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Abstract 

            The formation and development of elastic fibers in blood vessels are complex and tightly 

regulated. Enzymatic degradation of elastin by matrix metalloproteinases (MMPs) leads to the 

degeneration of aortic wall and constitutes the most prominent characteristic of aortic aneurysm. 

Hydrogen sulfide (H2S) as a new gasotransmitter exhibits a wide variety of vascular protective 

functions through its anti-inflammatory and anti-oxidative actions. However, the regulatory role 

of H2S on elastin homeostasis in aortic wall has not yet been explored. Here it was found that an 

active inflammatory cytokine TNFα could induce MMP2/9 hyperactivity and elastin degradation 

in cultured vascular smooth muscle cells, which could be reversed by overexpression of 

cystathionine gamma-lyase (CSE, a major H2S-generating enzyme) or exogenously applied H2S 

at physiological relevant concentration. In contrast, knockout of CSE enhanced TNFα-induced 

MMP2/9 hyperactivity and elastin degradation. Neither TNFα nor H2S affected the mRNA or 

protein expression of MMP9, while H2S reduced MMP2 transcription. In addition, TGFβ1 

promoted elastogenesis, but this process was not altered by H2S co-incubation. Furthermore, iron 

enhanced endogenous generation of H2S, while iron alone or iron and H2S combination had no 

effect on elastin homeostasis. Taken together, this study suggests that H2S can attenuate 

dysregulated elastin degradation via decreasing MMP activity. Therefore, CSE/H2S system can 

be a new therapeutic avenue for the prevention and treatment of elastin dysfunction-related 

diseases. 

Key words: H2S; cystathionine gamma-lyase; elastin homeostasis; MMPs 
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1 Introduction 

1.1 Hydrogen sulfide (H2S) as an important gasotransmitter 

            H2S is traditionally known as a toxic gas, both an environmental and industrial pollutant, 

with a characteristic odor of rotten eggs. Exposure to high levels of H2S will cause loss of smell, 

fatigue, headache, unconsciousness, pulmonary edema, etc. Repeated exposure over time to high 

levels of H2S could cause brain and heart damage, even death 1. However, H2S is distributed 

throughout the body, which also can be endogenously generated. Thus, a big question mark 

hangs over the endogenous H2S. Why does our body produce such toxic gas? Is this gas not 

harmful to our body? From an evolutionary standpoint, the ability to produce H2S endogenously 

is an adaptive trait to our current internal environment, which are passed on to our offspring. H2S 

must be beneficial to survive and reproduce. As a result, the precise roles of H2S and how it 

functions are becoming increasingly appealing. To have a deeper insight into this interesting gas, 

scientists have invested considerable effort in order to determine the role of H2S. Strikingly but 

not surprisingly, H2S has been recognized as a novel gasotransmitter in recent years, similar to 

nitric oxide (NO) and carbon monoxide 2. Ample evidence reveals that H2S is involved in many 

physiological and pathological processes in mammals. In this section, I will introduce the 

biosynthesis of endogenous H2S and the physiological role of H2S in detail. 

1.1.1 Biosynthesis and catabolism of endogenous H2S 

            The biosynthesis and metabolism of H2S in the eukaryotic cell have been widely studied 

(Fig. 1). H2S generation can occur via both enzymatic and non-enzymatic pathways. Several 

enzymes are involved in producing H2S endogenously, including cystathionine-β-synthase 
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(CBS), cystathionine-γ-lyase (CSE), 3-mercaptopyruvate sulfurtransferase (3MST) along with 

cysteine aminotransferase (CAT) 3–5. CBS and CSE generate H2S in the cytosol generally. Also, 

they may be translocated to the mitochondria under hypoxia conditions 6. CBS produces H2S 

mainly through catalyzing L-cysteine to form H2S, that is, β-replacement of cysteine by water to 

form serine and β-replacement of cysteine by the second mole of cysteine to produce lanthionine 

7. Besides, CBS can catalyze homocysteine to form cystathionine which is subsequently 

converted to cysteine by CSE 8. CSE utilizes homocysteine as a substrate to produce H2S. 

Alternatively, CSE can also convert cystathionine and L-cysteine to H2S along with α-

ketobutyrate, pyruvate, and ammonia 4. Besides, the β-replacement of cysteine with 

homocysteine is kinetically the most efficient H2S-producing reaction 7. CSE and CBS can also 

catalyze the generation of Cys hydropersulfide (CysSSH) from cystine (CysSSCys), and then 

CysSSH can be reduced to H2S 9. 3MST mainly synthesizes H2S in mitochondria. L-cysteine 

needs to be first converted into 3-mercaptopyruvate (3MP) by CAT. Also, D-cysteine can be 

oxidized to 3MP by peroxisomal D-amino acid oxidase (DAO) in the peroxisome followed by 

3MP being delivered to the mitochondria 10. Then, 3MP is converted to pyruvate and H2S by 

3MST 8. In addition, cysteinyl-tRNA synthetase (CARS) can catalyze the synthesis of CysSSH 

and Cyshydropolysulfides (CysSnH), which can be reduced to H2S 11. Apart from enzymatic 

pathways, H2S can also be generated non-enzymatically. The existing forms of sulfane sulfur, a 

divalent sulfur atom bonded to another sulfur, including thiosulfate, polysulfides, persulfides, 

thiosulfonate, and elemental sulfur, can release H2S with reducing equivalents. Reducing 

equivalents required in non-enzymatic pathways such as NADPH are generated either from the 

oxidation of glucose via glycolysis or from phosphogluconate via NADPH oxidase. Glutathione 
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is the major cellular reducing compound 12–14. Additionally, gut bacteria produce a large amount 

of H2S in the large intestine 15. 

          

Figure 1. Biosynthesis and catabolism of endogenous H2S. H2S production occurs via both non-enzymatic and 

enzymatic pathways. Abbreviation: CARS: cysteinyl-tRNA synthetase; GSH: glutathione; GSSG: glutathione 

disulfide; NADPH: nicotinamide adenine dinucleotide phosphate. 

 

            As we know, at high concentrations H2S has toxic effects on devastating mitochondrial 

respiration by inhibiting cytochrome c oxidase 16. Therefore, there are several ways to reduce 

endogenous H2S, which helps maintain an optimal concentration of H2S in circulation and cells 

(Fig. 1). Firstly, most H2S can be rapidly oxidized to thiosulfate, sulfite, and sulfate in 

mitochondria by several key enzymes, such as sulfide quinone oxidoreductase (SQR) and 

persulfide dioxgenase (ETHE1) 7. Also, methylation is a catabolic pathway for H2S in the 
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cytosol, yielding methanethiol (CH3SH) and dimethylsulfide (CH3SCH3) catalyzed by thiol S-

methyltransferase (TSMT) 17. Thirdly, H2S can be scavenged by methemoglobin to form 

sulfhemoglobin 12. The capacity of the cells to scavenge H2S appears to be considerably greater 

than the estimated rate of H2S production 18. Therefore, H2S will be rapidly consumed and the 

half-life for H2S under aerobic conditions is only 2.0, 2.8, and 10.0 min with liver, kidney, and 

brain homogenate, respectively 19. The physiological range of H2S has been estimated on the 

order of nanomolar range in most tissues 20.  

