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Abstract
Background
High density lipoprotein (HDL) has been proved to be a protective factor for coronary heart disease. Notably, HDL in atherosclerotic plaques can be nitrated (NO2-oxHDL) and chlorinated (Cl-oxHDL) by myeloperoxidase (MPO), likely compromising its cardiovascular protective effects.

Method
Here we determined the effects of NO2-oxHDL and Cl-oxHDL on SMC migration using wound healing and transwell assays, proliferation using MTT and BrdU assays, and apoptosis using Annexin-V assay in vitro, as well as on atherosclerotic plaque stability in vivo using a coratid artery collar implantation mice model.

Results
Our results showed that native HDL promoted SMC proliferation and migration, whereas NO2-oxHDL and Cl-oxHDL inhibited SMC migration and reduced capacity of stimulating SMC proliferation as well as migration, respectively. OxHDL had no significant influence on SMC apoptosis. In addition, we found that ERK1/2-phosphorylation was significantly lower when SMCs were incubated with NO2-oxHDL and Cl-oxHDL. Furthermore, transwell experiments showed that differences between native HDL, NO2-oxHDL and Cl-oxHDL was abolished after PD98059 (MAPK kinase inhibitor) treatment. In aortic SMCs from scavenger receptor BI (SR-BI) deficient mice, differences between migration of native HDL, NO2-oxHDL and Cl-oxHDL treated SMCs vanished, indicating SR-BI’s possible role in HDL-associated SMC migration. Importantly, NO2-oxHDL and Cl-oxHDL induced neointima formation and reduced SMC positive staining cells in atherosclerotic plaque, resulting in elevated vulnerable index of atherosclerotic plaque.

Conclusion
These findings implicate MPO-catalyzed oxidization of HDL may contribute to atherosclerotic plaque instability by inhibiting SMC proliferation and migration through MAPK-ERK pathway which was dependent on SR-BI.


Electronic supplementary material
The online version of this article (doi:10.​1186/​s12944-016-0388-z) contains supplementary material, which is available to authorized users.
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Background
High density lipoprotein (HDL) has been considered a protective factor of coronary heart disease (CHD). However, recent clinical trials showed that HDL-elevating medications failed to improve clinical outcomes in some CHD patients [1, 2], suggesting that HDL’s function is more important than its quality, which may be compromised with certain modifications. HDL’s protective role is also dependent on scavenger receptor BI (SR-BI), the major receptor for HDL [3]. Myeloperoxidase (MPO)-catalyzed oxidation, one of modifications for HDL, which is closely linked to CHD [4, 5], could be further classified into nitration (generating NO2-oxHDL) and chlorination (generating Cl-oxHDL). Proteomic studies have identified MPO as a component of advanced human atherosclerotic lesions, and revealed that HDL, more specifically, apolipoprotein A-I (apoA-I), the  primary protein constituent of HDL, is a selective target for MPO-catalyzed nitration and chlorination in human serum and atherosclerotic lesions [6, 7]. NO2-Tyr (MPO-catalyzed nitration product) and Cl-Tyr (MPO-catalyzed chlorination product) contents are dramatically (6-fold higher than plasma) and selectively enriched within apoA-I recovered from atherosclerotic lesions in CHD patients [4, 8], oxidized apoA-I is in low abundance within the circulation, but accounts for 20% of the apoA-I in atherosclerotic plaque [9]. These results suggest an important role of MPO-catalyzed HDL nitration and chlorination in the pathogenesis of CHD.
Pathological studies showed that MPO expression was significantly increased only when atherosclerosis progresses into atherosclerotic plaque [5], and reached its highest level just before atherosclerotic plaque rupture [10]. Therefore, MPO has been considered a marker of unstable atherosclerotic plaque pathologically, angiographically and clinically [11–14]. Clinical studies also found that MPO serum levels could be used to predict the incidence of major adverse cardiac events (MACE) in patients with acute coronary syndrome (ACS) [15, 16]. These evidences identify MPO as a marker for unstable advanced plaque. Recently, MPO was found to form a complex with apoA-I and oxidize apoA-I in human atherosclerotic plaque of ACS patients [17], and serum concentrations of MPO also correlated with HDL serum levels in ACS patients [18]. Moreover, apoA-I was also found over-abundant in advanced plaques from unstable angina pectoris patients and co-localized with MPO [19], which raised an interesting question-whether MPO weakens plaque stability in advanced atherosclerotic lesions through oxidation of HDL. Pathological studies revealed significantly reduced vascular smooth muscle cells (SMCs) in unstable atherosclerotic plaques [20], and it is well known that plaque stability in advanced atherosclerotic lesions is increased by proliferation and migration of SMCs, but decreased by SMC apoptosis [21–23]. It was previously reported that HDL stimulates proliferation of SMCs [24, 25], which may increase plaque stability and contribute to HDL protection in CHD. Therefore, it is critical to investigate whether MPO-oxidized HDL has any adverse effects on SMCs, leading to plaque instability. Thus in this article we asked how MPO-nitrated and -chlorinated HDL modulates SMC migration, proliferation and apoptosis, and its direct impact on atherosclerotic plaque stability.

