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Abstract
Background/Aims: The proliferation and migration of vascular smooth muscle cells (VSMCs) 
are key steps in the progression of atherosclerosis. The aim of the present study was to 
investigate the potential roles of salusin-α in the functions of VSMCs during the development 
of atherosclerosis. Methods: In vivo, the effects of salusin-α on atherogenesis were examined 
in rabbits fed a cholesterol diet. The aortas were en face stained with Sudan IV to evaluate 
the gross atherosclerotic lesion size. The cellular components of atherosclerotic plaques were 
analyzed by immunohistochemical methods. In vitro, Cell Counting Kit-8 and wound-healing 
assays were used to assess the effects of salusin-α on VSMC proliferation and migration. 
In addition, western blotting was used to evaluate the total and phosphorylated levels of 
Akt (also known as protein kinase B) and mammalian target of rapamycin (mTOR) in VSMCs. 
Results: Salusin-α infusion significantly reduced the aortic lesion areas of atherosclerosis, with 
a 39% reduction in the aortic arch, a 71% reduction in the thoracic aorta, and a 71% reduction 
in the abdominal aorta; plasma lipid levels were unaffected. Immunohistochemical staining 
showed that salusin-α decreased both macrophage- and VSMC-positively stained areas in 
atherosclerotic lesions by 54% and 69%, cell proliferative activity in the intima and media of 
arteriosclerotic lesions, and matrix metalloproteinase 2 (MMP-2) and MMP-9 expression in 
plaques. Studies using cultured VSMCs showed that salusin-α decreased VSMC migration and 
proliferation via reduced phosphorylation of Akt and mTOR. Conclusion: Our data indicate 
that salusin-α suppresses the development of atherosclerosis by inhibiting VSMC proliferation 
and migration through the Akt/mTOR pathway.
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Introduction

Atherosclerosis is a chronic disease characterized by the accumulation of lipid, inflammatory cells and the proliferation of arterial smooth muscle cells (SMCs) [1-3]. The 
pathogenesis of atherosclerosis is a multifactorial process involving several molecular pathways. It may be modulated by endogenous vasoconstrictor peptides, such as adropin, angiotensin II, endothelin-1, vaspin, and urotensin II [4-8]. These agents stimulate vascular inflammation and oxidative stress-induced endothelial injury, monocyte–endothelial cell adhesion, macrophage foam cell formation, and SMC migration and proliferation, which are the pivotal phenomena of atherosclerosis [9]. Of all of the candidate biomarkers extensively studied so far, the recently identified bioactivities of salusins in atherogenesis are of special note. Salusin-α and -β, endogenous peptides biosynthesized from the same precursor, prosalusin, exert diverse effects on the cardiovascular system. The salusins are translated from an alternatively spliced mRNA of torsin family 2, member A. Salusin-α consists of 28 amino acids, whereas salusin-β consists of 20 amino acids, and both are bioactive peptides with hemodynamic effects [10-12]. Salusins are expressed and synthesized ubiquitously 
within human and animal tissues and detected in both plasma and urine, suggesting that salusins are endocrine and/or paracrine factors [10, 13, 14].Several lines of evidence suggest that salusins may be involved in the regulation of vascular homeostasis and play important roles in the development of cardiovascular disease. Atherosclerosis development is accelerated by salusin-β via increased acyl-coenzyme A:cholesterol acyltransferase-1 expression in human monocyte-derived macrophages, whereas salusin-α may have the opposite effect: serum salusin-α levels are inversely correlated with the maximum intima-media thickness in patients with coronary artery disease [15, 16]. Although there is a link between salusin-α and atherosclerosis [11, 16, 17], it is unclear whether salusin-α plays a role in the proliferation and migration of SMCs, 
another important cellular event in atherosclerotic lesion formation, even though some reports have shown that salusin-β promotes SMC migration and proliferation and vascular inflammation and fibrosis [18-20]. In this study, we attempted to examine the effects of salusin-α on rabbit atherosclerosis, with emphasis on the role of the peptide in SMCs and the underlying mechanisms.

