

  ijms-17-01567




ijms-17-01567







Int. J. Mol. Sci. 2016, 17(9), 1567; doi:10.3390/ijms17091567




Article



Advanced Glycation End-Products Induce Apoptosis of Vascular Smooth Muscle Cells: A Mechanism for Vascular Calcification



Sayo Koike 1, Shozo Yano 2,*, Sayuri Tanaka 1, Abdullah M. Sheikh 2, Atsushi Nagai 2 and Toshitsugu Sugimoto 1





1



Department of Internal Medicine 1, Shimane University Faculty of Medicine, Shimane 693-8501, Japan






2



Department of Laboratory Medicine, Shimane University Faculty of Medicine, Shimane 693-8501, Japan









*



Correspondence: Tel.: +81-853-20-2312







Academic Editor: Anthony Lemarié



Received: 17 May 2016 / Accepted: 8 September 2016 / Published: 16 September 2016



Abstract

:

Vascular calcification, especially medial artery calcification, is associated with cardiovascular death in patients with diabetes mellitus and chronic kidney disease (CKD). To determine the underlying mechanism of vascular calcification, we have demonstrated in our previous report that advanced glycation end-products (AGEs) stimulated calcium deposition in vascular smooth muscle cells (VSMCs) through excessive oxidative stress and phenotypic transition into osteoblastic cells. Since AGEs can induce apoptosis, in this study we investigated its role on VSMC apoptosis, focusing mainly on the underlying mechanisms. A rat VSMC line (A7r5) was cultured, and treated with glycolaldehyde-derived AGE-bovine serum albumin (AGE3-BSA). Apoptotic cells were identified by Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining. To quantify apoptosis, an enzyme-linked immunosorbent assay (ELISA) for histone-complexed DNA fragments was employed. Real-time PCR was performed to determine the mRNA levels. Treatment of A7r5 cells with AGE3-BSA from 100 µg/mL concentration markedly increased apoptosis, which was suppressed by Nox inhibitors. AGE3-BSA significantly increased the mRNA expression of NAD(P)H oxidase components including Nox4 and p22phox, and these findings were confirmed by protein levels using immunofluorescence. Dihydroethidisum assay showed that compared with cBSA, AGE3-BSA increased reactive oxygen species level in A7r5 cells. Furthermore, AGE3-induced apoptosis was significantly inhibited by siRNA-mediated knockdown of Nox4 or p22phox. Double knockdown of Nox4 and p22phox showed a similar inhibitory effect on apoptosis as single gene silencing. Thus, our results demonstrated that NAD(P)H oxidase-derived oxidative stress are involved in AGEs-induced apoptosis of VSMCs. These findings might be important to understand the pathogenesis of vascular calcification in diabetes and CKD.
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1. Introduction


Vascular complication is an important aspect of the pathological course of diabetes mellitus, and affects the disease-related morbidity and mortality. For the development of such complications, hyperglycemia is suggested to play a central role. Hence, a long term intensive control of glycemic status is demonstrated to play a pivotal role in the prevention of the complication [1,2,3]. For example, the Diabetes Control and Complications Trial/Epidemiology of Diabetes Interventions and Complications (DCCT/EDIC) Study revealed that an intensive diabetes management of a mean of 6.5 years decreased the incidence of cardiovascular (CV) disease in type 1 diabetes [1]. Similarly, United Kingdom Prospective Diabetes Study (UKPDS) demonstrated that intensive glycemic control started at the time of diagnosis is associated with a significantly reduced risk of microvascular disease, myocardial infarction and death from any cause in type 2 diabetes [2]. Such findings suggest a salutary effect of intensive therapy on the risk of CV events. A significantly improved glycemic control was seen in intensive therapy mainly during early phage of the treatment, and such difference usually lost afterwards. However, its beneficial effects persist even when the glycemic control was similar to conventional therapy. The reason of such lasting effect of intensive glycemic control is not very clear. Nevertheless, it is proposed that hyperglycemia-induced early metabolic disturbance in conventional therapy could exert a “legacy” effect on diabetic vessels, which persists even in good glycemic control afterwards. Among the metabolic system implicated in diabetic vascular complications, the properties of advanced glycation end-products (AGEs) well explains the “legacy” effect owing to its difficulty in degradation and clearance from the diabetic tissue [3].



During generation of AGE, reducing sugars including glucose first react non-enzymatically with proteins in Maillard reaction. After further rearrangement reactions and cross linking, these products of Maillard reaction ultimately generate AGEs. AGEs are generated not only by glucose but also by dicarbonyl (glyoxal, methylglyoxal, and 3-deoxyglucoson) or hydroxylaldehyde (glycelaldehyde and glycolaldehyde) compounds. In addition to diabetic patients, blood concentration of AGEs showed markedly high in patients undergoing chronic dialysis, suggesting them to be uremic toxins that accumulate in end-stage chronic kidney disease (CKD) [4]. Accumulation of AGEs has known to be related to the pathology of various disorders including arteriosclerosis, myocardial hypertrophy, chronic inflammation and dialysis amyloidosis. In these conditions, AGE can be a predictor of CV events and mortality [5,6,7]. Several receptors for AGEs have been identified. Among them receptor for AGE (RAGE) is important, because of its ability to activate various signaling pathways that lead to diverse downstream effects. Nuclear factor (NF)-κB sites and interferon-γ response element are located on RAGE promoter, linking RAGE to inflammation. Moreover, AGE-RAGE signaling can induce oxidative stress and tumor necrosis factor–α, both of them activate NF-κB, thus form a positive feed-back loop leading to the development of CV diseases [8]. Such findings are supported by study with diabetes model mouse, showing that the defect of RAGE prevented the development of AGEs-induced atherosclerosis [9].



