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Abstract

Scope: Curcumin has been shown to affect PDGF- and TNFα-elicited vascular smooth muscle cell (VSMC) migration and inhibit neointima formation following vascular injury. However, whether two other curcuminoids isolated from Curcuma longa, demethoxycurcumin (DMC) and bisdemethoxycurcumin (BDMC), also demonstrate anti-migratory activity in VSMCs similar to that of curcumin remain uncharacterized.
Methods and results: Based on MTT and PCNA immunostaining analyses as well as changes in intima/media (I/M) ratios, we show that DMC exhibits more potent effects than the other curcuminoids. We aimed to evaluate the effects and characterize the molecular mechanisms of DMC on VSMC migration and neointima formation in a carotid injury model. DMC decreased the expression of MMP-2/9 and inhibited VSMC migration as demonstrated by in vitro scratch wound and transwell assays. Furthermore, DMC may inhibit the migration of VSMCs by reducing the expression of MMP-2/9 via down-regulation of the FAK/PI3K/AKT and PGK1/ERK1/2 signaling pathways. Using a rat carotid arterial injury model, we show that DMC treatment was more potent than treatment with the other curcuminoids with respect to reducing I/M ratios and the number of proliferating cells.
Conclusion: DMC should be considered for therapeutic use in preventing VSMC migration and attenuating restenosis following balloon-mediated vascular injury.
Keywords: Demethoxycurcumin; Vascular smooth muscle cells; Matrix metalloproteinase; Migration; Restenosis
1
Introduction

Coronary angioplasty is an important and preferred therapy for the treatment of coronary artery disease. However, restenosis often develops following balloon angioplasty, which can involve arterial remodeling and neointima hyperplasia [1]. Recently, drug-eluting stents have been used to pharmacologically prevent the migration and proliferation of vascular smooth muscle cells (VSMCs) to help ensure the success of the percutaneous coronary interventions (PCIs) [2, 3].
Curcuminoids are colored polyphenol compounds derived from Curcuma longa Linn., also known as tumeric. Three of the major curcuminoids isolated from turmeric include curcumin, demethoxycurcumin (DMC) and bisdemethoxycurcumin (BDMC) (Fig. 1). Curcumin has been reported to exhibit activities against inflammation, oxidation, cell proliferation and angiogenesis [4-5]. DMC has been shown to elicit anti-inflammatory effects in N9 microglial cells by blocking the activation of NF-kappaB and mitogen-activated protein kinases (MAPKs) [6]. Administration of BDMC decreases iNOS expression and NO production by down-regulating NF-kappaB activity in LPS-stimulated RAW264.7 cells [7]. A positive correlation has been reported between the degree of vascular inflammation and neointima formation [8]. Recently, it has been reported that curcumin interferes with TNF-α-induced migration in human VSMCs by inhibiting matrix metalloproteinases (MMPs) [9]. In addition, a DMC-carbomethyl-hexanol chitosan nanomatrix has been shown to effectively inhibit VSMC migration [10]. However, it has not been shown whether DMC and BDMC can interfere with migration to the same extent as curcumin does. In our previous study, we isolated and characterized curcumin, DMC, and BDMC from Curcuma longa [11]; the isolated pigments were found to be at least 98% pure. The cytotoxic effects of DMC, curcumin and BDMC were examined in VSMCs and their IC50 values were determined to be 36.94 ± 0.45, 74.37 ± 0.26, and 77.50 ± 0.12 μM, respectively. Based on the above considerations, the purpose of the investigation was to assess if DMC is as or more potent than curcumin in terms of inhibition of balloon injury-induced neointima formation. We also conducted experiments to determine the effects and molecular mechanisms of DMC activity on the migration of serum-stimulated VSMCs.
2
Materials and methods
2.1
Cell culture and reagents

