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Abstract

:

Endothelial dysfunction (ED) is an important contributor to atherosclerotic cardiovascular disease. Our previous study demonstrated that sphingomyelin synthase 2 (SMS2) promotes ED. Moreover, endoplasmic reticulum (ER) stress can lead to ED. However, whether there is a correlation between SMS2 and ER stress is unclear. To examine their correlation and determine the detailed mechanism of this process, we constructed a human umbilical vein endothelial cell (HUVEC) model with SMS2 overexpression. These cells were treated with 4-PBA or simvastatin and with LiCl and salinomycin alone. The results showed that SMS2 can promote the phosphorylation of lipoprotein receptor-related protein 6 (LRP6) and activate the Wnt/β-catenin pathway and that activation or inhibition of the Wnt/β-catenin pathway can induce or block ER stress, respectively. However, inhibition of ER stress by 4-PBA can decrease ER stress and ED. Furthermore, when the biosynthesis of cholesterol is inhibited by simvastatin, the reduction in intracellular cholesterol coincides with a decrease in ER stress and ED. Collectively, our results demonstrate that SMS2 can activate the Wnt/β-catenin pathway and promote intracellular cholesterol accumulation, both of which can contribute to the induction of ER stress and finally lead to ED.
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1. Introduction


Angiocardiopathy is a significant cause of death in many countries. Atherosclerosis (AS), which is a major cause of angiocardiopathy, is an inflammatory disease that leads to clogged arteries [1]. Additionally, endothelial dysfunction (ED) plays a crucial role in the pathogenesis of atherosclerotic cardiovascular disease [2]. Various harmful stimuli, such as oxidative stress and inflammation, can lead to ED, and reactive oxygen species (ROS) can induce oxidative stress, which plays an essential role in ED [3,4]. Since H2O2 is a key ROS, in this research, human umbilical vein endothelial cells (HUVECs) were treated with H2O2 to establish a cell model of oxidative stress [5].



Sphingomyelin (SM) is a type of sphingolipid that is important for the composition of biological membranes and plasma lipoproteins [6,7]. The production of SM requires many enzymatic reactions, and sphingomyelin synthase (SMS), which has two isoforms (sphingomyelin synthase 1 (SMS1) and sphingomyelin synthase 2 (SMS2)), is a critical enzyme in the final step of the production of SMS [8]. Studies have shown that SM participates in AS [9,10,11]. The level of SM in normal arterial tissue is significantly lower than that in atherosclerotic lesions [10]. Chemical inhibition of sphingolipid biosynthesis can markedly reduce the size of AS lesions in ApoE KO (apolipoprotein E knock out) mice [11]. These studies have mainly concentrated on the impact of SMS on reverse cholesterol transport and foam cell production in the process of AS development. However, our recent study indicated that SMS2 can also promote ED by activating the Wnt/β-catenin pathway under conditions of oxidative stress [12]. The typical Wnt/β-catenin pathway plays a critical role in many physiological processes, such as tissue patterning, the specification of cell fate, and cell proliferation [13,14]. During the process of transmembrane signal transduction, Wnt combines with the transmembrane receptor frizzled (FZD) and the coreceptor low-density lipoprotein receptor-related protein 6 (LRP6) to induce the phosphorylation of LRP6, which is necessary for activating the downstream Wnt/β-catenin pathway [13,14]. Since ED plays a crucial role in the initiation of AS [2], the Wnt/β-catenin pathway also participates in AS and its development [15,16,17,18,19,20]. For example, Bhatt et al. found that Wnt5a expression in serum from atherosclerotic patients is associated with the severity of atherosclerotic lesions [17,18]. However, the detailed mechanism of SMS2 related with the Wnt/β-catenin pathway and ED (AS) is not clear.



The endoplasmic reticulum (ER) is an organelle that participates in protein folding, calcium homeostasis, and lipid biosynthesis. Many factors, including hyperlipidemia and oxidative stress, can disrupt homeostasis in the ER and the unfolded protein response (UPR) to induce ER stress [21,22]. During the process of ER stress, the chaperone GRP78 dissociates from PERK, IRE1, and ATF6, activating their downstream signaling pathways and influencing homeostasis in cells [23,24]. ER stress is strongly linked to the development of AS, and expression of GRP78, p-PERK, p-IRE1, ATF6, and CHOP is increased in ApoE knockout mice [25,26]. In addition, many atherogenic risk factors can activate ER stress during the initial stages of AS, strengthening ED and AS [27,28]. Undoubtedly, ER stress is involved in not only AS but also ED.



Importantly, SMS2, ER stress, and the Wnt/β-catenin pathway are all related to ED. Although our previous study revealed that SMS2 can lead to ED by inducing the Wnt/β-catenin pathway, the relationship between SMS2 and ER stress and the specific mechanism by which SMS2 regulates the Wnt/β-catenin pathway needs further research. Therefore, we aimed to identify the mechanism using HUVECs.




2. Results


2.1. SMS2 Can Activate ER Stress


Both ER stress and SMS2 are associated with ED; however, the mechanism involved needs further study. First, we established SMS2 overexpression in HUVECs. These results (Figure 1A) showed that the amounts of SMS2 and the ER stress marker protein GRP78 in the S group were upregulated compared with those in the C group (C, transfected with empty plasmids; S, cells overexpressing SMS2; p < 0.001; n = 3). Furthermore, an ER stress cell model was established by treating cells with tunicamycin (10 µg/mL) for 24 h. The results (Figure 1B) verified that expression of SMS2 and GRP78 was upregulated by 46.3% and 44.8% in the tunicamycin group compared with that in the C group, respectively (p < 0.001; n = 3). To rule out the possibility that endoplasmic reticulum stress was not caused by protein overload but the overexpression of SMS2, we treated the HUVECs with 20 µmol/L Dy105 (an inhibitor of SMS2). We then measured the activity of SMS2 and expression of GRP78. Based on the data presented in Figure 1C, we identified that the SMS enzyme activity was markedly decreased compared with that in the C group; this activity was decreased by 60.09% compared with that in the C group (p <0.001; n = 3). In addition, the expression of GRP78 was decreased by 40.5% (Figure 1D; p < 0.001; n = 3). These findings demonstrate that ER stress is significantly induced by SMS2.




