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    Abstract
Abnormal pulmonary arterial vascular smooth muscle cells (PASMCs) proliferation is critical pathological feature of pulmonary vascular remodeling that acts as driving force in the initiation and development of pulmonary arterial hypertension (PAH), ultimately leading to pulmonary hypertension. Aloperine is a main active alkaloid extracted from the traditional Chinese herbal Sophora alopecuroides and possesses outstanding antioxidation and anti-inflammatory effects. Our group found Aloperine has protective effects on monocroline-induced pulmonary hypertension in rats by inhibiting oxidative stress in previous researches. However, the anti-inflammation effects of Aloperine on PAH remain unclear. Therefore, to further explore whether the beneficial role of Aloperine on PAH was connected with its anti-inflammatory effects, we performed experiments in vitro. Aloperine significantly inhibited the proliferation and DNA synthesis of human pulmonary artery smooth muscle cells (HPASMCs) induced by platelet-derived growth factor-BB, blocked progression through G0/G1to S phase of the cell cycle and promoted total ratio of apoptosis. In summary, these results suggested that Aloperine negatively regulated nuclear factor-κB signaling pathway activity to exert protective effects on PAH and suppressed HPASMCs proliferation therefore has a potential value in the treatment of pulmonary hypertension by negatively modulating pulmonary vascular remodeling.
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    Introduction


    Pulmonary arterial hypertension (PAH) is a refractory disease characterized by elevated pulmonary vascular resistance and arterial pressures, driven by a progressive pulmonary vasculopathy that leads to right ventricular hypertrophy and ultimately right ventricular failure and even death. Pulmonary arterial vascular smooth muscle cells (PASMCs) proliferation is a pivotal part in the pathological vascular remodeling of PAH.[bookmark: ft1][1] The primary cellular mechanism underlying vascular remodeling, which has been well documented, involves structural alterations in the small arteries caused by excessive proliferation, apoptosis resistance, and the migration of PASMCs.[bookmark: ft2][2],[bookmark: ft3][3]


    It has been reported that the prevalence of PAH varied from 5 to 52 cases/million population.[bookmark: ft4][4] Despite the advent of new biological-based therapies and increased insight into the pathobiology of primary pulmonary hypertension, the actuarial survival of patients has demonstrated only modest improvement, as 50% of all people with primary PAH die within 7 years of diagnosis.[bookmark: ft5][5] No effective preventative or curative treatments are available. When PAH is superimposed on diseases such as bronchopulmonary dysplasia, a chronic lung disease of infancy, congenital heart disease, cystic fibrosis, or rheumatologically disease, the prognosis is dramatically worsened. Thus, the need to generate new knowledge that might be translated into a therapeutic tool has never been more palpable.[bookmark: ft6][6]


    The mechanism of PAH is complex and is generally assumed as a process of the interaction of multiple factors.[bookmark: ft7][7] In the past decade, an increasing number of studies have addressed the molecular pathway involved in the development of PAH.[bookmark: ft8][8] Increasing evidence has pointed toward an inflammatory component being important in the development of PAH.[bookmark: ft9][9] The role of inflammation is increasingly recognized in the pathogenesis of PAH.[bookmark: ft10][10] In fact, recent studies described inflammation as a characteristic feature of many forms of PAH in both humans and animals.[bookmark: ft11][11] Levels of proinflammatory cytokines and chemokines are increased in lung tissue and blood of patients with PAH. In addition, the effect of inflammation in PAH development is further confirmed by the facts that clinical improvements were observed in patients after steroid treatment or immune suppressor administration. Nuclear factor-κB (NF-κB) and tumor necrosis factor-alpha (TNF-α) signaling pathways became hot spots for research and have been documented to play a predominant role in the pathogenesis of PAH.[bookmark: ft12][12],[bookmark: ft13][13],[bookmark: ft14][14] The primary importance of inflammation is illustrated by successful therapies using an interleukin-1 (IL-1) receptor antagonist and antibodies to monocyte chemotactic protein-1 in monocrotaline (MCT)-induced PAH model.[bookmark: ft15][15] Epithelial dysfunction induced by inflammation is believed to be the early event in the development of PAH.[bookmark: ft15][15],[bookmark: ft16][16] Stimuli such as cytokines and growth factors contribute to the abnormal PASMCs proliferation involved in vascular remodeling, correspondingly, cell-based studies of normal pulmonary arterial smooth muscle cells show that NF-κB is activated by inflammatory or proliferative stimuli.[bookmark: ft10][10] NF-κB is activated in pulmonary macrophages, lymphocytes, endothelial, and PASMCs in patients with end-stage idiopathic PAH.[bookmark: ft17][17] At the same time, there are studies show that NF-κB was activated in the PASMCs on various stimuli and then disassociated from IκB, leading to the translocation of NF-κB active forms p50 and p65 to the nucleus, where they regulate gene transcription and ultimately promote PASMCs proliferation. Thus, the proliferation of PASMCs was accompanied by the increased activation of NF-κB.[bookmark: ft18][18],[bookmark: ft19][19] Therefore, combine the above facts, we designed a series of experiments to investigate whether Aloperine can inhibit proliferation of PASMCs through negatively regulating NF-κB signaling pathway.