            To sum up, although H2S is harmful to our body in high concentration, it is maintained in 

low concentration via rapid degradation. Therefore, it is at low concentration that H2S performs 

most of its physiological roles in our body. 

1.1.2 Vascular protective role of H2S and protein S-sulfhydration 

            The physiological importance of H2S surfaced in the mid-1990s 21. Accumulative 

evidence demonstrated that H2S participates in the regulation of many cellular functions, 

including oxidative stress, inflammatory processes, mitochondrial functions, angiogenesis, 

vasodilation, cell proliferation, cell differentiation, apoptosis, cell calcification, neuromodulation, 

endoplasmic reticulum (ER) stress, immune response, and bone regeneration and repair, etc 12,22–

26. Therefore, aberrant endogenous production and metabolism of H2S are implicated in many 

pathological processes, including cardiovascular diseases, neurodegenerative diseases, renal 

diseases, hepatic disorders, diabetes-related complications, dermatological diseases, respiratory 

disorders, cancer, etc 27–34. 

            In recent years, mounting evidence has shown that H2S plays a protective role in the 

pathogenesis and development of vascular diseases. CSE is a major H2S-producing enzyme in 
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vascular tissues. CSE knockout mice (CSE-KO) exhibit an 80% reduction in H2S level, impaired 

endothelium-dependent vasorelaxation in resistant vessels, an age-dependent elevations in blood 

pressure, and early risk factor for atherosclerosis 35,36. Exogenous H2S administration lowers the 

blood pressure of spontaneously hypertensive rats and inhibits neointimal formation in mice, 

rats, and rabbits 37–40. Also, H2S can reduce hyperhomocysteinemia-induced endothelial ER 

stress to attenuate atherosclerosis development 41. Also, CSE deficiency sensitizes the mice to 

lipopolysaccharide-induced inflammation in vascular tissues, while H2S treatment prevents 

lipopolysaccharide-induced inflammation and hyper-permeability in cultured endothelial cells 42. 

Furthermore, H2S alleviates aortic aneurysm and dissection in mice 43,44. 

            The mechanisms by which H2S protects against vascular diseases are through attenuating 

oxidative stress and inflammation, improving endothelial dysfunction, promotion of vasodilation, 

preservation of mitochondrial function, increasing NO levels, amongst others 45–48. The way that 

H2S performs physiological functions is primarily mediated by a new post-translational 

modification (converting cysteine -SH group to -SSH group), which is termed S-sulfhydration 

(persulfidation) 49,50. This post-translational modification is responsible for most of the H2S 

effects. Several groups of proteins could be modified by S-sulfhydration, including transcription 

factors, enzymes, receptors, and ion channels. The roles of protein S-sulfhydration in the 

cardiovascular system has been extensively investigated and some progress has been achieved 51 

(Fig. 2). H2S acts as an endothelium-derived relaxing factor, causing vasodilation through S-

sulfhydration of ATP-sensitive potassium channels 52. H2S promotes myocardial relaxation via 

S-sulfhydration on phospholamban (PLN) 53. The S-sulfhydration of p66Shc inhibits the 

production of reactive oxygen species (ROS) in mitochondrial 54. H2S induces S-sulfhydration on 

ATP synthase to preserve mitochondrial function 55. Also, S-sulfhydration of protein disulfide 
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isomerase (PDI) helps lower ER stress 41. Furthermore, H2S can regulate gene transcription 

through S-sulfhydration of keap1, P65, and Sp1, which are crucial in attenuating oxidative stress, 

inflammation, apoptosis, and myocardial hypertrophy 56–58.  

 

 

Figure 2. The role of protein S-sulfhydration in the cardiovascular system. H2S performs physiological 

functions primarily mediated by S-sulfhydration. Several groups of proteins could be modified by S-sulfhydration in 

the cardiovascular system, including transcription factors, enzymes, receptors, and ion channels. Abbreviation: 

ATP5A1, ATP synthase subunit α; ER, endoplasmic reticulum; KATP, ATP-sensitive K+; Keap1, kelch‐like ECH‐

associating protein 1; PDI, protein disulfide isomerase; PLN, phospholamban; SP‐1, specific protein‐1. 

 

 



 7 

1.2 Elastic fibers 

            Elastic fiber, an abundant extracellular matrix macromolecule in blood vessels, is 

comprised of elastin and surrounding microfibril scaffold 59. According to phylogenetic analysis, 

the advent of elastin correlates with the development of a closed circulatory system with 

relatively high blood pressure 60. Therefore, elastin functions as an adaptive response to the high-

pressure circulatory system, providing the elasticity necessary for proper vascular functions 59. 

Insoluble elastin is synthesized as a soluble protein referred to as tropoelastin (TE) in elastogenic 

cells, including smooth muscle cells (SMCs), endothelial and microvascular cells, and 

fibroblasts. The processes of extracellular conversion of TE extracellularly to elastic fibers 

(elastogenesis) and the stress-induced degradation of elastic fibers (elastolysis) are complex and 

tightly regulated 61. In this section, I will provide an overview of elastic fiber, including its 

location, generation and degradation, and the significance to our health, etc. 

1.2.1 Extracellular matrix in the vascular system 

            Extracellular matrix (ECM) is a three-dimensional network of macromolecules 

surrounding cells that is present in all tissues. 62. As a major component of the microenvironment 

of cells, ECM provides structural support for cells and takes part in the regulation of cell 

behavior, from cell proliferation, adhesion, and migration, to cell differentiation and cell 

apoptosis 63. Depending on the location and composition, there are two types of ECM: the 

basement membrane (BM) which separates the epithelium from the surrounding stroma; and the 

interstitial matrix which surrounds cells and provides tissue integrity 64. In this study, we focus 

on the ECM in blood vessels, which consist of three layers: tunica intima, tunica media, and 

tunica adventitia. The tunica intima is made up of one layer of endothelial cells resting on its 
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BM. The BM is comprised of collagen IV, VI, and XVIII, laminin, nidogen/entactin, and 

perlecan. Elastin fibers and collagen III with SMCs are in the tunica media. Fibroblasts, Collagen 

I, biglycan, decorin, versican, and hyaluronan are predominantly located in the tunica adventitia 

65 (Fig. 3). 

 

 

Figure 3. The composition of the ECM in blood vessels. 