Materials and Methods

AnimalsMale Japanese white rabbits were supplied by the Laboratory Animal Center of Xi’an Jiaotong University. To avoid hemodynamic effects induced by intravenous bolus injection, we performed subcutaneous continuous infusion of human synthetic salusin-α peptide (0.6 nmol/kg/h; 54847, GL Biochem, Shanghai, China) with the use of osmotic mini-pumps (Alzet Model 2006; Durect, Cupertino, CA). The mini-pumps were loaded with either salusin-α dissolved in saline (vehicle) or vehicle only and placed in 4-month-old rabbits. Pumps were subcutaneously implanted into the back of the neck of rabbits anesthetized with isoflurane and replaced with new pumps every 4 weeks. Both groups of rabbits were fed a chow diet containing 0.3% cholesterol and 3% soybean oil for 16 weeks. All animal experiments were performed with the approval of the Animal Care Committee of Xi’an Jiaotong University and conformed to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health.
Measurement of body weight and plasma parametersBody weight and plasma lipids were recorded every 2 weeks in each group of rabbits. Blood samples were collected via the auricular artery using an EDTA anticoagulant tube after 16 h of food deprivation and then centrifuged (3000 rpm, 15 min, 4 °C) to obtain plasma. Plasma levels of total cholesterol (TC), triglycerides (TGs), and high-density lipoprotein-cholesterol (HDL-C) were measured using Biosino assay kits (Bio-technology & Science Inc., Beijing, China). Plasma levels of tumor necrosis factor-α (TNF-α) 
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and interleukin-6 (IL-6) were measured with enzyme-linked immunosorbent assay kits according to the manufacturers’ instructions (R&D Systems Inc., Minneapolis, MN).
Atherosclerotic lesion analysisAt the end of the experiment, the rabbits were sacrificed via an overdose of sodium pentobarbital for analysis of atherosclerotic lesions. The entire aortic tree was fixed in 10% neutral buffered formalin and stained with Sudan IV (Yongsheng Chemical Co., Ji’nan, China) as previously described [21]. The area of the atherosclerotic lesion (sudanophilic area) was measured using image analysis software (WinROOF 6.5, Mitani Co. Ltd., Tokyo, Japan). For microscopic quantification of the lesion area, each segment of the rabbit aorta was cut into cross sections (8 to 10 for the aortic arch as described previously) [22]. For histological analysis, the sections were embedded in paraffin and stained with hematoxylin and eosin, elastic van Gieson, and Masson’s trichrome staining. For the microscopic evaluation of the cellular components in the lesions, serial paraffin sections of the aortic arch were immunohistochemically stained with antibodies (Abs) against macrophages (MФ) (1:500; RAM11, Dako Co., Carpinteria, CA) and SMCs (1:400; α-actin; Dako Co.). To further explore the plaque components, we also performed Masson’s trichrome and immunohistochemical staining with Abs against proliferating cell nuclear antigen (PCNA), matrix metalloproteinase 2 (MMP-2) (1:800; MAB3308, Millipore, Billerica, MA), and MMP-9 (1:50; IM37, Millipore). The sections for microscopic quantification were examined and photographed under a microscope equipped with a digital camera (Nikon, Tokyo, Japan) and measured with image analysis software.
Cell cultureWe obtained VSMCs from the media of rat aortas by the tissue explant method [23] and cultured them in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS), penicillin (100 U/mL), and streptomycin (100 U/mL). Briefly, male Sprague-Dawley rats (~250 g) were humanely euthanized via pentobarbital overdose. The thoracic aortas were removed and turned “inside out” in FBS with the use of a unique catheter under a microscope. The aortas were then cut into 1–2-mm explants and the explants were individually plated in culture plates containing DMEM with 20% FBS for 7 days until a single-cell suspension was achieved. The obtained cells retained the characteristics of SMCs (purity > 90%). Cells from passages 3–9 at 80% confluence in culture wells were used after serum depletion 24 h prior to treatment.
Cell proliferation assayCell Counting Kit-8 (CCK-8) kits (Dojindo, Tokyo, Japan) were used to measure VSMC proliferation according to the manufacturer’s instructions. VSMCs were seeded in 96-well plates at a density of 4 × 103 cells/well and then divided into three treatment groups: a vehicle-treated group, platelet-derived growth factor-BB (PDGF-BB)-treated group (10 ng/mL), and PDGF-BB (10 ng/mL) + salusin-α (10 nM)-treated group. To further examine the role of mTOR in VSMC proliferation, MHY-1485 was applied to activate the mTOR signaling pathway. VSMCs were pretreated with PDGF-BB for 2 h and then divided into four treatment groups: a vehicle-treated group, MHY1485-treated group (10 μM; S7811, Selleck, Houston, Texas), salusin-α (10 nM)-treated group, and MHY1485 (10 μM) + salusin-α (10 nM)-treated group. After incubation for 36 h, 10 μl of CCK-8 solution was added to each well and the cells were incubated for 2 h at 37 °C. The absorbance was measured at 450 nm with an Infinite 200 Pro plate reader (Tecan, Männedorf, Switzerland).For a 5-ethynyl-2’-deoxyuridine (EdU) incorporation assay, the staining procedure was performed using a Cell-LightTM EdU Apollo® 488 In vitro Imaging Kit (RiboBio, Guangzhou, China) in accordance with the manufacturer’s instructions. Cells were seeded onto 96-well plates at a density of 4 × 103 cells/well and then divided into three treatment groups: a vehicle-treated group, PDGF-BB–treated group (10 ng/mL), and PDGF-BB (10 ng/mL) + salusin-α (10 nM)-treated group. To examine the role of mTOR in VSMC proliferation, VSMCs were treated with PDGF-BB for 2 h and then divided into four groups: a vehicle-treated group, MHY1485-treated group (10 μM), salusin-α (10 nM)-treated group, and MHY1485 (10 μM) + salusin-α (10 nM)-treated group. After incubation for 36 h, EdU working solution was added to the cultures and, 2 h later, the cells were collected and fixed with 4% paraformaldehyde. The cells were stained 