Möenckeberg-type arterial calcification in the media is a characteristic feature of diabetic, as well as CKD patients that develops and progresses time dependently. The severity of such medial calcification has been known to be a predictor of CV events and mortality [10,11]. As a mechanism of vascular calcification, vascular smooth muscle cells (VSMCs) apoptosis is reported to be important. Previous studies have reported that AGEs accelerate vascular calcification in a RAGE-dependent manner [12,13]. Moreover, AGEs suppressed cellular differentiation and maturation, and induced apoptosis in many type of cells including retinal microvascular endothelium cells, retinal epithelial cells, neuronal cells, osteoblast precursor cells, and osteocytes [14,15,16,17,18]. However, the effects of AGEs on VSMC apoptosis, and its relation with vascular calcification are largely unknown. Previously, we have demonstrated that glycolaldehyde-derived AGE induces calcium deposition in rat VSMCs through excessive generation of reactive oxygen species (ROS) and phenotypic transition into osteoblast like cells [19]. In this study, we aimed to investigate the role of glycolaldehyde-derived AGE on VSMC apoptosis, with emphasis on the underlying mechanism. We found that AGE-induced ROS generation via NAD(P)H oxidase plays an important role in VSMC apoptosis, as it does in calcium deposition [19].




2. Results


2.1. AGE3-BSA Increased Calcium Deposition in Vascular Smooth Muscle Cells (VSMCs)


A7r5 cells were cultured in a growth medium till reaching confluency. Then, the cells were treated with control BSA (cBSA) or AGE3-BSA in calcification medium. After incubation for three days, calcium content was measured by the O-cresolphthaleincomplexone, and the results were normalized by total protein content. This method is superior to the quantification of the degree of calcium deposition, and suitable for determining late phase of calcium deposition, whereas microscopic imaging method is suitable for the detection of calciprotein particles, which are participated in an early phase of mineralization. The results showed that calcium deposition was significantly increased by AGE3-BSA (131 vs. 399 for cBSA and AGE3-BSA, respectively; p < 0.001) (Figure 1).



To examine effects of apoptosis on calcium deposition, A7r5 cells were treated with general caspase inhibitor Z-VAD-FMK (10 µM) or the control Z-FA-FMK (10 µM) for three days. AGE3-BSA -induced calcium deposition was significantly inhibited by the treatment with caspase inhibitor (208 vs. 407 for Z-VAD-FMK and Z-FA-FMK, respectively; p < 0.001) (Figure 1). This suggests that AGE-induced calcium deposition is mediated by apoptotic cell death in VSMCs. Thus, we investigate AGE-induced apoptosis and the mechanism in A7r5 cells.




2.2. AGE3-BSA Induced Apoptosis of VSMCs


A7r5 cells were cultured in growth medium until confluency. Then the cells were treated with cBSA, or increasing concentration of AGE3-BSA (25, 50, 100, 200, and 300 µg/mL). Calcification medium was changed twice a week. On Day 3 and 5, apoptotic cell death was measured using an ELISA-based method. The results showed that up to 50 µg/mL concentration, AGE3-BSA did not affect A7r5 apoptosis (240 vs. 289 and 284 for cBSA, 25 µg/mL and 50 µg/mL of AGE3-BSA, respectively; not significant). AGE3 significantly increased apoptosis from 100 µg/mL concentration (Figure 2). However, we did not find any dose-dependent effect of AGE3-BSA beyond 100 µg/mL concentration (551, 556, and 463 for 100, 200 and 300 µg/mL of AGE3-BSA, respectively) (Figure 2).




2.3. AGE3 Induced VSMC Apoptosis through NAD(P)H Oxidase Activity


As AGE3-BSA showed maximum apoptotic effect at 100 µg/mL concentration, in all subsequent experiments, we used this dose to investigate about the underlying mechanism of apoptosis. To examine further about apoptosis, cultured A7r5 cells were incubated with cBSA or AGE3-BSA (100 µg/mL) for three days. After treatment, analysis of apoptosis by TUNEL assay showed that AGE3-BSA markedly increased TUNEL positive cells (Figure 3a). Interestingly, pretreatment of cells with NAD(P)H oxidase inhibitor including GKT137831 (20 µM) or VAS2870 (10 µM), markedly decreased the number of TUNEL positive cells (Figure 3a). Quantification analysis also showed that the percentage of TUNEL positive cells in a total cell culture population was significantly increased by AGE3-BSA treatment (1% vs. 83% for cBSA and AGE3-BSA, respectively; p < 0.001), and such effect of AGE3-BSA was greatly inhibited by NAD(P)H oxidase inhibitors (14% and 2% for GKT137831 and VAS2870, respectively) (Figure 3b). These findings suggest that AGE3-BSA-induced apoptosis of VSMC was mediated by the activation of NAD(P)H oxidase.




2.4. AGE3-BSA Induced Expression of NAD(P)H Oxidase Components and ROS Generation in VSMCs


To evaluate further about the roles of NAD(P)H oxidase in AGE-induced apoptosis of VSMC, we checked the effects of AGE3-BSA on the mRNA expression of the components of NAD(P)H in A7r5 cells. Three days after incubation with 100 µg/mL of AGE3-BSA or cBSA, total RNA was isolated from A7r5 cells, and the mRNA expression of Nox1, Nox4 and p22phox was assessed by real-time PCR. The results showed that AGE3-BSA (100 µg/mL) treatment significantly increased the expression of Nox1, Nox4 and p22phox mRNA (24%; p < 0.05, 43%; p < 0.05, and 51%; p < 0.05, respectively) (Figure 4).



We further analyzed the expression of Nox4 and p22phox at the protein level. Immunofluorescence results demonstrated that Nox4 protein level was barely detectable in medium treated cells both at Day 3 and 5, whereas p22phox level was quite high at Day 3, which was decreased at Day 5. AGE3-BSA treatment increased Nox4 protein both at Day 3 and 5 (Figure 5a,b,e). In the case of p22phox, the protein level was increased slightly, but significantly by AGE3-BSA at Day 3 comparing medium treated and cBSA treated cells (Figure 5c,f). However, AGE3-BSA considerably increased p22phox protein level at Day 5 (Figure 5d,f).



Next, we checked whether such increased production of Nox4 and p22phox proteins by AGE3-BSA has any functional significance. A7r5 cells were treated with medium, cBSA or AGE3-BSA, and cellular ROS levels were checked by dihydroethidium (DHE) assay. The results showed that AGE3-BSA significantly increased cellular ROS level compared to medium treated and cBSA treated conditions (Figure 5g,h).




