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Introduction: Vascular calcification (VC) is an independent risk factor for cardiovascular diseases. VC increases mortality of all-causes. VC is one of most common cardiovascular complications in type II diabetes. So far, no therapy has been proven to be effective in treatment of clinical VC. The present study investigated the therapeutic effects of MR409, an agonistic analog of growth hormone-releasing hormone (GHRH-A), on VC in diabetic db/db mice.

Method and result: Diabetic mice were injected with MR409 subcutaneously every day for 8 weeks. Long-term treatment with MR409 improved serum lipid profile and endothelium-dependent relaxation to acetylcholine, and reduced vascular structural injury in diabetic mice without affecting serum growth hormone level. Echocardiography showed that calcium plaques present in heart valve of diabetic mice disappeared in diabetic mice after treatment with MR409. MR409 inhibited vascular calcium deposition associated with a marked reduction in the expressions of osteogenic-regulated alkaline phosphatase (ALP) and transcription osteogenic marker gene Runx2 in diabetic mice. MR409 also inhibited vascular reactive oxygen species (ROS) generation and upregulated the expressions of anti-calcifying protein Klotho in diabetic mice.

Discussion: Our results demonstrate that GHRH-A MR409 can effectively attenuate VC and heart valve calcification, and protect against endothelial dysfunction and vascular injury in diabetic mice without significantly affecting pituitary-growth hormone axis. The mechanisms may involve upregulation of anti-calcifying protein Klotho and reduction in vascular ROS and the expression of redox sensitive osteogenic genes Runx2 and ALP. GHRH-A may represent a new pharmacological strategy for treatment of VC and diabetics associated cardiovascular complications.
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Introduction

Vascular calcification (VC) is a pathological condition, which is characterized by an abnormal deposition of calcium-phosphate in the vascular system (1). The arterial medial calcification is the most common type of VC, which is frequently found in the patients with type II diabetes, atherosclerosis and end-stage of renal diseases (ESRDs) (2). It has been reported that the prevalence of VC is as high as 41.5% in patients with type II diabetes, and 27% in the patients with ESRDs (3). The calcification in the arteries increases arterial stiffness and reduces the elasticity and compliance of the artery wall, which may increase pulse pressure, heart afterload, deteriorate peripheral tissue perfusion and thrombus formation (4). As the consequence, VC increases the incidence of thrombosis, stroke, coronary ischemic disease, and plaque rupture. VC is considered an independent risk factor for cardiovascular morbidity and mortality (5, 6).

The mechanisms of VCs are not fully understood. Like the bone remodeling, VC is an active cellular process that is regulated by various bone-related proteins, such as alkaline phosphatase (ALP), osteocalcin, osteopontin, Run-related transcription factor 2 (Runx2), and matrix vesicles (7). Some agents, such as bisphosphonate, pyrophosphate analogs, have been tested to be effective in the prevention or regression of VC in the experimental animal models. However, to date, no effective agents have been found for the treatment or regression of VC associated with human diseases (8). Therefore, there is an urgent need to develop new strategies to prevent or treat VC.

Growth hormone-releasing hormone (GHRH) is a hypothalamic neuropeptide, which binds to the G-protein coupled GHRH receptor and stimulates the secretion and synthesis of growth hormone (GH) in the pituitary gland (9). In addition to its neuroendocrine action, GHRH and its receptors are expressed in different peripheral tissues and cell types, such as cardiomyocytes, vascular smooth muscle cells, neural cells, ocular tissue and pancreas (10–13). The extrahypothalamic GHRH can regulate many cellular functions, such as cell proliferation, differentiation and survival, in various peripheral cells and organs (14, 15). In past few decades, many potent GHRH agonists has been synthesized in our laboratory. These synthetic analogs of GHRH are more stable and potent when compared with native GHRH (14). It has been shown that GHRH analog MR409 can exert therapeutic effects on experimental acute myocardial infarction, heart failure and diabetic retinopathy (11, 16, 17). More recently, Shen et al. (18) reported that MR409 can suppress vascular smooth muscle calcification in vitro and VC in osteoprotegerin KO mice in vivo by blocking reactive oxygen species (ROS)/nuclear transcription factor (NF)kB pathway. However, osteoprotegerin KO mice is not an animal model that mimics VC in human diseases. In the present study, we investigated the therapeutic effects of MR409 on VC in diabetic db/db mice.