by Apollo® staining solution and Hoechst 33342. EdU-positive cells were counted and normalized to the total number of Hoechst 33342-stained cells. The fluorescence signals were observed via fluorescence microscopy (ECLIPSE Ti, Nikon), and images were analyzed using NIS-Elements F software (Nikon).
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VSMC migration assayVSMC migration was assessed by a wound-induced migration assay [23]. In brief, VSMCs were seeded in 6-well plates at 105 cells/well and cultured in DMEM supplemented with 10% FBS and antibiotics until they reached 80% confluence. The quiescent VSMCs were then scraped in a straight line with a P1000 pipette tip to create a ‘‘scratch’’, and then the cells were washed twice with 1 mL of PBS. The medium was then replaced with 1 mL of medium specific for the in vitro scratch assay. The in vitro study procedure and chemical treatment were the same as in the above proliferation assay. The wound-healing images were captured in 40× fields at 0 and 24 h post-wounding under a Nikon microscope (Nikon) equipped with Image-pro Plus software (Media Cybernetics Inc., Bethesda, MD). The ratio of the cell recovery area to the whole wound area was used to evaluate cell migration.
Western blot analysisVSMCs were pretreated with different concentrations (1 and 10 nM) of salusin-α before stimulation with PDGF-BB (10 ng/mL) for 24 h. Briefly, the VSMC culture medium was removed and the cells were washed three times with PBS. VSMCs were then resuspended in lysis buffer: 50 mmol/L Tris-HCl, pH 6.8, 15% glycerol, 5% β-mercaptoethanol, 2% sodium dodecyl sulfate, 0.001% bromophenol, and protease inhibitor cocktail  (Roche, Indianapolis, IN). The debris was removed and the supernatant was obtained by centrifugation at 12, 000 g for 10 min at 4 °C. Protein concentrations were determined using the BCA protein assay kit (Pierce, Waltham, MA). Lysates containing 30 μg of protein were analyzed by 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis and transferred onto a polyvinylidene fluoride membrane. The membrane was blocked with 5% BSA in PBS and then probed with the desired primary Abs at 4 °C overnight. The blots were developed using appropriate horseradish peroxidase-conjugated secondary Abs (1:2000; 7074, Cell Signaling Technology, Beverly, MA) and an ECL Plus system (Thermo Fisher Scientific, Waltham, MA). The band intensity was analyzed by densitometry using ImageJ software. GAPDH protein served as a loading control. Protein samples were western blotted against primary Abs for p-Akt (1:1000; 4060), t-Akt (1:1000; 4691), p-Erk1/2 (1:1000; 4370S), t-Erk1/2 (1:1000; 4695), p-p38 MAPK (1:1000; 4511), t-p38 MAPK (1:1000; 8690S), p-mTOR (1:1000; 5536), t-mTOR (1:1000; 2983) (all from Cell Signaling Technology), and GAPDH (1:2000; ab181602, Abcam, Cambridge, UK).
Quantitative real-time polymerase chain reactionVSMCs were divided into three treatment groups: a vehicle-treated group, PDGF-BB–treated group (10 ng/mL), and PDGF-BB (10 ng/mL) + salusin-α (10 nM)-treated group. Total RNA was extracted from cells using TRIzol reagent (Invitrogen, Carlsbad, CA) by the RNeasy method following the manufacturer’s instructions. Quantitative real-time polymerase chain reaction (RT-PCR) was performed by using SYBR Green technology (Applied Biosystems, Foster City, CA) and a 7500 Real-time PCR machine (Applied Biosystems). Fold changes in gene expression were calculated using the 2−ΔΔCT method. The qRT-PCR primers used were as follows: MMP-2 forward primer: 5’-TCCCGAGATC TGCAAGCAAG-3′, reverse primer: 5’-AGAATGTGGC CACCAGCAAG-3′; MMP-9 forward primer: 5’-AGCCGGGAAC GTATCTGGA-3’, reverse primer: 5’-TGGAAACTCA CACGCCAGAAG-3’; GAPDH forward primer: 5’-GAACCCTAAG GCCAACCGTG-3’, reverse primer: 5’-TGGCATAGAG GTCTTTACGG-3’. GAPDH was used as an internal control.
Statistical analysisData are expressed as the mean ± standard deviation. Statistical analysis was performed using Student’s 

