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Abstract

:

Aortic dissection (AD) is a highly lethal vascular disease characterized by separation of the constituent layers of the aortic wall. An increasing body of research indicates that inflammatory response and oxidative stress are implicated in vascular remodeling, which plays a key role in the development of AD. Hydrogen sulfide (H2S) has been found to protect against various types of cardiovascular disease, including myocardial infarction, arthrosclerosis, and hypertension. However, research on the effect of H2S on AD is insufficient. This study therefore elucidated the effect of H2S on the development and progression of AD, and the potential mechanism involved. Using β-aminopropionitrile fumarate (BAPN) and angiotensin II (Ang-II)-induced AD animal models, the administration of NaHS (as H2S donor, 56 μmol/kg body weight/day) was found to retard the development of AD. Murine VSMCs (Movas) exposed to interleukin-6 (IL-6) (20 ng/mL) to induce phenotypic switch. Histological analyses indicated that H2S administration inhibited the accumulation of inflammatory cells in the aortic wall and the related expression of inflammatory genes. Additionally, H2S treatment elevated aortic superoxide dismutase (SOD) activity and ablated malonaldehyde (MDA) and nitric oxide (NO) levels. In mechanistic terms, H2S attenuated IL-6 induced a pathological VSMC phenotypical switch through NO modulation by N(G)-monomethyl-L-arginine acetate salt (L-NMMA) stimulation. H2S inhibits AD formation by decreasing the inflammatory response, and oxidative stress, and by positively participating in vascular remodeling. These findings suggest a role for H2S as a novel and promising therapeutic strategy to prevent AD development.
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1. Introduction


Aortic dissection (AD) is defined as disruption of the medial layer provoked by intramural bleeding, resulting in separation of the aortic wall layers and subsequent formation of a true and a false lumen with or without communication [1]. It is a life-threatening disease involving arterial remodeling characterized by high levels of mortality and severe complications. The development of endovascular techniques has improved the diagnosis and treatment of AD [2], however, this involves certain limitations, and the mortality associated with aortic rupture remains high. Thus, developing effective and safe therapeutic strategies to prevent AD formation and progression is critical.



Reactive oxygen species (ROS) can regulate the cellular and extracellular components of the aortic wall in the dissecting of a thoracic aortic aneurysm [3]. Additionally, the involvement of inflammatory mechanisms in the process of arterial wall remodeling plays a key role in the development and progression of aortic dissection [4]. Activated T and B lymphocytes and macrophages have been reported inside the aortic wall around the vasa vasorum and at the edge of ruptured media [5]. These cells activate inflammatory reactions such as the secretion of various cytokines and chemokines implicated in vascular homeostatic imbalance. Furthermore, the key histopathologic feature of AD is medial degeneration, which is characterized by the depletion of vascular smooth muscle cells (VSMCs) and extracellular matrix degradation [6]. VSMCs play a valuable part in maintaining the structural integrity and function of vessels. Under pathologic stimulation, the quiescent contractile SMCs transform into an activate synthetic state, resulting in an increase in SMCs migration and extracellular matrix secretion [7]. This dedifferentiation process, known as a phenotype switch, is closely related to progressive aortic dilation and ultimately ruptures [8]. Therefore, maintenance of the VSMC contractile phenotype and suppression of vascular inflammation are essential in the prevention and treatment of vascular diseases.



Hydrogen sulfide (H2S) is considered the third gaseous signaling molecule alongside nitric oxide (NO) and carbon monoxide (CO) [9]. H2S is endogenously synthesized by three enzymes; cystathionine β-synthase (CBS), cystathionine-c-lyase (CSE), and 3-mercaptopyruvate sulfurtransferase (MST) [10]. Growing evidence suggests that H2S protects against various inflammations in injured tissues, such as those in the lung, heart, liver, and kidneys [11,12,13,14]. In vitro studies have confirmed this anti-inflammatory role through the modulation of NF-κB activity [15,16]. Furthermore, H2S primarily works as an antioxidant. Treatment with NaHS can inhibit vascular NADPH oxidase (NOX)-derived O2- production in vitro. Collectively, these findings suggest that H2S is capable of preventing inflammation and oxidative stress and thus has potential therapeutic applications.



Numerous studies have reported that H2S has a range of biological effects on the cardiovascular system including hypertension [17], ischemia-reperfusion injury heart disease [18], atherosclerosis [19], and heart failure [20]. However, the effect of H2S on AD remains unknown. The aim of the present study was to determine whether exogenous H2S supplement attenuated AD in mice.