 

1.2.2 Elastogenesis and elastolysis 

            Elastin synthesis in most tissues occurs over a narrow window of development and there 

is minimal elastin production in any tissue in adulthood. Therefore, the half-life of elastin is quite 

long to maintain the elasticity of the artery 66. This pattern of elastin synthesis is mediated by 

post-transcriptional regulation. This regulation mechanism can help turn off TE expression by 

destabilizing TE mRNA and mediating rapid TE mRNA decay in adulthood 67. Elastogenesis is a 

complicated process, requiring several proteins, including fibulins, lysyl oxidases (LOXs), and 
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latent TGFβ binding proteins (LTBPs) (Fig. 4). After being secreted, TE rapidly undergoes 

oxidation and self-aggregation referred to as coacervation, which concentrates and aligns TE 

with the help of LOXs and fibulins 68. Fibulin-4 tethers LOX and fibulin-5 tethers lysyl oxidase-

like 1 (LOXL1). These complexes recruit TE and deposit self-aggregated TE onto LTBP-4S and 

LTBP-4L, respectively. LTBPs aid the deposition of TE onto microfibrils via interacting with 

fibulin, resulting in nascent elastic fibers. Then, cross-linking and polymerization of elastic fibers 

proceed for further maturation 61. Microfibrils are mainly comprised of fibrillin-1 and some 

microfibril-associated glycoproteins, like LTBP. Fibronectin helps organize the assembly of 

fibrillin-1 into microfibrils and deposition of LTBP 69. However, the precise mechanism of 

elastic fiber assembly remains unclear. 

 

Figure 4. Proposed model of elastogenesis. Tropoelastin is secreted by elastogenic cells, binds to LOX and 

fibulins, and undergoes oxidation and coacervation. Fibulin-5 binds to LOXL1 and fibulin-4 binds to LOX. The 

complexes are deposited onto microfibrils (blue) with the aid of LTBP-4S and LTBP-4L, resulting in nascent elastic 

fibers. Cross-linking and polymerization of elastic fibers proceed for further maturation. Abbreviation: LOX, lysyl 

oxidase; LTBP, latent TGFβ binding protein. 
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            As for elastolysis, due to the low overturn of elastic fibers, dysregulated degradation of 

elastic fibers is very detrimental, which is related to some vascular diseases, such as aortic 

aneurysms. Enzymatic degradation of elastin occurs when some specific proteases are 

upregulated or activated by inflammation during aging or under pathological conditions 70. These 

proteases include matrix metalloproteinases (MMP2, 7, 9, 12, and 14), serine proteases 

(cathepsin G, proteinase 3, neutrophil elastase), and cysteine proteases (cathepsins B, F, K, L, S, 

and V), etc 71. Among these proteases, MMPs can be inhibited by endogenous tissue inhibitors of 

metalloproteases (TIMPs). TIMPs can bind MMPs and block MMPs activity. Therefore, elastin 

homeostasis is maintained partly by the tight regulation of MMPs and TIMPs 72.  

            In summary, lots of proteins and cytokines are involved in maintaining elastin 

homeostasis, which is a complicated process needed to be further explored. Dysregulation of 

elastogenesis and elastolysis with aging and the inflammatory condition are harmful and deserve 

to be studied. Therefore, I will next review the role of alteration in elastin metabolism in the 

pathophysiological mechanisms of several important vascular diseases. 

1.2.3 Pathophysiology of aortic aneurysm  

            Aortic aneurysm (AA) is an increasingly common vascular disease with life-threatening 

implications, leading to aortic expansion, dissection, rupture, and sudden death. Fragmentation of 

elastic fibers and deceased density of SMCs in the tunica media are important histological 

characteristics in aneurismal tissues 73. Inflammation is believed to be the critical factor for the 

initiation and progression of elastolysis by activating proteinases, especially MMPs 74,75. 

Amounting evidence shows that several pro-inflammatory cytokines secreted in particular by 
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macrophages, including TNFα, IL1β, IL6, and IL12/IL23 are involved in regulating MMP 

activity 76.  

            Among these cytokines, TNFα has been well studied. The levels of TNFα in abdominal 

aortic aneurysm (AAA) tissue and circulation are elevated compared with control aortic tissue in 

individuals without AAA 77,78. TNFα can recruit macrophages to the sites of inflammation in AA 

tissue, induce the production of activated elastolytic MMPs (MMP2 and 9), and promote elastin 

breakdown 79,80. Xiong et al. found that blocking TNFα delays aneurysm growth and attenuates 

elastic fiber disruption and expressions of MMP2 and MMP9 in aortic tissue 80. All the research 

show TNFα plays a significant role in AA development and inhibiting TNFα may be a viable 

strategy to attenuate elastolysis and AA. 

            Transforming growth factor-β1 (TGFβ1) is another critical factor in the pathogenesis of 

AA. TGFβ mRNA and protein expressions are significantly increased in aneurysmal tissue 

compared with nonaneurysmal tissue 81. Also, the blood level of TGFβ1 in patients with aortic 

dilatation is 2-fold higher than with normal aorta 82. These results both indicate that TGFβ1 is 

involved in AA development. On the one hand, elevated TGFβ1 levels could activate several 

downstream signaling pathways, which promotes aortic inflammation and ECM remodeling 83. 

On the other hand, TGFβ1 has been demonstrated to increase tropoelastin production through 

upregulating tropoelastin promoter activity or by stabilizing tropoelastin mRNA 84. Inhibition of 

TGFβ1 deteriorates elastin degradation in mice model 85. Also, neutralization of TGFβ1 or 

deletion of TGFβ1 in SMCs promotes AA formation, which is related to upregulated 

inflammatory activities 86,87. Overexpression of TGFβ1 can stabilize already-formed AA 88. 

Therefore, TGFβ1 may be upregulated to compensate for elastolysis and activated inflammatory 

processes. Overall, some studies suggested TGFβ1 initiates the formation of AA while other 
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evidence indicates a protective role of TGFβ1 in the development of AA 87,89. The exact role of 

TGFβ1 remains unanswered at present. 

            Iron is the most abundant trace element in our body. In recent years, the role of iron in the 

development of cardiovascular diseases has attracted more and more attention 90. Several studies 

have discussed how iron is involved in AA development. Sawada et al. found iron accumulation 

was increased in human AAA walls compared with non-AAA walls. Dietary iron restriction can 

inhibit AAA formation via attenuating oxidative stress and inflammation 91. However, another 

study demonstrated total body iron overload has no apparent association with AAA 

pathogenesis, which did not support dietary iron restriction as a therapy for AAA 92. Besides, 

emerging research indicated an opposite result compared to Sawada’s study. Li et al. suggested 

iron deposition in aortic medial degeneration (AMD) tissues was significantly less compared to 

that in normal aortic tissue. Low iron-fed mice showed increased incidence and severity of AMD 

because iron deficiency caused morphological changes in SMCs and then influenced the stability 

of the arterial wall 90. Therefore, the role of iron in AA formation remains controversial. One of 

these studies found that iron could reverse high-phosphate-induced elastin damage 93. Other 

evidence showed inadequate iron intake during the neonatal period leads to structural 

compromise of elastic fibers in the aorta of chicks 94. Also, the intracellular iron level is found to 

affect elastin production in skin fibroblasts 95. Therefore, it is very likely iron also participates in 

elastin homeostasis, which needs to be further investigated. 