t-test with an equal F value or Welch’s t-test when the F value was not equal. Data from three groups were analyzed by one-way analysis of variance, followed by Tukey’s multiple-comparison procedure. For unequal variances, data were evaluated by the Kruskal-Wallis test. P < 0.05 was considered significant.
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Results

Body weight and plasma 
parametersThere was no clear 

difference in body weight under 
the same food consumption conditions between the vehicle-treated and salusin-α–treated 
groups, neither at the start nor at the end of the experimental period (Fig. 1A). At the end of the 
in vivo study, the plasma TC level 
was substantially increased 
after the high cholesterol diet feeding (Fig. 1B). However, there were no significant differences in plasma lipids (TC, TG, or HDL-C) or inflammation targets (numbers of blood monocytes 
or neutrophils and plasma TNF-α and IL-6 levels) between the two groups (Fig. 1B–G), 
indicating that chronic infusion of salusin-α had no significant effects on these parameters.

Aortic lesion formation
Analysis of the relative 

en face aortic lesion areas 
revealed that the total aortic 
atherosclerotic lesion areas of the salusin-α–treated group were significantly reduced by 59% versus the vehicle-treated group (Fig. 2A), with a 39% 
reduction in the aortic arch, a 71% reduction in the thoracic aorta, and a 71% reduction in the abdominal aorta (Fig. 2B). Histological examination 
along with immunohistochemical staining showed that the atherosclerotic lesions of both salusin-α and control groups were mainly composed of fatty streaks (Fig. 2C). Similarly, the microscopic lesion size of the aortic arch was decreased by 59% in the salusin-α–treated group due to decreased numbers of both macrophages (54% decrease) and SMCs (69% decrease) compared with the vehicle-treated group (Fig. 2D). Furthermore, the relative expression of PCNA was significantly lower in the salusin-α–treated group than in the vehicle-treated group (Fig. 2E and F). These results indicated that salusin-α may also inhibit atherosclerotic lesion progression via inhibition of VSMC proliferation and/or migration. To evaluate the collagen content, we stained the sections with Masson’s trichrome staining. The collagen content was higher (27% increase) in the salusin-α–treated group than in the vehicle-treated group (Fig. 2G and H).