2.2. SMS2 Can Trigger ER Stress by Provoking the Wnt/β-Catenin Pathway


To further explore the specific mechanism of SMS2-induced ER stress, LiCl (40 µmol/L) and salinomycin (5 µmol/L) were used to activate and inhibit the Wnt/β-catenin pathway, respectively. The results showed that, compared with the C group, the levels of the ER stress-related proteins GRP78, CHOP, and β-catenin were upregulated by 45.94%, 59.51%, and 94.55% in the Li group and decreased by 45.5%, 41.36%, and 28.4% in the Sal group, respectively (Figure 2A: C, control cells; Sal, salinomycin; Li, LiCl group; p < 0.001; n = 3). However, relative expression of phosphorylated β-catenin was decreased by 24.9% in the Li group compared with that in the C group and increased by 67.7% in the Sal group compared with that in the C group (Figure 2A: p < 0.05; n = 3). Additionally, we found that the expression of the total ATF6 and cleaved ATF6 (P50) were significantly increased by 96.5% and 126.3% compared with the C group, by activating the Wnt/β-catenin pathway. On the contrary, in the Sal group the expression of the total ATF6 and cleaved ATF6 were significantly decreased by 50.6% and 60.2% compared with the C group. (Figure 2B: p < 0.05; n = 3). These results suggest that the provocation of Wnt/β-catenin can induce ER stress and that the suppression of Wnt/β-catenin can inhibit ER stress. Previous papers published by the authors have shown that SMS2 can cause dysfunction in endothelial cells by inducing the Wnt/β-catenin pathway. As shown in Figure 2C, compared with the C group, relative expression of β-catenin, phosphorylated LRP6, and LRP6 was upregulated by 101.9%, 132.9%, and 104.6% in the SMS2 group, respectively (p < 0.001; n = 3). In contrast, relative expression of phosphorylated β-catenin was reduced by 45.7%. These results suggest that SMS2 is able to trigger ER stress by inducing Wnt/β-catenin signaling.




2.3. Inhibition of ER Stress Can Decrease SMS2-Induced ED


To prove the correlation between SMS2 and ER stress, cells were transfected with an empty plasmid or an SMS2 overexpression plasmid, treated with the ER stress inhibitor 4-PBA for 24 h, and treated with H2O2 for 24 h to establish an oxidative stress model. The results indicated that the GRP78 and CHOP protein expression levels in the S group were increased by 42.8% and 32.3%, respectively, compared with those in the C group. In the PBA group, the GRP78 and CHOP protein expression levels were significantly decreased (by 21.6% and 57.4%, respectively) compared with those in the C group. Furthermore, the total ATF6 and cleaved ATF6 protein expression levels in the S group were upregulated by 210.7% and 163.3% and downregulated by 32.1% and 40.2% in the PBA group, respectively, compared with those in the C group. In particular, in the S+PBA group, the levels of GRP78, CHOP, total ATF6, and cleaved ATF6 were markedly increased compared with those in the PBA group and down-regulated compared with those in the S group (Figure 3A,B: C, cells transfected with empty plasmids; S, cells overexpressing SMS2; PBA, empty plasmids treated with 4-PBA (10 mmol/L) for 24 h; S+PBA, cells overexpressing SMS2 treated with 4-PBA (10 mmol/L) for 24 h; and all cells were treated with H2O2 (450 µmol/L) for 24 h. p < 0.001, n = 3). These data suggest that SMS2 can induce but that PBA inhibits ER stress.



We then investigated the relationship among SMS2, ER stress, and ED. The results (Figure 3C) suggest that, compared with the transfection with the empty plasmid in the C group, the transfection with the SMS2 overexpression plasmid activated ER stress and increased the expression of the adhesion-related molecules ICAM-1, VCAM-1, and MCP-1 by 58.1%, 12.6%, and 103.2%, respectively. In contrast, the levels of these adhesion-related molecules were decreased by 42.8%, 29.3%, and 36.6% after the inhibition of ER stress by 4-PBA, compared with those in the C group without treatment. In addition, in the S+PBA group, the levels of ICAM-1, VCAM-1, and MCP-1 were markedly increased compared with those in the PBA group and down-regulated compared with those in the S group (p < 0.001, n = 3). Monocyte adhesion reflects the degree of cell damage that can lead to ED. As illustrated in Figure 3D, the adhesion ability in the S group was observably increased (by 100.96%) compared with that in the C group (Figure 3D: p < 0.05; n = 3), though the adhesion ability in the PBA group was significantly reduced (by 33.66%) compared with that in the C group (Figure 3D: p < 0.05; n = 3). These results demonstrate that the repression of ER stress can repress ED and that SMS2 can induce ED via ER stress.




2.4. Simvastatin Can Attenuate the ER Stress Induced by SMS2


To determine whether the intracellular accumulation of cholesterol is affected by SMS2, the following experiments were performed. HUVECs were treated with different doses of simvastatin to reduce intracellular cholesterol synthesis. The results showed that the activity of LDH (lactic dehydrogenase) and a degree of cell injury were the lowest at the 0.1 µmol/L dose; therefore, the final dose of simvastatin used was 0.1 µmol/L (Figure 4A: p < 0.001, n = 3). Subsequently, the cells were stained with filipin. The results shown in Figure 4B reveal that the intracellular cholesterol accumulation in the S group was increased by 28.8% compared with that in the C group and decreased by 20.5% in the Sim group compared with that in the C group. In addition, the cholesterol accumulation in the S+Sim group was increased by 20.2% compared with that in the Sim group and decreased by 23.1% compared with that in the S group (C, cells transfected with empty plasmids; S, cells overexpressing SMS2; Sim, empty plasmids treated with simvastatin (0.1 µmol/L) for 24 h; S+Sim, cells overexpressing SMS2 treated with simvastatin (0.1 µmol/L) for 24 h; all the cells were treated with H2O2 (450 µmol/L) for 24 h, p < 0.001; n = 3). These findings suggest that overexpression of SMS2 may contribute to intracellular cholesterol accumulation. Furthermore, we detected the proteins related to ER stress, and the results (Figure 4C,D) showed that the protein expression of GRP78, CHOP, SMS2, total ATF6, and cleaved ATF6, in the S group was increased by 93.6%, 160.9%, 117.6%, 235.4%, and 180.5%, respectively, compared with that in the C group. Expression levels of the GRP78, CHOP, SMS2, total ATF6, and cleaved ATF6 proteins in the Sim group were inhibited compared with those in the C group, indicating that simvastatin can inhibit ER stress. In the S+Sim group, the levels of GRP78, CHOP, total ATF6, and cleaved ATF6 were markedly increased compared with those in the Sim group but reduced compared with those in the S group (p < 0.001, n = 3). These findings demonstrate that overexpression of SMS2 can cause cholesterol accumulation, which may contribute to ER stress.




2.5. Simvastatin Can Attenuate the Injury Induced by SMS2


To further elucidate the effects of cholesterol accumulation on cell injury, we measured the LDH, SOD (superoxide dismutase), and NOS (nitric oxide synthase) content. The results showed that SOD and NOS production in the HUVECs in the S group was significantly reduced compared with that in the C group; however, treatment with simvastatin increased SOD and NOS production in the Sim group compared with that in the C group. Additionally, SOD and NOS production in the S+Sim group was upregulated compared with that in the S group but decreased compared with that in the Sim group (Figure 5C,D: p < 0.001, n = 3). Conversely, LDH activity showed the opposite trend (Figure 5A: p < 0.001, n = 3). These findings indicate that SMS2 overexpression can induce HUVEC injury due to intracellular cholesterol accumulation and that simvastatin has a protective effect on cells. Furthermore, compared with the C group, the results showed that, in the S group, the level of the pro-apoptotic gene Bax was increased by 76.5%, while the level of the anti-apoptotic gene Bcl-2 was reduced by 35.9%. This finding contrasts the results observed after the simvastatin treatment. In the Sim group, the level of the pro-apoptotic gene Bax was decreased by 51.3% compared with that in the C group, while the level of the anti-apoptotic gene Bcl-2 was increased by 57.2% compared with that in the C group (Figure 5B: p < 0.001, n = 3). These data indicate that overexpression of SMS2 can lead to ER stress and ED, due to cholesterol accumulation.