Methods
Isolation of HDL
Fresh, fasting plasma was separated by centrifugation from peripheral blood obtained from healthy subjects as described previously (referred to as HDL) [26]. The study protocol was approved by the local ethics committee. The clinical characteristics of plasma donors were listed in Table 1. Briefly, HDL was isolated from fresh plasma by ultracentrifugation (d = 1.063 to 1.21 g/mL), dialyzed against 3 × 1 L of endotoxin-free phosphate-buffered saline (PBS) with 100 μM diethylenetriamine pentaacetic acid (DTPA, Sigma, USA), sterilized with 0.22 μm filter, and stored in sealed tubes at 4 °C in dark until use within 1 month. The concentrations of HDL used in the present study were based on apoA-I content of HDL.Table 1Clinical characteristics of donors


	 	Healthy donors average (n = 10)

	Age, Year
	24.2 ± 2.66

	Sex, Male/Female
	6/4

	Triglyceride, mmol/L
	1.06 ± 0.48

	Total Cholesterol, mmol/L
	4.20 ± 0.67

	HDL-C, mmol/L
	1.26 ± 0.28

	LDL-C, mmol/L
	2.26 ± 0.58


Data are presented as mean ± SD as indicated. HDL-C high density lipoprotein cholesterol, LDL-C low density lipoprotein cholesterol, The donors were generally healthy with no medical history of hyperlipidemia, cardiovascular disease or other atherosclerotic disease, diabetes or hypertension. The donors denied the history of smoking, alcohol consumption, or drug use



                        

Animals
Three to six month old C57BL/6 background wild type (WT) mice were used to isolate aortic vascular smooth muscle cells. SR-BI (scavenger receptor BI) −/− mice (C57BL/6 background) were obtained from Dr. George Liu’s laboratory (Peking University, Beijing, China) [27]. Eight-week-old male ApoE−/− mice were purchsed from Charles River Laboratories (Wilmington, Massachusetts). Genotyping by PCR was performed using genomic DNA extracted from tails. These mice were kept under standard animal room conditions (temperature 21 ± 1°C; humidity 55–60%) with food and water continuously available for one week before the experiment.

Animal model of carotid atherosclerosis
All ApoE−/− mice mice (male, 8 weeks old) received a high-fat diet (0.5% cholesterol and 15% cocoa butter) until sacrifice. After four weeks of high-fat diet, a silica-gel constrictive collar (0.30 mm inner diameter, 0.50 mm outer diameter, and 2 mm long) was placed around right carotid artery in all mice as described [28]. Three days after surgery, 200 μl of PBS (Phosphate Buffered Saline), 200 μl of native HDL, Cl-HDL, or NO2-HDL at an apoA-I concentration of 500 μg/ml was injected via the tail vein every three days for 4 weeks. The mice were euthanized by overdose of anesthetics at the end of experiment.

Plaque Morphology & Histochemical Analysis
Atherosclerotic plaques at the aortic valve level were sectioned. Plaque morphological characters were analyzed via hematoxylin/eosin (H&E) staining. Plaque composition was detected by oil red O staining (lipid-rich cores), Sirius staining (collagen), Masson staining (fibrin), anti–α smooth muscle actin antibody (smooth muscle cells) staining, and anti–CD68 antibodies (macrophages) staining. Slides were visualized under a bright-field microscope (Leica DM2500, Tokyo, Japan), and pictures of the entire slice were taken with identical exposure settings for all sections and analyzed using image analysis software (ImageJ, National Institutes of Health, Bethesda, MD, USA). The abundance of each component was evaluated as percent of the vascular intima area. The vulnerable index was calculated as follows: the relative positive staining areas of (macrophages% + lipid%)/the relative positive staining areas of (SMCs% + collagen%) [29].

Statistical analysis
All experiments were performed in triplicate unless indicated. The results of multiple observations are presented as the means ± SEM or as a representative result. Data were analyzed with SPSS version 19.0 (IBM SPSS, Armonk, NY, USA). Kolmogorov-Smirnov test was employed to analyze native distribution, independent sample t-tests was used to compare the difference between groups, difference was considered significant when p < 0.05.
Other materials and methods please refer to Additional file 1.


Results
MPO oxidation results in Cl-oxHDL and NO2-oxHDL
We have found previously through Mass Spectrometry that major protein component of HDL, apoA-I, is specifically modified upon MPO-catalyzed nitration and chlorination [26]. We showed that the tyrosine (Y) chlorination and nitration events were identified only in the MPO-treated samples. The chlorinated Y peptide was identified only in Cl-HDL and the nitrated Y peptides were identified only in NO2-HDL samples [26], which proved the specificity of our method. Importantly, it was found recently that a 2-oxindolyl alanine (2-OH-Trp) moiety at Tryptophan (W) 72 of apoA1 is critical in MPO-mediated inhibition of the ATP-binding cassette transporter A1 (ABCA1)-dependent cholesterol acceptor activity of apoA1 in vitro and in vivo [9]. ApoA1 containing a 2-OH-W72 group is abundant in atherosclerosis-laden arteries and could predict CHD risk [9]. Here we found that MPO-catalyzed nitration and chlorination also results in the oxidation of W72 to form the singly oxidized product, W + O (16 Da), doubly oxidized product, W + 2O (32 Da), and the oxidation of W to kynurenine [30] (W + 4 Da) (Fig. 1). These findings reflected the pathophysiological importance of the MPO oxidized HDL in our experiments.[image: A12944_2016_388_Fig1_HTML.gif]
Fig. 1Mass Spectrometry analysis of HDL and MPO oxidized HDL. a Results from the selected ion monitoring (SIM) analysis of the native HDL, Cl-HDL and NO2-HDL samples. The data were obtained by normalizing the peak areas for the W72 containing peptides (LLDNWDSVTSTFSK) by the peak areas of the reference peptides. The reference peptides utilized in these experiments are the unmodified apoA-I peptides ATEHLSTLSEK and QGLLPVLESFK. b Oxidized W72 of the native HDL, Cl-HDL and NO2-HDL samples was also analyzed, with singly oxidized product, W + O (16 Da), doubly oxidized product, W + 2O (32 Da), and the oxidation of W to kynurenine (W + 4 Da) (**p < 0.01 compared with HDL group)