2. Materials and Methods


2.1. Development of Aortic Dissection Model in Mice


Three-week-old male C57BL/6 mice were purchased from BioLASCO Co. Ltd. (Taipei, Taiwan) and fed a normal diet and 0.25% (w/w) β-aminopropionitrile (BAPN) (Sigma-Aldrich, St. Louis, MO, USA), which was dissolved in drinking water for 4 weeks. At 7 weeks old, osmotic minipumps (Model 1003D micro-osmotic pump; Alzet, Cupertino, CA, USA) administering either saline (control group, n = 17) or 1 μg/kg/min angiotensin II (Ang-II) (intervention group and model group) were implanted subcutaneously, and mice were euthanized 24 h after implantation. For the therapeutic intervention with NaHS, intraperitoneal injection of NaHS (56 μmol/kg) (n = 33) or vehicle (PBS) (n = 33) was started on day 7 from the beginning of BAPN administration. The animal studies were approved by the Laboratory Animal Center at Taipei Medical University (Taipei, Taiwan).




2.2. External Aortic Diameter Measurement


The external aortic diameter of the mice was measured in three transverse sections using image J software (National Institutes of Health), as described previously [21].The ascending aorta was defined as the proximal 2-mm section from the ostium of the innominate artery, the aortic arch as the section between the ostia of the left common carotid artery and left subclavian artery, and the descending aorta as the distal 2-mm section from the ostium of the left subclavian artery.




2.3. Histological and TUNEL Analysis


Resected aorta from mice were fixed in 4% formaldehyde overnight, dehydrated, paraffin-embedded, and cut into 4 μm thick sections. The tissue sections were then stained with hematoxylin and eosin (H&E) and elastin Verhoeff-van-Giessen (EVG) and examined under a light microscope. Qualitative evaluation of elastin integrity was performed by a blinded observer on digital images using semiquantitative grading, as described previously [22]. Elastin preservation was graded as follows: grade 1, nonelastin degradation, well organized elastin laminae; grade 2, elastic laminae with interruptions and breaks; grade 3, elastic laminae with multiple interruptions and breaks; and grade 4, severe elastin fragmentation or loss. A commercially available TUNEL apoptosis detection kit (Roche, Branchburg, NJ, USA) was employed to detect apoptosis in accordance with the manufacturer’s instructions. Positive TUNEL staining was observed under a fluorescence microscope and the percentage of apoptotic cells was calculated.




2.4. Immunohistochemistry


For immunohistochemistry, the sections were hydrated, heated for antigen retrieval, and treated with hydrogen peroxide to deactivate the endogenous peroxidase as per standard protocols. After blocking with 5% BSA, the sections were incubated overnight with primary antibodies to specifically detect CD3 (1:100, Abcam, Cat# ab5690), CD68 (1:100, Abcam, Cat# ab31630), MPO (1:1000, Abcam, Cat# ab208670), and IL-6 (1:50, GeneTex, Cat#GTX17623), along with the control IgG (1:100; Abcam, Cat# ab37415) at 4 °C. The sections were then incubated with a horseradish peroxidase-(HRP-) conjugated secondary antibody, washed with PBS, and stained with diaminobenzidine. Finally, the sections were counterstained with hematoxylin and viewed under a light microscope.




2.5. Cell Culture and Treatments


MOVAS cells, murine VSMCs, were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA) and maintained in Dulbecco modified Eagle medium containing 10% fetal bovine serum (FBS), 1% penicillin-streptomycin and 0.2 mg/mL G-418 (GIBCO) through incubation at 37 °C in a humidified atmosphere of 95% air/5% CO2. MOVAS cells were seeded in multiwell plates at a density of 1.0 × 104 cells/cm2. At 100% confluence, cells were exposed to Interlukin-6 (IL-6) (20 ng/mL). A specific NO signal could be identified after incubation with N(G)-monomethyl-L-arginine acetate salt (L-NMMA, an inhibitor of NO synthesis), which facilitated detection of a specific electron spin resonance signal in the absence of NO.