Fig. 1. Body weight, plasma lipid levels, and inflammatory profiles of rabbits fed a cholesterol-rich diet. BW, body weight; TC, total cholesterol; TG, triglyceride; HDL, high-density lipoprotein; WBC, white blood cell; TNF-α, tumor necrosis factor-α; and IL-6, interleukin-6. Data are expressed as the mean ± standard deviation. n = 9 for each group.

E F

G H
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Fig. 2. Quantitation of aortic atherosclerosis. (A) Representative photographs of aortas stained with Sudan IV. (B) The lesion area (defined by the sudanophilic area) was quantified using an image analysis system. (C) Representative micrographs of aortic arch lesions. Serial paraffin sections of the aortic arch were stained with hematoxylin-eosin (HE) and elastica van Gieson (EVG) or immunohistochemically stained with monoclonal antibodies (mAbs) against either macrophages (MФ) or α-SMA (smooth muscle actin) for smooth muscle cells (SMCs). (D) Quantitation of intimal lesions in EVG-stained sections and positively stained areas of Mφ and SMCs. Representative images (E) and quantitative data (F) of proliferating cell nuclear antigen (PCNA) staining in cross-sections of the aortic arch. Representative images (G) and quantitative data (H) stained with Masson’s trichrome (MT). Data are expressed as the mean ± standard deviation. n = 9 for each group. *P<0.05 and **P<0.01 versus the vehicle-treated group.
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Fig. 3. Vascular smooth muscle cell (VSMC) proliferation and migration in vitro. (A) VSMCs were grown in a 96-well plate in the presence or absence of salusin-α (10 nM) with or without platelet-derived growth factor-BB (PDGF-BB) (10 ng/mL) for 36 h. Representative images (B) and quantitative data (C) of the effect of salusin-α (10 nM) on the PDGF-BB–induced DNA synthesis of VSMCs determined with an 5-ethynyl-2’-deoxyuridine (EdU) incorporation assay. The data are expressed as the ratio of EdU-positive cells to total cells. Blue fluorescence (Hoechst 33342) shows cell nuclei and green fluorescence (EdU) labels cells with DNA synthesis (×200). Representative images (D) and quantitative data (E) of the effect of salusin-α (10 nM) on the PDGF-BB–induced migration of VSMCs. VSMCs were scratched with a 1-mL pipette tip and cultured for 24 h with or without PDGF-BB (30 ng/mL). The dotted lines define the areas lacking cells. Representative images (F) and quantitative data (G) of the effect of salusin-α (10 nM) on the DNA synthesis of VSMCs, determined with an EdU incorporation assay. Representative images (H) and quantitative data (I) of the effect of salusin-α (10 nM) on VSMC migration. Data are expressed as the mean ± standard deviation. n = 6 for each group. *P<0.05 and **P<0.01 versus the vehicle or PDGF-BB–treated group.
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VSMC proliferation and migrationPhysiological concentrations of salusin-α inhibited PDGF-BB–induced VSMC proliferation in a dose-dependent manner, with the maximal inhibition at 10 μM (data not shown). PDGF-BB (10 ng/mL) increased VSMC proliferation ~2-fold compared with vehicle treatment, whereas the increased proliferation induced by PDGF-BB was inhibited by 33% with 10 μM salusin-α (Fig. 3A). We confirmed the suppressive effect of salusin-α on PDGF-BB–induced VSMC proliferation with an EdU incorporation assay. EdU-positive cells in VSMC were increased ~2-fold over the control group by PDGF-BB (Fig. 3B and C). The increased DNA synthesis induced by PDGF-BB was inhibited by 34% with 10 nM salusin-α (Fig. 3C). Furthermore, we examined the effect of salusin-α on VSMC migration in vitro. As shown in Fig. 3D and E, PDGF-BB increased VSMC migration ~3.5-fold compared with vehicle treatment, but the effect was mitigated in the salusin-α–treated group. Thus, these findings indicate that salusin-α may play a pivotal role in VSMC proliferation and migration, which are vital processes of atherosclerosis. These results suggest that salusin-α mitigated VSMC proliferation and migration in response to PDGF-BB. However, salusin-α exhibited no effect on proliferation (Fig. 3F and G) or migration (Fig. 3H and I) in cultured VSMCs without PDGF-BB stimulation.
Signaling pathways activated during proliferation and migration in mitogen-treated 
VSMCsTo directly examine the cellular substrates that may explain the impaired proliferation and migration of VSMCs, we measured the phosphorylation levels of p38, Erk1/2, Akt, and mTOR after PDGF-BB stimulation with or without pretreatment with salusin-α. As shown in Fig. 4, pAkt phosphorylation was inhibited by 26% by 10 nM salusin-α. Meanwhile, the 