                        

Cl-oxHDL and NO2-oxHDL have reduced capacity to stimulate SMC proliferation
In order to examine the effects of Cl-oxHDL and NO2-oxHDL on SMC proliferation, we employed MTT and BrdU assays. We found that after 48 h treatment with 100 μg /ml native HDL, cell number increased by about 50% compared with non-treated cells as indicated by the MTT assay (Fig. 2a). To exclude the effect of MPO on cell proliferation, we also set up MPO + HDL group in the MTT assay, but the results showed no significant difference between MPO + HDL and HDL groups. However, Cl-oxHDL and NO2-oxHDL had significantly diminished stimulatory effects on cell proliferation compared with native HDL (Fig. 2a), with their MTT values 33% and 24% higher than the non-treated group, respectively. As shown in Fig. 2b, BrdU assay showed similar results. DNA synthesis was stimulated by about 60% in cells treated with HDL or HDL + MPO compared with cells in non-treated group. Cl-oxHDL and NO2-oxHDL groups were associated with reduced stimulation of DNA synthesis compared with native HDL (p < 0.01), but still stimulated DNA synthesis by 35% and 29%, respectively, compared with non-treated group. Results in Additional file 1: Figure S1B revealed that the stimulatory effects on BrdU incorporation were time-dependent.[image: A12944_2016_388_Fig2_HTML.gif]
Fig. 2oxHDL reduces HDL’s promotion of SMC proliferation. a In vitro MTT assay was performed to analyze SMC viability. The native HDL and oxHDL was applied to SMCs at a concentration of 100 μg/ml for 48 h. The absorbance at A570 was measured and compared. b In vitro BrdU assay was performed to analyze SMC proliferation. The native HDL and oxHDL were applied to SMCs at a concentration of 100 μg /ml for 48 h. The absorbance at A450 was measured and compared (*p < 0.05, **p < 0.01 compared with non-treated group (NT), ##p < 0.01 compared with HDL group)




                        

Cl-oxHDL and NO2-oxHDL inhibited SMC migration
We first used in vitro wound healing assay to examine Cl-oxHDL and NO2-oxHDL’s effects on SMC migration. We found that HDL increased the migration of SMCs by 70% compared with non-treated cells. However, Cl-oxHDL and NO2-oxHDL inhibited SMC migration by about 54% and 58%, respectively, compared with non-treated cells (Fig. 3a and c). We also used transwell assay to confirm these findings. As shown in Fig. 3b and d, HDL increased SMCs migration by about 50% compared with non-treated cells, while Cl-oxHDL and NO2-oxHDL inhibited SMC migration by about 60% and 50%, respectively, compared with non-treated cells. Data in Additional file 1: Figure S1A confirmed that the transwell migration was in dose-dependent manner. These results clearly showed that HDL of healthy subjects promotes the migration of SMCs, while MPO catalyzed oxHDL inhibits SMC migration.[image: A12944_2016_388_Fig3_HTML.gif]
Fig. 3Oxidation of HDL inhibits SMC migration while HDL promotes SMC migration. a Primary aortic SMCs were cultured on 12-well plate until confluent, when an in vitro wound healing assay was performed. The native HDL and oxHDL were applied to SMCs at a concentration of 100 μg /ml for 48 h. Photographs of cells were taken 48 h after scratch. b In vitro transwell assay was performed to analyze SMC migration. The native and oxHDL were applied to SMCs at a concentration of 100 μg /ml for 12 h. The cells were stained and photographed. c The cells in wound healing assay were photographed 0 and 48 h after scratch, the relative area of SMC migration was compared. d Migrated cells in transwell assay were counted and compared (*p < 0.05, **p < 0.01 compared with non-treated group (NT), ##p < 0.01 compared with HDL group)




                        

Cl-oxHDL and NO2-oxHDL had no significant effects on SMC apoptosis
We used Annexin-V apoptosis assay to examine Cl-oxHDL and NO2-oxHDL’s effects on SMC apoptosis. We found that 24 h treatment with either 100 μg /ml native or oxHDL did not significantly affect SMC apoptosis (Additional file 1: Figure S2).

Cl-oxHDL and NO2-oxHDL have diminished capacity to activate ERK1/2 phosphorylation
The mitogen-activated protein kinase (MAPK)/ extracellular regulated protein kinases (ERK) pathways have been proved to play a vital role in modulating SMC migration and proliferation [25, 31]. The phosphorylation state of ERK1/2 is the marker for activation of MAPK/ERK pathway [32]. To further elucidate the mechanism by which Cl-oxHDL and NO2-oxHDL inhibit SMC migration, we determined whether ERK1/2 phosphorylation was affected. SMCs were treated with native HDL, Cl-oxHDL and NO2-oxHDL at an apoA-I concentration of 100 μg/ml for 5, 15, and 30 min. In Fig. 4a and b, our results showed that ERK1/2 phosphorylation in the three groups reached maximum at the same time point (5 min) and treatment with native HDL significantly increased the level of ERK1/2 phosphorylation by about 150%. However, Cl-oxHDL and NO2-oxHDL had dramatic reduction in stimulating phosphorylation of ERK1/2 compared with native HDL. Cl-oxHDL and NO2-oxHDL treatment for 5 min resulted in about 60% and 20% reduction of ERK1/2 phosphorylation, respectively, compared with HDL group. These results illustrate that Cl-oxHDL and NO2-oxHDL have diminished capacity to activate ERK1/2 as indicated by their phosphorylation.[image: A12944_2016_388_Fig4_HTML.gif]
Fig. 4HDL stimulates ERK pathway while oxHDL inhibits such pathway. a The native and oxHDL were applied to SMCs at a concentration of 100 μg /ml for 5, 15 and 30 min, before cells were harvested for western blot. b The band density of phospha-ERK (P-ERK), ERK was determined by Photoshop 7.0 software. The ratio of pERK/ERK were compared. (**p < 0.01 compared with HDL group)