Materials and methods


Animal protocols

Ten-week-old male homozygous db/db mice on a C57BL/6 background were purchased from Model Animal Research Center of Nanjing University (MARC, Nanjing, China) and housed in an animal facility at 23 ± 2°C with a 12-h light/dark cycle, C57BL/6 mice were used as a wild type (WT) control. We used 10-week-old male mice in this study, because it has been reported that sex hormones, especially estrogen, may affect VC (19), and db/db mice can develop VC about 20-week-old (the age of mice at sacrifice) (20). All animal procedures were approved by the Institute Animal Use and Care Committee of Shenyang Medical College and complies with the Guideline of the Institute Care and Use of Laboratory Animals of Shenyang Medical College. After 2 weeks of adaptation, the mice were randomly divided into 3 groups and fed a regular mouse diet, and received one of the following treatments for 8 weeks: Control group (WT): C57BL/6 mice were injected subcutaneously with vehicle solution [10% (vol/vol) propylene glycol] every day; diabetic db/db group (db/db): db/db mice received a subcutaneous injection of vehicle solution every day; db/db mice in MR409 treatment group (MR409) were administrated subcutaneously with MR409 at a dose of 15 μg/day/mouse (dissolved in 10% propylene glycol). We have shown that MR409 at a dose of 10 μg/day/mouse has therapeutic effects on experimental stroke and STZ-induced diabetic mouse models (10, 12), we used MR409 at a dose of 15 μg/day/mouse, because db/db mice have more body weight than regular mice. The number of experimental animals was based on the statistical power analysis. MR409 was synthesized by our laboratory (12, 14). At the end of the study, the mice were fasted overnight, blood was taken from the tail arteries to determine fasting blood level of glucose with an automatic blood glucose meter (Roche Accu-CHEK Active, Mannheim, Germany). After insulin tolerance test was performed, the mice were euthanized with 100 mg/kg ketamine and 20 mg/kg xylazine cocktail, and blood was withdraw through left ventricular puncture. The heart and aorta were harvested.



Insulin tolerance test

The mice were fasted for 4 h, insulin tolerance test was performed 2 days before the animals were sacrificed. Briefly, the mice were injected intraperitoneally with insulin solution (1 U insulin/kg body weight). Blood glucose levels were measured at 0 (before insulin administration), 20, 40, 60, 120, and 180 min after insulin injection using an automatic blood glucose meter (Roche Accu-CHEK Active, Mannheim, Germany).



Histological analysis

Thoracic aorta was isolated and cut into 3 mm aortic ring, which was fixed in 4% paraformaldehyde buffered solution and routinely processed for paraffin sections. The slices of 4 μm thickness was cut and mounted in the slides. The slides were stained with hematoxylin eosin (HE, Sigma Aldrich, St. Louis, MO) to evaluate the thickness of aortic wall and morphological alteration. At least four images per stained sections were examined and photographed using a Leica DM4B fluorescence microscope (Leica Microsystems Inc., Mannheim, Germany). The thickness of aortic wall (from intima to media) was measured by ImageJ software (NIH Bethesda, MD), the average thickness of aortic wall was calculated. The separated sections were stained with Masson trichrome to evaluate vascular fibrosis, the positive stained area of collagen was quantified with ImageJ software, the percentage of positive stained collagen area with total stained area was calculated. The examination of histological samples was conducted in a blinded manner, the reviewers were not aware of the groups to which mice belonged.



Vascular reactivity

Endothelium-dependent relaxation to acetylcholine was determined by an organ chamber bath as described previously (21). Briefly, isolated thoracic aorta was cut into 3 mm aortic rings. The aortic rings were mounted on the wires connected to pressure transducer in organ chamber bath system (DMT Inc., Denmark). The rings were equilibrated under resting tension of 1 g for 1 h, then contracted twice with PSS solution containing 60 mmol/L KCL. The rings were precontracted with about 30 nmol/L of norepinephrine to reach 70% of the maximum contractile force, then cumulative concentration of acetylcholine (10–9∼10–5 molar/L) was added to the organ bath. Maximal relaxation to acetylcholine (Emax) and the concentration of acetylcholine required for a half-maximal relaxation (ED50) were calculated using a best fit of a logistic sigmoid concentration-response curve.