    Sophora alopecuroides L. (Leguminosae) is a commonly used traditional Chinese herb, which is widely distributed in the northwestern region of China and is generally used for anti-inflammatory, antipyretic, and analgesic purposes.[bookmark: ft8][8],[bookmark: ft9][9],[bookmark: ft20][20] Aloperine, one of the most important alkaloids isolated from S. alopecuroides L, possesses a variety of pharmacological activities such as anti-inflammatory, anticancer, anti-microbial, antiviral, and anti-allergic effects.[bookmark: ft21][21],[bookmark: ft22][22] Considerably, the biological properties and potential therapeutic mechanisms of Aloperine have been widely tested in laboratory-based studies. Mounting evidence indicates that Aloperine possesses outstanding anti-inflammatory effects in neuropathic pain, cerebral ischemia, hydrogen peroxide-induced injury, and IR-induced acute renal injury.[bookmark: ft23][23],[bookmark: ft24][24] Recently, in vitro and in vivo experiments have shown that Aloperine confers beneficial effects on cell proliferation and apoptosis in HCT116 human colon cancer cells.[bookmark: ft25][25],[bookmark: ft26][26],[bookmark: ft27][27] In addition, the most important thing is that our group found Aloperine inhibits MCT-induced pulmonary hypertension in rats by the regulation of Rho A/ROCK pathway in previous researches.[bookmark: ft24][24] This study supports the opinion that this alkaloid is helpful for the treatment of pulmonary hypertension. Combined with the above observations, the current studies were undertaken to explore the relationship between the protective effects of Aloperine and its anti-inflammatory potential on PAH.


    Materials and Methods


    Materials and experiment design


    Aloperine (98% purity as determined by high-performance liquid chromatography analysis) was ordered from Shanghai Yuanye Medical Technology Development Co., Ltd. (Shanghai, China). In vitro, the human pulmonary artery smooth muscle cells (HPASMCs) were grown to 70%–80% confluency and then subjected to serum starvation for 24 h before being used for the experiments. Cells were treated with different concentrations of Aloperine or 100 nM sildenafil (Pfizer, Sandwich, Kent, UK), which is known to inhibit PASMC proliferation for 24 h after the stimulation with platelet-derived growth factor-BB (PDGF-BB) (20 ng/ml).[bookmark: ft24][24],[bookmark: ft25][25],[bookmark: ft28][28],[bookmark: ft29][29] The cells used in this study were taken between passages three and five.[bookmark: ft27][27] Recombinant human PDGF-BB was ordered from ProsPec-Tany TechnoGene Ltd. (Rehovot, Israel). Cell counting kit-8 (CCK-8) was obtained from TRANSGEN BIOTECH Inc. (Beijing, China). A cell proliferation ELISA, BrdU (colorimetric) kit was purchased from Roche (Roche Diagnostics, Mannheim, Germany). The antibodies IκBα (Cat NO: Ab-32536), IκBα (phospho Y42) (Cat NO: Ab-24783), IKKα (Cat NO: Ab-32041-100), IKKα (phospho S176) (Cat NO: Ab-138426), NF-κB (Cat NO: Ab-32536), TNF-α (Cat NO: Ab-9635), Cyclin E1 (Cat NO: Ab-33911), and p27kip1 (Cat NO: Ab-32034) were purchased from Abcam Biotechnology (MA, USA, Cat NO: Ab-129068). HPASMCs (Cat NO: 3110), purchased from Cell Research of Zhong Qiao Xin Zhou Institute, Shanghai, People's Republic of China, were cultured in smooth muscle cell medium smooth muscle cell growth medium (Cat NO: 1101) containing 10% fetal bovine serum (FBS) (Cat NO: 0010), and antibiotics (1% penicillin/streptomycin).