2.6. Simvastatin Can Attenuate the Adhesion Capacity Induced by SMS2


We next analyzed the adhesion capacity of HUVECs and THP-1 cells to demonstrate the effects of simvastatin. Figure 6A shows that adhesion capacity in the S group was markedly increased (by 100.5%) compared with that in the C group (Figure 6A: p < 0.05; n = 3), adhesion capacity in the Sim group was evidently reduced (by 32.9%) compared with that in the C group (Figure 6A: p < 0.05; n = 3), and adhesion capacity in the S+Sim group was higher than that in the Sim group and lower than that in the S group. These findings suggest that simvastatin reduces cholesterol deposition, thus decreasing the cell adhesion capacity. Moreover, the results showed that, compared with transfection with the empty plasmid in the C group, transfection with the SMS2 overexpression plasmid increased cholesterol accumulation and expression of the adhesion molecules VCAM-1, ICAM-1, and MCP-1 by 88.1%, 83.2%, and 44.2%, respectively. Meanwhile, compared with the C group without treatment, the level of these adhesion-related molecules was decreased by 39.6%, 28.6%, and 41.8% after treatment with simvastatin (Figure 6B: p < 0.05; n = 3). Furthermore, S+Sim decreased expression of the adhesion-related molecules compared with simvastatin treatment in the S group (Figure 6B: p < 0.001; n = 3). These data suggest that simvastatin can attenuate the adhesion capacity induced by SMS2.





3. Discussion


Our previous study demonstrated that SMS2 can activate the Wnt/β-catenin pathway [12], but the detailed mechanism has remained unclear. Both SM and cholesterol are the main components of lipid rafts [29]. Therefore, changing the expression of SMS may affect the SM content in lipid rafts and, thus, influence transmembrane signal transduction. For example, Ding et al. found that overexpression of SMS can lead to the deposition of SM in cells and lipid rafts [30]. Lipid rafts play an essential role in physiological and biochemical processes as signaling “platforms”, such as the LPS receptor (lipopolysaccharides), TLR4, which must be recruited to lipid rafts to transduce extracellular signals to intracellular downstream signaling molecules [31]. During the process of Wnt/β-catenin signal transduction, the coreceptor LRP6 needs to be phosphorylated to disinhibit DKK1 (Dickkopf related protein 1) and form the FZD transmembrane protein receptor complex to promote signal transduction, and the binding between the LRP6 and FZD is affected by lipid rafts [32,33]. In this study, overexpressing SMS2 and both expressions of LRP6 and the phosphorylation of LRP6 were increased in HUVECs (Figure 2C). These results indicate that SMS2 may increase the phosphorylation of LRP6 in lipid rafts and decrease the degradation of LRP6 outside lipid rafts by promoting LRP6 endocytosis to lipid rafts [34,35]. Thereafter, the increase in expression and phosphorylation of LRP6 can lead to the provocation of the Wnt/β-catenin pathway, which contributes to ED (Figure 2 and Figure 6).



Previously, many studies have suggested that SMS2 is involved in AS by affecting reverse cholesterol transport [9,10,11]. However, we recently demonstrated that SMS2 also participates in ED by stimulating the Wnt/β-catenin signal pathway [19]. Meanwhile, some reports believe that ER stress can lead to ED [36,37], but the detailed correlation between these factors remains unexplored. Therefore, we transfected HUVECs with SMS2 overexpression plasmids. The results revealed that overexpression of SMS2 can increase expression of the ER stress marker protein, GRP78 (Figure 1). Interestingly, when ER stress was induced by tunicamycin, expression of SMS2 was also significantly increased (Figure 1). These results suggest that SMS2 can promote ER stress and that ER stress may regulate SMS2 expression.



Since SMS2 can stimulate the Wnt/β-catenin pathway, we investigated whether SMS2 can induce ER stress, and subsequently ED, by activating the Wnt/β-catenin pathway in HUVECs. In this study, the Wnt/β-catenin pathway was activated or blocked by LiCl or salinomycin, respectively. The results revealed that activating Wnt/β-catenin signaling could decrease ER stress in the HUVECs and vice versa (Figure 2A,B). Mechanically, Zhang et al. suggested that the Wnt/β-catenin pathway blockage and β-catenin degradation result in the inhibition of the effect of LEF1 on ATF6 and activate ATF6-related ER stress [38]. These findings confirm that the activation of the Wnt/β-catenin pathway can promote ER stress. In fact, other studies have also shown that the Wnt/β-catenin pathway is negative with the ER stress in cancer cells, but our studies contradict these results [39,40]. These conflicting results suggest that the Wnt/β-catenin pathway has diverse functions in different types of cells. Previously, we proved that SMS2 can activate Wnt/β-catenin signaling; therefore, after the treatment with 4-PBA, compared with the simvastatin treatment in the S group, expression of ER stress-related proteins (GRP78, ATF6, and CHOP) and adhesion molecules (ICAM-1, VCAM-1, and MCP-1) and the adhesion activity were significantly decreased (Figure 3), suggesting that 4-PBA reverses the effects of SMS2 on ER stress and ED. These results further indicate that SMS2 can activate ER stress and promote oxidative stress-induced ED (Figure 3 and Figure 7).



The ER is not only involved in protein folding and modification but is also inextricably linked to the metabolism of lipids, such as cholesterol; therefore, lipid metabolism disorders can also trigger ER stress [41,42]. For example, recent animal and human studies have identified cholesterol deposition and ER stress activation as key players in the progression of many metabolic diseases [43]. Nonetheless, cholesterol deposition causes dysfunction in β-cells and promotes autophagy by activating ER stress [44,45]. In fact, SM and cholesterol can affect each other in cells and serum. For example, patients suffering from the Niemann–Pick disease (NPD-B) cannot synthesize SM due to defective SMase (sphingomyelinase), leading to the accumulation of SM and cholesterol in the liver [46]. Furthermore, we previously confirmed that overexpression of SMS in Huh7 cells markedly enhances the levels of intracellular sphingomyelin and cholesterol [47]. To investigate whether SMS2 expression can lead to the deposition of cholesterol in HUVECs, we measured intracellular cholesterol by filipin staining. The results suggested that in HUVECs, SMS2 overexpression can increase the intracellular cholesterol levels (Figure 4). The inhibition of cholesterol synthesis by simvastatin can reverse the deposition of cholesterol induced by SMS2, and expression of the ER stress-associated proteins, GRP78, CHOP, and ATF6, in the S+Sim group was also noticeably down-regulated compared with that in the S group (Figure 4). Finally, ED was found to be significantly attenuated (Figure 4 and Figure 5). SMS2 was shown to induce ER stress and ED by promoting intracellular cholesterol accumulation (Figure 6 and Figure 7).