2.6. Measurement of SOD Activity, Malondialdehyde Level, and NO Level


The aortic homogenates were used to perform the assays for oxidative stress. Total SOD activity was measured using specially designed kits (Invitrogen, Carlsbad, CA, USA) in accordance with the manufacturer’s instructions. The absorbance of the supernatant was measured at 450 nm, the result of which is expressed as U per mg protein. Lipid peroxidation was assessed by quantifying malonaldehyde (MDA) using a TBARS assay kit (Cayman Chemical Company, Ann Arbor, MI, USA) in accordance with manufacturer’s instructions. The absorbance of the supernatant was measured at 450 nm, the value of which is expressed as nmol of per mg protein. The NO concentration in aortic homogenates was determined using Griess reagent (1% sulfanilamide and 0.1% N-(1-naphthyl)ethylenediamine in 2% phosphoric acid). The absorbance was measured at 570 nm, the result of which is expressed as nmol per mg protein.




2.7. Quantitative Reverse Transcription-Polymerase Chain Reaction


Total RNA was extracted from a TRIzol reagent (Invitrogen) I accordance with the manufacturer’s instructions. The cDNA was synthesized using RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific, Waltham, MA, USA), also in accordance with the manufacturer’s instructions. Reverse transcription-polymerase chain reaction (RT-PCR) analysis was performed using the SYBR Premix Ex Taq II (Takara) in ABI7500 Real-Time PCR Systems (Applied Biosystems, Foster City, CA, USA). The relative expression of each gene was normalized to the GAPDH gene and analyzed using the 2-∆∆CT method. The primer sequences were as follows: IL-6 forward: 5′-CCGGAGAGGAGACTTCACAG-3′, reverse: 5′-GGAAATTGGGGTAGGAAGGA-3′; IL-1β forward: 5′- GCACTACAGGCTCCGAGATGAAC-3′, reverse: 5′- TTGTCGTTGCTTGGTTCTCCTTGT-3′; TNF-α: 5′- GGAACTGGCAGAAGAGGCACTC-3′, reverse: 5′- GCAGGAATGAGAAGAGGCTGAGAC-3′; SM22α forward: 5′- GCAGTCCAAAATTGAGAAGA-3′, reverse: 5′- CTGTTGCTGCCCATTTGAAG-3′; Fibrillin-1 (FBN-1) forward: 5′- GATCAACGGCTACCCAAAAC-3′, reverse: 5′- GTTGGCTTCCATCTCAGACC-3′; Col3A1 forward: 5′- CCTCTGGTTCTCCTGGTCTG-3′, reverse: 5′- CCACCTTCACCCTTATCTCC-3′; and GAPDH forward: 5′- TCACCACCATGGAGAAGGC-3′, reverse: 5′- GCTAAGCAGTTGGTGGTGCA-3′.




2.8. Western Blotting


Protein was extracted from aortic tissues or Movas cells by using RIPA buffer plus protease inhibitors. SDS-PAGE was used to separate an equal amount of protein, which was then transferred to the PVDF membrane. After blocking, the membrane was incubated with diluted primary antibodies to detect cleaved Caspase-3 (1:1000, Cell signaling, Cat# 9664), SM22α (1:1000, proteintech, Cat# 10493-1-AP), p-STAT-3 (1:20,000, Abcam, Cat# ab76315), STAT-3 (1:1000, Abcam, Cat# ab68153), p-NF-κBp65 (1:1000, Cell signaling, Cat#3033), NF-κBp65 (1:000, proteintech, Cat# 10745-1-AP), and iNOS (1:500, Abcam, Cat# ab3523) overnight at 4 °C followed by incubation with a HRP-conjugated secondary antibody (Jackson Immuno Research, West Grove, PA, USA). Proteins were visualized using an ECL detection substrate (Millipore, Billerica, MA, USA) on UVP. GAPDH was detected as a loading control.




2.9. Detection of Reactive Oxygen Species


Cells were incubated with 5 μM DCFH-DA (Invitrogen) for 30 min at 37 °C. The reaction oxygen species (ROS) level was monitored at 488 nm excitation and 515 nm emission.




2.10. Cell Proliferation Assay


Cell proliferation was determined using a WST-1 assay (Roach). Movas cells were seeded in 96-well plates (5000 cells/well). After the treatment, 10 μL WST-1 was added and the cells were incubated for another 2 h at 37 °C in the incubator. The absorbance was monitored at 450 nm.




2.11. Statistical Analysis


Data are presented as mean ± SD. Experiments were repeated at least three times. Statistical analysis was performed using GraphPad Prism (version 5.0, GraphPad Software). Multigroup comparisons were performed using one way ANOVA with the post hoc Tukey test for equal variance or Dunnett T3 test for unequal variance. Kaplan–Meier survival curves were plotted to examine mouse survival rates, and the differences were analyzed with the log-rank (Mantel–Cox) test. For all statistical analyses, 2-tailed probability values were used. Statistical significance was defined as p < 0.05.