    Measurement of cell proliferation


    Whether Aloperine suppresses the growth of HPASMCs is currently unknown. To determine the effect of Aloperine on HPASMCs proliferation, the effect of different doses of Aloperine (0.125–1 mM) on proliferation in 24 h was investigated using the CCK-8 cell proliferation assay, according to the manufacturer's protocol. The cells were treated with PDGF-BB (20 ng/ml) for 24 h and then in the presence of Aloperine or sildenafil for another 24 h, and incubated with CCK-8 for the final 4 h. Cell proliferation was determined by measuring the absorbance at 450 nm.


    Measurement of DNA synthesis


    BrdU incorporation assay was performed to test cell proliferation according to the instructions of the BrdU ELISA Kit. Briefly, PASMCs were spread in a 96-well plate at a density of 3 × 103 cells/well and serum-deprived (1% FBS in Dulbecco's Modified Eagle's Medium) overnight. During the final 24 h of treatment, BrdU was added to label the cells at 37°C. The labeling medium was then removed, and cells were treated with FixDenat solution for 30 min and subsequently treated with anti-BrdU monoclonal antibody conjugated to peroxidase for 90 min at room temperature. After that, substrate solution was added to each well, and the absorbance was measured at 370 nm using a microplate reader that was normalized to the initial reading to verify equal cell numbers at the start of assay absorbance.[bookmark: ft28][28]


    Cell cycle analysis via flow cytometry


    Cell cycle progression was determined using a cell cycle analysis kit (Beyotime Institute of Biotechnology, Haimen, China), in accordance with the manufacturer's instructions, and fluorescence activated cell sorting. On reaching 70%–80% confluency in the six well plates, the HPASMCs were subjected to serum starvation for 24 h. The cells were then preincubated with PDGF-BB (20 ng/ml) for 24 h and subsequently treated with Aloperine (0.5 mM) for 24 h before analysis. The proportion of cells in the G0/G1, S and G2/M phases was investigated by flow cytometry. Cells were fixed with 70% ethanol, centrifuged at 800 rpm for 5 min and resuspended in staining buffer before detection. The cells were washed with PBS again and stained with 5 μg/ml RNase and 20 μg/ml of propidium iodide (PI) in the dark at 37°C for 30 min after overnight incubation at 4°C, and analyzed by flow cytometry (FACScalibur; BD Biosciences, Germany). All experiments were performed in triplicate.[bookmark: ft30][30] At least 10,000 events were counted for each sample.


    Apoptosis assays via flow cytometry


    Programmed cell death rates were assessed with a commercially available apoptosis assay kit (Becton Dickinson, Franklin Lakes, NJ, USA). On reaching 70%–80% confluency in the six well plates, the HPASMCs were subjected to serum starvation for 24 h. The cells were then preincubated with PDGF-BB (20 ng/ml) for 24 h and subsequently treated with Aloperine (0.5 mM) for 24 h prior to analysis. Then, the cells were harvested with 0.25% trypsin without ethylenediaminetetraacetic acid and Ca2+, washed twice with ice-cold PBS, and resuspended in 500 μl binding buffer (10 mM Hepes/NaOH, pH 7.4, 140 mM NaCl, 2.5 mM CaCl2). Subsequently, 1 × 105 cells were harvested and stained with 10 μl FITC Annexin V and 10 μl PI in the dark for 10 min at room temperature and detected using flow cytometry. The percentage of apoptotic cells was determined in three independent experiments.[bookmark: ft31][31],[bookmark: ft32][32]