VSMCs were isolated from thoracic aortas of male Spraque-Dawley rats. VSMCs taken from passages 7 through 15 were used in these experiments [12]. A7r5 VSMCs derived from rat thoracic aortas were obtained from the Food Industry Research and Development Institute (Hsinchu, Taiwan). Cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM; Sigma Chemical Co., St. Louis, MO, USA) supplemented with 15% fetal bovine serum (FBS), L-glutamine, 1 mM sodium pyruvate, and antibiotics at 37°C with 5% CO2. Prior to stimulation, VSMCs were serum-starved by incubation in DMEM containing 0.1% fetal bovine serum (FBS), antibiotics and L-glutamine for 24 h.
The reagents 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT), RNase A, and pluronic F-127 were obtained from Sigma Chemical Co. (St. Louis, MO, USA). Trypsin-EDTA, FBS, and penicillin/streptomycin were purchased from Gibco Life Technologies, Inc. (Paisley, UK). Hematoxylin and eosin Y were obtained from Merck (Whitehouse Station, NJ, USA). Antibodies against PI3K, focal adhesion kinase (FAK), pFAK, phosphoglycerate kinase 1 (PGK1), ERp57, protein disulfide isomerase family A, member 3 (PIDA3), metalloproteinase-2 (MMP-2), and MMP-9 as well as a horseradish peroxidase-conjugated goat antimouse IgG antibody were purchased from Santa Cruz Biotechnology Co. (Santa Cruz, CA, USA). Antibodies against proliferating cell nuclear antigen (PCNA), AKT, and the MAPK/extracellular signal-regulated kinase (ERK) 1/2 proteins as well as antibodies against the phosphorylated forms of these proteins were obtained from Cell Signaling Technology (Beverly, MA, USA).
2.2
Measurement of cell viability
The effects of curcuminoids on the viability of VSMCs were monitored using a modified MTT assay [13]. Briefly, cells were seeded into 96-well plates (8×103 cells/well) and maintained in DMEM containing 15% FBS. After 24 h, the cells were washed with PBS and then exposed to either 15% FBS alone or serial dilutions (0, 9, 18, 36, 72 or 144 μM) of DMC, curcumin or MDMC. After 24 h, the number of viable cells was determined. A 20 μL volume of MTT solution (3 mg/mL) was added to each well, and the plates were incubated at 37°C for an additional 2 h. The purple formazan crystals in each well were dissolved in 50 µL of DMSO for 5 min, and their absorbance at 570 nm was determined using a microplate reader (Anthos 2001; Anthos Labtec, Salzburg, Austria).
2.3
Cell cycle distribution assay
As described previously [13], VSMCs (2.7×105 cells/well) were incubated with curcumin, DMC, or BDMC for 24 hrs. The cells were then fixed with 70% ethanol overnight, treated with 20 µg/ml RNase (Sigma Chemical CO., St. Louis, MO, USA), and stained with 0.5 mg/mL propidium iodide (Santa Cruz, CA, USA). DNA content was determined using a FACScan flow cytometer (Becton Dickinson, San Jose, CA, USA) and analyzed using the DNA analysis software program ModFitLT, version 2.0 (Verity Software, Topsham, ME, USA).
2.4
Scratch wound assay

Scratch wound assays were carried out to evaluate the migratory activity of the VSMCs and were performed as previously described [14]. VSMCs (2.7×105 cells/well) were grown to 80-90% confluence in 6-well culture plates, scratched with a sterile pipette tip, and exposed to different concentrations of DMC (18 or 36 μM) or a vehicle (DMSO) control. The cells were allowed to migrate along the scratched plastic surface for 24 h and then photographed using an inverted Nikon microscope. To quantify the number of migrated cells, photographs of the initial wounded monolayers were compared with photographs of the same area after incubation. The number of cells that had migrated across the artificially scratched lines were counted; six random fields were counted from each well, and each condition was tested in triplicate.
2.5
Vascular smooth muscle cell migration analysis
The migration of VSMCs was evaluated in transwell chambers using 6.5 mm polycarbonate filters with an 8 μm pore size (Millipore) [14]. VSMCs (1×104 cells /well) were seeded in the upper chamber along with DMC (18 or 36 μM) for 24 h at 37°C. Folloing 24 h of incubation at 37°C in 5% CO2, non-migrated cells on the upper surface of the membrane were removed using cotton swabs, and cells on the lower surface of the membrane were fixed in methanol, stained with Giemsa, and counted under a microscope at 200× magnification. The number of migrated cells were counted in three randomly selected squares from each well using light microscopy with 200× magniﬁcation. Control VSMC migration levels were set to 1, and the results are shown as relative migration rates.
2.6
Western blotting analysis