3. Results


3.1. H2S Suppresses the Development of AD in Animal Models


As indicated in Figure 1A, the survival curve for H2S-treated mice were significantly better (log-rank p < 0.05) than those for AD mice. 85% (28/33) of the BAPN/Ang-II infused mice developed AD, whereas only 42% (14/33) of the H2S-treated of BAPN/Ang-II infused mice developed AD (Figure 1B). Additionally, treating AD mice with H2S preserved aortic structure (Figure 1C) and maximal aortic diameters (Figure 1D). Furthermore, the histological examination of aortas with H&E and EVG (Figure 1E) indicated false lumen formation, severe degeneration, and collapse of the elastic lamina. In contrast, the media and adventitial thickness, and the elastic lamina remained intact in H2S-treated mice. These results suggested that H2S attenuated AD evolution.




3.2. H2S Mitigates Cell Death of Aortic Dissection


TUNEL staining was performed to detect apoptosis in aortic samples from mice. The results demonstrated that the AD group exhibited significantly increased cell apoptosis; however, H2S treatment attenuated the apoptotic cells (Figure 2A). Western blotting indicated that the AD group exhibited significantly higher cleaved caspase-3 levels than the control group. Notably, H2S administration reduced the expressions of cleaved caspase-3 (Figure 2B). The data indicated that H2S declined cell death in AD.




3.3. H2S Inhibits the Accumulation of Inflammatory Cells and Cytokine Profile Expression and Oxidative Stress in AD Mice Aorta


Immunohistochemical analysis was performed on the aorta of mice to evaluate the extent of inflammatory cell infiltration. As illustrated in Figure 3A, aortas from the AD group contained abundant CD3, CD68, and MPO positive cells and IL-6 expression. These were located primarily in the tunica adventitia, with fewer inflammatory cells scattered throughout the aortic tissues of H2S-administered mice. We also examined the effects of H2S treatment on the expression of proinflammatory cytokines in the aorta; these cytokines are known to be involved in AD development. The analysis of aortic specimens revealed that mRNA expression levels of IL-6, IL-1β, TNF-α, and IL-10 were markedly higher in the AD group. By contrast, the upregulation of these factors was significantly suppressed in the H2S group (Figure 3B).



Oxidative stress also contributes to the development and progression of AD. To evaluate whether H2S exerts an antioxidant effect in the aorta during AD formation, levels of SOD, MDA, and NO were measured. As illustrated in Figure 3C, the AD group exhibited lower aortic SOD activity than the control group, although treatment with H2S significantly restored SOD activity. By contrast, the AD group exhibited a significant increase in the levels of MDA compared with the control group, which was attenuated by H2S administration (Figure 3D). Moreover, ROS-mediated NO production affected aortic dissection. The levels of NO were therefore detected using the Griess method. The production of NO increased in the AD group compared with the control group. However, the levels of NO tended to be lower in the H2S group (Figure 3E).



These findings revealed that H2S administration ameliorated inflammatory cells infiltration into aortic tissue; the expression of inflammatory mediators; and oxidative stress preceding AD formation. H2S might therefore protect mice from AD development.




3.4. H2S Reverses the Expression of Synthetic Phenotypic Markers in AD Aorta


VSMCs switch from a contractile to a synthetic phenotype that has been attributed to vascular malfunction under pathological conditions [8]. mRNA sequencing was thus performed to discern differential gene expressions in aortic tissues from experimental mice. The results revealed that the SM22α gene was downregulated whereas the FBN-1 and Col3A1 genes were upregulated. However, H2S treatment reversed these alternate gene expressions (Figure 4A). Western blotting further revealed that H2S administration countered the undesirable changes in SM22α (Figure 4B). These results demonstrated that H2S has the ability to maintain the VSMC contractile phenotype. Our data thus suggested that H2S treatment prevents the VSMC phenotypic switch in AD.