    Western blot


    Protein was extracted from HPASMCs in lysis buffer using protein extraction reagent (BCA Protein Quantitative Kit, Kaiji, Nanjing, China). Lysates were centrifuged (2 × 104 rpm) at 4°C for 10 min. Protein expression (40 μg/L) was detected by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (8, 15% gel), and proteins were electro-blotted onto nitrocellulose membranes.[bookmark: ft33][33] The blots were probed with a monoclonal antibody against human. Equal amount of cell lysates were loaded to SDS-PAGE, and the separated proteins were next transferred onto a polyvinylidene difluoride (PVDF) membrane, followed by blocking with phosphate buffer saline (PBS) containing 5% nonfat dry milk powder under room temperature for 2 h. The PVDF membrane was then incubated with rabbit polyclonal antibody at 4°C overnight, followed by incubation with peroxidase-conjugated affinipure goat anti-rabbit IgG (H + L) secondary antibodies β-actin (Cat No. 20536-I-AP), β-Tubulin (Cat No. 10094-I-AP) and GAPDH (Cat No. 10494-I-AP) purchased from (Proteintech, Rosemont, IL, USA), respectively, at room temperature for 2 h and washing for 10 min/wash for three washes. The primary antibodies used were as follows: IκBα (1:1000), IκBα (phospho Y42) (1:1000), IKKα (1:10000), NF-κB (1:50000), TNF-α (1:500), Cyclin E1 (1:1000), and p27kip1 (1:1000), secondary antibodies were diluted into 1:1000. An enhanced chemiluminescence detection system (AZURE, USA) was used for protein detection.[bookmark: ft34][34]


    Statistics


    SPSS version 17.0 software (SPSS Inc., Chicago, IL, USA) was used for statistical analysis. All data were expressed as mean ± standard deviation. Group comparisons were performed using one-way analysis of variance followed by Dunnett post hoc test (between the control group and treatment groups) or S-N-K (Student–Newman–Keuls) post hoc test (among different groups). P ≤ 0.05 was considered to be statistically significant.


    Results


    Aloperine inhibits the proliferation of platelet-derived growth factor-BB-induced human pulmonary artery smooth muscle cells


    To assess the role of Aloperine in modulating HPASMCs proliferation, the cells were administered different concentrations of Aloperine (0.125–1 mM). We observed that Aloperine inhibited HPSMCs proliferation in a dose-dependent manner, with a maximal effect elicited by a 0.5 mM dose. As compared with the control cells, PDGF-BB significantly increased the optical density of the cells after 24 h [Figure - 1]a. Similarly, the results of BrdU-incorporation assays confirmed that Aloperine treatment (0.125–1 mM) significantly suppressed the increase in DNA synthesis in a dose-dependent manner in HPASMCs [Figure - 1]b. According to the results above, the greatest level of suppression of proliferation was induced by Aloperine at a concentration of 0.5 mM.
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        	Figure 1: Effects of Aloperine on PDGF-BB induced HPASMCs proliferation and DNA synthesis. HPASMCs were pre-cultured in serum free medium for 24 h, cells were treated with different concentrations of Aloperine (0.125–1 mM) for 24 h after the stimulation with PDGF-BB (20 ng/ml). Cell proliferation was examined using (a) the Cell Counting kit 8 test, and (b) bromodeoxyuridine incorporation was determined using an enzyme linked immunosorbent based assay. Data are expressed as the mean OD ± standard deviation. ##P < 0.01 versus the control group; *P < 0.05, **P < 0.01 versus cells exposed to PDGF-BB alone; n = 6. PDGF: Platelet-derived growth factor, HPASMCs: Human pulmonary artery smooth muscle cells, OD: Optical density
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    Aloperine blocks platelet-derived growth factor-BB-induced cell cycle progression through G0/G1 to S phase cell cycle arrest