            Of note, stress-induced disorganization of elastin is an early step in aneurysm formation, 

which initiates dysregulated ECM remodeling and gradually results in dilatation and rupture of 

the aorta. Dysregulated ECM degradation and remodeling are important hallmarks of vascular 
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diseases. Therefore, the whole process of ECM remodeling and what role elastin plays in this 

process need to be discussed. 

1.3 Extracellular matrix (ECM) remodeling and H2S 

            The ECM is highly dynamic during tissue development, repair, and homeostasis. 

Changes in ECM composition results in remodeling, which is tightly regulated and influences 

cellular behaviors, ensuring normal development and functions of various tissues. ECM 

remodeling is usually initiated by changes of one or more of its components as subtle 

environmental changes. These changes of ECM composition are attributed to cellular activities, 

like synthesizing and depositing ECM proteins or expressing MMPs. Any changes in ECM 

dynamics will in turn influence adjacent cells because ECM participates in regulating diverse cell 

behaviors 96,97. Through this regulatory mechanism between ECM and adjacent cells, they can 

adjust ECM composition and cell behaviors to the environment change accordingly. 

            However, if normal feedback mechanisms are compromised, ECM dynamics can go 

awry. The adverse ECM remodeling is tightly associated with some vascular diseases, like AA, 

hypertension, and atherosclerosis. Amounting evidence suggested H2S has the potential to 

attenuate ECM remodeling in these diseases via regulating MMPs expressions, and content of 

collagen and elastin 98. I will introduce how ECM remodeling is involved in some vascular 

diseases and the possible role of H2S in ECM remodeling below. 

1.3.1 ECM remodeling in vascular diseases 

            Under stress conditions, such as chronic inflammation and oxidative stress, repeated 

injury, and the increase in mechanical load, dysregulated overexpression of proteinases 

(especially MMPs) occurs, which initiates adverse ECM remodeling in vascular diseases (Fig. 
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5). These proteinases can destroy the integrity of the elastin-collagen networks and BM 96. 

Numerous bioactive peptides called matrikines are released upon degradation of ECM proteins. 

Specifically, elastokines are the biologically active peptides released by proteolysis of elastin 71. 

Elastokines themselves can regulate proteinase expression and activation, which may accelerate 

the progression of diseases and induce chronic inflammation 99. Matrikines also can interact with 

growth factor receptors, toll-like receptors, and integrins to regulate numerous biological 

processes, such as angiogenesis, tumor growth, metastasis, fibrosis, and wound healing 100. 

Besides, they can activate macrophages, which secret cytokines to stimulate fibroblast 

proliferation and migration. These recruited fibroblasts will synthesize and deposit large 

quantities of ECM proteins, particularly collagen, to compensate for the loss of ECM 

components 101,102. Also, elastokines can transform SMCs into a proliferative and migratory 

phenotype, which may continue to enhance the inflammatory response 103. The tissue 

inflammation with this profound ECM deposition can induce fibroblasts trans-differentiation into 

myofibroblasts. Myofibroblasts have a higher capacity to synthesize ECM proteins, which will 

mechanically strengthen and stiffen the tissue 104. Moreover, MMPs-induced ECM deterioration 

leads to activate and release of some cytokines, like TGFβ and bone morphogenetic proteins 

(BMPs), which are stored in and released from the ECM 105. TGFβ can increase LOX expression 

and induce endothelial-mesenchymal transition (EndMT). Also, BMP1 can activate the LOX 

precursors by proteolytic processing. LOX-induced-oxidative stress, for example, alters elastin 

structure and promotes vascular stiffness in hypertension 106. All these aberrant conditions 

promote chronic remodeling and enhanced ECM crosslinking with excess LOX activities, 

resulting in fibrosis 107. Fibrosis and vascular stiffness are common in hypertension. Therefore, 

ECM remodeling plays a pivot role in the pathogenesis of hypertension. 
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Figure 5. The process of ECM remodeling in vascular diseases. Increased shear stress, oxidative stress, 

inflammation, and Ang II activation cause the unbalanced ratio of MMP and TIMP, which leads to an increase of 

matrikines. The upregulated matrikines further induce chronic inflammation, lipid oxidation, vascular calcification, 

arterial stiffness, which exacerbate adverse ECM remodeling, finally resulting in hypertension, aortic aneurysm, and 

atherosclerosis. Abbreviation: BMP, bone morphogenetic proteins; MMP, matrix metalloproteinases; TIMP, tissue 

inhibitors of metalloproteases; VSMC, vascular smooth muscle cell. 

            Elastokines are important in dysregulated ECM remodeling in vascular diseases. Not only 

hypertension, but they are also critical in AA and atherosclerosis 108. In AAA tissue, elastokines 

promote inflammation in aneurysmal degeneration 109. Also, elastokines can induce AA by 

stimulating adventitial angiogenesis 110. As for atherosclerosis, elastokines can further trigger the 
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production of elastolytic enzymes, enhance lipid oxidation and calcification of the vascular wall, 

which accelerate the progression of atherosclerosis 111,112.  Therefore, reversing the degradation 

of elastin could provide an approach to prevent vascular diseases. Inflammation is an important 

driving force in MMP activation, resulting in elastokine release. Since endogenous H2S carries 

out anti-inflammatory effects, it is no surprising that H2S is essential for maintaining ECM 

homeostasis and has the potential to improve vascular diseases. 

1.3.2 The role of H2S in ECM remodeling  

            Although ample evidence shows H2S can improve vascular diseases, like hypertension 

and atherosclerosis, there are few studies investigating the effects of H2S on ECM remodeling 

during disease processes. One study suggested that exogenous H2S can inhibit vascular SMC 

(VSMC) proliferation and collagen generation in the thoracic aorta of hypertensive rats through 

decreasing Ang II-induced MAPK activation and angiotensin II type 1 receptor (AT1R) binding 

affinity 113. Also, H2S causes a significant reduction in the aortic media thickness and elastin 

content through restoring NO levels, reducing the oxidative state, and attenuating the 

inflammatory process in NG-Nitro-L-Arginine Methyl Ester (L-NAME)-induced hypertension 

114. Besides, H2S reduces shear stress on the arterial wall by reducing blood pressure, which also 

helps attenuate inflammation and suppress MMP activity 35. Taken together, the protective roles 

of H2S against ECM remodeling in hypertension could be attributed to the attenuating effect of 

H2S on oxidative stress and inflammation induced by Ang II stimulation and on the inhibition of 

VSMC proliferation. However, so far, there is little published data on the effects of H2S on MMP 

activity and MMP-mediated change of elastin content in vascular cells, which I propose to study. 
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            As for atherosclerosis, emerging evidence shows that H2S enhances plaque stability and 

protects against atherogenesis by altering plaque collagen content and VSMC number. NaHS, a 

H2S-releasing donor, can decrease ERK/JNK signaling and activator protein 1 (AP-1) activation 

in TNFα-treated macrophages, resulting in downregulation of MMP9 expression and increasing 

collagen deposition 115. MMPs play an important role in atherosclerosis development. Several 

MMPs are involved in the pathogenesis of atherosclerosis, including MMP1, MMP2, MMP3, 

MMP8, MMP9, and MMP10 116. The protective role of H2S in atherosclerosis may be due to 

inhibition of MMP activity, resulting in both maintaining ECM structure and stabilizing plaques. 