Fig. 4. PDGF-BB–stimulated phosphorylation of mTOR, Akt, ERK1/2, and p38 in VSMCs. Band densitometry is shown in the right panels. ERK1/2 indicates extracellular signal-regulated protein kinases 1/2; p-p38 MAPK, phospho-p38 mitogen-activated protein kinase; p-mTOR, phospho mammalian target of rapamycin. Data are mean ± standard deviation of three independent experiments. **P<0.01 versus the PDGF-BB–treated group.
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mTOR phosphorylation level was decreased by 49% after treatment with salusin-α (10 nM) compared with the PDGF-BB–treated group. However, salusin-α had no significant effect on the phosphorylation of Erk1/2 and p38. These results indicated that salusin-α inhibited PDGF-BB–induced proliferation and migration in VSMC by suppressing the Akt/mTOR signaling pathway. To further examine the role of Akt/mTOR signaling in PDGF-BB–induced VSMC proliferation and migration, MHY-1485 (10 μM) was applied to activate the mTOR signaling pathway. As shown in Fig. 5A, MHY-1485 significantly attenuated the salusin-α–induced inhibition of VSMC proliferation. The result was confirmed by an EdU incorporation assay (Fig. 5B and C). Meanwhile, wound-healing assays showed that MHY-1485 significantly attenuated the salusin-α–induced inhibition of VSMC migration (Fig. 5D and E).
Matrix metalloproteinase expression in vivo and in vitroBecause MMPs are involved in the progression of atherosclerosis, we examined MMP expression in the atherosclerotic lesions using immunohistochemical staining. The expression levels of MMP-2 and MMP-9 in the aortic plaque were markedly lower in the salusin-α–treated group than in the vehicle-treated group (Fig. 6A and B). Furthermore, we investigated the effects of salusin-α on the mRNA expression levels of MMP-2 and MMP-9 in VSMCs. The mRNA expression levels (Fig. 6C) of MMP-2 and MMP-9 showed a marked increase in the PDGF-BB–treated group but were normalized in the salusin-α–treated group compared with the vehicle-treated group.

Fig. 5. MHY-1485 attenuates salusin-α mediated inhibition of PDGF-BB–induced VSMC proliferation and migration in vitro. VSMCs were treated with PDGF-BB (10 ng/mL) for 36 h. (A) The CCK-8 assay was performed to assess the proliferation of VSMCs. Representative images (B) and quantitative data (C) from the EdU incorporation assay to assess DNA synthesis in VSMCs. Representative images (D) and quantitative data (E) of the wound-induced migration assay to assess the migration of VSMCs. Data are expressed as the mean ± standard deviation. n = 6 for each group. *P<0.05 and **P<0.01 versus the PDGF-BB– or salusin-α–treated group.