                        

Cl-oxHDL and NO2-oxHDL inhibit SMC migration through the MAPK pathway
To test whether Cl-oxHDL and NO2-oxHDL inhibit SMC migration through MAPK pathway, we pre-treated SMCs with LY294002 (a PI3K inhibitor) and PD98059 (a MAPK inhibitor), and repeated the transwell assay. As shown in Fig. 5, PD98059 treatment abolished the differences of SMC migration responses between HDL, Cl-oxHDL and NO2-oxHDL groups, while LY294002 failed to do so. These results suggested that Cl-oxHDL and NO2-oxHDL inhibit SMC migration through MAPK but not PI3K/Akt pathway.[image: A12944_2016_388_Fig5_HTML.gif]
Fig. 5PD98059, but not LY294002, reverses inhibitory effects of oxHDL on SMC migraiton. a SMCs were preincubated with in the presence or absence of LY294002 (50 μM) or PD98059 (10 μM) for 12 h. Then cells were treated with HDL for 5 min, cell lysates were analyzed by western blot. b LY294002 and PD98059 were applied 12 h before transwell experiments were performed. The migrating cells were stained and photographed after 12 h incubation. c The number of migrated cells were counted and compared, normalized to the number of migrated cells in non-treated HDL group (**p < 0.01 compared with HDL groups in each treatments)




                        

HDL, Cl-oxHDL and NO2-oxHDL’s effects on SMC migration are dependent on SR-BI
HDL’s cholesterol transport function needs binding with its receptor Scavenger Receptor Class B Type I (SR-BI) [33]. It was reported recently that in endothelial cells and breast cancer cells, HDL modulates proliferation and migration through SR-BI [27, 34]. We reported previously oxidized HDL can inhibit SR-BI expression in endothelial cell [26]. However, it remains unknown in SMCs, whether HDL modulates migration through SR-BI. To determine whether HDL, Cl-oxHDL and NO2-oxHDL’s effects on SMC migration were dependent on SR-BI, we performed transwell experiments using SMCs derived from SR-BI (−/−) mice. Representative agarose gel of SR-BI mouse genotype assay by PCR was shown in Fig. 6a. The lack of SR-BI expression in the SR-BI (−/−) SMCs was confirmed by western blot (Fig. 6b). As seen in Fig. 6c and d, there was no significant difference among migration responses of SR-BI (−/−) SMCs treated without (non-treated) and with native HDL or oxHDL. These results indicated that native and oxHDL’s effects on SMC migration may be dependent on SR-BI.[image: A12944_2016_388_Fig6_HTML.gif]
Fig. 6Native and oxHDL’s effects on SMC migration are dependent on SR-BI. a Representative agarose gel of SR-BI genotype assay by PCR. Wild type (WT) mice were identified by a band at 630 bp, while SR-BI (−/−) mice were identified by band at 330 bp. b Western blot analysis of SMCs from wild type (WT) and SR-BI (−/−) mice. c In vitro transwell assay was performed to analyze aortic SMC migration in SR-BI (−/−) mice. The native and oxHDL was applied to SMC at a concentration of 100 μg /ml for 12 h. The cells were stained and photographed. d Migrating cells were counted and compared (no significant difference was observed between the four groups)




                        

Cl-oxHDL and NO2-oxHDL inhibit platelet-derived growth factor (PDGF)-induced migration of SMCs
In atherosclerosis, PDGF-BB released from platelets, monocytes and endothelial cells could significantly promote SMC migration [35]. Reports have shown that HDL could inhibit PDGF-BB-stimulated SMC migration [36, 37]. Therefore, to answer whether Cl-oxHDL and NO2-oxHDL could influence PDGF-BB-stimulated SMC migration, we performed transwell assay in the presence of 30 ng/ml PDGF-BB. As shown in Additional file 1: Figure S3, native HDL significantly suppressed PDGF-BB stimulated SMC migration, while Cl-oxHDL and NO2-oxHDL could still significantly suppress SMC migration compared with native HDL.

HDL, Cl-oxHDL and NO2-oxHDL’s effects on atherosclerotic plaque stability
To determine the effects of HDL, Cl-oxHDL and NO2-oxHDL’s on atherosclerotic plaque stability, we performed coratid artery collar implantation in apoE−/− mice on high-fat diet. Same amount of PBS, HDL, Cl-oxHDL and NO2-oxHDL (200 μl, at the concentration of 500 μg/ml) was injected via tail vein every three days after collar implantation. At 4 weeks after collar implantation, we found increased neointima to media ratio in Cl-oxHDL and NO2-oxHDL treated groups compared with HDL group (p < 0.05, Figs. 7 and 8a). Moreover, significantly less SMC positive staining cells and significantly more CD68 positive staining cells were present in Cl-oxHDL and NO2-oxHDL treated groups compared with HDL group (p < 0.05, Figs. 7 and 8b), while no significant difference of collagen, fibrin and lipids staining was noticed between the four groups (Figs. 7 and 8b). We calculated the vulnerable index as described [29], and found significantly elevated relative vulnerable index in Cl-oxHDL and NO2-oxHDL treated groups compared with HDL group (p < 0.05, Fig. 8c).[image: A12944_2016_388_Fig7_HTML.gif]
Fig. 7Native and oxHDL’s effects on plaque stability. a Representative images of H&E staining; b Representative images of Sirius red staining; c Representative images of Masson staining; d Representative images of immunostaining for CD68; e Representative images of immunostaining for α-SMC actin; f Representative images of Oil Red O staining (n = 6 in each group, scale bar = 50 μm)