Assessment of heart valve and aortic calcification with echocardiography

At the end of an 8-week treatment, the mice were subjected to ultrasound examination for determination of aortic calcification and heart valve calcification, using a high-resolution Doppler image system for small animal (Esote Medical Equipment Inco., Shenzhen, China). The mice were anesthetized with the inhalation of 1% isoflurane, and placed on a platform and heated warm to maintain body temperature. The heart valves and aortic arches were examined and imaged with B-Mode or 2D mode cursor (30 MHz) in the parasternal short-axis view with a depth setting of 2 cm. The sample volume cursor was placed at the aortic root with angle correction (37°–60°). The heart valves and aortic calcification were determined by a significant change in ultrasound density. The areas of calcification spots or plaques were quantified by using ImageJ software.



Alizarin red and Von Kossa calcium staining in mouse aortas

Alizarin red (AR) and Von Kossa (VK) were used for calcium staining of the mouse aortas. A segment of aortic arch was fixed in 10% formalin for 24 h, then dehydrated and embedded in paraffin. The section of 5-μm-thickness was cut and deparaffined. For AR staining, the slides were incubated with AR solution for 2 min (Solarbio Life Science, Beijing, China). After a quick wash in distilled water, the slides were placed under ultraviolet light until calcium phosphate turned black, followed by a counterstaining with eosin. For VK staining, deparaffined sections were stained with Von Kossa silver kits (Solarbio Life Science, Beijing, China) for 2 min. After washing with distilled water, the sections were rapidly differentiated and the nuclei stained with hematoxylin solution. Images were taken using microscope (Leica, Germany) and analyzed with ImageJ Software.



Oil red O staining and ALP staining

Fresh aortic root was frozen and embedded in OCT compound and sliced into the section of 10 μm thickness by a microtome-cryostat (Leica, Germany). The sections were briefly rinsed with distilled water and immersed in 60% isopropanol for 30 s, then incubated in oil red O working solution (Solarbio Life Science, Beijing, China) for 15 min. The sections were then de-stained with 60% isopropanol, and counterstained with hematoxylin solution. Images were captured using Leica light microscope, and the percentage of positive staining area was quantified using ImageJ software. ALP staining in aortic section was performed with ALP staining kit following manufacturer’s instructions. Ten μm sections were cut, matrix solution was added to slices, and the tissue section incubated for 15 min at 37°C in dark environment. Excessive matrix solution was removed and cobalt nitrate dye added immediately and dyed for 5 min. Vulcanized solution was added and tissue sections incubated for 30 s. The slices were redyed with nuclear solid red dye for 30 s. The slices were shaken to dryness and examined by microscope.



Immunohistochemistry

Paraffin-embedded aorta was cut into 4 μm thick sections. The slides were incubated with sodium citrate buffer for 10 min in a pressure cooker for antigen retrieval. After the incubation with blocking solution of 5% goat serum in TBST at room temperature for 10 min, the sections were incubated with primary antibodies against Runx2 (1:50 diluted with TBST buffer, SC-101145, Satan Cruz Biotech., USA) or Klotho (1:50 diluted with TBST buffer, ab181373, Abcam, UK) overnight at 4°C followed by the incubation with appropriate secondary antibodies conjugated with biotin for 15 min at room temperature. The sections were then incubated with HRP labeled streptavidin for 15 min at room temperature and stained with DAB solution. The nuclei were counterstained with hematoxylin solution. The images were acquired by a Leica DM4B fluorescence microscope and analyzed with ImageJ software. The results were expressed as a percentage of positive stained areas with total selected areas.