Again, despite the importance of H2S in the pathogenesis of atherosclerosis has been recognized, 

there remains a paucity of evidence on the regulatory role of H2S in ECM proteins levels and 

MMP expression/activity. 

            Compared with hypertension and atherosclerosis, there is much less information about 

the role of H2S in AA development, not to mention vascular remodeling. There is one study 

which shows a lower endogenous H2S production in AA compared to healthy aortas and 

indicates that H2S/PGE2 regulations are associated with changes in MMP/TIMP ratio and 

vascular wall thinning in AAA 117. Also, accumulating evidence showed H2S participates in 

elastin regulation, decreasing elastin levels under hypoxia conditions while increasing those 

levels under normoxia conditions 66. Therefore, we hypothesize that H2S may help maintain 

elastin levels to improve aortic remodeling in the AA. As mentioned above, there are some 

factors affecting elastin levels, such as TNFα, TGFβ1, and iron. A large body of evidence shows 

that there are interactions between H2S and these factors, which will be discussed below. 
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1.3.3 H2S and TNFα 

            Since TNFα is one of pro-inflammatory cytokines, the anti-inflammatory action of H2S 

can be reflected by lowering TNFα level. Extensive research has shown that H2S inhibited TNFα 

level in many cardiovascular diseases. Exogenous H2S could reverse the increased TNFα level in 

sepsis-induced myocardial dysfunction mice, improving ventricular function and attenuating 

inflammation 118. Also, the content of TNFα in myocardial tissue from rats with doxorubicin-

induced myocardial fibrosis was significantly increased, which could be reduced by H2S 119. 

Besides, the expression of TNFα was increased in calcified aortic valve of ApoE-/- mice. 

Administration of H2S donor could lower TNFα levels, inhibiting both calcification and 

inflammation 120. H2S also protected vascular cells from high glucose-induced inflammation by 

downregulating TNFα expression 121. In addition to directly decrease TNFα expression, H2S 

could also attenuate TNFα-induced adverse effects. Lee et al. demonstrated that  H2S could 

restore TNFα-induced mitochondrial dysfunction in cardiomyocytes 122. Therefore, in the current 

research, I hypothesized that H2S may improve TNFα-induced elastolysis. 

1.3.4 H2S and TGFβ1 

            TGFβ1 is extensively involved in the process of ECM remodeling. Increasing number of 

studies showed H2S can decrease TGFβ1 expression in the cardiovascular diseases with adverse 

ECM remodeling. The expression of TGFβ1 was increased in mice with chronic alcohol intake 

induced-myocardial fibrosis, which could be markedly reversed following treatment with H2S 

123. GYY4137 (a slow-releasing H2S donor) improves myocardial fibrosis by blocking the 

TGFβ1/Smad2 signaling pathway in cardiac fibroblasts 124. In addition, H2S prevented arterial 

medial calcification in rats with diabetic nephropathy by downregulating TGFβ1 protein level 
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and improving aortic elastin expression 125. Furthermore, H2S suppressed TGFβ1-induced 

transformation of cardiac fibroblasts to myofibroblasts and collagen synthesis 126. Taken 

together, while some research has been carried out on the effect of H2S on TGFβ1 level and 

TGFβ1-induced cell differentiation and collagen deposition, very little attention has been paid to 

the regulatory role of H2S on TGFβ1-induced elastogenesis. Therefore, one of the purposes of 

this study is to explore whether H2S can affect TGFβ1-induced elastin synthesis. 

1.3.5 H2S and iron 

            H2S and iron interaction have attracted more and more attention in recent years. Zhou et 

al. noticed that iron content was increased in the liver, serum, heart, and spleen from CBS-

deficient mice, indicating that CBS is necessary for iron homeostasis in mice 127. Since most iron 

in body is used to synthesize hemoglobin for erythropoiesis, the defect in erythropoiesis will 

result in iron overload 128. H2S is a regulator of erythropoiesis. Low H2S level leads to low 

erythropoiesis, thus the iron overload in CBS-deficient mice might be due to decreased 

erythropoiesis and iron utilization 129. Besides the effect of H2S on iron content, H2S can also 

offer protection against abnormal iron metabolism. Some cardiovascular diseases that are 

induced by detrimental effects of iron deficiency or overload can be potentially ameliorated by 

H2S. The interactions between iron and H2S in cardiovascular system has been fully reviewed 

recently 130. Iron deficiency can increase heart workload. Iron overload increases oxidative stress 

and impairs structure and functions of blood vessels, inducing hypertension. On the contrary, 

H2S offers protection of blood vessels mediated by decreasing oxidative stress and inhibiting 

smooth muscle cell proliferation, then improving hypertension 130.  
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            Although a systematic understanding of how H2S and iron impacts each other’s 

metabolism and cellular functions is still lacking, there is no doubt that thoroughly exploring the 

interaction between H2S and iron would make an important contribution to understanding the 

pathogenesis of cardiovascular diseases and providing treatment strategies. Therefore, it is 

meaningful to investigate the interaction between iron and H2S in elastin homeostasis.  

            Taken together, a growing number of evidence indicated that TNFα, TGFβ1, and iron can 

affect elastin content. Also, the interaction between H2S and these factors (TNFα, TGFβ1, and 

iron) have been implicated in many studies. Therefore, for now, I would like to figure out how 

H2S affects elastin content under stress conditions, like the stimulation of TNFα, TGFβ1, and 

iron, as well as clarify the mechanisms.  

 

2 Hypothesis and objectives 

            Here I hypothesize that H2S is essential for the maintenance of elastin homeostasis in 

SMCs under stress conditions. By using a cell culture model, two objectives were proposed: 1) to 

investigate the effects of TNFα, TGFβ1, and iron on elastin homeostasis in SMCs; 2) to explore 

the roles of H2S in elastogenesis and elastolysis in SMCs as well as the underlying mechanism. 