Western blotting analysis was performed as described previously [13, 14]. VSMCs cultured in six-well plates were incubated with DMC (18 or 36 μM) in DMEM containing 15% FBS for 24 h, lysed with lysis buffer, and incubated at 95°C for 5 min. The protein concentrations of the lysates were determined using the BioRad protein assay. Lysates containing 30 μg protein were electrophoresed through 10% sodium dodecyl sulfate-polyacrylamide gels and transferred to PVDF membranes. Non-specific proteins were blocked by incubation in blocking buffer (5% non-fat dry milk in PBS-Tween), and the membranes were incubated overnight at 4°C with blocking buffer containing appropriate primary antibodies (AKT, 1:1000; ERK1/2, 1:1000; FAK, 1:1000; PGK1, 1:500; ERp57, 1:2000; PI3K, 1:100; MMP-2, 1:1000; MMP-9, 1:1000; pERK1/2, 1:1500; pFAK, 1:2000; and pAKT, 1:1000) and horseradish peroxidase-conjugated secondary antibodies (1:2000 or 1:3000) overnight at 4°C. Western blots were developed using ECL reagent and exposed to Hyperfilm (Amersham, Arlington Heights, IL, USA). Protein levels were quantified using the ImageJ software program from the NIH.

2.7
Endovascular carotid artery balloon angioplasty

The procedure for balloon angioplasty-mediated injury in rat carotid arteries has been described previously [13]. Sixty-four male SD rats weighing 350-400 g were purchased from BioLASCO (Taipei, Taiwan). Rats were housed in a 12 h light/dark cycle with standard rat chow and tap water ad libitum for 14 consecutive days. Rats were randomly divided into 8 groups: a sham control group, a carotid artery balloon-injured group without drugs, and six groups of carotid artery balloon-injured animals treated with one of two concentrations of either curcumin, DMC or BDMC. Briefly, the balloon catheter (2F Fogarty; Becton-Dickinson, Franklin Lakes, NJ, USA) was introduced through the left external carotid artery into the common carotid, and the balloon was inflated at 1.3 kg/cm2 using an inflation device. Then, the balloon was passed back and forth three times through the common carotid to denude the vessel of endothelium. Two concentrations (27 and 54 mM) of curcumin, DMC and BDMC suspended in 200 μL of 30% pluronic-F127 gel were coated onto the arterial adventitia of the balloon-injured carotid artery. For morphological examination, the right common carotid arteries were collected, fixed in 4% paraformaldehyde, and embedded in parafilm blocks. The embedded vessels were cut into 10 μm-thick sections, and the sections were stained with hematoxylin and eosin Y. The severity of vessel restenosis is shown as the ratio of intima to media area (I/M ratio). All experimental procedures involving animals were approved by the ethics committee of the Institutional Animal Care and Use Committee (IACUC; protocol number 100-105-N) of China Medical University.

2.8
Immunohistochemical method for detecting PCNA

The procedure for detecting PCNA has been described previously [13]. Briefly, rat artery samples were fixed, cut into 10 μm thick sections, and mounted on glass slides for immunohistochemistry. The slides were dewaxed and placed into distilled water. Next, the tissue sections were heated for 20 minutes in a microwave and allowed to cool to room temperature. The slides were treated with 3% H2O2 for 5 minutes and washed with PBST to remove peroxide activity. The slides were blocked with 5% nonfat dry milk in PBS-Tween for 1 h, and then probed with an anti-PCNA antibody (1:2000 dilution; Novus Biologicals, Littleton, CO, USA) at 4°C overnight. The slides were then incubated with reagent A (antibody HRP linker) for 1 h and washed with PBS, followed by treatment with reagent B (antibody HRP signal amplification agent) for 1 hour and washed with PBS. The slides were then stained with DAB (1:500) for 5 minutes.