2.5. Silencing Nox4 and p22phox Suppressed AGE3-Induced Apoptosis of A7r5 Cells


Next, we examined effects of the silencing of Nox4 and p22phox on AGE-induced apoptosis using mRNA-specific siRNA transfection in A7r5 cells. The real time PCR results showed that both Nox4 and p22phox mRNA levels were decreased to 5%–20% after mRNA specific siRNA transfection, indicating their sufficient silencing effect (Figure 6a). Importantly, AGE3-BSA-induced A7r5 apoptosis was markedly inhibited (42% or 47%) by transfection of either Nox4 or p22phox siRNA, compared to control (scramble siRNA transfection) (Figure 6b). However, we did not find any synergistic or additive effect of double silencing of Nox4 and p22phox on the apoptosis (42% inhibition; not significant vs. Nox4 siRNA or p22phox siRNA transfection).





3. Discussion


We have previously shown that AGEs stimulate calcium deposition in VSMCs through excessive ROS generation and phenotypic transition to osteoblastic cells [19]. In the present study, we observed that AGE3-BSA significantly induced calcium deposition and apoptosis in A7r5 cells. The mRNA and protein expression of Nox4 and p22phox was up-regulated by AGE3-BSA treatment. Moreover, AGE3-induced apoptosis was significantly suppressed by pretreating the cells with Nox inhibitors. Nox4 and p22phox silencing showed similar inhibitory effects on the apoptosis. Taken together, AGE3-induced apoptosis of VSMCs might be the result of NAD(P)H oxidase activation and ROS generation.



In vasculature, ROS is generated mainly by NAD(P)H oxidase. In a previous study, oxidized LDL causes NAD(P)H oxidase mediated excessive ROS generation, resulting accelerated apoptosis of VSMCs [20]. Diabetic model mice showed elevated expression of Nox, bone morphogenetic protein-4, and osteopontin (OPN) genes in the aorta, which was suppressed by TEMPOL, a superoxide scavenger [21]. Patients with type 1 diabetes showed a positive association between the concentration of pentosidine, one of AGEs, and 8-OHdG in the urine [22]. We have previously observed that 8-OHdG level in the culture medium was elevated by AGE3 treatment in VSMCs, indicating that AGE stimulates ROS production [19]. Since excessive ROS is thought to stimulate the production of AGEs [23,24], the generation of AGEs and ROS might activate a positive feedback loop.



NAD(P)H oxidase is composed of Nox isoforms, p22phox, and associated proteins such as p47phox as a subunit. According to recent studies, Nox1, Nox4, p22phox and p47phox are expressed in VSMCs, and Nox4 and p22phox possess significant functionality among them [25,26,27,28,29,30]. Using gene targeting mouse model, their functionality in the vessel has been proved; p22phox is involved in the progression of atheroma [31], while Nox4 facilitates cardiac adaptation to chronic stress such as pressure overload or hypoxia [32]. In addition, Nox4 plays a key role in the pathogenesis of diabetic nephropathy by targeting renal fumarate hydratase, the enzyme that increases fumarate levels [33]. In the present study, AGE3-induced apoptosis was suppressed by silencing Nox4 or p22phox, and double silencing did not show any synergistic, or even additive effects, indicating that the presence of both Nox4 and p22phox is essential for functional activity of NAD(P)H oxidase. Moreover, the function of one of them cannot compensate the other components. As previous studies demonstrated that the activity of p22phox as well as Nox4 is associated with their mRNA levels [34,35], increased expression of Nox4 or p22phox is most probably responsible for ROS generation. Since silencing of Nox1 did not affect AGE-induced calcium deposition in our previous study [19], we speculate that expression level of Nox1 is of little importance for calcium deposition in VSMCs. Future studies need to address the roles of Nox1 and p47phox in VSMCs.



According to previous works, various mechanisms such as growth arrest specific gene 6 (gas6) mediated Axl-PI3kinase-Akt pathway, osteoprotegerin/RANKL-RANK system, activation of matrix metalloproteinases, inflammatory cytokines, and inhibiting factors including pyrophosphate, matrix Gla protein, and α2-HS-glycoprotein (fetuin-A) are involved in the development of vascular calcification [36,37,38,39]. Regarding signal transduction, Tanikawa and coworkers indicated that AGEs-induced VSMC calcification is mediated through RAGE and p38 MAPK pathway [40]. Since activation of p38 MAPK is associated with excessive ROS production and cellular apoptosis [41], there is a possibility that AGE-induced apoptosis promotes vascular calcification through the RAGE/p38 MAPK pathway. On the other hand, high concentration of extracellular phosphate induced apoptosis and calcium deposition in VSMCs through Gas6-Axl interaction [36]. It was demonstrated that atorvastatin inhibited calcification by preventing apoptosis without affecting mevalonate pathway. Although the molecular mechanisms of apoptosis and vascular calcification may differ between AGEs and phosphate, further study is necessary to elucidate the mechanisms involved in the pathogenesis of AGEs-induced or ROS-mediated calcification of VSMCs.



In medial calcification, loss of VSMCs has been observed. In uremic model mice, VSMC phenotype change and VSMC loss was observed earlier than the progression of calcification [42]. In the aorta of CKD patients, apoptotic cell death was observed in vascular calcified area [43]. In diabetes or hyperglycemic condition, VSMCs exhibited significantly increased rates of proliferation, apoptosis, and migration, and decreased expression of contractile regulating proteins as well as abnormal cellular morphology, suggesting that normal vascular structure and function are impaired [44,45,46,47,48]. Therefore, prevention of AGE generation or AGE-RAGE interaction can be a therapeutic target of the progression of arteriosclerosis including vascular calcification [13]. In addition, a very recent study has shown that AGE-induced VSMC apoptosis and ER stress are augmented by treatment with a novel carboxymethylated peptide [46].




4. Materials and Methods


4.1. Cell Culture


A7r5 cell, a rat aortic VSMC line, was obtained from European Collection of Cell Cultures through Dainippon Seiyaku (Osaka, Japan). The cells were cultured in fully humidified atmospheric air containing 5% CO2 condition at 37 °C temperature, with Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FBS, 100 U/mL penicillin and 100 U/mL streptomycin.