                           [image: A12944_2016_388_Fig8_HTML.gif]
Fig. 8Native and oxHDL’s effects on plaque morphology & stability. a Statistical results of neointima/media ratio; b Statistical results of relative abundances (The abundance of each component was evaluated as percent of the vascular intima area) of SMA, collagen, fibrin, CD68 and lipids; c. Statistical results of plaque vulnerable index (values are mean ± SEM, *p < 0.05 compared with HDL group)




                        


Discussion
In the current study, we have examined whether MPO-oxidized HDL (NO2- and Cl-oxHDL) modulates SMC proliferation, migration and apoptosis. Our results have revealed: 1) NO2-oxHDL and Cl-oxHDL inhibit SMC migration through the MAPK-ERK pathway dependent of SR-BI, 2) NO2-oxHDL and Cl-oxHDL inhibit PDGF-induced SMC migration, 3) NO2-oxHDL and Cl-oxHDL have impaired capacity to stimulate proliferation of SMCs, 4) NO2-oxHDL and Cl-oxHDL did not increase apoptosis of SMCs, and 5) NO2-oxHDL and Cl-oxHDL induced neointima formation and reduced SMC positive staining cells in atherosclerotic plaque.
At the early stage of atherosclerotic development, migration and proliferation of vascular SMCs play critical roles in neointima formation [35]. At the late stage, apoptosis of SMCs reduces plaque stability in atherosclerotic lesions, but migration and proliferation of SMCs enhance stability of atherosclerotic plaque [21–23]. HDL, a well-accepted cardioprotective factor, was reported to promote SMC proliferation [24, 25, 38], likely contributing to its cardioprotection [1, 39]. Notably, previous studies have clearly demonstrated a positive correlation between serum MPO and acute coronary syndrome in patients [17, 18], strongly suggesting a role of MPO in instability of atherosclerotic plaque. Although our results showed that MPO-oxidized HDL did not increase apoptosis, we have demonstrated that both NO2-oxHDL and Cl-oxHDL oxidized by MPO significantly inhibit SMC migration and lose their capacity to stimulate SMC proliferation compared with native HDL. It remains unaddressed here whether MPO-oxidized HDL inhibits proliferation of SMCs induced by other mitogens. However, we have demonstrated that HDL inhibits PDGF-induced migration of vascular SMCs, which is consistent with previous studies [36, 37]. Notably, MPO-oxidized HDLs are even more potently in inhibition of PDGF-induced migration of SMCs.
In an animal model of carotid atherosclerosis, we found NO2-oxHDL and Cl-oxHDL induced neointima formation while reduced SMC positive staining cells in atherosclerotic plaque, resulting in elevated vulnerable index of atherosclerotic plaque. Previous studies showed injection of recombinant apoA1 could reduce plaque burden [40, 41]. While in our experiments, we used native human HDL injection in a collar implantation model, which may explain the differences of results. Taken together, our data have provided at least partial explanation to the mechanism underlying MPO-related plaque instability [11–14].
Although we have not studied further why MPO-oxidized HDLs have impaired capacity to stimulate proliferation of SMCs compared with native HDL, we have investigated the signaling mechanisms underlying inhibition of SMC migration by oxHDLs. Our results have shown that HDL stimulates migration of SMCs, to our surprise, MPO-oxidized HDL even reduced the basal level of migration activities. It appears that either HDL-induced stimulation or oxHDL-induced inhibition of migration of SMCs requires the presence of SR-BI, because neither HDL nor NO2-oxHDL and Cl-oxHDL induced any changes in migration responses in SMCs derived from SR-BI (−/−) mice. Whether NO2-oxHDL and Cl-oxHDL can inhibit SR-BI expression or MPO-oxidized HDL lower the binding between HDL and SR-BI needs further study. The opposite effects on migration response by HDL and NO2-oxHDL and Cl-oxHDL may result from differential effects on the MAPK pathway. First, previous studies have shown that activation of the MAPK pathway plays a critical role in migration of vascular SMCs. Indeed, treatment with PD98059 significantly inhibited HDL-induced migration responses. Second, NO2-oxHDL and Cl-oxHDL induced only a transient activation of MAPK. In response to treatment with NO2-oxHDL, phosphorylation of MAPK reduced to the basal level at 5 min, which were almost undetectable at 15 min. In response to treatment with Cl-oxHDL, the phosphorylation level of MAPK at 5 min was much lower than the basal level. Finally, PD98059 treatment could reverse the inhibition of migration response of SMCs induced by both NO2-oxHDL and Cl-oxHDL.
Given that MPO is a hallmark of unstable atherosclerotic plaque and acute coronary events [11–14] and recent reports show that HDL is associated with MPO in ACS patients [17–19], our findings demonstrating that MPO-catalyzed HDL nitration and chlorination regulate SMC proliferation and migration have proposed a novel hypothesis on MPO’s role in plaque stability (Fig. 9). In atherosclerotic plaque, HDL was oxidized by MPO released from macrophages and generated Cl-oxHDL and NO2-oxHDL, which inhibited SMC migration and proliferation, resulting in reduced SMC population in the fibrous cap, which may ultimately lead to plaque instability.[image: A12944_2016_388_Fig9_HTML.gif]
Fig. 9Cartoon of a hypothesis on MPO’s role in plaque stability. SMC = smooth muscle cell; EC = endothelial cell; Mφ = macrophage; HDL = high density lipoprotein; MPO = myeloperoxidase; Ox-HDL = MPO oxidized HDL




                     

Conclusion
Our findings implicate MPO-catalyzed oxidization of HDL may contribute to atherosclerotic plaque instability by inhibiting SMC proliferation and migration through MAPK-ERK pathway which was dependant on SR-BI, which may surve as potential therapeutic target in ACS.