In conclusion, our results show that SMS2 (1) triggers the Wnt/β-catenin pathway and (2) promotes intracellular cholesterol accumulation, both of which contribute to the induction of ER stress and finally lead to ED. Although the mechanism of ED is very complex, we hope that our studies help to further elucidate the related mechanism.




4. Materials and Methods


4.1. Cell Culture and Reagents


HUVECs were obtained from the Cell Bank of Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China) and cultured in Dulbecco’s modified Eagle’s medium (DMEM; cat. no. 12100-500; Beijing Solarbio Bioscience & Technology co., Ltd., Beijing, China) containing penicillin and streptomycin (100 U/mL and 0.1 mg/mL, respectively) and 10% certified fetal bovine serum (FBS; Biological Industries Israel Beit Haemek, KibbutzBeit Haemek, Israel) at 37 °C containing 5% CO2. In addition, the THP-1 cells (Cell Bank of Type Culture Collection of the Chinese Academy of Sciences, Shanghai, China) were grown in RPMI-1640 (cat. no. 31800; Beijing Solarbio Bioscience & Technology co., Ltd.) containing 10% FBS and incubated at 37 °C in a humidified atmosphere containing 5% CO2. Simvastin (cat. no. MB1222-S; Meilunbiotech Co., Ltd., Dalian, China), sodium 4-phenylbutyrate (4-PBA; cat. no. C1029659; Macklinbio co., Ltd., Shanghai, China), tunicamycin (cat. no. B7417; APExBIO co., Ltd., Shanghai, China), filipin (cat. no. B6034; APExBIO co., Ltd., Shanghai, China), and salinomycin (cat. no. HY-15597; Medchem Express co., Ltd., New Jersey, USA) were dissolved in DMSO (dimethyl sulfoxide; cat. no. 302A036; Beijing Solarbio Bioscience & Technology co., Ltd.).




4.2. Transfection with an SMS2 Overexpression Plasmid


The SMS2-overexpression plasmid was provided by Dr. Tingbo Ding (School of Pharmacy, Fudan University, Shanghai, China) and used to transfect the HUVECs. In brief, the cells were seeded in culture flasks (Haote Technologies co., Ltd., Guangzhou, China), and at the time of transfection, the cells were grown to 90–95% confluency; the medium was replaced with the antibiotic-free DMEM medium (Biological Industries Israel Beit Haemek Ltd.). The SMS2 plasmid (4 µg; S group) or an empty control plasmid (4 µg; C group) was diluted with 400 µL DMEM (FBS-free and antibiotic-free medium), and 24 µL of Hieff Trans™ Liposomal Transfection Reagent was also diluted with 400 µL DMEM. After 5 min, the dilutions were gently mixed together and incubated at 37 °C for 20 min, and the mixture was added to each culture flask. Before adding the drugs, the medium was replaced with fresh DMEM (containing 10% FBS and antibiotics). The control and SMS2 groups were divided into two groups after 24 h, resulting in four small groups as follows: C (empty plasmid), S (SMS2), Sim (control + simvastatin), and S+Sim (SMS2 + simvastatin). Both the Sim and S+Sim groups were treated with simvastatin (0.1 µmol/L). The following set of groups were established: C (empty plasmid), S (SMS2), PBA (control + 4-PBA), and S+PBA (SMS2 + 4-PBA); both the PBA and S+PBA groups were treated with PBA (10 mmol/L). After 24 h, all groups were treated with H2O2 (500 µmol/L). Finally, after 24 h, the HUVECs were centrifuged at 1520× g for 5 min (at room temperature) as appropriate to collect all cells.




4.3. Measurement of the Degree of Oxidative Stress


HUVECs were cultured at a density of 1x105/well in 6-well plates and incubated overnight at 37 °C. After the transfection, the cells were treated with simvastatin (0.1 µmol/L) for 24 h, and then the cells were treated with H2O2 (500 µmol/L) for 24 h. To collect the supernatant, the HUVECs were centrifuged (1520× g, 5 min, room temperature) and harvested, followed by digestion with trypsin, according to the protocol of the manufacturer. The levels of LDH (cat. no. A020-1; Nanjing Jiancheng Bioengineering Institute, Nanjing, China) and the levels of NOS (cat. no. A014-2-1; Nanjing Jiancheng Bioengineering Institute) and SOD (cat. no. A001-1-1; Nanjing Jiancheng Bioengineering Institute) activity were measured using a microplate reader (Thermo Fisher Scientific, Inc., Waltham, MA, USA). LDH was measured at a wavelength of 450 nm, and SOD and NOS were measured at a wavelength of 560 nm.




4.4. Filipin Staining


Cells were seeded in 24-well plates (Beaver Nano-Technologies co., Ltd., Suzhou, China) at a density of 2 × 104 cells/well. Following the above transfection steps described in the HUVECs, the cells were treated with simvastatin (0.1 µmol/L) for 24 h. Subsequently, all cells were treated with H2O2 (500 µmol/L) for 24 h and washed with PBS (phosphate buffer saline) three times. Then, 10% paraformaldehyde was used to fix the cells at room temperature for 10 min; subsequently, the cells were washed with PBS three times again. To eliminate the paraformaldehyde, the cells were washed with PBS containing glycine (1.5 mg/mL), and then filipin was added in a dark room for 1 h. The cells were washed with PBS three times. Finally, we used UV excitation at 405 nm and confocal microscopy to observe the cholesterol aggregation.




4.5. Cell Adhesion Assay


Cells were seeded in 24-well plates in three replicates per group to obtain the average number of adhesive monocytes/well. Following the above transfection steps described in the HUVECs, THP-1 cells at a density of 5 × 103/well were added and incubated for 2 h at 37 °C. The medium was discarded, and the non-adherent THP-1 cells were removed by washing with PBS three times. The adherent THP-1 cells were counted in a single field under a phase contrast inverted microscope (Magnification, 20×; Olympus IX71; Olympus corporation, Tokyo, Japan).