4.2. Induction of Calcification


Calcification of A7r5 was induced following the method described by Shioi et al. [49]. Briefly, after reaching confluency, the growth medium of A7r5 was changed to calcification medium (DMEM containing 10% FBS, 10 mM sodium pyruvate, 10−7 M insulin, 100 U/mL penicillin, 100 mg/mL streptomycin, and β-glycerophosphate). The medium was replaced with fresh medium twice a week. Treatment with general caspase inhibitor Z-VAD-FMK (Abcam, Cambridge, UK) or the control Z-FA-FMK (Abcam) was performed to examine an effect of apoptosis on calcium deposition.




4.3. Preparation of AGEs


AGE-BSA was prepared as described previously [50]. Briefly, BSA was incubated under sterile conditions with glycolaldehyde (AGE3) (Sigma Aldrich, St. Louis, MO, USA) and 5 mM diethylenetriamine pentaacetic acid (DTPA) in 0.2 M phosphate buffer (pH 7.4) at 37 °C for seven days. Then, the low molecular weight reactants and aldehydes were removed using a PD-10 chromatography column and dialysis against PBS.




4.4. Quantification of Calcium Deposition


Cells were decalcified with 0.6 N HCl for 24 h. The calcium content of HCl supernatant was determined colorimetrically by o-cresolphthaleincomplexone method (calcium C-test Wako; Wako Pure Chemical Industries, Osaka, Japan). After decalcification, cells were washed three times with PBS and solubilized with 0.1 N NaOH/0.1% SDS. Protein content was measured with the Pierce BCA Protein Assay kit (Thermo Fisher Scientific, Waltham, MA, USA). Calcium content of the cell layer was normalized by protein content.




4.5. TUNEL Assay


Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) was done using a kit according to the manufacturer’s protocol (In Situ Cell Death Detection Kit, POD, Roche Molecular Biochemicals, Mannheim, Germany). Briefly, A7r5 cells were seeded on a chamber slide at a density of 2 × 104 cells/well and cultured overnight in DMEM with 10% FBS and antibiotics. On the next day, the cells were treated with AGE3 or control BSA in the presence or absence of NAD(P)H oxidase (Nox) inhibitors, GKT137831 (Selleck Chemicals, Houston, TX, USA) or VAS2870 (Sigma Aldrich) for three days. After fixation with 4% paraformaldehyde and permeabilized with 0.1% Triton X-100, the DNA nicks in apoptotic cells were labeled with fluorescein-conjugated nucleotides using labeling solutions provided by the manufacturer. To identify cells, nuclei were stained with Hoechst. Apoptosis was semi-quantitatively evaluated by the ratio of TUNEL positive cell number divided by Hoechst positive cell number. Briefly, 10 fields were randomly selected in each staining of each slide, and the positive cell number was counted by two different observers under the fluorescence microscope at the same condition to calculate the ratio.




4.6. Apoptosis Assay Using a DNA Fragment Detection ELISA Kit


A7r5 cells were seeded on a 96-well plate at a density of 2 × 104 cells/well, and cultured overnight in DMEM with 10% FBS and antibiotics. On the next day, the cells were treated with AGE3 or control BSA (cBSA). After five days, the cells were lysed and the supernatant was analyzed for DNA fragments using an enzyme-linked immunosorbent assay (ELISA) kit, according to the manufacturer’s protocol (Cell Death Detection ELISA, Roche Molecular Biochemicals).




4.7. Quantification of mRNA Expression by Real-Time PCR


Total RNA was isolated from cultured A7r5 cells using Trisol reagent (Invitrogen, San Diego, CA, USA) according to the manufacturer’s recommended protocol. First-strand cDNA was synthesized using oligo-dT primer and SuperScript III cDNA synthesis kit (Invitrogen). SYBR green chemistry was used to perform quantitative determination of the mRNAs, following an optimized protocol [51]. The design of sense and antisense oligonucleotide primers was based on published cDNA sequences using the Primer Express software (version 2.0.0, Applied Biosystems, Carlsbad, CA, USA). The cDNA was amplified using an ABI PRISM 7000 sequence detection system (Applied Biosystems). The cDNA-specific SYBR Green Mix was incorporated into the PCR buffer provided in the QuantiTect SYBR PCR kit (QIAGEN, Valencia, CA, USA) to allow for quantitative detection of the PCR product. The temperature profile of the reaction was 60 °C for 2 min, followed by 95 °C for 15 min, and 40 cycles of denaturation at 94 °C for 15 s, and annealing and extension at 60 °C for 1 min.




4.8. RNA Interference


RNA interference was used to down-regulate the expression of Nox4 and p22phox in A7r5 cells. SMARTpool small interfering RNA (siRNA) and SMARTpool reagents for these genes, and nonspecific control siRNA duplexes were designed and synthesized by Customer SMARTpool siRNA Design from Dharmacon (Lafayette, CO, USA). For gene knock down experiments, A7r5 cells were plated in 1.5 cm dish and cultured for 24 h in DMEM containing 10% FBS and antibiotics. Next, after 24 h incubation in medium without antibiotics, cells were transfected with siRNAs (25 nM) using transfection reagent according to the manufacturer’s instructions. After another 48 h of culture, cells were incubated in calcification medium.




4.9. Immunofluorescence


A7r5 cells were cultured in a Lab-Tek II Chamber Slide (Thermo Fisher Scientific Inc., Yokohama, Japan). After appropriate treatment, the medium was removed, cells were washed once with PBS, and fixed with 100% methanol. After blocking with a solution containing 0.1% Triton-X100, and normal goat of horse serum, the cells were incubated with anti-NOX4 IgG (goat, 1:200, Santa Cruz, Dallas, TX, USA), or anti-p22phox IgG (rabbit, 1:200, Santa Cruz) for 2 h at room temperature. FITC conjugated anti-goat IgG, and Texas red conjugated anti-rabbit IgG were used to detect Nox4 and p22phox, respectively. To identify the cells, nuclei were visualized with Hoechst staining. Then stained cells were examined under a fluorescence microscope, and photographs were taken. The fluorescence intensities were quantified using ImageJ software (http://imagej.net/ImageJ).




