined as differentially expressed proteins.
Statistical Analysis
Data were fit with normal distribution, and mean ± standard deviation was used to express the data. The GraphPad Prism 8 was used for statistical analysis. Two independent samples were analyzed by t-test, and the measurement data were described by mean ± Standard deviation (SD). The comparison between groups was conducted by one-way analysis of variance (ANOVA). p value <0.05 indicated that the difference was statistically significant.
RESULTS
Results
Effect of Quercetin on Cell Viability
To test the effect of quercetin on cell viability, we first examined a safe dose of quercetin on the cells, as shown in Figure 1A, which had no impact for cell viability at 0.1–10 μmol/L. Next, for searching for an effective dose on the basis of endothelial cell damage, we showed that quercetin at 0.1–1 μmol/L could promote cell viability in H/R-HBMECs, as shown in Figure 1B. Subsequent experiments were carried out around this concentration range. It is worth noting that when the drug concentration reached 10 μmol/L, cytotoxicity appeared. We thought that when HBMECs were damaged by H/R, its tolerance decreases. Therefore, when the drug concentration was slightly higher, the damage to cells increased. Therefore, cytotoxicity occurred when the drug concentration is 10 μmol/L.
[image: Figure 1]FIGURE 1 | (A) HBMECs were treated with quercetin (0, 0.1, 0.5, 1, 2, 5, 10 μmol/L) for 24 h, viability was measured using CCK-8 method (B) HBMECs were treated with quercetin (0, 0.1, 0.5, 1, 2, 5, 10 μmol/L) and H/R treatment, viability was measured using CCK-8 method. ###p < 0.001 compared to control group; **p < 0.01, ***p < 0.001 compared to H/R group. H/R: hypoxia and reoxygenation, n = 3.
Effect of Quercetin on Cell Migration and Angiogenesis
To examine the effects of quercetin on the migratory and angiogenic capacities of endothelial cells, HBMECs were subjected to H/R treatment while quercetin was administered. We performed a scratch assay to test the cell migration ability, which showed that H/R treatment weakened the migration ability of H/R-HBMECs compared with the control, and quercetin could significantly promote cell migration at a concentration of 0.1–1 μmol/L. Tubulogenesis was used to mimic in vitro angiogenesis, and its branch length represents angiogenic capacity. The results showed that H/R treatment resulted in reduced angiogenic capacity, but quercetin 0.1–1 μmol/L could reverse this injury, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | (A) The distance between scratches in the presence of quercetin (0.1, 0.5, 1 μmol/L) was measured using scratch method (B) The branches length of the tube under the different concentrations of quercetin (0.1, 0.5, 1 μmol/L) was detected with tube formation method (C) Healing rate was calculated (D) Branches length data was displayed. ##p < 0.01, ###p < 0.001 compared to control group; **p < 0.01, ***p < 0.001 compared to H/R group. μM: μmol/L; H/R: hypoxia and reoxygenation, n = 3.
Effect of Quercetin on Cell Apoptosis
To test the potential of quercetin to inhibit endothelial cell apoptosis, we employed mitochondrial membrane potential and apoptosis for evaluation. When cells were injured to undergo apoptotic events, the mitochondrial membrane potential was reduced, cytoplasmic red fluorescence was significantly reduced, green fluorescence was increased, and Red/Green (R/G) was finally adopted to represent the alteration of mitochondrial membrane potential, which will decrease when the mitochondrial membrane potential is compromised. Our results showed that after H/R treatment, the mitochondrial membrane potential of the cells decreased, as indicated by increased green fluorescence. With increasing doses of quercetin, red fluorescence was constantly enhanced, indicating that quercetin can dose dependently elevate mitochondrial membrane potential (Figure 3A, C). Further, Flow cytometry was employed to directly examine cell apoptosis. The results showed that HBMECs exhibited an elevated rate of apoptosis after H/R treatment, whereas quercetin at 0.1–1 μmol/L exhibited a clear ability to inhibit apoptosis (Figure 3B, D).