3.5. H2S Ameliorates Oxidative Stress and Phenotypic Switch in IL-6-Indcued VSMCs


Previous research has indicated that IL-6 induced the degradation of contractile proteins by upregulating autophagy in thoracic AD VSMCs [23]. We therefore tested the effects of H2S using IL-6 induced mouse VSMCs. The results indicated that treatment with H2S could eradicate IL-6-induced ROS (Figure 5A) and NO production (Figure 5B). We then measured the effects of H2S on VSMC proliferation following IL-6 stimulation. As illustrated in Figure 5C, H2S significantly inhibited IL-6-enhanced cell viability of VSMC. Additionally, H2S altered the mRNA level of SM22α, FBN-1, and Col3A1 by IL-6-stimulated VSMCs (Figure 5D). Finally, Western blotting indicated that VSMC treatment with IL-6 triggered the upregulation of p-STAT-3 and P-NF-kBp65 and the downregulation of SM22α, which induced the differentiation of VSMCs, was altered by H2S administration (Figure 5E).



The results demonstrated that H2S attenuated IL-6-triggered phenotypic switching through modulation of oxidative stress and inflammation in VSMCs.




3.6. H2S Modulates IL-6-Induced Phenotype Switch of VSMCs through the ROS-NO-iNOS Pathway


Based on observations from the present study, we predicted that the benefits of H2S influence NO action to ameliorate vascular remodeling. Therefore, to further clarify whether IL-6-induced the phenotypic switch of VSMC implicated in NO, an NOS inhibitor, L-NMMA, was employed. As illustrated in Figure 6A, L-NMMA significantly downregulated IL-6 induced ROS production in VSMC. In addition, L-NMMA inhibited IL-6 induced cell proliferation (Figure 6B). L-NMMA-treated cells also exhibited a change in the expression of iNOS and SM22α following IL-6 stimulation (Figure 6C). Our results suggest that H2S alleviated the phenotypic switch of VSMC during IL-6-induced through the regulation of the ROS-NO-iNOS axis.





4. Discussion


This is the first study to explore whether H2S is capable of alleviating AD development in mice. The proposed mechanism of H2S that protects against from AD was elucidated in Figure 7.



Patients with AD exhibited an increase in inflammatory biomarkers including peripheral blood natural killer cells, B cells, regulatory T cells, C-reactive proteins, and cytokines such as IL-6 and IL-8, TNF-α, and C-C motif chemokine ligand 2 (CCL2) [4]. The granulocyte–macrophage colony-stimulating factor and macrophage infiltration into the aortic lesion site is required for AD formation [24]. Additionally, neutrophil infiltration derived by a C-X-C motif chemokine ligand 1 (CXCL1) has also been reported to induce progression from aortic dissection to aortic rupture in mice fed with BAPN and infused with Ang-II [25]. In the present study, H2S intervention alleviated vascular inflammation by reducing the inflammatory infiltration of macrophages, CD3+ T cells, and neutrophils, which provides a reasonable explanation for the lower incidence of AD in mice.



Oxidative stress is one of the main determinants of pathological remodeling of the arterial wall [26]. A study targeting AD patients documented an increase in MDA expression and a decrease in SOD expression of thoracic aortic tissues [27]. Moreover, oxidative stress was reported to aggravate the degree of vascular stiffness by regulating the production of elastic fibers, thereby increasing vascular wall shear stress, which led to AD [28]. In our study, the disruption of elastin fiber significantly increased in the AD group, whereas H2S reduced this value, indicating that H2S has the ability to improve structural integrity by antioxidative stress.



Another important finding in the present study was that H2S inhibited the phenotypic switch of VSMC from the contractile to synthetic type, thereby maintaining quantitative and functional homeostasis. The normal aortic media comprises a multitude of regularly arranged VSMCs and an extracellular matrix enriched with elastic fibers. Thus, SMCs clearly serve an essential role in the progression of AD, which may be involved in the structure and function of aortic tissues [29]. In patients with AD, a significant increase in the number and ratio of synthetic VSMCs was observed, resulting in decreased aortic elasticity and rupture of the vessel wall [30]. The quantity and phenotype changes of VSMCs in aortic media were part of an important pathological process of vascular remodeling, resulting in AD.



Sustained production of NO through iNOS is a response to various agents, including proinflammatory cytokines [31]. In VSMCs, iNOS is a predominant enzyme that promotes NO generation, and it is regarded as a main meditator of NO-dependent S-nitrosylation, and plays a potentially detrimental role in cardiovascular diseases [32,33,34]. The ability of adenosine to increase basal and cytokine- or lipopolysaccharide (LPS)-stimulated NO release in VSMCs is documented [35,36]. The increased release of NO derived from iNOS is involved in the development of diabetic vascular complications [37,38]. NO produced by iNOS plays a pivotal role in the pathogenesis of inflammation and aneurysm. iNOS inhibition has yielded positive outcomes in limiting aneurysm expansion in an elastase-induced aneurysm model and in the prevention of cerebral aneurysm formation in a hypertensive rat model [39]. In the present study, we investigated that H2S attenuated the IL-6-stimulated ROS production and NO-releasing derived from iNOS is involved in the VSMC phenotypic switch. In accordance with these findings, we found that the mechanistic basis for the protective role of H2S for VSMC phenotype in AD formation, at least in part, is through the ROS-NO-iNOS signaling pathway.