This project would provide a potential mechanism underlying the regulatory roles of H2S in 

elastin homeostasis. 
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3 Materials and methods 

3.1 Cell culture 

            SMCs from mesenteric artery of both 8-week-old male wild-type (WT) and age-matched 

male CSE knockout (KO) mice were isolated and identified as described previously 131. Briefly, 

The SMC identity was confirmed by staining with SMC-specific α-actin monoclonal antibody 

(Sigma, Oakville, Ontario, Canada), and the cells had the usual growth characteristics and at 

confluence exhibited the typical ‘hill-and-valley’ pattern. The experiments were performed when 

the cells reached 70–80% confluence between passages 2 and 6 131. In all studies, SMCs were 

cultured with Dulbecco’s modified Eagle’s medium (Sigma-Aldrich, St. Louis, MO) with 10% 

heat-inactivated fetal bovine serum, 100 U/ml penicillin, and 100 mg/ml streptomycin at 37°C in 

a humidified atmosphere of 5% CO2. The experiments were performed when the cells reached 

70-80% confluence. The medium was changed every 3 days. For H2S treatment, NaHS stock 

solution was freshly prepared and then diluted to the desired concentrations in cell culture 

medium, and the pH of the medium was maintained at 7.2-7.4. 

3.2 Elastin content measurement 

          Total elastin contents were quantified using the Fastin® assay (Biocolor, Carrickfergus, 

UK) 132. Briefly, elastin was isolated from the cells via double oxalic acid digestion. A dye of 

5,10,15,20-tetraphenyl-21H,23H-porphine tetra-sulfonate was then used to stain elastin followed 

by adding a dye dissociation reagent. The elastin-bound dye was released into solution and 

measured at 490 nm using a FLUOstar OPTIMA microplate spectrophotometer (BMG LABtech, 
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Germany). A standard of α-elastin known levels was used to calibrate the elastin contents in the 

samples, and the final elastin content was normalized to protein concentration (mg/g protein). 

3.3 Immunofluorescent analysis 

            After treatment, the cells were fixed immediately with 4% paraformaldehyde in PBS for 

15 minutes, and the cells were then washed 3 times with PBS and permeabilized with 0.5% 

Triton in PBS for 15 minutes. Nonspecific binding was blocked with normal goat serum for 30 

minutes. The cells were then subjected to staining using anti-elastin (Thermo Fisher Scientific, 

1:200) followed by FITC-conjugated second antibody (Sigma-Aldrich, 1:2000). 

Immunoreactions were analyzed by Olympus IX70 fluorescence microscope. For detection of 

gelatinolytic activity, SMCs were incubated with Dye-quenched (DQ)™-gelatin (Thermo Fisher 

Scientific, Toronto, ON) at a final concentration of 2.5 µg/mL for 2 hours at 37°C. DQ™-gelatin 

consists of quenched FITC-labeled gelatin which, upon the gelatinolytic activity, is converted 

into bright fluorescent peptides, which mimics the natural substrate to measure (MMP9/MMP2) 

gelatinolytic activity with high sensitivity. After washing with PBS twice, fluorescence was 

observed with Olympus IX70 fluorescence microscope and the intensity was quantified with 

Image J software (NIH, Bethesda, MD). 

3.4 Gelatin zymography 

            The proteins from SMCs were used to determine the gelatinolytic activity of MMP2 and 

MMP9 by gelatin zymography 133. Briefly, equal amounts of proteins were electrophoresed 

under non-reducing conditions on 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 

gels containing 0.8% gelatin as a substrate. The gels were washed in a buffer solution containing 

2.5% Triton X-100 for 1 hour to remove SDS, and then stained with 0.2% Coomassie Brilliant 



 23 

Blue R-250 (30% methanol) and destained in a solution containing 30% methanol and 10% 

acetic acid. The intensity of each clear band was quantified using Image J software. 

3.5 Cell viability assay 

            Cell viability was assessed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) assay in 96-well plates as described previously 134. Briefly, 10,000 cells were 

seeded per well in a 96-well plate and grown to 70-80% confluence. After different treatment, 

MTT solution (0.5 mg/ml) was added to each well for 4 hours at 37°C, the insoluble purple 

formazan was dissolved with 100 µl dimethyl sulfoxide for 20 minutes and then the absorbance 

at 570 nm was measured by FLUOstar OPTIMA microplate spectrophotometer (BMG 

LABtech). The number of living cells without specific treatment was considered 100 % viable. 

The cell survival data was further validated by cell number counting using a Neubauer 

hemocytometer. 

3.6 Detection of protein expression by western blotting 

            Western blotting was conducted as described before 135. Equal amounts of protein were 

mixed with loading buffer and boiled at 95oC for 5 minutes, followed by separation with a 10% 

SDS-PAGE gel and transfer onto nitrocellulose membranes (Pall Corporation, Pensacola, FL). 

The membranes were first blocked with PBS with 0.1% Tween 20 containing 3% non-fat milk at 

room temperature for at least 2 hours. The membranes were then probed with appropriate 

primary antibodies and detected using peroxidase-conjugated secondary antibodies (Sigma-

Aldrich, 1:5000) and visualized by ECL (GE Healthcare, Amersham, UK). The following 

antibodies were diluted as follows: CSE (1/1000, Abnova, Taipei), MMP2 and 9 (1/200, Santa 

Cruz Biotechnology, Santa Cruz, CA), elastin (1:1000, Thermo Fisher Scientific), fibulin 1 
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(1/1000, Abnova, Taipei), LOX (1/1000, Abnova, Taipei), β-actin (1/5000, Sigma-Aldrich). The 

densitometry of each target protein was analyzed with ImageJ software by normalizing to 

intensity of β-actin or the corresponding input control. 

3.7 Quantification of RNA expression by real-time PCR 

            Total RNA was isolated by Tri Reagent (Sigma-Aldrich) and cDNA was prepared by 

using reverse transcriptase and random hexamer primers (Thermo Fisher Scientific). The mRNA 

expression was quantified with SYBR Green PCR Master Mix (Bio-Rad, Mississauga, ON) 

using an iCycler iQ5 apparatus (Bio-Rad). Samples without reverse transcriptase were included 

in the reactions as negative controls of genomic DNA contamination. The sequences of primers 

were listed in Table 1. The PCR program was as follows: 1 cycle at 94°C for 5 minutes, 35 

cycles at 94°C for 20 seconds then 62°C for 30 seconds then 72°C for 30 seconds, and a final 

step for melting curve determination (94 °C for 15 s, ramping up from 60 °C to 94 °C with 0.5 

°C increments for 15 s). Gene expression was calculated using the formula 2-ΔΔCT, where ΔCT is 

the difference between the threshold cycle of a given target cDNA and an endogenous reference 

GAPDH.   