Acknowledgements
Not applicable.
Funding
This project was supported by Grant 81400833, 81370317 and 81370235 from the National Natural Science Foundation of China.

Availability of data and materials
All data were included in this article, and materials were provided upon request.

Authors’ contributions
BZ, LZ, YC, BP and MD performed experiments, XZ, YW, YZ, LZ and WG designed research, BZ, LZ, EZ, MZ, LZ and WG wrote paper. All authors read and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Consent for publication
Writen consents were obtained for healthy subjects.

Ethics approval
The animal experimental protocol was complied with the Animal Management Rules of the Chinese Ministry of Health (document no. 55, 2001) and was approved by the institutional ethics committee and Institutional Animal Care and Use Committee of Peking University Health Science Center (document no. LA2015151). Human experimental protocol was approved by Ethics Committee of Peking University Health Science Center (document no. LA2015151), all human subjects signed writen consent.


[image: Creative Commons]
                           Open AccessThis article is distributed under the terms of the Creative Commons Attribution 4.0 International License (http://​creativecommons.​org/​licenses/​by/​4.​0/​), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://​creativecommons.​org/​publicdomain/​zero/​1.​0/​) applies to the data made available in this article, unless otherwise stated.

References
1.
Boden WE, Probstfield JL, Anderson T, Chaitman BR, Desvignes-Nickens P, Koprowicz K, McBride R, Teo K, Weintraub W. Niacin in patients with low HDL cholesterol levels receiving intensive statin therapy. N Engl J Med. 2011;365(24):2255–67.CrossRefPubMed

2.
Nissen SE, Tardif JC, Nicholls SJ, Revkin JH, Shear CL, Duggan WT, Ruzyllo W, Bachinsky WB, Lasala GP, Tuzcu EM. Effect of torcetrapib on the progression of coronary atherosclerosis. N Engl J Med. 2007;356(13):1304–16.CrossRefPubMed

3.
Zanoni P, Khetarpal SA, Larach DB, Hancock-Cerutti WF, Millar JS, Cuchel M, DerOhannessian S, Kontush A, Surendran P, Saleheen D, et al. Rare variant in scavenger receptor BI raises HDL cholesterol and increases risk of coronary heart disease. Science. 2016;351(6278):1166–71.CrossRefPubMedPubMedCentral

4.
Pennathur S, Bergt C, Shao B, Byun J, Kassim SY, Singh P, Green PS, McDonald TO, Brunzell J, Chait A, et al. Human atherosclerotic intima and blood of patients with established coronary artery disease contain high density lipoprotein damaged by reactive nitrogen species. J Biol Chem. 2004;279(41):42977–83.CrossRefPubMed

5.
Sugiyama S, Okada Y, Sukhova GK, Virmani R, Heinecke JW, Libby P. Macrophage myeloperoxidase regulation by granulocyte macrophage colony-stimulating factor in human atherosclerosis and implications in acute coronary syndromes. Am J Pathol. 2001;158(3):879–91.CrossRefPubMedPubMedCentral

6.
Zheng L, Nukuna B, Brennan ML, Sun M, Goormastic M, Settle M, Schmitt D, Fu X, Thomson L, Fox PL, et al. Apolipoprotein A-I is a selective target for myeloperoxidase-catalyzed oxidation and functional impairment in subjects with cardiovascular disease. J Clin Invest. 2004;114(4):529–41.CrossRefPubMedPubMedCentral

7.
Bergt C, Pennathur S, Fu X, Byun J, O'Brien K, McDonald TO, Singh P, Anantharamaiah GM, Chait A, Brunzell J, et al. The myeloperoxidase product hypochlorous acid oxidizes HDL in the human artery wall and impairs ABCA1-dependent cholesterol transport. Proc Natl Acad Sci U S A. 2004;101(35):13032–7.CrossRefPubMedPubMedCentral

8.
Shao B, Oda MN, Bergt C, Fu X, Green PS, Brot N, Oram JF, Heinecke JW. Myeloperoxidase impairs ABCA1-dependent cholesterol efflux through methionine oxidation and site-specific tyrosine chlorination of apolipoprotein A-I. J Biol Chem. 2006;281(14):9001–4.CrossRefPubMed

9.
Huang Y, DiDonato JA, Levison BS, Schmitt D, Li L, Wu Y, Buffa J, Kim T, Gerstenecker GS, Gu X, et al. An abundant dysfunctional apolipoprotein A1 in human atheroma. Nat Med. 2014;20(2):193–203.CrossRefPubMedPubMedCentral

10.
Ferrante G, Nakano M, Prati F, Niccoli G, Mallus MT, Ramazzotti V, Montone RA, Kolodgie FD, Virmani R, Crea F. High levels of systemic myeloperoxidase are associated with coronary plaque erosion in patients with acute coronary syndromes: a clinicopathological study. Circulation. 2010;122(24):2505–13.CrossRefPubMed

11.
Tavora FR, Ripple M, Li L, Burke AP. Monocytes and neutrophils expressing myeloperoxidase occur in fibrous caps and thrombi in unstable coronary plaques. BMC Cardiovasc Disord. 2009;9:27.CrossRefPubMedPubMedCentral