[image: Figure 3]FIGURE 3 | (A) The mitochondrial membrane was examined using JC-1 probe (B) Apoptosis was evaluated using flow cytometry (C) R/G represents altered mitochondrial membrane potential (D) Apoptosis data was analyzed. ###p < 0.001 compared to control group; **p < 0.01, ***p < 0.001 compared to H/R group. μM: μmol/L; R/G: Red/Green; H/R: hypoxia and reoxygenation, n = 3.
Effect of Quercetin on Cell Adhesion
Once endothelial cells are damaged, some adhesion molecules, such as ICAM-1 and VCAM-1 are produced, adsorbing toxic substances into the BBB, and damaging the brain parenchyma (Hauptmann et al., 2020). To examine the effect of quercetin on the ability of H/R-HBMECs to produce adhesion molecules, ICAM-1 and VCAM-1 were measured using ELISA. In our study, H/R resulted in increased levels of ICAM-1 and VCAM-1, but the addition of quercetin under the concentration of 0.1–1 μmol/L decreased this effect (Figure 4).
[image: Figure 4]FIGURE 4 | (A) ICAM-1 was detected with ELISA (B) VCAM-1 was evaluated using ELISA. ##p < 0.01, ###p < 0.001 compared to control group; **p < 0.01, ***p < 0.001 compared to H/R group. μM: μmol/L; ICAM-1: Intercellular cell adhesion molecule-1; VCAM-1: Vascular cell adhesion molecule-1; H/R: Hypoxia and reoxygenation, n = 3.
Quercetin Could Inhibit Oxidative Stress
Quercetin is a flavonoid with strong antioxidant capacity, so we employed DCFH-DA probe to detect ROS. We observed increased ROS generation in HBMECs exposed to H/R, which was markedly reduced by quercetin treatment at the concentrations of 0.1–1 μmol/L. Meanwhile, we detected the level changes of oxidative stress products SOD and MDA with ELISA, and the results showed that quercetin at the concentration of 0.1–1 μmol/L was able to decrease SOD and MDA, which were elevated by H/R, thus indicating that quercetin could reduce the damage of HBMECs from oxidative stress (Figure 5).
[image: Figure 5]FIGURE 5 | (A) HBMECs was treated with quercetin (0.1, 0.5, 1 μmol/L) and H/R, ROS level was measured using DCFH-DA probe (B) Fluorescence intensity represents ROS expression (C) MDA was detected with ELISA (D) SOD was evaluated using ELISA. ###p < 0.001 compared to control group; *p < 0.05, ***p < 0.001 compared to H/R group. μM: μmol/L; ROS: Reactive oxygen species; MDA: Malondialdehyde; SOD: Superoxide dismutase; H/R: Hypoxia and reoxygenation, n = 3.
Quercetin Could Regulate Keap1/Nrf2 and ATF6/GRP78 Proteins
To further explore the protective mechanism of quercetin on HBMECs, we analyzed the expression levels of oxidative stress and endoplasmic reticulum stress-related proteins. Keap1/Nrf2 is known to regulate antioxidant responses in vivo. Oxidative stress injury forces endothelial cells to undergo a stress response, resulting in increased Keap1/Nrf2 levels (Warpsinski et al., 2020). In the present study, H/R resulted in the activation of cellular antioxidant response mechanisms and increased levels of Keap1 and Nrf2, which could be further strengthened by quercetin at 0.5–1 μmol/L to enhance the antioxidant capacity of HBMECs. ATF6/GRP78 is one of the pathways that regulate endoplasmic reticulum (ER) homeostasis. ER stress can aggravate endothelial cell injury (Nie et al., 2020). In our study, ER stress was activated by H/R, and the levels of ATF6 and GRP78 were increased. Quercetin at 1 μmol/L was able to significantly reduce the protein levels of both, inhibit ER stress, and protect HBMECs from H/R injury (Figure 6).