http://dx.doi.org/10.1159%2F000494792


Cell Physiol Biochem 2018;50:1740-1753
DOI: 10.1159/000494792
Published online: 2 November 2018 1749

Cellular Physiology 

and Biochemistry

Cellular Physiology 

and Biochemistry
© 2018 The Author(s). Published by S. Karger AG, Basel

www.karger.com/cpb

Gao et al.: Salusin-α Inhibits Vascular Smooth Muscle Cell Proliferation

Fig. 6. Matrix metalloproteinase (MMP) expression in vivo and in vitro. Representative micrographs (A) of intimal lesions immunohistochemically stained with monoclonal antibodies against MMP-2 and MMP-9. (B) Quantitative analysis of positively stained areas of MMP-2 and MMP-9 with an image analysis system. Data are expressed as the mean ± standard deviation. n = 9 for each group. *𝑃 < 0.05 and **𝑃 < 0.01 versus the vehicle-treated group. (C) mRNA expression levels of MMP-2 and MMP-9 in vascular smooth muscle cells (VSMCs) with different treatments. Data are expressed as the mean ± standard deviation. n = 3 for each group. *P<0.05 and **P<0.01 versus the vehicle or PDGF-BB–treated group.
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DiscussionThe significant finding of our present work is that chronic salusin-α infusion protects against cholesterol diet-induced atherosclerosis with a significant decrease in SMCs in atherosclerotic lesions. At the molecular level, salusin-α inhibits VSMC migration/proliferation and MMP-2 and MMP-9 expression and reduces Akt/mTOR signaling activation.Nagashima et al. demonstrated that chronic salusin-α infusion blocks the progression of atherosclerotic lesions by suppressing serum TC levels in mice [15]. In our present study, no significant effects of salusin-α on plasma lipid levels were found in cholesterol-fed rabbits (Fig. 1); species differences might be one of the explanations for these apparently conflicting results, because rabbits have a unique lipoprotein metabolism profile (like humans but unlike rodents) and are sensitive to a cholesterol diet [24]. In rabbits, preprosalusin mRNA is widely expressed throughout most tissues but is especially abundant in the lung, spleen, testes, and hypothalamus, which is similar to human tissues. However, the human salusin-α Abs currently available do not cross-react with rabbit salusin and no rabbit salusin-α Abs are thus far available. Thus, it remains to be investigated whether rabbit salusin-α and salusin-β colocalize or show distinct distributions.In agreement with a previous report that salusin-α exerts protective effects in atherosclerosis through inhibition of macrophage-derived foam cells [16], we observed that chronic infusion of salusin-α substantially attenuated the aortic atherosclerotic lesions and inhibited both macrophage and SMC content in atherosclerotic lesions of rabbits (Fig. 2). VSMC proliferation and migration from the media into the intima are believed to be one of the main causes of the formation of atherosclerotic plaques and intimal hyperplasia [25]. Salusin-α decreases macrophage foam cell formation via acyl-coenzyme A:cholesterol acyltransferase-1 regulation [16]. However, the role of salusin-α in another important cellular component of atherosclerotic lesions, VSMCs, remains to be clarified. In our present work, 
we observed decreased cell proliferative activity in the intima of arteriosclerotic arteries in the presence of salusin-α in vivo (Fig. 2) and found that salusin-α prevented mitogen-induced VSMC proliferation and migration in vitro (Fig. 3). The peptide that opposes salusin-α, salusin-β, promotes the migration and proliferation of VSMCs and is involved in vascular remodeling [19, 20, 26]. VSMC proliferation in the development of atherosclerosis is most likely initiated and regulated by growth factors such as PDGF-BB. Akt-mTOR signaling has been accepted widely as an initiator of protein synthesis and cell growth. Akt plays a dominant role in VSMC growth and migration, whereas ERK, JNK, and p38 are comparably involved [27]. Akt and mTOR activation are important for regulating the phosphorylation of 
an array of substrates and mediating cellular processes such as cell migration, proliferation, survival, and the cell cycle [28-30]. Our results showed that salusin-α reduced the levels of phospho-Akt and phospho-mTOR proteins in VSMCs (Fig. 4), suggesting that the Akt/mTOR pathway may be involved in the effects of salusin-α on VSMC proliferation and migration. The subsequent wound “scratch” experiment confirmed that salusin-α can significantly inhibit PDGF-BB– or mTOR activator (MHY1485)–induced VSMC migration (Fig. 5). These results suggested that salusin-α might improve atherosclerosis by inhibiting VSMC migration and proliferation via regulation of the mTOR pathway. Although the salusin-α receptor has not yet been identified, we speculate that salusin-α may exert its physiological functions by binding to cell surface receptors [17, 31, 32]. Also unclear is whether salusin-α inhibits the migration and proliferation of SMCs via attenuation of the effects of salusin-β. Previous studies reported that pretreatment with excess salusin-α did not attenuate the salusin-β–induced increase in intracellular calcium in VSMCs [10], suggesting that they do not compete for the same receptors. Because salusin-α and -β have quite distinct sequences, we speculate that they may bind to different receptors, although this hypothesis has not been fully verified [33].