2.9
Statistical analysis


Values are expressed as the means ± SD and were analyzed using one-way analysis of variance (ANOVA) with the Bonferroni post-hoc test to evaluate differences between multiple groups. All statistical analyses were performed using SPSS for Windows, version 10 (SPSS, Inc.). A value of p < 0.05 was considered to be statistically significant.
3
Results

3.1
DMC inhibits balloon injury-induced neointima hyperplasia and decreases PCNA immunostaining
To determine whether curcuminoids inhibit neointimal hyperplasia and  suppress VSMC proliferation, we detected PCNA using immunohistochemical staining. Neointima formation and PCNA immunostaining were examined 14 days after balloon injury. We observed an increase in the I/M thickness ratio of the injured carotid arteries (Fig. 2b). Administration of DMC at both 27 and 54 mM concentrations significantly reduced the I/M ratio compared with curcumin-treated animals (Fig. 2B). However, only the higher concentration of BDMC showed an inhibitory effect on neointima hyperplasia (Fig. 2B). These results indicate that these three drugs have different potencies with respect to inhibiting neointima hyperplasia (DMC > curcumin > BDMC). Compared with curcumin and BDMC, DMC markedly inhibited injury-induced PCNA immunostaining in the neointima of carotid arteries (Fig. 2C). These results indicate that these three drugs also have different potencies with respect to inhibiting the PCNA index (DMC > curcumin > BDMC).
3.2
DMC inhibits FAK, ERK1/2, MMP-9 and PCNA expression in balloon-injured carotid arteries

To evaluate the in vivo effects of DMC on certain migration- and proliferation-related molecules, expression of FAK, ERK1/2, MMP-9 and PCNA proteins from DMC-treated animals were assayed. Our results indicate that 54 mM DMC decreased protein expression of FAK (24.02%), PI3K (72.58%), ERK1/2 (65.01%), and MMP-9 (25.11%) compared with the balloon injury control group (Fig. 3).
3.3
The effects of DMC, curcumin and BDMC on viability of VSMCs

The effects of DMC, curcumin and BDMC on cell viability were determined using MTT assays. The IC50 concentrations of DMC, curcumin and BDMC that cause VSMC cytotoxicity are at 36.94 ± 0.45, 74.37 ± 0.26, and 77.50 ± 0.12 μM, respectively (Fig. 4). These results indicate that these three drugs have different potencies with respect to VSMC viability (DMC > curcumin > BDMC).
3.4
The effects of DMC, curcumin and BDMC on the cell cycle in VSMCs
To elucidate whether curcumin, DMC and BDMC exhibit different potencies with respect to the induction of apoptosis in VSMCs, a cell cycle analysis was conducted. Our results demonstrate that neither DMC (18 and 36 μM), curcumin (34 and 74 μM), nor BDMC (40 and 77 μM) was able to induce apoptosis in VSMCs. These results do not indicate different potencies for these three drugs with respect to the induction of apoptosis in VSMCs. Therefore, to avoid both decreased cell viability and the potential induction of apoptosis in the following migration experiments, we used the above concentrations of DMC (18 and 36 μM) to determine its effects on cell migration (Fig. 5).
3.5
The effects of DMC on migratory activity


Scratch wound assays were performed in which a confluent monolayer of cells was scraped with a sterile micropipet tip to create a scratch wound. Our results demonstrate that DMC at 18 and 36 μM concentrations exhibited anti-migratory effects on VSMCs, inhibiting migration by 48.76 and 58.90%, respectively (Figs. 6A, 6C).
Transwell assays were conducted to explore the migratory activity of VSMCs 24 h after DMC administration. Our results indicate that DMC at 18 and 36 μM concentrations significantly decreased VSMC migration by 38.11 and 59.01%, respectively (Figs. 6B, 6D).
3.6
DMC inhibits MMP-2 and MMP-9 protein expressions in VSMCs

To further explore the modulation of MMP activation by DMC, we measured MMP-2 and MMP-9 protein levels. Our results demonstrate that DMC at 18 and 36 μM concentrations potently inhibited MMP-2 expression by 58.75 and 74.58%, respectively. Furthermore, DMC at 18 and 36 μM concentrations significantly inhibited MMP-9 expression by 36.28 and 67.91%, respectively (Fig. 7).
3.7
DMC inhibits FAK and ERK phosphorylation
To evaluate the effects of DMC on FAK and ERK1/2 phosphorylation, VSMCs were treated with DMC (18 or 36 μM) for 24 h. Our results show that DMC significantly down-regulated FAK and ERK1/2 phosphorylation in VSMCs cells (Fig. 8).
3.8
DMC inhibits PI3K/AKT signaling in VSMCs