[image: Figure 6]FIGURE 6 | (A) Protein expressions were evaluated with Western blotting (B) Keap1 quantification of Western blotting result was calculated (C) Nrf2 expression quantification of Western blotting result was inhibited (D) ATF6 expression data was analyzed (E) GRP78 expression data was analyzed. #p < 0.05, ###p < 0.001 compared to control group; *p < 0.05, **p < 0.01, ***p < 0.001 compared to H/R group. μM: μmol/L; Keap1: Kelch Like ECH Associated Protein 1; Nrf2: Nuclear factor E2-related factor 2; ATF6: Activating transcription factor 6; GRP78: Glucose-regulated protein 78; H/R: Hypoxia and reoxygenation, n = 3.
Quercetin Could Maintain BBB Integrity
BMECs are the backbone of BBB structure, and their death or apoptosis after H/R injury affects BBB integrity and functionality (Ding et al., 2019). In this paper, the function of endothelial cells was reflected by the detection of changes in the expression of BBB associated proteins ZO-1 and Claudin-5. Compared with the control group, the expression of ZO-1 and Claudin-5 was decreased in H/R injury, indicating that the BBB was damaged and this damage could be reversed by quercetin at the concentrations of 0.5–1 μmol/L, indicating that quercetin can maintain the function of endothelial cells (Figure 7).
[image: Figure 7]FIGURE 7 | (A) Protein expressions were evaluated with Western blotting (B) Claudin-5 quantification of Western blotting result was calculated (C) ZO-1 expression quantification of Western blotting result was inhibited. ##p < 0.01, ###p < 0.001 compared to control group; **p < 0.01, ***p < 0.001 compared to H/R group. μM: μmol/L; ZO-1: Zonula occludens 1; H/R: Hypoxia and reoxygenation, n = 3.
Proteomic Analysis
To find the differentially expression proteins (DEPs) of H/R injured HBMECs in the presence of quercetin or not, iTRAQ was used to conduct the proteomics analysis. Proteins exhibiting a p < 0.05 and a ratio fold change >1.2 or <0.83 were defined as DEPs. In our study, the differences in protein among the control, H/R, and quercetin groups were compared. The results showed that 172 proteins were identified as DEPs between the control and H/R groups, among which 94 were upregulated and 78 were downregulated in the H/R group. There were 1,016 proteins identified as DEPs between H/R group and the quercetin group, of which 553 were up-regulated and 463 were down-regulated in the quercetin group, as shown in Figure 8A. Between control vs H/R and H/R vs quercetin group, 56 of the same DEPs were shared between the two groups. The expressions of these DEPs were analyzed by hierarchical clustering as shown in Figure 8B. Among these DEPs, top 20 were shown in Table1. Among these 20 commons, insulin receptor-related protein (INSRR), dual specificity protein phosphatase 3 (DUSP3), annexin A2 (ANXA2), hemoglobin subunit alpha (HBA1), phosphoglycerate kinase 1 (PGK1), vitronectin (VTN), glucose-6-phosphate isomerase (GPI) are related to endothelial cells.
[image: Figure 8]FIGURE 8 | (A) Venn diagram of the distribution in each comparison group (B) Heatmap of the 56 common differentially expressed proteins. H/R: Hypoxia and reoxygenation.
TABLE 1 | Top 20 of the common differentially expressed proteins.
[image: Table 1]DISCUSSION