4.10. DHE Measurement


To determine cellular ROS levels, DHE assay was done following a previously described method [52]. Briefly, after treatment, cells were washed once with PBS, and incubated in serum free medium containing 30 µM DHE for 3 min at room temperature on a rocking platform after protecting from light. Then the cells were washed once with PBS and quickly examined under a fluorescence microscope and photographs were taken. The DHE fluorescence intensities were quantified using ImageJ software.




4.11. Statistics


The numerical data are expressed as mean ± SEM. Statistical evaluation of the differences between the groups was carried out with unpaired t-test and/or one-way analysis of variance (ANOVA) followed by Fisher’s protected least significant difference (LSD). For all statistical tests, a value of p < 0.05 was considered to be statistically significant difference.





5. Conclusions


AGEs stimulate VSMC apoptosis through excessive ROS generation. Component of NAD(P)H oxidase such as Nox4 may be a good candidate of new strategy to prevent vascular calcification.
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	Reactive oxygen species



	TUNEL
	Terminal deoxynucleotidyl transferase dUTP nick end labeling



	VSMC
	Vascular smooth muscle cell







References


	



Nathan, D.M.; Cleary, P.A.; Backlund, J.Y.; Genuth, S.M.; Lachin, J.M.; Orchard, T.J.; Raskin, P.; Zinman, B.; Diabetes, C. Complications Trial/Epidemiology of Diabetes Investigation and Complications Study Research Group. Intensive diabetes treatment and cardiovascular disease in patients with type 1 diabetes. N. Engl. J. Med. 2005, 353, 2643–2653. [Google Scholar] [PubMed]

	



Holman, R.R.; Paul, S.K.; Bethel, M.A.; Matthews, D.R.; Neil, H.A. 10-year follow-up of intensive glucose control in type 2 diabetes. N. Engl. J. Med. 2008, 359, 1577–1589. [Google Scholar] [CrossRef] [PubMed]

	



Yamagishi, S.; Maeda, S.; Matsui, T.; Ueda, S.; Fukami, K.; Okuda, S. Role of advanced glycation end products (AGEs) and oxidative stress in vascular complications in diabetes. Biochim. Biophys. Acta 2012, 1820, 663–671. [Google Scholar] [CrossRef] [PubMed]

	



Duranton, F.; Cohen, G.; De Smet, R.; Rodriguez, M.; Jankowski, J.; Vanholder, R.; Argiles, A. European Uremic Toxin Work, G. Normal and pathologic concentrations of uremic toxins. J. Am. Soc. Nephrol. 2012, 23, 1258–1270. [Google Scholar] [CrossRef] [PubMed]

	



Wagner, Z.; Molnar, M.; Molnar, G.A.; Tamasko, M.; Laczy, B.; Wagner, L.; Csiky, B.; Heidland, A.; Nagy, J.; Wittmann, I. Serum carboxymethyllysine predicts mortality in hemodialysis patients. Am. J. Kidney Dis. 2006, 47, 294–300. [Google Scholar] [CrossRef] [PubMed]

	



Furuya, R.; Kumagai, H.; Miyata, T.; Fukasawa, H.; Isobe, S.; Kinoshita, N.; Hishida, A. High plasma pentosidine level is accompanied with cardiovascular events in hemodialysis patients. Clin. Exp. Nephrol. 2012, 16, 421–426. [Google Scholar] [CrossRef] [PubMed]

	



Nishizawa, Y.; Koyama, H.; Inaba, M. AGEs and cardiovascular diseases in patients with end-stage renal diseases. J. Ren. Nutr. 2012, 22, 128–133. [Google Scholar] [CrossRef] [PubMed]

	



Morita, M.; Yano, S.; Yamaguchi, T.; Sugimoto, T. Advanced glycation end products-induced reactive oxygen species generation is partly through NF-κB activation in human aortic endothelial cells. J. Diabetes Complicat. 2013, 27, 11–15. [Google Scholar] [CrossRef] [PubMed]

	



Soro-Paavonen, A.; Watson, A.M.; Li, J.; Paavonen, K.; Koitka, A.; Calkin, A.C.; Barit, D.; Coughlan, M.T.; Drew, B.G.; Lancaster, G.I.; et al. Receptor for advanced glycation end products (RAGE) deficiency attenuates the development of atherosclerosis in diabetes. Diabetes 2008, 57, 2461–2469. [Google Scholar] [CrossRef] [PubMed]

	



Lehto, S.; Niskanen, L.; Suhonen, M.; Ronnemaa, T.; Laakso, M. Medial artery calcification. A neglected harbinger of cardiovascular complications in non-insulin-dependent diabetes mellitus. Arterioscler. Thromb. Vasc. Biol. 1996, 16, 978–983. [Google Scholar] [CrossRef] [PubMed]

	



Okuno, S.; Ishimura, E.; Kitatani, K.; Fujino, Y.; Kohno, K.; Maeno, Y.; Maekawa, K.; Yamakawa, T.; Imanishi, Y.; Inaba, M.; et al. Presence of abdominal aortic calcification is significantly associated with all-cause and cardiovascular mortality in maintenance hemodialysis patients. Am. J. Kidney Dis. 2007, 49, 417–425. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Z.; Jiang, Y.; Liu, N.; Ren, L.; Zhu, Y.; An, Y.; Chen, D. Advanced glycation end-product nepsilon-carboxymethyl-lysine accelerates progression of atherosclerotic calcification in diabetes. Atherosclerosis 2012, 221, 387–396. [Google Scholar] [CrossRef] [PubMed]

	



Satheesan, S.; Figarola, J.L.; Dabbs, T.; Rahbar, S.; Ermel, R. Effects of a new advanced glycation inhibitor, LR-90, on mitigating arterial stiffening and improving arterial elasticity and compliance in a diabetic rat model: Aortic impedance analysis. Br. J. Pharmacol. 2014, 171, 3103–3114. [Google Scholar] [CrossRef] [PubMed]

	



Okazaki, K.; Yamaguchi, T.; Tanaka, K.; Notsu, M.; Ogawa, N.; Yano, S.; Sugimoto, T. Advanced glycation end products (AGEs), but not high glucose, inhibit the osteoblastic differentiation of mouse stromal ST2 cells through the suppression of osterix expression, and inhibit cell growth and increasing cell apoptosis. Calcif. Tissue Int. 2012, 91, 286–296. [Google Scholar] [CrossRef] [PubMed]