To further investigate whether the PI3K/AKT signaling pathways participate in DMC-mediated migratory inhibition, experiments were performed to measure the expression of these proteins in VSMCs after DMC treatment. Serum alone stimulated phosphorylation of the downstream effectors AKT and ERK1/2; however, these phosphorylation events were inhibited by DMC treatment (Fig. 8).
3.9
DMC inhibits expression of PGK1 and ERp57 protein in VSMCs

Finally, we wished to determine whether PGK1 and ERp57 were affected by DMC treatment. Serum alone stimulated the expressions of the downstream effectors PGK1 and ERp57; however, our data demonstrates that incubation of VSMCs cells with DMC significantly decreased PGK1 and ERp57 expression levels (Fig. 9).

4
Discussion

This study provides the first evidence that DMC can prevent the progression of vascular remodeling following carotid injury, and furthermore, it demonstrates that DMC is more potent than other curcuminoids in this respect, both in vitro and in vivo (Figs. 2, and 4). Overall, the evidence suggests that DMC treatment prevents VSMC migration (Figs. 6, and 7) and is correlated with inhibition of the serum-induced FAK/PI3K/AKT/MMP and PGK1/ERK/MMP pathways (Figs. 7, 8, 9, and 10). DMC effectively inhibited neointima formation and PCNA immunostaining in our rat model of balloon injury-induced neointima formation in vivo (Fig. 2). These results suggest that DMC might be considered as a novel treatment for preventing injury-induced vascular remodeling. For use in clinical trials, investigations into the creation of DMC-eluting stents are now underway. Along these lines, a DMC-carbomethyl-hexanol chitosan nanomatrix created by our collaborator effectively inhibits VSMC migration in vitro [10], and a stent including this substance is now being tested to examine its effects on balloon injury-induced neointima formation in vivo.
Inhibition of VSMC proliferation and migration can solve the problem of angioplasty remodeling [2, 3]. We conducted in vivo experiments on the rat carotid artery to investigate whether DMC is effective in suppressing neointima formation. Tested animals included a sham control group, a balloon-injured control group, and a series of curcuminoid-treated groups. Two weeks after balloon injury, the arteries were subjected to histological analysis, and we found that the DMC-treated animals showed significantly reduced I/M thickness ratios (Fig. 2A). Our results also show that PCNA immunostaining – a marker for proliferating cells [14] – in the DMC-treated neointima sections was less obvious than in sections treated with the other curcuminoids (Fig. 2A).
VSMCs are normally surrounded by a scaffolding of extracellular matrix (ECM), which can effectively prevent cell migration. During the process of restenosis, VSMCs may secrete several types of MMPs that can degrade the ECM and facilitate VSMC proliferation and migration [15-19]. Furthermore, the activities of MMPs are closely related to those of their specific endogenous tissue inhibitors of metalloproteinases (TIMPs) [20]. Normally, the activity of MMP-9 is largely controlled by the balance between MMP activation and TIMP-1 inhibition [21, 22]. Based on this idea, the regulation of MMP synthesis and activation can be thought of as a significant barrier to VSMC migration and invasiveness [23]. Our results show that DMC decreases the levels of MMP-9 protein in vivo (Fig. 3) as well as the levels of VSMC migration-related proteins, including MMP-9/2, in vitro (Fig. 7). Furthermore, these data are consistent with the findings that DMC exhibits potent effects on VSMC migration, as determined by scratch wound and transwell assays (Fig. 6).