Western blot

The whole aortas (from aortic arch to the bifurcation of abdominal aorta at femoral arteries) were lysed with RIPA lysis buffer containing a complete protease inhibitor cocktail. Protein concentrations were determined using a BCA protein assay kit (Beyotime Biotechnology, Shanghai, China). Protein samples (30 μg) were fractionated with SDS-PAGE. After electrophoretic transfer to a PVDF membrane (0.45 μm, IPVH00010, Millipore), the membranes were incubated with primary antibody against Klotho (1:1000 dilution, ab181373, Abcam) at 4°C overnight followed by the incubation with horseradish peroxidase-conjugated secondary antibody (1:5,000 dilution using blocking solution) for 2 h at room temperature, an antibody against β-actin (WH121414, ABclonal) as an internal control. The luminal chemiluminescence signals were detected with an Aplegen Omega Lum G Gel Documentation System (Aplegen Inc., Pleasanton). The band density was measured and quantified using ImageJ software.



Determination of serum alkaline phosphatase (ALP) activity and growth hormone (GH)

Blood was centrifuged at 5000 rpm for 10 min at 4°C. Serum ALP activity was measured using ALP assay kit following the manufacturer’s instructions (Solebo Technology Co., Ltd). ALP assay kit is a p-nitrophenyl phosphate (pNPP) assay, ALP catalyzes pNPP (a phosphatase substrate) to pNP, which turns yellow at absorbance of 405 nm, which was measured using Microplate Absorbance Reader (Molecular Devices) for 15 min. One ALP unit is defined as hydrolyzation of 1 μmole of pNPP per minute at pH 9.8 at 37°C. QuantiChrom cholesterol assay kit (Coibo Bio. Inco., Shanghai, China). QuantiChrome triglyceride assay kit (Coibo Bio Inco., Shanghai, China) was used to determine serum concentration of total cholesterol, total triglyceride, respectively. Serum GH concentration was determined by mouse growth hormone enzyme-linked immunosorbent assay (ELISA) kit according to manufacturer’s instructions (Cusa Bio. Inco., Wuhan, China).



Determination of superoxide (O2–) anion formation in aorta in situ

Aortic O2– formation was determined by oxidative fluorescent dye hydroethidine (DHE, Sigma-Aldrich, St. Louis, MO) as described (21). In brief, thoracic aorta were embedded in OCT compound and snap-frozen in the liquid nitrogen. Sections of 5 μm thickness were cut and incubated with 2 μmol/L DHE in HEPES buffer for 30 min at 37°C in a humidified chamber. The images were acquired within 30 min of DHE staining, using a fluorescence microscope (Leica Microsystems Inc., Mannheim, Germany), and the average fluorescent intensities were quantitated and expressed as percentage of control.



Statistical analysis

Statistical analysis was performed by SPSS statistical software (SPSS Inc, Chicago, IL). Data were presented as mean ± standard derivation (SD). Statistical analysis was performed by one-way or two-way ANOVA followed by the Student-Newman-Keuls test. P < 0.05 was considered statistically significant.




Results


Long-term treatment with GHRH-A MR409 reduced plasma lipid profile and vascular injury in diabetic db/db mice

Db/db mice at 20-week-old exhibited significant increases in fasting plasma level of total cholesterol, triglyceride and fasting blood level of glucose, impaired insulin tolerance and body weight, treatment with MR409 for 8 weeks lowered plasma lipid profile but did not significantly affect fasting blood glucose, insulin tolerance and body weight in db/db mice (Figures 1A–E). There was no significant difference in plasma level of GH between WT and diabetic db/db mice, and treatment with MR409 did not significantly affect plasma level of GH in diabetic mice (Figure 1F). HE staining showed that the thickness of aortic wall in diabetic mice significantly increased, which was prevented by MR409 treatment (Figures 2A, B). Masson trichrome staining revealed that diabetic mice had more positive staining area of aortic collagen and loosened elastic fiber structure, as compared with WT mice. MR409 treatment reduced aortic fibrosis and protected elastic fiber structure intact in diabetic db/db mice (Figures 2C, D). Lipid deposition was increased in the aorta of db/db mice, as showed by oil O staining, MR409 treatment significantly reduced aortic lipid deposition in db/db mice (Figures 2E, F).
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FIGURE 1
Effects of MR409 on plasma levels of total cholesterol (Ch, A) and total triglyceride (TG, B), fasting blood glucose (C), insulin tolerance (D), body weight (E) and serum level of growth hormone (GH, F) in diabetic db/db mice. Data is expressed mean ± SD, n = 6, *p < 0.05 diabetic mice vs. WT mice, #p < 0.05 MR409 treated mice vs. diabetic mice.
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FIGURE 2
Treatment with MR409 improves vascular morphological injury in diabetic db/db mice. The representative images of cross section of aortic wall stained with hematoxylin and eosin for aortic wall thickness with a low magnification in up pane and a high magnification in low pane (A), Masson trichrome for collagen content with a low magnification in up pane and a high magnification in low pane (C) and oil O staining for lipid deposition with high magnification (E). The quantitation of aortic wall thickness (B), positive collagen staining areas (D) and lipid deposition (F) in the aorta. N = 6, *p < 0.05 diabetic mice vs. WT mice, #p < 0.05 MR409 treated mice vs. diabetic mice.