	



Tanaka, K.; Yamaguchi, T.; Kanazawa, I.; Sugimoto, T. Effects of high glucose and advanced glycation end products on the expressions of sclerostin and RANKL as well as apoptosis in osteocyte-like MLO-Y4-A2 cells. Biochem. Biophys. Res. Commun. 2015, 461, 193–199. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.L.; Yu, T.; Yan, Q.C.; Wang, W.; Meng, N.; Li, X.J.; Luo, Y.H. AGEs promote oxidative stress and induce apoptosis in retinal pigmented epithelium cells RAGE-dependently. J. Mol. Neurosci. 2015, 56, 449–460. [Google Scholar] [CrossRef] [PubMed]

	



Liu, G.D.; Xu, C.; Feng, L.; Wang, F. The augmentation of O-GlcNAcylation reduces glyoxal-induced cell injury by attenuating oxidative stress in human retinal microvascular endothelial cells. Int. J. Mol. Med. 2015, 36, 1019–1027. [Google Scholar] [CrossRef] [PubMed]

	



Chen, S.; Yin, L.; Xu, Z.; An, F.M.; Liu, A.R.; Wang, Y.; Yao, W.B.; Gao, X.D. Inhibiting receptor for advanced glycation end product (AGE) and oxidative stress involved in the protective effect mediated by glucagon-like peptide-1 receptor on AGE induced neuronal apoptosis. Neurosci. Lett. 2016, 612, 193–198. [Google Scholar] [CrossRef] [PubMed]

	



Tada, Y.; Yano, S.; Yamaguchi, T.; Okazaki, K.; Ogawa, N.; Morita, M.; Sugimoto, T. Advanced glycation end products-induced vascular calcification is mediated by oxidative stress: Functional roles of NAD(P)H-oxidase. Horm. Metab. Res. 2013, 45, 267–272. [Google Scholar] [CrossRef] [PubMed]

	



Parhami, F.; Morrow, A.D.; Balucan, J.; Leitinger, N.; Watson, A.D.; Tintut, Y.; Berliner, J.A.; Demer, L.L. Lipid oxidation products have opposite effects on calcifying vascular cell and bone cell differentiation. A possible explanation for the paradox of arterial calcification in osteoporotic patients. Arterioscler. Thromb. Vasc. Biol. 1997, 17, 680–687. [Google Scholar] [CrossRef] [PubMed]

	



San Martin, A.; Du, P.; Dikalova, A.; Lassegue, B.; Aleman, M.; Gongora, M.C.; Brown, K.; Joseph, G.; Harrison, D.G.; Taylor, W.R.; et al. Reactive oxygen species-selective regulation of aortic inflammatory gene expression in Type 2 diabetes. Am. J. Physiol. Heart Circ. Physiol. 2007, 292, H2073–H2082. [Google Scholar] [CrossRef] [PubMed]

	



Hata, I.; Kaji, M.; Hirano, S.; Shigematsu, Y.; Tsukahara, H.; Mayumi, M. Urinary oxidative stress markers in young patients with type 1 diabetes. Pediatr. Int. 2006, 48, 58–61. [Google Scholar] [CrossRef] [PubMed]

	



Giacco, F.; Brownlee, M. Oxidative stress and diabetic complications. Circ. Res. 2010, 107, 1058–1070. [Google Scholar] [CrossRef]

	



Santilli, F.; D’Ardes, D.; Davi, G. Oxidative stress in chronic vascular disease: From prediction to prevention. Vasc. Pharmacol. 2015, 74, 23–37. [Google Scholar] [CrossRef] [PubMed]

	



Suh, Y.A.; Arnold, R.S.; Lassegue, B.; Shi, J.; Xu, X.; Sorescu, D.; Chung, A.B.; Griendling, K.K.; Lambeth, J.D. Cell transformation by the superoxide-generating oxidase Mox1. Nature 1999, 401, 79–82. [Google Scholar] [PubMed]

	



Lassegue, B.; Sorescu, D.; Szocs, K.; Yin, Q.; Akers, M.; Zhang, Y.; Grant, S.L.; Lambeth, J.D.; Griendling, K.K. Novel gp91phox homologues in vascular smooth muscle cells: Nox1 mediates angiotensin II-induced superoxide formation and redox-sensitive signaling pathways. Circ. Res. 2001, 88, 888–894. [Google Scholar] [CrossRef] [PubMed]

	



Fukui, T.; Lassegue, B.; Kai, H.; Alexander, R.W.; Griendling, K.K. Cytochrome B-558 α-subunit cloning and expression in rat aortic smooth muscle cells. Biochim. Biophys. Acta 1995, 1231, 215–219. [Google Scholar] [CrossRef]

	



Bleeke, T.; Zhang, H.; Madamanchi, N.; Patterson, C.; Faber, J.E. Catecholamine-induced vascular wall growth is dependent on generation of reactive oxygen species. Circ. Res. 2004, 94, 37–45. [Google Scholar] [CrossRef] [PubMed]

	



Ellmark, S.H.; Dusting, G.J.; Fui, M.N.; Guzzo-Pernell, N.; Drummond, G.R. The contribution of Nox4 to NADPH oxidase activity in mouse vascular smooth muscle. Cardiovasc. Res. 2005, 65, 495–504. [Google Scholar] [CrossRef] [PubMed]

	



Gorlach, A.; Brandes, R.P.; Bassus, S.; Kronemann, N.; Kirchmaier, C.M.; Busse, R.; Schini-Kerth, V.B. Oxidative stress and expression of p22phox are involved in the up-regulation of tissue factor in vascular smooth muscle cells in response to activated platelets. FASEB J. 2000, 14, 1518–1528. [Google Scholar] [CrossRef] [PubMed]

	