MAPK activation plays a pivotal role in regulating VSMC migration and proliferation [24]. One study has indicated that the inhibition of MAPK/extracellular signal-regulated kinase may inhibit VSMC proliferation and reduce neointima formation [25]. Based on our previous study, the Ras gene is now thought to be involved in balloon injury-induced neointima formation [26]. In addition, PCNA is required for the DNA synthesis necessary for increased cell proliferation [27], and PCNA levels are significantly increased following balloon injury [28]. Therefore, we examined several proteins involved in the MAPK pathway (Figs. 3 and 8). FAK transduces extracellular growth signals from the ECM via interaction with integrin. Activated FAK binds the Src-homology domain 2 of PI3K and transports the catalytic subunit of PI3K to cell membrane where it catalyzes the phosphorylation of inositol lipids in cancer cells [29]. Renshaw et al. have shown that the augmentation of growth factor-mediated signaling to ERK2 by integrin appears to be dependent upon FAK activation [30]. Therefore, MAPK signaling pathways are activated when integrin binds to the ECM, leading to the transduction of external stimuli from the ECM to the nucleus [31]. Our results show that DMC inhibits both FAK and ERK phosphorylation (Fig. 8). This is consistent with the well-characterized function of ERK as a major signal for cell migration and proliferation [32].
Studies indicate that PI3K/AKT signaling is essential for VSMC migration and proliferation [33, 34]. In our study, the levels of AKT phosphorylation were increased by serum treatment, whereas DMC inhibited serum-induced AKT phosphorylation, indicating that the AKT protein may be a target of DMC (Fig. 8). Through the phosphorylation and inactivation of pro-apoptotic proteins, AKT mediates cell survival and growth [35]. Therefore, DMC likely inhibits the ERK1/2-MAPK and other pro-proliferative signaling pathways – likely the PI3K/AKT pathway – to regulate serum-induced VSMC cell proliferation and migration.

Overexpression of PGK1 increases CXCR4 expression, which in part increases the expression of its ligand, CXCL12. Increased expression of CXCR4 and CXCL12 is correlated with cancer cell metastasis [36]. One study showed that fibroblasts overexpressing PGK1 resemble myofibroblasts with respect to their high levels of CXCL12 expression; through the expression of MMP-2 and MMP-3, as well as through activation of the AKT and ERK pathways, these cells exhibited a higher capacity to contribute to prostate tumor cell invasion [37]. Recent experiments from our group show that PGK1 siRNA significantly inhibited cell viability and migration in VSMCs, and moreover, PGK1 knockdown reduced p-ERK1/2, MMP-2 and MMP-9 expression. Furthermore, in an in vivo study, PGK1 siRNA substantially inhibited neointima formation following carotid artery balloon injury (unpublished data). Furthermore, another study showed that in the early stages of cell stimulation, following treatment with insulin-like growth factor 1, platelet-derived growth factor or fetal bovine serum, there were significant differences in Erp57 phosphorylation. Therefore, it has been suggested that ERp57 plays a critical role in VSMC activation [38]. Our results show that incubation of VSMC cells with DMC (36 μM) significantly decreased PGK1 and ERp57 expression levels (Fig. 9).
Taken together, our study suggests that balloon injury-induced neointima formation could be markedly reduced by DMC treatment. The molecular mechanisms of DMC activity may be associated with down-regulation of the FAK/PI3K/AKT and PGK1/ERK1/2 signaling pathways and the concomitant inhibition of MMP-2/9 expression. In this report, we first demonstrate that DMC significantly decreases PGK1 and ERp57 levels (Fig. 10) and that PGK1 could influence ERK1/2 activity, and in turn, MMP-2/9 expression. These analyses of the cellular mechanisms of DMC activity provide valuable information for the development of future therapies to more effectively prevent neointimal hyperplasia following percutaneous coronary intervention.
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Figure legends

Fig. 1. Chemical structures of curcumin, DMC and BDMC.
Fig. 2. The effects of curcuminoids on balloon injury-induced neointima formation (I/M ratios) and PCNA immunostaining in vivo. (A) Representative carotid artery sections from rats treated with curcuminoids; sections were prepared 14 days after balloon injury and stained with H & E and a PCNA antibody. These panels (400× magnification) show representative vessels from the following treatment groups: (a) sham control; (b) balloon-injured control; (c, d) curcumin (27 and 54 mM)-treated; (e, f) DMC (27 and 54 mM)-treated; and (g, h) BDMC (27 and 54 mM)-treated. “N” indicates neointima (bidirectional arrowhead), “M” indicates media, and “L” indicates lumen. The immunohistochemical PCNA-positive area in balloon-injured rat carotid arteries (400× magnification; a-h). The balloon-injured group shows significantly higher PCNA staining (b) compared with the sham control (a). DMC (27 and 54 mM)-treated animals show lower PCNA immunostaining than balloon-injured animals (e, f). (B) Representative I/M ratio thicknesses. Balloon-injured control vessels show significantly higher I/M ratios; however, DMC-treated groups (27 mM) show lower I/M ratios than curcumin-treated animals. (C) A representative PCNA immunostaining assay. DMC exhibits more potent effects than the other tested cucuminoids. Values (means ± SD, n = 8) differ significantly (*p < 0.05). ***p < 0.001 compared with sham control group. #p < 0.05, ##p < 0.01 compared with balloon-injured animals. +p < 0.05, ++p < 0.01 compared with 27 mM curcumin-treated animals. §p < 0.05, §§p < 0.01 compared with 54 mM curcumin-treated animals. The original magnification was 400×.