5. Conclusions


The present study provides valuable insights into the potential role of H2S in preventing AD formation by attenuating the inflammatory response and oxidative status involved in vascular wall remodeling. Based on these findings, H2S for AD intervention might be of significant benefit.
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Figure 1. H2S ameliorates the etiopathology of BAPN/Ang-II-induced AD in mice. (A) Survival curves in indicated groups. (B) Incidence of AD. (C) Representative morphologies of aortas. (D) Maximal aortic diameter (normalized to body weight). (E) Representative HE and EVG staining in aorta, and quantification of elastin degradation in aortic wall (n = 5 per group). The data are expressed as mean ± SD. Statistical significance: * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 2. Treatment with H2S suppresses cell death in AD mice. (A) Representative photographs of TUNEL staining. Scale bars, 50 μm. Apoptotic cells are shown in red and cell nuclei in blue. Quantification of TUNEL positive cells in the region of the aortas (n = 5 per group). The data are presented as means ± SD. Statistical significance: *** p < 0.001. (B) Representative Western blot analysis of cleaved capspase-3 expressions in aortic tissues of each treatment group (n = 5 per group). GAPDH was used as a loading control. Quantification of protein levels are presented as means ± SD. Statistical significance: * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 3. Administration of H2S reduced inflammatory response and oxidative stress in AD mice. (A) Representative immunohistochemical staining for T cells (CD3), macrophages (CD68), neutrophils (MPO), and IL-6 in transverse cryosections of aortas from mice (n = 3 per group). Scale bar, 20 μm. (B) RT–qPCR analysis of IL-6, IL-1β, TNF-α, and IL-10 mRNA levels in the aorta (n = 5 per group). (C) SOD activity, (D) MDA level, and (E) NO level were measured using aortic homogenates in each treatment group (n = 5 pre group). The data are expressed as mean ± SD. Statistical significance: * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 4. Protective effect of H2S maintains VSMC contractile phenotype. (A) The expression of SM22α, FBN-1, and Col3A1 mRNA were examined using RT-qPCR in the aorta of each treatment group (n = 5 per group). The data are expressed as mean ± SD. Statistical significance: ** p < 0.01, *** p < 0.001. (B) Western blot analysis of SM22α expression in aortic tissue extracts from different groups of mice. GAPDH was used as a loading control. Quantification of protein levels are presented as means ± SD. Statistical significance: * p < 0.05, ** p < 0.01. 
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Figure 5. H2S effectively protects against IL-6 induced production of ROS and NO, and phenotypic switch in VSMCs. (A) The intracellular ROS level was detected using the fluorescent probe DCF-DA. (B) Changes in the NO level were measured using a Griess assay. (C) Cell proliferation was examined using a WST-1 assay. (D) RT–qPCR analysis of SM22α, Fibrillin-1 (FBN-1), and Col3A1 mRNA in VSMCs. (E) Western blotting was performed to detect the expression of p-STAT3/STAT3, p-NFkBp65/NF-kBp65, and SM22α. GAPDH was used as a loading control. Each result represents three separate experiments with qualitatively similar results. The data are expressed as mean ± SD. Statistical significance: * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 6. ROS-NO-iNOS axis governs IL-6-induced phenotypic switch in VSMCs. (A) The intracellular ROS level was measured using the fluorescent probe DCF-DA. (B) Cell proliferation was examined using a WST-1 assay. (C) Western blotting was performed to assess the expression of iNOS and SM22α. GAPDH was used as a loading control. Each result represents three separate experiments with qualitatively similar results. The data are expressed as mean ± SD. Statistical significance: * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 7. The proposed mechanism of H2S protects against AD formation. Exogenous H2S plays a protective role in vascular remodeling that involves the regulation of oxidative stress, inflammation, NO bioavailability, and cell death. Additionally, the phenotypic switch of VSMCs is a critical characteristic for AD progression and development. H2S inhibits IL-6-induced phenotypic switch of VSMCs through the ROS-NO-iNOS pathway. 
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