CSVD, as an increasing medical and socioeconomic burden, has rapidly attracted attention. But surprisingly, the pathogenesis of CSVD remains obscure at present, rendering no clear scheme for its treatment either. Given that the later stages of CSVD can progress to severe outcomes such as stroke and dementia, targeting the early lesions for treatment can effectively delay the progression of CSVD (Cannistraro et al., 2019). It has been shown that the early pathological changes of CSVD lie in endothelial cell dysfunction and drugs that stabilize its dysfunction may improve the vulnerability of cerebral white matter in CSVD lesions (Rajani et al., 2018). Given the role played by endothelial cells in CSVD, we set out to investigate the protective effects of traditional Chinese medicine on endothelial cells using HBMECs.
Quercetin is a flavonoid present in a variety of plants (Nawrot-Hadzik et al., 2019). It has strong antioxidant and anti-inflammatory activities and can exert protective effects in various pathological conditions. In this study, we demonstrated that quercetin can ameliorate H/R injury, and several experimental data confirm our conclusion that quercetin can promote cell viability, cell migration, angiogenesis, increase mitochondrial membrane potential and inhibit apoptosis.
Considering that quercetin has strong antioxidant activity, we investigated the mechanism by which quercetin protects HBMECs in terms of antioxidation. ROS levels can be significantly increased by oxidative stress (Wu et al., 2018), and the accumulation of ROS can cause many diseases, including cardiovascular diseases, endothelial dysfunction and aging related diseases, and neurodegenerative diseases (Chen et al., 2015; Jakaria et al., 2018; Santos et al., 2018). Moreover, oxidative stress occurs lipid peroxidation, producing MDA, which will destroy the body’s oxidative antioxidant balance and increase endothelial cell damage (Yang et al., 2021). Keap1/Nrf2 is considered to be the most important self-anti-oxidative stress pathway at present, and activation of this pathway can significantly improve endothelial cell dysfunction. In particular, ROS help promote the activation of the Nrf2 signaling pathway (Selimoglu-Buet et al., 2017). We have demonstrated that quercetin can decrease ROS and MDA generation, while increasing Keap1 and Nrf2 protein expression, suggesting that quercetin may attenuate endothelial cell injury by decreasing oxidative stress responses via activating the Keap1/Nrf2 signaling pathway.
Not only that, sustained ER stress activates the unfolded protein response and alters the expression of antioxidant genes, leading to endothelial cell apoptosis (Tang et al., 2019). Moreover, oxidative stress can also cause the disturbance of protein folding in the ER, provoke ER stress, and aggravate endothelial cell injury (Hetz, 2012). ER stress can be activated by these three pathways: PKR-like ER kinase (PERK), inositol requiring enzyme 1 (IRE1), and the activating ATF-6, which protect cells from ER stress under homeostatic conditions (Hetz et al., 2020). But when affected by external adverse stimuli, these three pathways would activate the ER stress response and induce cell apoptosis. Moreover, studies have shown that inhibition of the ER stress response can reverse H/R-induced endothelial cell dysfunction (Chen et al., 2020).In our study, quercetin could reduce the elevated ATF6/GRP78 content caused by H/R, inhibit the endoplasmic reticulum stress response, and protect endothelial cells.