http://dx.doi.org/10.1159%2F000494792


Cell Physiol Biochem 2018;50:1740-1753
DOI: 10.1159/000494792
Published online: 2 November 2018 1751

Cellular Physiology 

and Biochemistry

Cellular Physiology 

and Biochemistry
© 2018 The Author(s). Published by S. Karger AG, Basel

www.karger.com/cpb

Gao et al.: Salusin-α Inhibits Vascular Smooth Muscle Cell Proliferation

A recent study reported that salusin-β, but not salusin-α, promotes vascular inflammation in ApoE-deficient mice [34]. However, there was no significant difference between the two groups in the levels of IL-6, TNF-α, or blood leukocytes (Fig. 1). Apart from inflammatory cytokines, macrophages and VSMCs in plaques may also secrete proteolytic enzymes, such as MMPs, which can digest the extracellular matrix, weaken the fibrous cap, and play an important role in the migration of cells in atherosclerotic lesions [35, 36]. VSMCs in culture often mimic the synthetic phenotype, typically expressing MMP-2 in the presence of an autocrine or PDGF loop [37]. Some peptides, such as salusin-β, promote the migration of VSMCs through upregulation of MMP-2 and MMP-9 [18, 38]. Here, we found that salusin-α treatment dramatically inhibited MMP-2 and MMP-9 expression in plaques (Fig. 6). More importantly, these primary findings in VSMCs were confirmed by our in vitro experiments (Fig. 6). Furthermore, the increased collagen content in the aortic plaques after salusin-α treatment may stem from the marked decrease in macrophages and MMPs in these lesions. These results suggest that salusin-α also might enhance plaque stability by targeting collagen accumulation, downregulating MMPs. Further studies will be needed to resolve this issue.
ConclusionIn this study, salusin-α was found to inhibit atherosclerotic lesions by suppressing VSMC proliferation and migration and to possibly also enhance plaque stability by regulating MMP expression and collagen production. The mechanisms underlying these beneficial effects on VSMCs may involve attenuation of the Akt/mTOR signaling pathways.
AbbreviationsAb (antibody); CCK-8 (Cell Counting Kit-8); DMEM (Dulbecco’s modified Eagle’s medium); EdU (5-ethynyl-2’-deoxyuridine); ERK1/2 (extracellular signal-regulated protein kinases 1/2); FBS (fetal bovine serum); HDL-C (high-density lipoprotein-cholesterol); IL-6 (interleukin-6); MMP (matrix metalloproteinase); Mtor (mammalian target of rapamycin); PCNA (proliferating cell nuclear antigen); PDGF-BB (platelet-derived growth factor-BB); p38 (MAPK, p38 mitogen-activated protein kinase); SMC (smooth muscle cell); TC (total cholesterol); TG (triglycerides); TNF-α (tumor necrosis factor-α); VSMC (vascular smooth muscle cell).
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