MR409 improved endothelium-dependent relaxation and reduced aortic ROS production in diabetic db/db mice

Endothelium-dependent relaxation to acetylcholine was significantly impaired in diabetic mice, MR409 treatment significantly improved acetylcholine-induced relaxation (Figure 3A). We determined aortic ROS production in situ by DHE oxidative fluorescence staining. As shown in Figures 3B, C, oxidative fluorescence intensity significantly increased in diabetic db/db mice, which was prevented by MR409 treatment.
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FIGURE 3
Treatment with MR409 improves endothelium-dependent relaxation to acetylcholine (A) and reduced reactive oxygen species (ROS) production in the aorta of diabetic db/db mice. (B) The representative images of oxidative fluorescence intensities in the aorta, assessed by DHE fluorescence staining, (C) the quantification of average oxidative fluorescence intensities. N = 6, *p < 0.05 diabetic mice vs. WT mice, #p < 0.05 MR409 treated mice vs. diabetic mice.




MR409 attenuated vascular calcium deposition and the protein expressions of osteogenic-regulated molecules in diabetic db/db mice

We used a high-resolution Doppler image system for small animal to determine heart valves and vascular calcification in aortic root. The ultrasound images of heart valve or vascular calcification manifests calcified spots or plaques (white) with abnormal increase in ultrasound density. Compared with WT control mice, high brightness calcified plaques with abnormal increased ultrasound density were seen in density of aortic valves (indicated with arrowhead) of diabetic mice, which disappeared in diabetic mice treated with MR409 (Figure 4). Furthermore, we used alizarin red and Von Kossa calcium staining to evaluate vascular calcification in the aortic root. Vascular calcium deposition was brown in Von Kossa staining and dark red in alizarin red staining. Compared with WT mice, diabetic mice had more brown staining areas in the aortic root section with Von Kossa staining (Figures 5A, C) and more dark red areas with alizarin red staining (P < 0.05; Figures 5B, D). MR409 treatment significantly reduced positive vascular staining area in both Von Kossa staining or alizarin red staining (P < 0.05; Figures 5B, D) in diabetic db/db mice. These results suggest that MR409 can inhibit vascular calcification in diabetes. ALP and Runx2 are two important molecules to regulate ectopic calcification (22, 23), ALP accelerates ectopic calcification by catalyzing hydrolysis of inorganic phosphate (23), Runx-2 is a major regulator of osteocyte differentiation to drive VC processes by the regulation of osteogenesis gene expression (22). We detected serum ALP activity and aortic expression of ALP and Runx2 by immunohistochemistry. Comparing with WT group, serum ALP activity significantly increased in diabetic mice, MR409 treatment restored ALP activity in diabetic mice (Figure 6A). Immunohistochemistry revealed that diabetic mice had more ALP and Runx2 expression, which were reduced in diabetic mice with MR409 treatment (Figures 6B–E).
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FIGURE 4
Treatment with MR409 attenuates heart valve calcification (A) in diabetic db/db mice. Heart valve calcification was detected with high-resolution Doppler image system for small animal. Representative images of heart valve (A) calcification, the quantitation of heart valve (B) calcification. N = 6, *p < 0.05 diabetic mice vs. WT mice, #p < 0.05 MR409 treated mice vs. diabetic mice.
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FIGURE 5
Treatment with MR409 attenuates calcium deposition in aortic root section of diabetic db/db mice. The representative images of calcium staining in the aorta by Von Kossa with a low magnification in up pane and a high magnification in low pane (brown, A) and alizarin red staining with a low magnification in up pane and a high magnification in low pane (dark red, C), the quantitation of positive calcium staining areas with Von Kossa (B) and alizarin red (D). N = 6, *p < 0.05 diabetic mice vs. WT mice, #p < 0.05 MR409 treated mice vs. diabetic mice.
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FIGURE 6
Treatment with MR409 reduces serum alkaline phosphatase (ALP) activity (A), the expression of ALP (B,D) and Runx2 (C,E) in the aorta of diabetic db/db mice. The representative images of ALP (B) and Runx2 (C), were determined by immunohistochemistry, the quantitation of positive staining areas of ALP (D) and Runx2 (E). N = 6, *p < 0.05 diabetic mice vs. WT mice, #p < 0.05 MR409 treated mice vs. diabetic mice.