4.6. Western Blot Analysis


The total proteins were extracted from all groups by a radioimmunoprecipitation assay buffer (cat. no. ROO20; Beijing Solarbio Bioscience & Technology co., Ltd.), and the protein content was measured using a BCA assay kit (Bradford Protein Assay kit; cat. no. cW0014; Beijing Kangwei century Biotechnology co., Ltd., Beijing, China). Equal amounts of protein (~50 µg) were separated by 8–10% SDS-PAGE and transferred onto polyvinylidene fluoride membranes (Immobilon-P; EMd Millipore, Billerica, MA, USA). An equal transfer was examined by staining with Ponceau red (cat. no. CW0057S; Beijing Kangwei century Biotechnology co., Ltd.). The membranes were blocked with 5% skimmed milk or 5% BSA (bovine serum albumin) in TBS (phosphate buffer saline + Tween) for 1 h at room temperature and incubated with primary antibodies overnight at 4 °C in TBST containing 0.05% Tween 20 and 2% bovine serum albumin (cat. no. A8020; Beijing Solarbio Science & Technology co., Ltd.). Subsequently, the membranes were incubated with a 1:8,000-dilution of a horseradish peroxidase-conjugated secondary antibody for 1 h at room temperature. The peroxidase activity was visualized using an ECL kit (Bio-Rad Laboratories Inc., USA). GAPDH was used as a loading control. Anti-SMS2 (cat. no SA100531AA; 1:1,000) antibody was purchased from Abgent Biotech. (Suzhou co., Ltd., Suzhou, China). Anti-apoptosis-associated proteins B-cell lymphoma 2 (Bcl-2; cat. no. 60178-1-Ig; 1:1000), anti-Bcl-2-associated X protein (Bax; cat. no. 505992-2-Ig; 1:2000), anti-adhesion-associated proteins intracellular adhesion molecule-1 (ICAM-1; cat. no. 10831-1-AP; 1:1000), anti-Wnt/β-catenin signal pathway-associated proteins (β-catenin cat. no. 51067-2-AP; 1:2000), anti-glucose-regulated protein 78 (GRP78; cat. no. 66574-1-Ig; 1:5000), and anti-GAPDH (cat. no. HRP-60004; 1:8000) antibodies were pauchased from ProteinTech Group, Inc. (chicago, IL, USA). Anti-phosphorylated β-catenin (cat. no. DF2989; 1:1,000) antibody was pauchased from Affnity Biosciences. (Cincinnati, OH, USA). Anti-vascular cell adhesion molecule-1 (VCAM-1; cat. no. WL02474; 1:500), anti-monocyte chemoattractant protein-1 (MCP-1; cat. no. WL01755; 1:1000) anti-activating transcription factor 6 (ATF6; cat. no. Wl02407; 1:800), and anti-C/EBP homologus protein (CHOP; cat. no. WL00880; 1:800) antibody was pauchased from Wanleibio. (Shenyang co., Ltd., China). Anti-low density lipoprotein receptor-related protein 6 (LRP6: cat. no. A13325; 1:1000) antibody was pauchased from ABclonal. (Wuhan co., Ltd., Wuhan, China). Anti-phosphorylated LRP6 (cat. no. abs140173) antibody was pauchased from Absin. (Shanghai co., Ltd., shanghai, China). Anti-mouse (cat. no. SA00001-1; 1:8000) secondary antibody was pauchased from ProteinTech Group, Inc. Horseradish peroxidase-conjugated anti-rabbit (cat. no. BA1054; 1:8000) was pauchased from Boster Biological Technology, Inc. (Wuhan, China).




4.7. LiCl or Salinomycin Treatment of HUVECs


HUVECs were plated in culture flasks. After reaching 70–80% confluency, the cells were treated with lithium chloride (LiCl, 40 µmol/L) or salinomycin (5 µmol/L) for 24 h and harvested. The following three experimental groups were established: C (untreated control cells), Sal (salinomycin-treated cells), and Li (LiCl-treated cells).




4.8. Sphingomyelin Synthase Enzyme Activity Assay


The HUVECs were treated with H2O2 for 24 h as previously described. The HUVECs were treated with 20 µmol/L Dy105 (provided by Dr. Deyong Ye, School of Pharmacy, Fudan University) for 24 h. The treated cells were incubated with NBD-ceramide (0.1 µg/µL, cat. no. 62527; Cayman chemical company, Ann Arbor, MI, USA) at 37 °C to synthesize sphingomyelin in vitro. After 3 h of incubation, the cells were harvested by 1520× g for 5 min, and the medium was collected at room temperature. According to the protein content in each group, the protein levels were adjusted to the volume of the reaction system (700 µL) to ensure consistency in the amount of total protein and medium added. The lipids were extracted in chloroform: Methanol (2:1) dried under N2 gas and separated by thin layer chromatography using chloroform:MeOH:NH4OH (14:6:1) at room temperature for 10 min [12]. The chromatography film was scanned after 10 min with an autoradiography system (Chemiluminescence Imaging System, Clinx Science Instruments Co., Ltd., Shanghai, China), and the intensity of each band was measured using Image-Pro Plus version 6.0 software (Media Cybernetics, Inc., Rockville, MD, USA) [12].




4.9. Statistical Analysis


The data were analyzed by GraphPad Prism 6.0 (San Diego, CA, USA). t-Tests were used for comparisons between two groups, and a one-way analysis of variance (ANOVA) was used for comparisons among multiple groups. All results were reduplicated at least thrice. p <0.05 was considered statistically significant.





5. Conclusions


SMS2 1) triggers the Wnt/β-catenin pathway by increasing the phosphorylation of LRP6 and 2) promotes intracellular cholesterol accumulation, which contributes to the induction of ER stress and causes ED.







Author Contributions


L.H. and N.W.; data curation, investigation, methodology, and writing of the original draft. R.Z.; investigation, writing review, and editing. X.H.; formal analysis and software. Q.L.; validation, writing review, and editing. X.L.; resources and software. Z.H.; resources. L.Y.; methodology. N.Y.; methodology, project administration, supervision, and validation.




Funding


The present study was supported by grants from the National Natural Science Foundation of China (grant no. 81560151) and the Jiangxi Provincial Department of Science and Technology (grant no. 20181BAB205022).




Acknowledgments


We thank Shuang Liu for assistance with Figure 7.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ross, R. Atherosclerosis—An Inflammatory Disease—NEJM. N. Engl. J. Med. 1999, 340, 115. [Google Scholar] [CrossRef] [PubMed]

	



Gimbrone, M.A.; García-Cardeña, G. Endothelial Cell Dysfunction and the Pathobiology of Atherosclerosis. Circ. Res. 2016, 118, 620–636. [Google Scholar] [CrossRef] [PubMed]

	



El Assar, M.; Angulo, J.; Rodríguez-Maas, L. Oxidative stress and vascular inflammation in aging. Free Radic. Biol. Med. 2013, 65, 380–401. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, M.; Pan, H.; Xu, Y.; Wang, X.; Qiu, Z.; Jiang, L. Allicin decreases lipopolysaccharide-induced oxidative stress and infammation in human umbilical vein endothelial cells through suppression of mitochondrial dysfunction and activation of Nrf2. Cell Physiol. Biochem. 2017, 41, 2255–2267. [Google Scholar] [CrossRef] [PubMed]

	



Del Río, L.A. ROS and RNS in plant physiology: An overview. J. Exp. Bot. 2015, 66, 2827–2837. [Google Scholar] [CrossRef] [PubMed]

	



Adada, M.; Luberto, C.; Canals, D. Inhibitors of the sphingomyelin cycle: Sphingomyelin synthases and sphingomyelinases. Chem. Phys. Lipids 2016, 197, 45–59. [Google Scholar] [CrossRef]