Khatri, J.J.; Johnson, C.; Magid, R.; Lessner, S.M.; Laude, K.M.; Dikalov, S.I.; Harrison, D.G.; Sung, H.J.; Rong, Y.; Galis, Z.S. Vascular oxidant stress enhances progression and angiogenesis of experimental atheroma. Circulation 2004, 109, 520–525. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, M.; Brewer, A.C.; Schroder, K.; Santos, C.X.; Grieve, D.J.; Wang, M.; Anilkumar, N.; Yu, B.; Dong, X.; Walker, S.J.; et al. NADPH oxidase-4 mediates protection against chronic load-induced stress in mouse hearts by enhancing angiogenesis. Proc. Natl. Acad. Sci. USA 2010, 107, 18121–18126. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



You, Y.H.; Quach, T.; Saito, R.; Pham, J.; Sharma, K. Metabolomics reveals a key role for fumarate in mediating the effects of NADPH Oxidase 4 in diabetic kidney disease. J. Am. Soc. Nephrol. 2016, 27, 466–481. [Google Scholar] [CrossRef] [PubMed]

	



Kim, Y.K.; Lee, M.S.; Son, S.M.; Kim, I.J.; Lee, W.S.; Rhim, B.Y.; Hong, K.W.; Kim, C.D. Vascular NADH oxidase is involved in impaired endothelium-dependent vasodilation in OLETF rats, a model of type 2 diabetes. Diabetes 2002, 51, 522–527. [Google Scholar] [CrossRef] [PubMed]

	



Serrander, L.; Cartier, L.; Bedard, K.; Banfi, B.; Lardy, B.; Plastre, O.; Sienkiewicz, A.; Forro, L.; Schlegel, W.; Krause, K.H. Nox4 activity is determined by mRNA levels and reveals a unique pattern of ROS generation. Biochem. J. 2007, 406, 105–114. [Google Scholar] [CrossRef] [PubMed]

	



Son, B.K.; Kozaki, K.; Iijima, K.; Eto, M.; Kojima, T.; Ota, H.; Senda, Y.; Maemura, K.; Nakano, T.; Akishita, M.; et al. Statins protect human aortic smooth muscle cells from inorganic phosphate-induced calcification by restoring Gas6-Axl survival pathway. Circ. Res. 2006, 98, 1024–1031. [Google Scholar] [CrossRef] [PubMed]

	



Iyemere, V.P.; Proudfoot, D.; Weissberg, P.L.; Shanahan, C.M. Vascular smooth muscle cell phenotypic plasticity and the regulation of vascular calcification. J. Intern. Med. 2006, 260, 192–210. [Google Scholar] [CrossRef] [PubMed]

	



Adeva-Andany, M.M.; Fernandez-Fernandez, C.; Sanchez-Bello, R.; Donapetry-Garcia, C.; Martinez-Rodriguez, J. The role of carbonic anhydrase in the pathogenesis of vascular calcification in humans. Atherosclerosis 2015, 241, 183–191. [Google Scholar] [CrossRef] [PubMed]

	



Harper, E.; Forde, H.; Davenport, C.; Rochfort, K.D.; Smith, D.; Cummins, P.M. Vascular calcification in type-2 diabetes and cardiovascular disease: Integrative roles for OPG, RANKL and TRAIL. Vasc. Pharmacol. 2016, 82, 30–40. [Google Scholar] [CrossRef] [PubMed]

	



Tanikawa, T.; Okada, Y.; Tanikawa, R.; Tanaka, Y. Advanced glycation end products induce calcification of vascular smooth muscle cells through RAGE/p38 MAPK. J. Vasc. Res. 2009, 46, 572–580. [Google Scholar] [CrossRef] [PubMed]

	



Lin, X.; Wu, S.; Wang, Q.; Shi, Y.; Liu, G.; Zhi, J.; Wang, F. Saikosaponin-D reduces HO-induced PC12 cell apoptosis by removing ROS and blocking MAPK-dependent oxidative damage. Cell. Mol. Neurobiol. 2016. [Google Scholar] [CrossRef] [PubMed]

	



Pai, A.; Leaf, E.M.; El-Abbadi, M.; Giachelli, C.M. Elastin degradation and vascular smooth muscle cell phenotype change precede cell loss and arterial medial calcification in a uremic mouse model of chronic kidney disease. Am. J. Pathol. 2011, 178, 764–773. [Google Scholar] [CrossRef] [PubMed]

	



Son, B.K.; Akishita, M.; Iijima, K.; Ogawa, S.; Arai, T.; Ishii, H.; Maemura, K.; Aburatani, H.; Eto, M.; Ouchi, Y. Thrombomodulin, a novel molecule regulating inorganic phosphate-induced vascular smooth muscle cell calcification. J. Mol. Cell Cardiol. 2013, 56, 72–80. [Google Scholar] [CrossRef] [PubMed]

	



Hattori, Y.; Suzuki, M.; Hattori, S.; Kasai, K. Vascular smooth muscle cell activation by glycated albumin (Amadori adducts). Hypertension 2002, 39, 22–28. [Google Scholar] [CrossRef] [PubMed]

	



Casella, S.; Bielli, A.; Mauriello, A.; Orlandi, A. Molecular pathways regulating macrovascular pathology and vascular smooth muscle cells phenotype in type 2 diabetes. Int. J. Mol. Sci. 2015, 16, 24353–24368. [Google Scholar] [CrossRef] [PubMed]

	



Maltais, J.S.; Simard, E.; Froehlich, U.; Denault, J.B.; Gendron, L.; Grandbois, M. iRAGE as a novel carboxymethylated peptide that prevents advanced glycation end product-induced apoptosis and endoplasmic reticulum stress in vascular smooth muscle cells. Pharmacol. Res. 2016, 104, 176–185. [Google Scholar] [CrossRef] [PubMed]

	



Simard, E.; Sollradl, T.; Maltais, J.S.; Boucher, J.; D’Orleans-Juste, P.; Grandbois, M. Receptor for advanced glycation end-products signaling interferes with the vascular smooth muscle cell contractile phenotype and function. PLoS ONE 2015, 10, e0128881. [Google Scholar]

	



Chawla, V.; Simionescu, A.; Langan, E.M., 3rd; LaBerge, M. Influence of clinically relevant mechanical forces on vascular smooth muscle cells under chronic high glucose: An in vitro dynamic disease model. Ann. Vasc. Surg. 2016, 34, 212–226. [Google Scholar] [CrossRef] [PubMed]