    Increased proliferation and decreased apoptosis of PASMCs played an important role in pulmonary vascular remodeling. PDGF-BB has been previously shown to enhance HPASMCs proliferation. To explore whether Aloperine modulates the progression of PAH, Aloperine concentration of 0.5 mM was adopted as previously reported.[bookmark: ft15][15],[bookmark: ft16][16] The effect of Aloperine on cell cycle progression was analyzed using flow cytometric analysis. PDGF-BB treatment alone significantly increased the percentage of cells in S phase while decreasing the G0/G1 populations [Figure - 2]. By contrast, Aloperine treated cells showed significant suppression of cell cycle progression. Aloperine at a dose of 0.5 mM reduced the percentage of cells in S phase and increased the G0/G1 populations among the PDGF-BB Aloperine cells. This suggests that Aloperine affects the G0/G1 to S phase transition rather than being involved in the S or G2/M phases.
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        	Figure 2: Effects of Aloperine on PDGF-BB-induced cell cycle progression. HPASMCs were treated with 20 ng/ml PDGF-BB for 24 h in the absence or presence of Aloperine (0.5 mM). Quantification of HPASMCs in the G0/G1, S and G2/M phases was determined using flow cytometric evaluation. Values are expressed as the mean ± standard deviation. ##P < 0.01 versus the control group; **P < 0.01 versus PDGF-BB treated cells (n = 6). (a): Control group; (b): PDGF-BB group; (c): PDGF-BB + Aloperine. PDGF: Platelet-derived growth factor, HPASMCs: Human pulmonary artery smooth muscle cells
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    Aloperine promotes platelet-derived growth factor-BB-induced human pulmonary artery smooth muscle cells apoptosis


    To determine whether the decreased proliferation of HPASMCs occurs as a result of apoptosis, we investigated the apoptotic effects of Aloperine in HPASMCs. In the present study, as displayed in [Figure - 3], treatment with Aloperine increased the proportion of early [Figure - 3]d, late [Figure - 3]e and total [Figure - 3]f apoptotic cells. Collectively, Aloperine-inhibited proliferation of HPASMCs was due to cell apoptosis.
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        	Figure 3: Effects of Aloperine on PDGF-BB-induced apoptosis progression in HPASMCs. (a-c) Flow cytometry dot plots at 24 h; (d-f) Results of a quantitative analysis of apoptotic HPASMCs treated with Aloperine. Values are expressed as the mean ± standard deviation. P >0.05 versus the control group; **P < 0.01 versus PDGF-BB treated cells (n = 6). (a): Control group; (b): PDGF-BB group; (c): PDGF-BB + Aloperine; (d): Ratio of early apoptosis; (e): Ratio of late apoptosis; (f): Total ratio of apoptosis. PDGF: Platelet-derived growth factor, HPASMCs: Human pulmonary artery smooth muscle cells
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    Nuclear factor-κB signaling pathway involves in platelet-derived growth factor-BB-induced proliferation in human pulmonary artery smooth muscle cells