As a major component of the BBB, the functions of endothelial cells include maintaining its integrity. BBB dysfunction causes leakage of fluids, proteins, and other plasma components into perivascular tissues, further impairing cerebral vasodilation and nutrient transport (Wardlaw et al., 2019). When endothelial cells are damaged and the integrity of BBB will be destroyed, so protecting endothelial cells can further maintain the integrity of BBB.Claudin-5 is highly expressed in BMECs and is involved in constituting the backbone of tight junction chains to regulate BBB permeability (Yang et al., 2020). Endothelial cells are anchored to the actin cytoskeleton by scaffolding proteins such as ZO-1, rendering tight junctions between endothelial cells that maintain the tightness of the BBB (Zhang et al., 2020). In our study, the expression of claudin-5 and ZO-1 was used to represent BBB integrity. Our results showed that the protein levels of claudin-5 and ZO-1 were decreased in HBMECs subjected to H/R injury, indicating that BBB integrity was disrupted, and quercetin could reduce this injury by elevating claudin-5 and ZO-1 protein levels.
Furthermore, to find the potential targets of quercetin on HBMECs, i-TRAQ was labeled into cells. After proteomic analysis, top 20 of the common differentially expressed proteins were investigated. Among them, INSRR, DUSP3, ANXA2, HBA1, PGK1, VTN, GPI are related to endothelial cells. INSRR is considered as a tumor endothelial marker and its overexpression can promote angiogenesis (Nowak-Sliwinska et al., 2019). Recombinant ANXA2 can reduce endothelial permeability under hypoxic and flammatory factor injury states, indicating that ANXA2 may be involved in the maintenance of endothelial cell tightness (Li et al., 2019). In staining human cervical sections, strong expression of DUSP3 was found in endothelial cells, and experiments also demonstrated that DUSP3 is necessary for basic fibroblast growth factor induced microvascular growth (Amand et al., 2014). HBA1 expression in endothelial cells has been shown to control vascular tone and function (Sangwung et al., 2017). PGK1 is also thought to reduce atherogenesis (Zhang et al., 2020). What’s more, VTN is considered critical for thrombus formation in the setting of vascular injury (Bowley et al., 2017). GPI is enriched in the microvascular endothelial cells of synovial tissue from rheumatoid arthritis patients under hypoxic environment, and regulates the secretion of vascular endothelial growth factor from rheumatoid arthritis synovial fibroblasts to induce angiogenesis (Lu et al., 2017). In addition, the study of differentially expressed proteins related to varicocele mediated infertility showed that Nrf2 was an upstream regulator of ANXA2 (Panner Selvam et al., 2021). Inhibition of PGK1 can activate Keap1/Nrf2 pathway and stimulate cell protective antioxidant response (Bollong et al., 2018). The two proteins may be the potential targets of quercetin through Keap1/Nrf2 pathway. Further study can verify the role of these proteins on the effect of quercetin on H/R-HBMECs.
Admittedly, quercetin can exert protective effects on endothelial cells. But the specific targets of action still require further investigation, and whether there are additional pathways of action remains unknown.
In conclusion, this study showed that quercetin maintained the integrity of the blood-brain barrier by protecting endothelial cells. At the molecular level, quercetin may play a role in protecting endothelial cells by protecting against oxidative stress through the Keap1/Nrf2 pathway and inhibiting endoplasmic reticulum stress through the ATF6/GRP78 pathway. This study lays the foundation for TCM to treat CSVD by protecting endothelial cells.
DATA AVAILABILITY STATEMENT
The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/supplementary material.
AUTHOR CONTRIBUTIONS