	



Fessler, M.B.; Parks, J.S. Intracellular Lipid Flux and Membrane Microdomains as Organizing Principles in Inflammatory Cell Signaling. J. Immunol. 2011, 187, 1529–1535. [Google Scholar] [CrossRef]

	



Yamaoka, S.; Miyaji, M.; Kitano, T.; Umehara, H.; Okazaki, T. Expression Cloning of a Human cDNA Restoring Sphingomyelin Synthesis and Cell growth in Sphingomyelin Synthase-defective Lymphoid Cells. J. Biol. Chem. 2004, 279, 18688–18693. [Google Scholar] [CrossRef]

	



Jiang, X.C.; Liu, J. Sphingolipid metabolism and atherosclerosis. Handb. Exp. Pharmacol. 2013, 216, 133. [Google Scholar]

	



Zilversmit, D.B.; Mccandless, E.L.; Jordan, P.H.; Henly, W.S.; Ackerman, R.F. The Synthesis of Phospholipids in Human Atheromatous Lesions. Circulation 1961, 23, 370. [Google Scholar] [CrossRef]

	



Park, T.S.; Panek, R.L.; Mueller, S.B.; Hanselman, J.C.; Rosebury, W.S.; Robertson, A.W.; Kindt, E.K.; Homan, R.; Karathanasis, S.K.; Rekhter, M.D. Inhibition of Sphingomyelin Synthesis Reduces Atherogenesis in Apolipoprotein E-Knockout Mice. Circulation 2004, 110, 3465–3471. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, P.; Hua, L.; Hou, H.; Du, X.; He, Z.; Liu, M.; Hu, X.; Yan, N. Sphingomyelin synthase 2 promotes H2O2-induced endothelial dysfunction by activating the Wnt/β-catenin signaling pathway. Int. J. Mol. Med. 2018, 42, 3344–3354. [Google Scholar] [CrossRef] [PubMed]

	



De Jaime-Soguero, A.; Abreu de Oliveira, W.A.; Lluis, F. The pleiotropic effects of the canonical Wnt pathway in early development and pluripotency. Genes 2018, 9, 93. [Google Scholar] [CrossRef] [PubMed]

	



Nusse, R.; Clevers, H. Wnt/β-catenin signaling, disease, and emerging therapeutic modalities. Cell 2017, 169, 985–999. [Google Scholar] [CrossRef] [PubMed]

	



Matthijs, B.W.; Hermans, K.C. Wnt signaling in atherosclerosis. Eur. J. Pharmacol. 2015, 763, 122–130. [Google Scholar] [CrossRef] [PubMed]

	



Ueland, T.; Otterdal, K.; Lekva, T.; Halvorsen, B.; Gabrielsen, A.; Sandberg, W.J.; Paulsson-Berne, G.; Pedersen, T.M.; Folkersen, L.; Gullestad, L.; et al. Dickkopf-1 Enhances Inflammatory Interaction Between Platelets and Endothelial Cells and Shows Increased Expression in Atherosclerosis. Arterioscler. Thromb. Vasc. Biol. 2009, 29, 1228–1234. [Google Scholar] [CrossRef]

	



Bhatt, P.M.; Lewis, C.J.; House, D.L. Increased Wnt5a mRNA Expression in Advanced Atherosclerotic Lesions, and Oxidized LDL Treated Human Monocyte-Derived Macrophages. Open Circ. Vasc. J. 2012, 5, 1–7. [Google Scholar] [CrossRef]

	



Malgor, R.; Bhatt, P.M.; Connolly, B.A.; Jacoby, D.L.; Feldmann, K.J.; Silver, M.J.; Nakazawa, M.; McCall, K.D.; Goetz, D.J. Wnt5a, TLR2 and TLR4 are elevated in advanced human atherosclerotic lesions. Inflamm. Res. 2014, 63, 277–285. [Google Scholar] [CrossRef]

	



Kim, J.; Kim, J.; Kim, D.W.; Ha, Y.; Ihm, M.H.; Kim, H.; Song, K.; Lee, I. Wnt5a Induces Endothelial Inflammation via β-Catenin-Independent Signaling. J. Immunol. 2010, 185, 1274–1282. [Google Scholar] [CrossRef]

	



Vikram, A.; Kim, Y.R.; Kumar, S.; Naqvi, A.; Hoffman, T.A.; Kumar, A.; Miller, F.J., Jr.; Kim, C.S.; Irani, K. Canonical Wnt Signaling Induces Vascular endothelial dysfunction via p66Shc-Regulated Reactive Oxygen Species Significance. Arterioscler. Thromb. Vasc. Biol. 2014, 34, 2301–2309. [Google Scholar] [CrossRef]

	



Tabas, I.; Ron, D. Integrating the mechanisms of apoptosis induced by endoplasmic reticulum stress. Nat. Cell Biol. 2011, 13, 184–190. [Google Scholar] [CrossRef] [PubMed]

	



Tabas, I. The role of endoplasmic reticulum stress in the progression of atherosclerosis. Circ. Res. 2010, 107, 839–850. [Google Scholar] [CrossRef] [PubMed]

	



Sozen, E.; Karademir, B.; Ozer, N.K. Basic mechanisms in endoplasmic reticulum stress and relation to cardiovascular diseases. Free Radic. Biol. Med. 2015, 78, 30–41. [Google Scholar] [CrossRef] [PubMed]

	



Huang, A.; Patel, S.; McAlpine, C.S.; Werstuck, G.H. The Role of Endoplasmic Reticulum Stress-Glycogen Synthase Kinase-3 Signaling in Atherogenesis. Int. J. Mol. Sci. 2018, 19, 1607. [Google Scholar] [CrossRef] [PubMed]

	



Shinozaki, S.; Chiba, T.; Kokame, K.; Miyata, T.; Kaneko, E.; Shimokado, K. A deficiency of Herp, an endoplasmic reticulum stress protein, suppresses atherosclerosis in ApoE knockout mice by attenuating inflammatory responses. PLoS ONE 2013, 8, e75249. [Google Scholar] [CrossRef] [PubMed]

	



Halleskog, C.; Mulder, J.; Dahlström, J.; Mackie, K.; Hortobágyi, T.; Tanila, H.; Kumar Puli, L.; Färber, K.; Harkany, T.; Schulte, G. WNT signaling in activated microglia is proinflammatory. Glia 2011, 59, 119–131. [Google Scholar] [CrossRef] [PubMed]

	



Amodio, G.; Moltedo, O.; Faraonio, R.; Remondelli, P. Targeting the Endoplasmic Reticulum Unfolded Protein Response to Counteract the Oxidative Stress-Induced endothelial dysfunction. Oxid. Med. Cell. Longev. 2018, 2018, 4946289. [Google Scholar] [CrossRef] [PubMed]

	



Battson, M.L.; Lee, D.M.; Gentile, C.L. Endoplasmic reticulum stress and the development of endothelial dysfunction. Am. J. Physiol. Heart Circ. Physiol. 2017, 312, H355–H367. [Google Scholar] [CrossRef] [PubMed]