    To elucidate the mechanism by which Aloperine inhibited proliferation and induced apoptosis, the expression levels of proteins involved in the proliferation and apoptosis pathway were examined using Western blot analysis. Because the NF-κB signaling pathway was associated with cell proliferation and apoptosis, we assumed that the effects of Aloperine on the proliferation and apoptosis of HPASMCs were associated with the NF-κB signaling pathway. Therefore, we examined the effects of Aloperine on PDGF-BB-induced NF-κB regulation. As shown in [Figure - 4]a and [Figure - 4]b, PDGF-BB stimulated IKKα activation as demonstrated by increased level of phosphorylated IKKα, but had no effect on total IKKα level. As shown in [Figure - 4]c and [Figure - 4]d, PDGF-BB stimulated IκBα activation as demonstrated by increased level of phosphorylated IκBα, but had no effect on total IκBα level. As shown in [Figure - 4]e, [Figure - 4]f, [Figure - 4]g, [Figure - 4]h, the stimulation of PDGF-BB increased levels of NF-κB p65 and downstream protein TNF-α, Cyclin E1, and decreased the expression of p27kip1. Furthermore, treatment with Aloperine attenuated the levels ofp- IKKα, p- IκBα, NF-κB p65, TNF-α, Cyclin E1 and improved the level of p27kip1 in HPASMCs stimulated with PDGF-BB, but did not exhibit any inhibitory effects on IKKα and IκBα. Collectively, these results demonstrated that NF-κB signaling pathway was involved in the inhibition activity of the proliferation and induction of apoptosis in HPASMCs induced by PDGF-BB.
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        	Figure 4: Effects of Aloperine on the inactivation of signaling pathways in PDGF-BB stimulated HPASMCs. HPASMCs were treated with Aloperine (0.5 mM) for 24 h after treatment with 20 ng/ml PDGF-BB. The protein expression levels of (a) IKKα, (b) p-IKKα, (c) IκBα, (d) p-IκBα, (e) NF-κB p65, (f) TNF-α, (g) Cyclin E1 and (h) p27kip1 were determined by Western blot analysis. One representative image out of three independently performed experiments is shown. Values are expressed as the mean ± standard deviation. ##P < 0.01, #P < 0.05 versus the control group; **P < 0.01, *P < 0.05 versus the PDGF-BB treated cells. Vehicle; the PGDF-BB group: Platelet-derived growth factor-BB; HPASMCs: Human pulmonary artery smooth muscle cells
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    Discussion


    Current treatment paradigms for PAH mainly include four therapeutic categories by drug effects: endothelia-receptor antagonist pathway, phosphodiesterase type-5 inhibitor pathway, prostacyclin (PGI2) pathway, and circulating guanylate cyclase stimulator pathway.[bookmark: ft9][9],[bookmark: ft18][18],[bookmark: ft19][19] While currently approved drugs for PAH have some benefits on the quality of life in patients, limitations of short dosing intervals, peripheral vasodilation, and unwanted side effects make patients who are diagnosed with this disease still suffer from the lack of satisfactory treatment strategies to prolong survival. Moreover, the morbidity and mortality of PAH remain extremely high with no curative therapy.[bookmark: ft20][20] The limited success of PAH treatment is mainly due to the poor understanding of its pathophysiology and to the lack of effective empiric therapeutic regimens.[bookmark: ft21][21] Meanwhile, these vasodilators have very limited efficacy for eliminating pulmonary vascular remodeling and inflammatory response in the lung.[bookmark: ft35][35] Therefore, novel drugs are urgently required to exert better therapeutic effects on PAH.


    Aloperine possesses beneficial properties against inflammation, tumor growth, and infection in the traditional Chinese medicine.[bookmark: ft11][11] By combining the results to our previous study, we found that Aloperine can reduce the expression of the nicotinamide adenine dinucleotide phosphate oxidase (NOX-2, NOX-4) and oxidative stress and obviously prevent the progression of PAH in rats and reverse the remodeling of the right ventricle.[bookmark: ft27][27],[bookmark: ft36][36] According to our preexperimental results, we found that using Aloperine alone (0.5 mM) did not affect cell viability. In the present study, we explored that in vitro, Aloperine induced apoptosis and inhibited the proliferation of HPASMCs through induction of G0/G1 phase arrest, one potential mechanism through inhibiting the NF-κB pathway and significantly upregulating the expression of p27kip1, as well as downregulating Cyclin E1, which coincided with its anti-inflammatory, anti-proliferation, and anti-apopototic activity.


    NF-κB is a central regulator of inflammation. The activation of the classical NF-κB pathway induces expression of various genes encoding proinflammatory cytokines and chemokines, such as TNF-α and IL-1β; therefore, NF-κB can promote vascular inflammation by chemotaxis of leukocytes.[bookmark: ft33][33],[bookmark: ft37][37] Some studies showed that the role of NF-κB in PAH is of great importance: pulmonary artery smooth muscle cells and macrophages derived from patients with idiopathic PAH show increased NF-κB activation, and NF-κB inhibition ameliorates MCT-induced PAH.[bookmark: ft38][38],[bookmark: ft39][39]