	



Shioi, A.; Nishizawa, Y.; Jono, S.; Koyama, H.; Hosoi, M.; Morii, H. β-Glycerophosphate accelerates calcification in cultured bovine vascular smooth muscle cells. Arterioscler. Thromb. Vasc. Biol. 1995, 15, 2003–2009. [Google Scholar] [CrossRef] [PubMed]

	



Ogawa, N.; Yamaguchi, T.; Yano, S.; Yamauchi, M.; Yamamoto, M.; Sugimoto, T. The combination of high glucose and advanced glycation end-products (AGEs) inhibits the mineralization of osteoblastic MC3T3-E1 cells through glucose-induced increase in the receptor for AGEs. Horm. Metab. Res. 2007, 39, 871–875. [Google Scholar] [CrossRef] [PubMed]

	



Yano, S.; Yamaguchi, T.; Kanazawa, I.; Ogawa, N.; Hayashi, K.; Yamauchi, M.; Sugimoto, T. The uraemic toxin phenylacetic acid inhibits osteoblastic proliferation and differentiation: An implication for the pathogenesis of low turnover bone in chronic renal failure. Nephrol. Dial. Transplant. 2007, 22, 3160–3165. [Google Scholar] [CrossRef] [PubMed]

	



Sheikh, A.M.; Michikawa, M.; Kim, S.U.; Nagai, A. Lysophosphatidylcholine increases the neurotoxicity of Alzheimer’s amyloid β1–42 peptide: Role of oligomer formation. Neuroscience 2015, 292, 159–169. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 17 01567 g001 1024] 





Figure 1. Glycolaldehyde-derived advanced glycation end-products-bovine serum albumin (AGE3-BSA) (100 µg/mL) increased calcium deposition in a rat vascular smooth muscle cell line and it was inhibited by caspase inhibitor. After reaching confluency, A7r5 cells were incubated with calcification medium containing control BSA (cBSA) or AGE3-BSA in the presence or absence of general caspase inhibitor Z-VAD-FMK (10 µM) or the control Z-FA-FMK (10 µM) for three days. Then, the calcium deposition was measured as described in the Method Section. To determine statistical significance, the results were analyzed by unpaired t-test, and the statistical significance was denoted as follows, ** p < 0.001. 
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Figure 2. AGE3-BSA treatment induced apoptosis in A7r5 rat vascular smooth muscle cells. The cells were treated with cBSA, or indicated concentrations of AGE3-BSA, and the levels of apoptotic cells were measured using an ELISA-based method, as described in the Method section. Apoptosis was found to be increased by AGE3-BSA after treatment for five days. The results are presented here as averages ± SE of at least three independent experiments. The statistical significance of the results was analyzed by one-way ANOVA followed by LDS post-hoc test. Statistical significance was denoted as follows, ** p < 0.001 vs. cBSA. 
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Figure 3. AGE3-BSA-induced apoptosis in A7r5 cells was mediated by NAD(P)H oxidase. (a) Cultured A7r5 cells were incubated in calcification medium containing cBSA, or AGE3-BSA (100 µg/mL) in the presence or absence of NAD(P)H oxidase inhibitors including GKT137831 (20 µM) or VAS2870 (10 µM) for three days. Apoptosis was evaluated by TUNEL assay, as described in the Method section. Cells in the culture were identified by nuclear staining with Hoechst, and evaluated under a fluorescence microscope; (b) For quantification, Hoechst and TUNEL double positive cells were counted in 10 random microscopic fields at 200× magnification, and expressed as percent TUNEL positive cells in a culture. Statistical significance of the results was analyzed by one-way ANOVA followed by LDS post-hoc test. Statistical significance was denoted as follows, ** p < 0.001 vs. AGE3-BSA. 
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Figure 4. AGE3-BSA increased the mRNA expression of the components of NAD(P)H oxidase. A7r5 cells were treated with cBSA or AGE3-BSA (100 µg/mL) for three days. Total mRNA was isolated, and Nox1, Nox4 and p22phox mRNA levels were evaluated by real-time PCR, as described in the Method section. GAPDH mRNA was used as a loading control. The data presented here as averages ± SE of at least three experiments. The statistical significance of the results was analyzed by unpaired t-test. The statistical significance was denoted as follows, * p < 0.05 vs. cBSA. 
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Figure 5. Effects of AGE3 on the protein expression of Nox4 and p22phox. A7r5 cells were treated with medium alone, cBSA or AGE3-BSA for three and five days. After treatment, Nox4 and p22phox proteins were analyzed by immunofluorescence staining, as described in Materials and Method. Representative photomicrographs of Nox4 immunofluorescence staining of Day 3 and 5 are shown in (a,b) respectively, and quantified fluorescence intensities in (e). 1–3; medium only (no treatment), 4–6; cBSA treatment, and 7–9; AGE3 treatment. Representative photomicrographs of p22phox immunofluorescence staining of Day 3 and 5 are shown in (c,d) respectively, and quantified fluorescence intensities in (f). Higher magnification photomicrographs are shown in the insets for localization of the expressed proteins. Cellular ROS levels were analyzed by DHE assay after treating the cells for five days. Representative photomicrographs of DHE fluorescence are shown in (g); and quantified fluorescence intensities in (h). Numerical data are presented here as average ± SE of at least four experiments. * p < 0.05 vs. medium or cBSA of same time period. Scale bar = 100 µm. 
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Figure 6. AGE3-BSA-induced apoptosis is mediated through Nox4 or p22phox. (a) Nox4 or p22phox siRNA was transfected to A7r5 cells, total RNA was isolated three days after transfection, and Nox4 and p22phox mRNA levels were measured by real-time PCR, as described in the Method section. GAPDH mRNA was used as loading control. A scramble siRNA was used as a negative control (NC); (b) AGE3-BSA-induced apoptosis was inhibited by silencing of Nox4 and p22phox mRNA. Apoptosis was evaluated by cell death detection ELISA kit. The absorbance in cells treated with AGE3-BSA was compared with that in cells treated with cBSA. The ratio was demonstrated after correction with each cBSA. Results were analyzed by one-way ANOVA and LDS post-hoc test. ** p < 0.001 vs. NC. 
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