12.
Naruko T, Furukawa A, Yunoki K, Komatsu R, Nakagawa M, Matsumura Y, Shirai N, Sugioka K, Takagi M, Hozumi T, et al. Increased expression and plasma levels of myeloperoxidase are closely related to the presence of angiographically-detected complex lesion morphology in unstable angina. Heart. 2010;96(21):1716–22.CrossRefPubMed

13.
Rudolph V, Steven D, Gehling UM, Goldmann B, Rudolph TK, Friedrichs K, Meinertz T, Heitzer T, Baldus S. Coronary plaque injury triggers neutrophil activation in patients with coronary artery disease. Free Radic Biol Med. 2007;42(4):460–5.CrossRefPubMed

14.
Roman RM, Camargo PV, Borges FK, Rossini AP, Polanczyk CA. Prognostic value of myeloperoxidase in coronary artery disease: comparison of unstable and stable angina patients. Coron Artery Dis. 2010;21(3):129–36.CrossRefPubMed

15.
Baldus S, Heeschen C, Meinertz T, Zeiher AM, Eiserich JP, Munzel T, Simoons ML, Hamm CW. Myeloperoxidase serum levels predict risk in patients with acute coronary syndromes. Circulation. 2003;108(12):1440–5.CrossRefPubMed

16.
Brennan ML, Penn MS, Van Lente F, Nambi V, Shishehbor MH, Aviles RJ, Goormastic M, Pepoy ML, McErlean ES, Topol EJ, et al. Prognostic value of myeloperoxidase in patients with chest pain. N Engl J Med. 2003;349(17):1595–604.CrossRefPubMed

17.
Huang Y, Wu Z, Riwanto M, Gao S, Levison BS, Gu X, Fu X, Wagner MA, Besler C, Gerstenecker G, et al. Myeloperoxidase, paraoxonase-1, and HDL form a functional ternary complex. J Clin Invest. 2013;123(9):3815–28.CrossRefPubMedPubMedCentral

18.
Emami Razavi A, Basati G, Varshosaz J, Abdi S. Association between HDL particles size and myeloperoxidase/ paraoxonase-1 (MPO/PON1) ratio in patients with acute coronary syndrome. Acta Med Iran. 2013;51(6):365–71.PubMed

19.
Patel S, Chung SH, White G, Bao S, Celermajer DS. The “atheroprotective” mediators apolipoprotein A-I and Foxp3 are over-abundant in unstable carotid plaques. Int J Cardiol. 2010;145(2):183–7.CrossRefPubMed

20.
Virmani R, Burke AP, Farb A, Kolodgie FD. Pathology of the vulnerable plaque. J Am Coll Cardiol. 2006;47(8 Suppl):C13–8.CrossRefPubMed

21.
Newby AC, Zaltsman AB. Fibrous cap formation or destruction--the critical importance of vascular smooth muscle cell proliferation, migration and matrix formation. Cardiovasc Res. 1999;41(2):345–60.CrossRefPubMed

22.
Newby AC, Libby P, van der Wal AC. Plaque instability--the real challenge for atherosclerosis research in the next decade? Cardiovasc Res. 1999;41(2):321–2.CrossRefPubMed

23.
Kockx MM, Herman AG. Apoptosis in atherosclerosis: beneficial or detrimental? Cardiovasc Res. 2000;45(3):736–46.CrossRefPubMed

24.
Kishi H, Bao J, Kohama K. Inhibitory effects of ML-9, wortmannin, and Y-27632 on the chemotaxis of vascular smooth muscle cells in response to platelet-derived growth factor-BB. J Biochem. 2000;128(5):719–22.CrossRefPubMed

25.
Isenovic ER, Kedees MH, Tepavcevic S, Milosavljevic T, Koricanac G, Trpkovic A, Marche P. Role of PI3K/AKT, cPLA2 and ERK1/2 signaling pathways in insulin regulation of vascular smooth muscle cells proliferation. Cardiovasc Hematol Disord Drug Targets. 2009;9(3):172–80.CrossRefPubMed

26.
Pan B, Yu B, Ren H, Willard B, Pan L, Zu L, Shen X, Ma Y, Li X, Niu C, et al. High-density lipoprotein nitration and chlorination catalyzed by myeloperoxidase impair its effect of promoting endothelial repair. Free Radic Biol Med. 2013;60C:272–81.CrossRef

27.
Pan B, Ma Y, Ren H, He Y, Wang Y, Lv X, Liu D, Ji L, Yu B, Chen YE, et al. Diabetic HDL is dysfunctional in stimulating endothelial cell migration and proliferation due to down regulation of SR-BI expression. PLoS One. 2012;7(11):e48530.CrossRefPubMedPubMedCentral

28.
Qi LH, Wang Y, Gao F, Zhang C, Ding SF, Ni M, Feng JB, Zhang Y. Enhanced stabilization of atherosclerotic plaques in apolipoprotein E-knockout mice by combinatorial Toll-like receptor-1 and −2 gene silencing. Hum Gene Ther. 2009;20(7):739–50.CrossRefPubMed

29.
Li J, Zhang P, Li T, Liu Y, Zhu Q, Chen T, Liu T, Huang C, Zhang J, Zhang Y, et al. CTRP9 enhances carotid plaque stability by reducing pro-inflammatory cytokines in macrophages. Biochem Biophys Res Commun. 2015;458(4):890–5.CrossRefPubMed

30.
Todorovski T, Fedorova M, Hoffmann R. Mass spectrometric characterization of peptides containing different oxidized tryptophan residues. J Mass Spectrom. 2011;46(10):1030–8.CrossRefPubMed