	



Dong, L.; Watanabe, K.; Itoh, M.; Huan, C.-R.; Tong, X.-P.; Nakamura, T.; Miki, M.; Iwao, H.; Nakajima, A.; Kawanami, T.S.T.; et al. CD4+ T-cell dysfunctions through the imp aired lipid rafts ameliorate concanavalin A-induced hepatitis in sphingomyelin synthas1 knockout mice. Int. Immunol. 2012, 24, 327–337. [Google Scholar] [CrossRef] [PubMed]

	



Ding, T.; Li, Z.; Hailemariam, T.; Mukherjee, S.; Maxfield, F.R.; Wu, M.P.; Jiang, X.C. SMS overexpression and knockdown: Impact on cellular sphingomyelin and diacylglycerol metabolism, and cell apoptosis. J. Lipid Res. 2008, 49, 376–385. [Google Scholar] [CrossRef]

	



Li, Y.; Guan, J.; Wang, W.; Hou, C.; Zhou, L.; Ma, J.; Cheng, Y.; Jiao, S.; Zhou, Z. TRAF3-interacting JNK-activating modulator promotes inflammation by stimulating translocation of Toll-like receptor 4 to lipid rafts. J. Biol. Chem. 2018, 294, 2744–2756. [Google Scholar] [CrossRef] [PubMed]

	



Yamamoto, H.; Komekado, H.; Kikuchi, A. Caveolin is necessary for Wnt-3a-dependent internalization of lrp6 and accumulation of b-catenin. Dev. Cell 2006, 11, 213–223. [Google Scholar] [CrossRef] [PubMed]

	



Bedel, A.; Nègre-Salvayre, A.; Heeneman, S.; Grazide, M.H.; Thiers, J.C.; Salvayre, R.; Maupas-Schwalm, F. E-cadherin/β-catenin/T-cell factor pathway is involved in smooth muscle cell proliferation elicited by oxidized low-density lipoprotein. Circ. Res. 2008, 103, 694–701. [Google Scholar] [CrossRef] [PubMed]

	



Liu, C.C.; Kanekiyo, T.; Roth, B.; Bu, G. Tyrosine-based signal mediates LRP6 receptor endocytosis and desensitization of Wnt/β-catenin pathway signaling. J. Biol. Chem. 2014, 289, 27562–27570. [Google Scholar] [CrossRef] [PubMed]

	



Ma, S.; Yao, S.; Tian, H.; Jiao, P.; Yang, N.; Zhu, P.; Qin, S. Pigment epithelium-derived factor alleviates endothelial injury by inhibiting Wnt/β-catenin pathway. Lipids Health Dis. 2017, 16, 31. [Google Scholar] [CrossRef] [PubMed]

	



Banerjee, K.; Keasey, M.P.; Razskazovskiy, V.; Visavadiya, N.P.; Jia, C.; Hagg, T. Reduced FAK-STAT3 signaling contributes to ER stress-induced mitochondrial dysfunction and death in endothelial cells. Cell. Signal. 2017, 36, 154–162. [Google Scholar] [CrossRef]

	



SchrDer, M.; Kaufman, R.J. The mammalian unfolded protein response. Annu. Rev. Biochem. 2005, 74, 739–789. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Z.; Wu, S.; Muhammad, S.; Ren, Q.; Sun, C. miR-103/107 promote ER stress-mediated apoptosis via targeting the Wnt3a/β-catenin/ATF6 pathway in preadipocytes. Lipid Res. 2018, 59, 843–853. [Google Scholar] [CrossRef]

	



Cao, L.; Lei, H.; Chang, M.Z.; Liu, Z.Q.; Bie, X.H. Down-regulation of 14-3-3 β exerts anti-cancer effects through inducing ER stress in human glioma U87 cells: Involvement of CHOP-Wnt pathway. Biochem. Biophys. Res. Commun. 2015, 462, 389–395. [Google Scholar] [CrossRef]

	



Jia, X.; Chen, Y.; Zhao, X.; Lv, C.; Yan, J. Oncolytic vaccinia virus inhibits human epatocellular carcinoma MHCC97-H cell proliferation via endoplasmic reticulum stress, autophagy and Wnt pathways. J. Gene Med. 2016, 18, 211–219. [Google Scholar] [CrossRef]

	



Chaube, R.; Kallakunta, V.M.; Espey, M.G.; McLarty, R.; Faccenda, A.; Ananvoranich, S.; Mutus, B. Endoplasmic reticulum stress-mediated inhibition of NSMase2 elevates plasma membrane cholesterol and attenuates NO production in endothelial cells. Biochim. Biophys. Acta 2012, 1821, 313–323. [Google Scholar] [CrossRef] [PubMed]

	



Liu, T.; Duan, W.; Nizigiyimana, P.; Gao, L.; Liao, Z.; Xu, B.; Liu, L.; Lei, M. α-Mangostin attenuates diabetic nephropathy in association with suppression of acid sphingomyelianse and endoplasmic reticulum stress. Biochem. Biophys. Res. Commun. 2018, 496, 394–400. [Google Scholar] [CrossRef] [PubMed]

	



Sozen, E.; Ozer, N.K. Impact of high cholesterol and endoplasmic reticulum stress on metabolic diseases: An updated mini-review. Redox. Biol. 2017, 12, 456–461. [Google Scholar] [CrossRef] [PubMed]

	



Röhrl, C.; Stangl, H. Cholesterol metabolism-physiological regulation and pathophysiological deregulation by the endoplasmic reticulum. Wien. Med. Wochenschr. 2018, 168, 280–285. [Google Scholar] [CrossRef] [PubMed]

	



Mou, D.; Yang, H.; Qu, C.; Chen, J.; Zhang, C. Pharmacological Activation of Peroxisome Proliferator-Activated Receptor Increases Sphingomyelin Synthase Activity in THP-1 Macrophage-Derived Foam Cell. Inflammation 2016, 39, 1538–1546. [Google Scholar] [CrossRef] [PubMed]

	



Lee, C.Y.; Lesimple, A.; Denis, M.; Vincent, J.; Larsen, A.; Mamer, O.; Krimbou, L.; Genest, J.; Marcil, M. Increased sphingomyelin content impairs HDL biogenesis and maturation in human Niemann-Pick disease type B. J. Lipid Res. 2006, 47, 622–632. [Google Scholar] [CrossRef]

	



Yan, N.; Ding, T.; Dong, J.; Li, Y.; Wu, M. Sphingomyelin synthase overexpression increases cholesterol accumulation and decreases cholesterol secretion in liver cells. Lipids Health Dis. 2011, 10, 46. [Google Scholar] [CrossRef]








[image: Ijms 20 02861 g001 550]