YH contributed to the conception and design of the experiment. ML, JK and LS performed experiments. QL, YH and CG performed the statistical analysis. YB and SG wrote the first draft of the manuscript. YW and ML processed images. YL and JK wrote sections of the manuscript.
FUNDING
This work was supported by the National Key Research and Development Program of China (No. 2019YFC1711603); Clinical Research Plan of SHDC (No. SHDC2020CR 2046B) and the National Natural Science Foundation of China (No. 81771288).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Amand, M., Erpicum, C., Bajou, K., Cerignoli, F., Blacher, S., Martin, M., et al. (2014). DUSP3/VHR Is a Pro-angiogenic Atypical Dual-Specificity Phosphatase. Mol. Cancer 13, 108. doi:10.1186/1476-4598-13-108
 Bollong, M. J., Lee, G., Coukos, J. S., Yun, H., Zambaldo, C., Chang, J. W., et al. (2018). A Metabolite-Derived Protein Modification Integrates Glycolysis with KEAP1-NRF2 Signalling. Nature 562, 600–604. doi:10.1038/s41586-018-0622-0
 Bowley, S. R., Fang, C., Merrill-Skoloff, G., Furie, B. C., and Furie, B. (2017). Protein Disulfide Isomerase Secretion Following Vascular Injury Initiates a Regulatory Pathway for Thrombus Formation. Nat. Commun. 8, 14151. doi:10.1038/ncomms14151
 Cannistraro, R. J., Badi, M., Eidelman, B. H., Dickson, D. W., Middlebrooks, E. H., and Meschia, J. F. (2019). CNS Small Vessel Disease: A Clinical Review. Neurology 92, 1146–1156. doi:10.1212/WNL.0000000000007654
 Chen, B., Lu, Y., Chen, Y., and Cheng, J. (2015). The Role of Nrf2 in Oxidative Stress-Induced Endothelial Injuries. J. Endocrinol. 225, R83–R99. doi:10.1530/JOE-14-0662
 Chen, B. H., Park, J. H., Ahn, J. H., Cho, J. H., Kim, I. H., Lee, J. C., et al. (2017). Pretreated Quercetin Protects Gerbil Hippocampal CA1 Pyramidal Neurons from Transient Cerebral Ischemic Injury by Increasing the Expression of Antioxidant Enzymes. Neural Regen. Res. 12, 220–227. doi:10.4103/1673-5374.200805
 Chen, L., Luo, W., Zhang, W., Chu, H., Wang, J., Dai, X., et al. (2020). circDLPAG4/HECTD1 Mediates Ischaemia/reperfusion Injury in Endothelial Cells via ER Stress. RNA Biol. 17, 240–253. doi:10.1080/15476286.2019.1676114
 Cho, J. Y., Kim, I. S., Jang, Y. H., Kim, A. R., and Lee, S. R. (2006). Protective Effect of Quercetin, a Natural Flavonoid against Neuronal Damage after Transient Global Cerebral Ischemia. Neurosci. Lett. 404, 330–335. doi:10.1016/j.neulet.2006.06.010
 Comalada, M., Camuesco, D., Sierra, S., Ballester, I., Xaus, J., Gálvez, J., et al. (2005). In Vivo quercitrin Anti-inflammatory Effect Involves Release of Quercetin, Which Inhibits Inflammation through Down-Regulation of the NF-kappaB Pathway. Eur. J. Immunol. 35, 584–592. doi:10.1002/eji.200425778
 Ding, Y., Wang, R., Zhang, J., Zhao, A., Lu, H., Li, W., et al. (2019). Potential Regulation Mechanisms of P-Gp in the Blood-Brain Barrier in Hypoxia. Curr. Pharm. Des. 25, 1041–1051. doi:10.2174/1381612825666190610140153
 Dok-Go, H., Lee, K. H., Kim, H. J., Lee, E. H., Lee, J., Song, Y. S., et al. (2003). Neuroprotective Effects of Antioxidative Flavonoids, Quercetin, (+)-dihydroquercetin and Quercetin 3-methyl Ether, Isolated from Opuntia Ficus-Indica Var. Saboten. Brain Res. 965, 130–136. doi:10.1016/s0006-8993(02)04150-1
 Hainsworth, A. H., Oommen, A. T., and Bridges, L. R. (2015). Endothelial Cells and Human Cerebral Small Vessel Disease. Brain Pathol. 25, 44–50. doi:10.1111/bpa.12224
 Hauptmann, J., Johann, L., Marini, F., Kitic, M., Colombo, E., Mufazalov, I. A., et al. (2020). Interleukin-1 Promotes Autoimmune Neuroinflammation by Suppressing Endothelial Heme Oxygenase-1 at the Blood-Brain Barrier. Acta Neuropathol. 140, 549–567. doi:10.1007/s00401-020-02187-x