MR409 up-regulated Klotho expression in aorta of diabetic db/db mice

Klotho is an anti-aging and anti-calcifying protein, which is reduced in chronic kidney diseases and diabetic mellitus (24, 25). Klotho expression significantly decreased in the aorta of db/db mice, as determined with Western blot and immunohistochemistry. MR409 treatment significantly increased aortic Klotho expression (Figure 7).
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FIGURE 7
Treatment with MR409 upregulates the expression of Klotho in the aorta of diabetic db/de mice. The protein expression of Klotho was determined by Western blot (A), the representative images of Klotho protein expression, determined by immunohistochemistry (C), the quantitation of Klotho protein expression with Western blot (B) and immunohistochemistry (D). N = 6, *p < 0.05 diabetic mice vs. WT mice, #p < 0.05 MR409 treated mice vs. diabetic mice.





Discussion

In the present study, we demonstrate that long-term treatment with GHRH-A MR409 significantly attenuated VC and vascular morphological injury, improved endothelial function but did not affect serum level of GH in db/db diabetic mice. The inhibitory effects of MR409 on VC was associated with a reduction in vascular ROS production and the expressions of osteogenic regulated gene Runx2 and ALP and an increase in anti-calcifying protein Klotho. These results confirm that GHRH-A may be a novel therapy for VC and VC associated vasculopathy.

Vascular calcification is a complex process that involves osteogenesis of vascular cells. VC represents a vascular aging phenotype which is commonly observed in the elderly people. Diabetes and chronic renal diseases are most common human disease associated with VC (2, 26), especially arterial medial calcification, because the patients suffer from a disturbed mineral and bone metabolism (27). Arterial medial calcification increases arterial stiffness, blood pressure and heart workload, impairs vascular compliance and vascular reactivity. Arterial medial calcification is an independent risk factor for development of stroke, cardiovascular diseases and mortality in type 2 diabetes mellitus (4, 28). Current anti-calcifying therapies may delay but can not effectively reduce existing arterial calcification and conduit vessel compliance (8). In addition, anti-calcifying therapies may cause detrimental side effects at the level of bone, as the molecular and cellular process for arterial calcification is similar to physiological mineralization (5, 8). We found that diabetic db/db mice at 20-week-old developed aortic medial calcification and aortic valve calcification, which were prevented by MR409 treatment.

MR409 is a synthetic peptide of 29 amino acids with the GHRH activity site of GHRH and adjacent peptide modifications that enhance its activity and stability (14). GHRH is a hypothalamic neuropeptide, the native GHRH stimulates the release of GH by binding to GHRH receptors in pituitary gland (29). It has been reported that in addition to pituitary cells, GHRH receptors are expressed in various extrapituitary cells (10). Consistent with previous findings (18), we found that long-term treatment with MR409 reduced VC but did not affect serum level of GH in diabetic db/db mice. These results suggest that anti-calcification and vasoprotective effects of MR409 may be achieved by directly binding to its receptors in vascular cells, independent of its effects on GH-regulation pathway. As GHRH agonists are not anti-calcifying agents, MR409 may avoid the side effects of activation of GH regulatory pathways and disturbed bone mineral metabolism. Thus GHRH-A may be a safe and novel agent for VC treatment.