Figure 1. Sphingomyelin synthase 2 (SMS2) overexpression activates endoplasmic reticulum (ER) stress. Either a SMS2 overexpressed plasmid was used to transfect human umbilical vein endothelial cells (HUVECs) or the cells were treated with tunicamycin (10 µg/mL). (A) The protein levels of SMS2 and GRP78 were measured by a western blot analysis. (B) The protein levels of SMS2 and GRP78 were measured by a western blot analysis. (C) SMS activity was measured by thin-layer chromatography. (D) The expression of GRP78 was measured by a western blot analysis. n = 3, * p < 0.05, and ** p < 0.001 vs. the C group. (A) C, transfected with empty plasmids; S, cells overexpressing SMS2. (C,D) C, control group; Dy105, cells treated with Dy105. (C) NBD-CER, Norbornadiene -ceramide, NBD-SM, Norbornadiene-sphingomyelin. 
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Figure 2. SMS2 can trigger ER stress by inducing the Wnt/β-catenin pathway. (A) Western blot analysis detected the protein expression of β-catenin, phosphorylated β-catenin, GRP78, and CHOP. (B) Western blotting analysis detected the protein expression of the total ATF6 and cleaved ATF6. (C) Western blotting analysis detected the protein expression of SMS2, β-catenin, phosphorylated β-catenin, lipoprotein receptor-related protein 6 (LRP6), and phosphorylated LRP6. n = 3, * p < 0.05 and ** p < 0.001 vs. the C group; ##p < 0.001 vs. the Li group. C, control cells; S, cells overexpressing SMS2; Li, LiCl group, control cells treated with LiCl (40 µmol/L) for 24 h; Sal, salinomycin group, control cells treated with salinomycin (5 µmol/L) for 24 h. 






Figure 2. SMS2 can trigger ER stress by inducing the Wnt/β-catenin pathway. (A) Western blot analysis detected the protein expression of β-catenin, phosphorylated β-catenin, GRP78, and CHOP. (B) Western blotting analysis detected the protein expression of the total ATF6 and cleaved ATF6. (C) Western blotting analysis detected the protein expression of SMS2, β-catenin, phosphorylated β-catenin, lipoprotein receptor-related protein 6 (LRP6), and phosphorylated LRP6. n = 3, * p < 0.05 and ** p < 0.001 vs. the C group; ##p < 0.001 vs. the Li group. C, control cells; S, cells overexpressing SMS2; Li, LiCl group, control cells treated with LiCl (40 µmol/L) for 24 h; Sal, salinomycin group, control cells treated with salinomycin (5 µmol/L) for 24 h.



[image: Ijms 20 02861 g002]







[image: Ijms 20 02861 g003 550]





Figure 3. SMS2 can induce ER stress and endothelial dysfunction (ED) by inducing the Wnt/β-catenin pathway. (A) The protein levels of GRP78 and CHOP were determined by a western blot analysis. (B) The protein levels of the total ATF6 and cleaved ATF6 were determined by a western blot analysis. (C) The protein levels of VCAM-1, ICAM-1, and MCP-1 were determined by a western blot analysis. (D) The adhesion ratio of THP-1 cells to HUVECs (magnification 40×). n = 3, * p < 0.05, and ** p < 0.001 vs. the C group; ##p < 0.001 vs. the S group. &p < 0.05 and &&p < 0.001 vs. the PBA group. C, cells transfected with empty plasmids treated with H2O2 (450 µmol/L) for 24 h; S, cells overexpressing SMS2 treated with H2O2 (450 µmol/L) for 24 h; PBA, empty plasmids treated with 4-PBA (10 mmol/L) for 24 h and then treated with H2O2 (450 µmol/L) for 24 h; S+PBA, cells overexpressing SMS2 treated with 4-PBA (10 mmol/L) for 24 h and then treated with H2O2 (450 µmol/L) for 24 h. 
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Figure 4. Overexpression of SMS2 can lead to ER stress by increasing the deposition of intracellular cholesterol. (A) HUVECs were treated with simvastatin at different doses (0, 0.05, 0.1, 0.2, 0.4, and 0.6 µmol/L) for 24 h, and the level of LDH in the cellular medium was detected. (B) The accumulation of ER cholesterol after filipin staining was visualized under a fluorescence microscope (magnification 40×). (C) The protein levels of GRP78 and CHOP were determined by a western blot analysis. (D) The protein levels of the total ATF6 and cleaved ATF6 were determined by a western blot analysis. n = 3, * p < 0.05, and ** p < 0.001 vs. the C group; ##p < 0.001 vs. the S group. &&p < 0.001 vs. the Sim group. C, cells transfected with empty plasmids treated with H2O2 (450 µmol/L) for 24 h; S, cells overexpressing SMS2 treated with H2O2 (450 µmol/L) for 24 h; Sim, empty plasmids treated with simvastatin (0.1 µmol/L) for 24 h and then treated with H2O2 (450 µmol/L) for 24 h; S+Sim, cells overexpressing SMS2 treated with simvastatin (0.1 µmol/L) for 24 h and then treated with H2O2 (450 µmol/L) for 24 h. 
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Figure 5. Overexpression of SMS2 can promote endothelial cell injury by increasing the deposition of intracellular cholesterol. (A) LDH, (C) NOS, and (D) SOD levels were measured with assay kits. (B) Western blot analysis detected the protein levels of SMS2, Bax, and Bcl-2. n = 3, * p < 0.05, and ** p < 0.001 vs. the C group; ##p < 0.001 vs. the S group. &&p < 0.001 vs. the Sim group. C, cells transfected with empty plasmids treated with H2O2 (450 µmol/L) for 24 h; S, cells overexpressing SMS2 treated with H2O2 (450 µmol/L) for 24 h; Sim, empty plasmids treated with simvastatin (0.1 µmol/L) for 24 h and then treated with H2O2 (450 µmol/L) for 24 h; S+Sim, cells overexpressing SMS2 treated with simvastatin (0.1 µmol/L) for 24 h and then treated with H2O2 (450 µmol/L) for 24 h. 
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Figure 6. Overexpressed SMS2 increases the adhesion activity of HUVECs and THP-1 cells by increasing the deposition of intracellular cholesterol. (A) The adhesion ratio of THP-1 cells to HUVECs (magnification 40×). (B) Western blot analysis detected the protein level of VCAM-1, ICAM-1, and MCP-1. n = 3, * p < 0.05 and ** p < 0.001 vs. the C group; ##p < 0.001 vs. the S group. &&p < 0.001 vs. the Sim group. C, cells treated with empty plasmids treated with H2O2 (450 µmol/L) for 24 h; S, cells overexpressing SMS2 treated with H2O2 (450 µmol/L) for 24 h; Sim, empty plasmids treated with simvastatin (0.1 µmol/L) for 24 h and then treated with H2O2 (450 µmol/L) for 24 h; S+Sim, cells overexpressing SMS2 treated with simvastatin (0.1 µmol/L) for 24 h and then treated with H2O2 (450 µmol/L) for 24 h. 
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Figure 7. The possible mechanism by which endoplasmic reticulum stress is induced by SMS2. ER stress, endoplasmic reticulum stress; ED, endothelial dysfunction. 
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