 Hetz, C. (2012). The Unfolded Protein Response: Controlling Cell Fate Decisions under ER Stress and beyond. Nat. Rev. Mol. Cel Biol 13, 89–102. doi:10.1038/nrm3270
 Hetz, C., Zhang, K., and Kaufman, R. J. (2020). Mechanisms, Regulation and Functions of the Unfolded Protein Response. Nat. Rev. Mol. Cel Biol 21, 421–438. doi:10.1038/s41580-020-0250-z
 Jakaria, M., Cho, D. Y., Ezazul Haque, M., Karthivashan, G., Kim, I. S., Ganesan, P., et al. (2018). Neuropharmacological Potential and Delivery Prospects of Thymoquinone for Neurological Disorders. Oxid Med. Cel Longev 2018, 1209801. doi:10.1155/2018/1209801
 Jin, Z., Ke, J., Guo, P., Wang, Y., and Wu, H. (2019). Quercetin Improves Blood-Brain Barrier Dysfunction in Rats with Cerebral Ischemia Reperfusion via Wnt Signaling Pathway. Am. J. Transl Res. 11, 4683–4695. 
 Keaney, J., and Campbell, M. (2015). The Dynamic Blood-Brain Barrier. Febs j 282, 4067–4079. doi:10.1111/febs.13412
 Li, W., Chen, Z., Yuan, J., Yu, Z., Cheng, C., Zhao, Q., et al. (2019). Annexin A2 Is a Robo4 Ligand that Modulates ARF6 Activation-Associated Cerebral Trans-endothelial Permeability. J. Cereb. Blood Flow Metab. 39, 2048–2060. doi:10.1177/0271678X18777916
 Lu, Y., Yu, S. S., Zong, M., Fan, S. S., Lu, T. B., Gong, R. H., et al. (2017). Glucose-6-Phosphate Isomerase (G6PI) Mediates Hypoxia-Induced Angiogenesis in Rheumatoid Arthritis. Sci. Rep. 7, 40274. doi:10.1038/srep40274
 Nawrot-Hadzik, I., Ślusarczyk, S., Granica, S., Hadzik, J., and Matkowski, A. (2019). Phytochemical Diversity in Rhizomes of Three Reynoutria Species and Their Antioxidant Activity Correlations Elucidated by LC-ESI-MS/MS Analysis. Molecules 24, 1136. doi:10.3390/molecules24061136
 Nie, X., Tang, W., Zhang, Z., Yang, C., Qian, L., Xie, X., et al. (2020). Procyanidin B2 Mitigates Endothelial Endoplasmic Reticulum Stress through a PPARδ-dependent Mechanism. Redox Biol. 37, 101728. doi:10.1016/j.redox.2020.101728
 Nowak-Sliwinska, P., van Beijnum, J. R., Huijbers, E. J. M., Gasull, P. C., Mans, L., Bex, A., et al. (2019). Oncofoetal Insulin Receptor Isoform A marks the Tumour Endothelium; an Underestimated Pathway during Tumour Angiogenesis and Angiostatic Treatment. Br. J. Cancer 120, 218–228. doi:10.1038/s41416-018-0347-8
 Panner Selvam, M. K., Agarwal, A., Sharma, R., Samanta, L., Gupta, S., Dias, T. R., et al. (2021). Protein Fingerprinting of Seminal Plasma Reveals Dysregulation of Exosome-Associated Proteins in Infertile Men with Unilateral Varicocele. World J. Mens Health 39, 324–337. doi:10.5534/wjmh.180108
 Rajani, R. M., Quick, S., Ruigrok, S. R., Graham, D., Harris, S. E., Verhaaren, B. F. J., et al. (2018). Reversal of Endothelial Dysfunction Reduces white Matter Vulnerability in Cerebral Small Vessel Disease in Rats. Sci. Transl Med. 10, eaam9507. doi:10.1126/scitranslmed.aam9507
 Sangwung, P., Zhou, G., Lu, Y., Liao, X., Wang, B., Mutchler, S. M., et al. (2017). Regulation of Endothelial Hemoglobin Alpha Expression by Kruppel-like Factors. Vasc. Med. 22, 363–369. doi:10.1177/1358863X17722211
 Santos, A. L., Sinha, S., and Lindner, A. B. (2018). The Good, the Bad, and the Ugly of ROS: New Insights on Aging and Aging-Related Diseases from Eukaryotic and Prokaryotic Model Organisms. Oxid Med. Cel Longev 2018, 1941285. doi:10.1155/2018/1941285
 Selimoglu-Buet, D., Badaoui, B., Benayoun, E., Toma, A., Fenaux, P., Quesnel, B., et al. (2017). Accumulation of Classical Monocytes Defines a Subgroup of MDS that Frequently Evolves into CMML. Blood 130, 832–835. doi:10.1182/blood-2017-04-779579