31.
Nelson PR, Yamamura S, Mureebe L, Itoh H, Kent KC. Smooth muscle cell migration and proliferation are mediated by distinct phases of activation of the intracellular messenger mitogen-activated protein kinase. J Vasc Surg. 1998;27(1):117–25.CrossRefPubMed

32.
Pearson G, Robinson F, Beers Gibson T, Xu BE, Karandikar M, Berman K, Cobb MH. Mitogen-activated protein (MAP) kinase pathways: regulation and physiological functions. Endocr Rev. 2001;22(2):153–83.PubMed

33.
Arsenault BJ, Dube MP, Brodeur MR, de Oliveira Moraes AB, Lavoie V, Kernaleguen AE, Guauque-Olarte S, Mathieu P, Pibarot P, Messika-Zeitoun D, et al. Evaluation of links between high-density lipoprotein genetics, functionality, and aortic valve stenosis risk in humans. Arterioscler Thromb Vasc Biol. 2014;34(2):457–62.CrossRefPubMed

34.
Danilo C, Gutierrez-Pajares JL, Mainieri MA, Mercier I, Lisanti MP, Frank PG. Scavenger receptor class B type I regulates cellular cholesterol metabolism and cell signaling associated with breast cancer development. Breast Cancer Res. 2013;15(5):R87.CrossRefPubMedPubMedCentral

35.
Ross R. Atherosclerosis--an inflammatory disease. N Engl J Med. 1999;340(2):115–26.CrossRefPubMed

36.
Damirin A, Tomura H, Komachi M, Liu JP, Mogi C, Tobo M, Wang JQ, Kimura T, Kuwabara A, Yamazaki Y, et al. Role of lipoprotein-associated lysophospholipids in migratory activity of coronary artery smooth muscle cells. Am J Physiol Heart Circ Physiol. 2007;292(5):H2513–22.CrossRefPubMed

37.
Tamama K, Tomura H, Sato K, Malchinkhuu E, Damirin A, Kimura T, Kuwabara A, Murakami M, Okajima F. High-density lipoprotein inhibits migration of vascular smooth muscle cells through its sphingosine 1-phosphate component. Atherosclerosis. 2005;178(1):19–23.CrossRefPubMed

38.
Galaria II, Nicholl SM, Roztocil E, Davies MG. Urokinase-induced smooth muscle cell migration requires PI3-K and Akt activation. J Surg Res. 2005;127(1):46–52.CrossRefPubMed

39.
Tamagaki T, Sawada S, Imamura H, Tada Y, Yamasaki S, Toratani A, Sato T, Komatsu S, Akamatsu N, Yamagami M, et al. Effects of high-density lipoproteins on intracellular pH and proliferation of human vascular endothelial cells. Atherosclerosis. 1996;123(1–2):73–82.CrossRefPubMed

40.
Zhang X, Zhu X, Chen B. Inhibition of collar-induced carotid atherosclerosis by recombinant apoA-I cysteine mutants in apoE-deficient mice. J Lipid Res. 2010;51(12):3434–42.CrossRefPubMedPubMedCentral

41.
Dudley-Brown S. A shot of good cholesterol: synthetic HDL, a new intervention for atherosclerosis. J Cardiovasc Nurs. 2004;19(6):421–4.CrossRefPubMed




OEBPS/sidebar.gif





OEBPS/cc-by.png
() _®





OEBPS/A12944_2016_388_Fig8_HTML.gif
:: = Neointima/Media
3t
Zos
Tos
Zos
g02
o
NozowmoL
b
2507 WSMC DColagen  fibin  §C063 pids
20 * *
g J
: [
5150
H 7 [
S 100 1]
H I N
50
0
c
25 .
 Vulnerable index .
i

Py





OEBPS/A12944_2016_388_Fig2_HTML.gif
)

s g
g8 8 8 8

& e

(% *L1W) Jaquinu ]2 aAneRy

*%

"k

g g 5 °

200

(% ‘NPag) 1oquinu 1|22 aARRIeY





OEBPS/A12944_2016_388_Fig4_HTML.gif
b o W2roxdBL - Cl-paiL
a
LECERCIE JCRRUEE SCRCE )

ERK SRR ® o = 42/44KD

H

200

100

Phosphorylation of ERK(%) T

A R
ANOSEONEAN

F TR IR
g F& 5
i i it

S g e





OEBPS/contact.gif





OEBPS/A12944_2016_388_Fig7_HTML.gif
QueBeod iy spdr






OEBPS/A12944_2016_388_Fig3_HTML.gif
HDL HDL+MPO  Cl-oxHDL NO2-oxHDL

NT

HDL HDL+MPO

NT

NO2-oxHDL

Cl-oxHDL

“@
T (%) voneibiu omsuesy,
| »
@

%) (%) Bugesy punom





OEBPS/A12944_2016_388_Fig9_HTML.gif
therost

w Plaque rupture






OEBPS/A12944_2016_388_Fig6_HTML.gif
a b
5 %
SREI - 750
- Wt s, S e B o
c

NT HDL  CloxHDL  NOZoxHOL
d

_ a0

£

£ .

£

g .

H

£






OEBPS/A12944_2016_388_Fig1_HTML.gif
acoL
anozHoL
1
T

£ s oz
£ U H H
g g
s 8 8§ 8 8 §338388§38¢8°
(sapdad aaussage) eary (sopndad sousoos) oy
© J2m easy Yead B /20 pezpuo ety ey





OEBPS/A12944_2016_388_Fig5_HTML.gif
e
@ i
!

Nondroated  LY204002  PDSGOSS

¢ 120 WHOL B uvenz D poseosy

i

i

oo hd

1 il col
S EF S S