 

Table 1. Primer sets used for real-time PCR analysis 

GAPDH 
(NM_008084.3) 

5’-TCTCCTGCGACTTCAACAGC-3’ (forward) 
5’-GGTGCACGAACTTTATTGATGGT-3’ (reverse) 

Elastin 
(BC_051649.1) 

5’-GAGTCCCTGGCGGTGTTGGTGGTA-3’ (forward) 
5’-CATTGGTATAGGGCAGTCCTGAGC-3’ (reverse) 

MMP2 
(NM_008610.3) 

5’-TGCACCATCGCCCATCATCAAGTT-3’ (forward) 
5’-AAGGCCCGAGCAAAAGCATCATCC-3’ (reverse) 

MMP9 
(NM_013599.5) 

5’-CGACGGCCGCAGGGATGG-3’ (forward) 
5’-CTGTGGGATAGGCCGTGGGAGGTA-3’ (reverse) 

TIMP1 5’-CCCCACCCCACCCACAGAC-3’ (forward) 

https://www.ncbi.nlm.nih.gov/nucleotide/576080553?report=genbank&log$=nuclalign&blast_rank=4&RID=C08V266S013
https://www.ncbi.nlm.nih.gov/nucleotide/518831586?report=genbank&log$=nuclalign&blast_rank=2&RID=C0951YZA013
https://www.ncbi.nlm.nih.gov/nucleotide/518831586?report=genbank&log$=nuclalign&blast_rank=2&RID=C0951YZA013
https://www.ncbi.nlm.nih.gov/nucleotide/518831586?report=genbank&log$=nuclalign&blast_rank=2&RID=C0951YZA013
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3.8 CSE overexpression 

            The adenovirus vector containing CSE (Ad-CSE) was constructed in the previous study 

and used to transfect SMCs for overexpressing CSE 136. The adenovirus vector containing β-

galactosidase (Ad-lacZ) acted as a control. 

3.9 Determination of CSE knock-out mouse genotype  

            PCR-genotyping of CSE knockout mice was performed using a three-primer assay in two 

reactions as described before 35. N1 primer is specific for the targeted allele and F1 primer (5’-

TGTTCATGGTAGGTTTGGCC-3’) is for wild-type allele. The reverse primer, R1 (5’-

TCAGAACTCGCAGGGTAGAA-3’), lies downstream of the neor insertion of targeted allele or 

exon 3 of the wild-type allele, anneals to both wild-type and targeted alleles.   

3.10 Labile iron measurement 

            Measurement of labile iron in cell lysates was performed by modified ferrozine iron 

assay 137,138.  SMCs were collected and lysed in 300 μL RIPA buffer. The cell lysates (100 μL) 

and iron standards (100 μL) with concentrations ranging from 0 to 100 μM were transferred into 

different clean Eppendorf tubes. Ammonium acetate buffer (pH 4.5, 2.5 M, 100 μL) and labile 

iron working solution (5 mM ferrozine and 10 mM ascorbic acid prepared in ammonium acetate 

buffer pH 4.5, 2.5 M, 120 μL) were added to all Eppendorf tubes. After incubation at 37 °C for 

(NM_001044384.1) 5’-CACACCCCACAGCCAGCACAT-3’ (reverse) 
Cathepsin G 

(NM_007800.2) 
5’-TACTCTAGGGGCCCACAACATCCA-3’ (forward) 
5’-CAGGGGGCCACCAGAATCACC-3’ (reverse) 

Cathepsin K 
(NM_007802.4) 

5’-GCAGCAGAACGGAGGCATTGA-3’ (forward) 
5’-CCGCAGGCGTTGTTCTTATTCC-3’ (reverse) 

Fibulin 5 
(NM_001361987.1) 

5’-GATACCCAAAGCGACAGACAAGAG-3’ (forward) 
5’-GGACCGCCAGACAGGACAGT-3’ (reverse) 

https://www.ncbi.nlm.nih.gov/nucleotide/518831586?report=genbank&log$=nuclalign&blast_rank=2&RID=C0951YZA013
https://www.ncbi.nlm.nih.gov/nucleotide/518831586?report=genbank&log$=nuclalign&blast_rank=2&RID=C0951YZA013
https://www.ncbi.nlm.nih.gov/nucleotide/518831586?report=genbank&log$=nuclalign&blast_rank=2&RID=C0951YZA013
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135 min and then centrifuge for 5 min at 15000 g, 200 μL of the solution in each tube was 

transferred into a well of a 96-well plate and the absorbance was measured at 620 nm on a 

microplate reader. Iron concentrations were normalized to the amount of protein analyzed 

(nmole of iron per mg of protein) 

3.11 H2S production rate measurement 

            A lead sulfur method was used to analyze the H2S generation from cell lysate, tissue 

homogenate, and chemical reactions 139. After various treatments, the cells were collected and 

sonicated in ice-cold PBS buffer without a protease inhibitor. In the well of 96-well plate, cell 

lysates with an equal amount of protein (20 µg) were mixed with 10 µL cysteine (10 mM), 10 µL 

pyridoxal 5’-phosphate (P5P) (2 mM), and PBS added to reach the same volume in each well 

(100 µL). As for the tissue, we added 4 mg liver tissue in each well and other chemicals are the 

same as cell lysate. Then, a lead acetate paper (Sigma-Aldrich) was placed over the well. The 

reaction was incubated at 37 °C in the dark. The intensity of the darkening on the lead acetate 

paper was analyzed with Image J software and relative to the capacity of H2S gas released from 

NaHS standard solution. 

3.12 Statistical analysis 

            The data were presented as means ± SEM, representing at least 3 independent 

experiments. Statistical comparisons were made using two-tailed Student's t-tests or one-way 

ANOVA followed by a post-hoc analysis (Tukey test) where applicable. P value < 0.05 was 

considered statistically significant. 
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4 Results 

4.1 H2S blocks TNFα-induced elastolysis in SMCs 

            Firstly, we treated SMCs with TNFα to stimulate elastolysis and investigate the potential 

role of H2S in elastolysis. The cell number and cell viability were unaffected after being treated 

with different doses of TNFα (Fig. 6A and 6B).  

 

Figure 6. TNFα had no effect on cell viability and proliferation. After WT SMCs were incubated with TNFα at 

the indicated concentrations (0-20 ng/ml) for 24 hours, cell viability (A) was detected by MTT assay and cell 

number (B) was counted with a hemocytometer. The experiments were repeated at least 3 times. 

 

            We then chose 10 ng/ml TNFα to perform the following experiments. Before exploring 

the effects of TNFα and H2S on elastolysis, we need to know whether TNFα could directly react 
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with H2S or affect the production rate of H2S. Our results showed TNFα did not influence the 

volume of H2S released from NaHS (H2S donor) as detected by lead acetate paper (Fig. 7A). 