    TNF-α is a proinflammatory cytokine with potent modulatory effects on the pulmonary circulation.[bookmark: ft40][40],[bookmark: ft41][41] Elevated serum TNF-α level was observed in patients with pulmonary hypertension secondary to chronic thromboembolic disease and connective tissue disease.[bookmark: ft42][42] In animal studies, TNF-α was shown to increase pulmonary vascular reactivity, to reduce PGI2 production in pulmonary artery smooth muscle cells, and to potentiate platelet-activating factor-induced pulmonary vasoconstriction. The over expression of TNF-α has been shown to result in severe pulmonary hypertension and emphysema in mice. Moreover, the suppression of TNF production by high doses of pentoxifylline reduces both systemic and pulmonary vascular resistance. Taken together, these data provide strong experimental evidence that TNF-α plays an important role in pulmonary vascular physiology.[bookmark: ft43][43]


    One consequence of PDGF treatment is the activation of NF-κB.[bookmark: ft44][44] NF-κB activity can be induced by numerous and various stimuli.[bookmark: ft45][45] In unstimulated cells, NF-κB is retained in the cytoplasm through an interaction with inhibitory proteins known as IkB. The canonical mechanism of NF-κB activation involves signal-inducible degradation of IkB, which causes the translocation of NF-κB to the nucleus and transcription activation of targeted genes.[bookmark: ft28][28],[bookmark: ft46][46] Numerous studies have demonstrated that the pathological proliferation of PASMCs is associated IKK/IκB/NF-κB signaling pathway.[bookmark: ft45][45],[bookmark: ft47][47]


    To address these issues, the activation of NF-κB pathway was assessed in HPASMCs stimulated with PDGF-BB, and further examined the levels of Cyclin E1 and p27kip1 protein, two molecules serving as biomarkers of cell proliferation, and the results showed that after the stimulation of PDGF-BB in HPASMCs, cell proliferation was promoted through the activation of NF-κB p65 and subsequent upstream factorsp-IKKα and p-IκBα, downstream factors, such as TNF-α, p27kip1, and Cyclin E1. The results of the present study suggested that the treatment of HPASMCs with Aloperine upregulated the relative level of NF-κB pathway-associated protein p27kip1, while downregulating the relative expression levels of p-IKKα, p-IκBα, NF-κB p65, TNF-α, and Cyclin E1. These results are in line with anti-inflammation ability of Aloperine. Therefore, it was indicated that HPASMCs proliferation was inhibited by Aloperine through regulation of the NF-κB pathway. In addition, Aloperine remarkably declined the expression of Cyclin E1 and increased the expression of p27kip1 induced by PDGF-BB, suggesting the anti-proliferative capacity of Aloperine in HPASMCs under PDGF-BB stimuli. The downregulation of Cyclin E1 is a necessary step required for DNA repair. Cyclin E1 is considered as a key regulator of the G1 phase of the cell cycle and its inhibition results in the cell cycle arrest.[bookmark: ft37][37] p27kip1, a cyclin kinase inhibitor, is a major suppressor of apoptosis, which has been shown to prevent DNA-damaged cells from entering the cell cycle.[bookmark: ft48][48] p27kip1 is rapidly accumulated at sites of DNA damage, similarly to DNA repair factors. p27kip1 is required to displace DNA replication enzymes, thereby blocking processive DNA synthesis.[bookmark: ft15][15]


    Increased expression of PDGF and PDGF receptor (PDGFR) were found in lung tissue of patients and animals with PAH.[bookmark: ft49][49] PDGFR is a receptor tyrosine kinase, which exerts its actions through binding PDGF and then activating a downstream signaling pathway to promote PASMCs proliferation and migration.[bookmark: ft50][50] PDGF-BB induced the proliferation of vascular smooth muscle cells and has been proposed to function in the development of atherosclerosis, lung fibrosis, PAH, and chronic thromboembolic pulmonary hypertension.[bookmark: ft49][49] Increased expression of PDGF and PDGFR were found in lung tissue of patients and animals with PAH. Furthermore, the levels of PDGF in the blood and lung tissues of patients with PAH are increased, further suggesting that PDGF plays a critical role in the development of pulmonary vascular remodeling and the increase in pulmonary arterial pressure.[bookmark: ft51][51] Consistently, our results showed that exogenous PDGF-BB promotes PASMCs proliferation, which further demonstrates that PDGF and PDGFR play an important role in the pathogenesis of PAH associated with abnormal PASMCs proliferation.