The molecular and cellular mechanisms of VC are complex in diabetes (2, 30). Insulin resistance, hyperglycemia and hyperlipidemia are hallmarks of diabetes (2), which could be actively involved in pathological process of VC through the production of ROS and increased proinflammatory cytokines in vascular cells (1, 31). Accumulating evidence has shown that excessive production of ROS induces osteogenic transdifferentiation of VSMCs associated with increased expression of osteogenic markers, such as Runx2, ALP, and OCN (31, 32). Runx2 is an important transcription factor that regulates osteoblast differentiation (33, 34). It has been shown that ROS induces VSMC calcification through the upregulation of Runx2, and specific expression of Runx2 in VSMCs promotes osteogenic differentiation of VSMC and atherosclerotic calcification in the ApoE–/– mice (32). ROS can activate redox sensitive transcription factor NFkB inflammatory pathway (35), which has been shown to increase expressions of osteogenic genes including Runx2 and ALP. Recently, Shen et al. (18) demonstrated that the activation of GHRH receptor signaling inhibits osteogenesis of VSMCs in vitro and VC in vivo by suppression of ROS-mediated NFkB/Runx2 pathway. In the present study, we found that ROS and osteogenic markers Runx2 and ALP increased in the aorta of diabetic db/db mice. MR409 treatment reduced ROS production and the expression of these osteogenic molecules, suggesting that MR409 may reduce VC via the inhibition of ROS/Runx2 in diabetes.

In the present study, MR409 did not affect blood level of glucose but significantly lowered serum levels of total triglyceride and total cholesterol in diabetic mice. The association of dyslipidemia and VC is well established, especially oxidized lipids or lipoprotein, such as oxidized phospholipids, which have shown to upregulate osteogenic-regulating gene expression and promote VC (36). Thus, lowering lipid profile may be another mechanism of MR409 inhibiting VC in diabetic mice.

It has been shown that anti-age protein Klotho has an important protective role against vascular dysfunction and VC (25). Klotho gene deficiency mice exhibit premature aging syndrome, accompanied with significant VC (24), and genetic overexpression of Klotho or administration of soluble Klotho rescues the Klotho-deficient phenotype and VC (37). Klotho is endowed with pleiotropic vasoprotective effects, such as the inhibition of oxidative stress and upregulation of eNOS expression in vascular cells. In addition, Klotho inhibits the osteogenic phenotype conversion of vascular progenitors or VSMCs through regulating Runx2 or mineral homeostasis (24). The patients with aging, diabetes and chronic renal diseases often have low plasma or tissue level of Klotho (38). In the present study, we found that expression of Klotho protein was downregulated in the aorta of diabetic mice, and MR409 treatment restored Klotho expression associated with reduction in vascular ROS, osteogenic protein expression of Runx2 and ALP. Thus, we surmise that attenuation of VC by MR409 may be through upregulation of Klotho, which inhibits ROS and Runx2-mediated osteogenic transdifferentiation of VSMCs in diabetes.

There are several limitations in our study. First, we used C57BL/6 mice as a wild type control group, although db/db mice are created on the background of C57BL/6 mice, C57BL/6 mice display stronger resistance to develop VC, heterozygote litters from some colony of db/db mice may be more suitable to use as the control mice. Next, although we have shown that treatment with MR409 can suppress VC and osteogenic-related genes expression in diabetic db/db mice, we have not yet determined a causal relationship between these osteogenic genes and MR409 attenuation of VC, which should be addressed in future study; Finally, we started to treat db/db mice at 12-week old, at this age, db/db mice may not develop significant VC. Thus, our results may only be applied for MR409 prevention of VC in diabetes, an intervention study that MR409 treatment was initiated after developed VC (for example, starting at 20-weeks old or late) may be required to address whether MR409 can be used to regress VC or clinically to treat VC patients.

In conclusion, the present study demonstrates for first time that treatment with GHRH-A MR409 effectively attenuates VC and heart valve calcification, accompanied by the improvement of endothelial function and vascular injury in diabetic db/db mice, an animal model that mimics type 2 diabetes in human. MR409 also increases protein expression of vascular Klotho and decreases ROS production and osteogenic genes Runx2 and ALP expressions without significant alteration in serum level of GH. These results suggest that GHRH-A MR409 could be a safe and novel approach to prevention and treatment of diabetes-induce VC and its associated vascular complications.
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