Fig. 3. The effects of DMC on migration- and proliferation-related molecules in vivo. Animals were treated with 27 or 54 mM DMC via application of a pluronic gel to the arterial adventitia of balloon-injured carotid arteries. The protein expression in the carotid arteries was analyzed using Western blotting assays. β-actin was used as a loading control.

Fig. 4. The effects of curcuminoids on the percentage of viable VSMCs. The cells were incubated for 24 h with 15% FBS alone (control) or with various concentrations (0, 9, 18, 36, 72 and 144 μM) of curcumin, DMC and BDMC. Values shown are the means of three separate experiments, with standard deviation represented by vertical bars. *p < 0.05, **p < 0.01, ***p < 0.001 compared with control group.
Fig. 5. The effects of curcuminoids on cell cycle distribution in VSMCs. VSMCs were treated with DMC (18 or 36 μM) for 24 h. (A) Cell cycle distribution was determined by flow cytometric analysis. The value on the x axis represents DNA content, while the shaded area indicates the percentage of cells in S phase. PE-A, phycoerythrin-A. (a) 15% FBS control. (b) 18 μM DMC treatment (c) 36 μM DMC treatment. (B) Cell cycle quantification. Values shown are the means of three separate experiments, with standard deviation represented by vertical bars.
Fig. 6. Representative images of the anti-migratory effects of DMC treatment. (A) Scratch wound assays were conducted to determine how DMC affected VSMC migration. VSMCs were grown in 60-mm dishes until confluent and disrupted using a sterile tip to create a cell-free zone. The cells were then treated with DMC for 0 or 24 h. At each time point, the cells were visualized and photographed under a microscope at 100× magnification. (B) The effects of DMC on the migration of VSMCs after a 24 h incubation with DMC. (C) Quantification of the number of migrated cells in the scratch wound assays. (D) Representative images and quantification of migrated cells from the transwell chamber assays. Values shown are the means of three separate experiments, with standard deviation represented by vertical bars. **p < 0.01, ***p < 0.001 compared with control (15% FBS-treated cells).
Fig. 7. A representative Western blot showing changes in the levels of MMP-2 and MMP-9 in VSMCs after exposure to DMC. (A) VSMCs were exposed to DMC (18.0 or 36.0 μM) for 24 h. The cell lysates were subjected to SDS-PAGE separation followed by Western blotting. (B) Densitometric analyses of the Western blots. Values shown are the means of three separate experiments, with standard deviation represented by vertical bars. **p < 0.01, ***p < 0.001 compared with control group (15% FBS-treated cells).
Fig. 8. The inhibitory effects of DMC treatment on the FAK/PI3K/AKT and PGK1/ERK1/2 signaling pathways. (A) VSMCs were stimulated with either 15% FBS alone (control) or with DMC for 24 h to examine expression levels of the FAK, ERK1/2, PI3K and AKT proteins, or for 15 min to examine the phosphorylation states of FAK, ERK1/2, PI3K and AKT. (B) Data were quantified using densitometric analyses. Values shown are means of three separate experiments, with standard deviation represented by vertical bars. *p < 0.05, **p < 0.01, ***p < 0.001 compared with control group (15% FBS-treated cells).
Fig. 9. The inhibitory effects of DMC on PGK1 and ERp57. (A) VSMCs were stimulated with 15% FBS alone or with DMC for 24 h to examine the expression levels of PGK1 and ERp57. (B) Data were quantified using densitometric analyses. Values shown are means of three separate experiments, with standard deviation represented by vertical bars. **p < 0.01, ***p < 0.001 compared with control group (15% FBS-treated cells).
Fig. 10. Probable molecular signaling pathways for DMC-mediated inhibition of migration in VSMCs.
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