    PAH occurrence and development are associated not only with abnormal proliferation of PASMCs, but are also with the suppression of apoptosis. The present study indicated a significant inhibitory effect of Aloperine on the proliferation and cell cycle of HPASMCs. To explore whether Aloperine modulates the progression of HPASMCs proliferation, Aloperine concentration of 0.5 mM was adopted. The results as illustrated showed PDGF-BB led to an augmented HPASMCs proliferation, which was markedly restrained by Aloperine treatment. Aloperine blocks HPASMCs proliferation and DNA synthesis induced by PDGF-BB, while not exerting any negative effects on human normal PASMCs. PAH is characterized by unbalanced proliferation/apoptosis axis, to investigate the impact of Aloperine on HPASMCs proliferation, it was observed that HPASMCs underwent cell cycle arrest in G0/G1 phase after treatment with Aloperine. Cell cycle arrest has also been linked to the inhibition of the proliferation of HPASMCs. Decreased apoptotic activity has been found to exist in HPASMCs from PAH patients.[bookmark: ft10][10] To assess the impact of Aloperine on HPASMCs apoptotic response, the results showed that the Aloperine notably accelerated PDGF-BB-mediated apoptosis, increased the proportion of early, late, and total apoptotic cells, indicating that Aloperine may promote HPASMCs apoptosis. These results collectively suggest that Aloperine suppresses cell proliferation and promotes apoptosis of HPASMCs under PDGF-BB condition.


    Conclusions


    Taken together, our novel findings suggested that aloperine induced apoptosis and inhibited the proliferation of HPASMCs through the induction of G0/G1 phase arrest, one potential mechanism through inhibiting the NF-κB pathway and significantly upregulating the expression of p27kip1, as well as downregulating Cyclin E1, which coincided with its anti-inflammatory, anti-proliferation, and anti-apopototic activity. Furthermore, our study provided more evidence of endothelial protection and attenuated collagen fibers and anti-inflammatory by Aloperine before it can be applied to the clinical treatment of PAH.
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Figure: 1
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  Figure 1: Effects of Aloperine on PDGF-BB induced HPASMCs proliferation and DNA synthesis. HPASMCs were pre-cultured in serum free medium for 24 h, cells were treated with different concentrations of Aloperine (0.125–1 mM) for 24 h after the stimulation with PDGF-BB (20 ng/ml). Cell proliferation was examined using (a) the Cell Counting kit 8 test, and (b) bromodeoxyuridine incorporation was determined using an enzyme linked immunosorbent based assay. Data are expressed as the mean OD ± standard deviation. ##PPPn


  Figure: 2
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  Figure 2: Effects of Aloperine on PDGF-BB-induced cell cycle progression. HPASMCs were treated with 20 ng/ml PDGF-BB for 24 h in the absence or presence of Aloperine (0.5 mM). Quantification of HPASMCs in the G0/G1, S and G2/M phases was determined using flow cytometric evaluation. Values are expressed as the mean ± standard deviation. ##PPn


  Figure: 3
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  Figure 3: Effects of Aloperine on PDGF-BB-induced apoptosis progression in HPASMCs. (a-c) Flow cytometry dot plots at 24 h; (d-f) Results of a quantitative analysis of apoptotic HPASMCs treated with Aloperine. Values are expressed as the mean ± standard deviation. PPn


  Figure: 4
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  Figure 4: Effects of Aloperine on the inactivation of signaling pathways in PDGF-BB stimulated HPASMCs. HPASMCs were treated with Aloperine (0.5 mM) for 24 h after treatment with 20 ng/ml PDGF-BB. The protein expression levels of (a) IKKα, (b) p-IKKα, (c) IκBα, (d) p-IκBα, (e) NF-κB p65, (f) TNF-α, (g) Cyclin E1 and (h) p27kip1##P#PPP
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