 Tang, V., Fu, S., Rayner, B. S., and Hawkins, C. L. (2019). 8-Chloroadenosine Induces Apoptosis in Human Coronary Artery Endothelial Cells through the Activation of the Unfolded Protein Response. Redox Biol. 26, 101274. doi:10.1016/j.redox.2019.101274
 Wardlaw, J. M., Smith, C., and Dichgans, M. (2013). Mechanisms of Sporadic Cerebral Small Vessel Disease: Insights from Neuroimaging. Lancet Neurol. 12, 483–497. doi:10.1016/S1474-4422(13)70060-7
 Wardlaw, J. M., Smith, C., and Dichgans, M. (2019). Small Vessel Disease: Mechanisms and Clinical Implications. Lancet Neurol. 18, 684–696. doi:10.1016/S1474-4422(19)30079-1
 Wardlaw, J. M., Smith, E. E., Biessels, G. J., Cordonnier, C., Fazekas, F., Frayne, R., et al. (2013). Neuroimaging Standards for Research into Small Vessel Disease and its Contribution to Ageing and Neurodegeneration. Lancet Neurol. 12, 822–838. doi:10.1016/S1474-4422(13)70124-8
 Warpsinski, G., Smith, M. J., Srivastava, S., Keeley, T. P., Siow, R. C. M., Fraser, P. A., et al. (2020). Nrf2-regulated Redox Signaling in Brain Endothelial Cells Adapted to Physiological Oxygen Levels: Consequences for Sulforaphane Mediated protection against Hypoxia-Reoxygenation. Redox Biol. 37, 101708. doi:10.1016/j.redox.2020.101708
 Wu, C. R., Chang, H. C., Cheng, Y. D., Lan, W. C., Yang, S. E., and Ching, H. (2018). Aqueous Extract of Davallia Mariesii Attenuates 6-Hydroxydopamine-Induced Oxidative Damage and Apoptosis in B35 Cells through Inhibition of Caspase Cascade and Activation of PI3K/AKT/GSK-3β Pathway. Nutrients 10, 1449. doi:10.3390/nu10101449
 Yang, J., Liu, J., Wang, P., Sun, J., Lv, X., and Diao, Y. (2021). Toxic Effect of Titanium Dioxide Nanoparticles on Corneas In Vitro and In Vivo. Aging 13, 5020–5033. doi:10.18632/aging.202412
 Yang, Z., Lin, P., Chen, B., Zhang, X., Xiao, W., Wu, S., et al. (2020). Autophagy Alleviates Hypoxia-Induced Blood-Brain Barrier Injury via Regulation of CLDN5 (Claudin 5). Autophagy , 1–20. doi:10.1080/15548627.2020.1851897
 Zhang, C. E., Wong, S. M., van de Haar, H. J., Staals, J., Jansen, J. F., Jeukens, C. R., et al. (2017). Blood-brain Barrier Leakage Is More Widespread in Patients with Cerebral Small Vessel Disease. Neurology 88, 426–432. doi:10.1212/WNL.0000000000003556
 Zhang, X., Guan, M. X., Jiang, Q. H., Li, S., Zhang, H. Y., Wu, Z. G., et al. (2020). NEAT1 Knockdown Suppresses Endothelial Cell Proliferation and Induces Apoptosis by Regulating miR-638/AKT/mTOR S-ignaling in A-therosclerosis. Oncol. Rep. 44, 115–125. doi:10.3892/or.2020.7605
 Zhang, X., Tang, X., Ma, F., Fan, Y., Sun, P., Zhu, T., et al. (2020). Endothelium-targeted Overexpression of Krüppel-like Factor 11 Protects the Blood-Brain Barrier Function after Ischemic Brain Injury. Brain Pathol. 30, 746–765. doi:10.1111/bpa.12831
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 © 2021 Li, Ke, Guo, Wu, Bian, Shan, Liu, Huo, Guo, Liu, Liu and Han. 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/fphar-12-732874-g005.gif





OPS/images/fphar-12-732874-g006.gif
A
Wk
o L gy s 1
oy o
Kl

nlll il

seeet e

; |"I| : J!II

N2

P s
GRYTSBip s s e s e

GAPDIL | o o o





OPS/images/fphar-12-732874-g003.gif
A Logual






OPS/images/fphar-12-732874-g004.gif
B
nnnnn

Py PO





OPS/images/fphar-12-732874-t001.jpg
Accession

P14616
P31949
P51452
Q8TCDS
PO7355
096777
P25205
043379
P4g427
QOUKRS
P69905
P00558
075351
P54793
Q16850
QoBVCE
P04004
PO6744
P01706
P19823

Gene name

INSRR
S100A11
DUSP3
NTSC
ANXA2
LsMm8
MCM3
WDR62
CDC34
ERG28
HBA1
PGK1
VPs4B
ARSF
CYP51A1
TMEM109
VIN

GPI
IGLV2-11
mH2

Description

Insulin receptor-related protein
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WD repeat-containing protein 62
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