Since CSE levels in SMCs are low, a large number of SMCs need to be collected for H2S to be 

detected by the lead acetate paper. Since CSE is substantially expressed in liver, thus, we used 

liver tissue to measure H2S production rate. Fig.7B suggested that TNFα had no effect on H2S 

production rate in both WT and CSE-KO liver tissue. The genotypes of the mice were testified 

by PCR genotyping. The PCR products were analyzed with agarose gel electrophoresis. If there 

is a band with CSE gene-specific primer (F1) and shared reverse primer (R1) while no band with 

Neor-specific primer (N1) and R1 primer, it could be WT mice. On the contrary, if there is a 

band with N1/R1 while no band with F1/R1 primer, it could be KO mice (Fig. 7C).  

We next explored the effects of TNFα on elastin homeostasis in SMCs. Our data showed 

that SMCs incubated with 10 ng/ml TNFα had less fluorescent signal attributed to elastin. The 

effect of TNFα reversed in the presence of 30 µM NaHS (Fig. 8A). We also measured the total 

elastin content by Fastin assay after treatment, which is consistent with the fluorescence result 

(Fig. 8B).  
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Figure 7. TNFα had no effect on H2S release and production rate. A, TNFα (10 ng/ml) was mixed with NaHS 

(100 µM). B, TNFα was mixed with CSE+/+ and CSE-/- mouse liver lysate (4 mg) in the presence of cysteine (10 

mM) and P5P (2 mM). The mixtures were incubated for 2 h at 37 °C. H2S release was trapped by lead acetate paper 

and intensity was determined using Image J software. C, PCR genotyping of CSE-/- mouse tail. F1R1 primers are 

specific for CSE+/+, and N1R1 primers are specific for CSE-/-. M, PCR marker. 
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Figure 8. H2S blocked TNFα-induced elastolysis in SMCs. A, H2S enhances the fluorescent signal of elastin 

staining. After WT SMCs were incubated with 10 ng/ml TNFα in the presence of 30 µM NaHS for 24 hours, the 

cells were subjected to immunostaining with anti-elastin antibody (green) followed by DAPI (blue). Scale bar: 20 

µm. B, H2S reversed TNFα-reduced elastin content. Total elastin contents were measured with Fastin assay. *, 

p<0.05 vs. all other groups. C, H2S inhibited TNFα-induced gelatinolytic activity. The cells were stained with 

DQTM-gelatin. *, p<0.05 vs. control; #, p<0.05 vs. TNFα group. The experiments were repeated at least 3 times. 
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4.2 H2S attenuates TNFα-induced elastin degradation via decreasing MMP activity         

            Then, we further studied how H2S attenuated TNFα-induced elastin degradation. Since 

elastin degradation is usually mediated by MMPs, we first measured gelatinolytic activity. We 

previously found that TNFα enhanced gelatinolytic activity, which was reversed by exogenously 

applied H2S (Fig. 8C). Therefore, H2S may inhibit gelatinolytic activity to attenuate elastin 

degradation. To further demonstrate the inhibitory role of exogenous applied H2S in TNFα-

induced elastin degradation, we then would like to figure out the role of endogenous H2S. 

Therefore, we upregulated CSE level in SMCs by adenovirus mediated CSE overexpression. Fig. 

9B and 9C show overexpression of CSE blocked TNFα-induced elastin degradation and 

attenuated TNFα-induced gelatinolytic hyperactivity. Compared with exogenous applied H2S, 

this approach is better to simulate the physiological conditions. In contrast, the lack of CSE 

expression in SMCs enhanced TNFα-induced elastolysis (Fig. 10B). Also, the gelatinolytic 

activity is increased more in CSE-/- SMCs than CSE+/+ SMCs with TNFα treatment. Even 

without TNFα treatment, gelatinolytic activity is significantly higher in CSE-/- SMCs compared 

with CSE+/+ SMCs (Fig. 10C).  

            However, western blotting study showed that the protein expression of elastin was not 

changed by either TNFα and/or NaHS (Fig. 11A). This can be explained that only soluble 

tropoelastin, but not insoluble mature elastin, is being extracted for western blotting analysis. 

Taken together, these results suggested that H2S could block TNFα-induced elastolysis in SMCs. 
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Figure 9. CSE overexpression inhibited TNFα-induced elastolysis in SMCs. A, Adenovirus-mediated CSE 

overexpression in WT SMCs. The cells were transfected with Ad-LacZ or Ad-CSE at 20 MOI for 48 hours in the 

presence of 10 ng/ml TNFα. B, CSE overexpression reversed TNFα-reduced elastin content. Total elastin contents 

were measured with Fastin assay. *, p<0.05 vs. Ad-LacZ transfected control cells; #, p<0.05 vs. Ad-LacZ 

transfected cells with TNFα treatment. C, CSE overexpression inhibited TNFα-induced gelatinolytic activity. The 

cells were stained with DQTM-gelatin. *, p<0.05 vs. Ad-LacZ transfected control cells; #, p<0.05 vs. Ad-LacZ 

transfected cells with TNFα treatment. The experiments were repeated 3 times. 
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Figure 10. CSE knockout enhanced TNFα-induced elastolysis in SMCs. A, Lacked CSE expression in SMCs 

isolated from CSE-/- mice. B, CSE deficiency enhanced the stimulatory role of TNFα on elastin degradation. Both 

CSE+/+ SMCs and CSE-/- SMCs were incubated with 10 ng/ml TNFα for 24 hours. Total elastin contents were 

measured with Fastin assay. *, p<0.05 vs. CSE+/+ SMCs; #, p<0.05 vs. CSE+/+ SMCs with TNFα treatment. C, CSE 

knockout promoted TNFα-induced gelatinolytic activity. The cells were stained with DQTM-gelatin. *, p<0.05 vs. 

CSE+/+ SMCs; #, p<0.05 vs. CSE+/+ SMCs with TNFα treatment. The experiments were repeated 3 times. 
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            We further measured the activities and expressions of two specific MMPs (MMP2 and 

MMP9), which are often involved in elastin degradation. MMP2/9 activity was significantly 

induced by TNFα but suppressed by H2S (Fig. 11B). As for the protein levels, only MMP2 was 

induced by TNFα, while MMP9 was unaffected. The addition of H2S could reverse the 

stimulatory role of TNFα on MMP2 protein expression and downregulate MMP2 mRNA 

expression. Neither TNFα nor NaHS affected mRNA levels or protein expression of MMP9 (Fig. 

11A and Fig. 11C). Furthermore, neither TNFα nor NaHS had any effects on mRNA expression 

of other ECM modifying related genes (TIMP1, Cathepsin G, and Cathepsin K) (Fig. 11C). 

Taken together, all these results suggested that H2S could attenuate TNFα-induced elastolysis in 

SMCs by downregulating MMP2/9 activity and inhibiting MMP2 transcription. 
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Figure 11. H2S attenuated TNFα-induced elastolysis by downregulating MMP2/9 activity and inhibiting 

MMP2 transcription. A, H2S suppressed TNFα-induced MMP2 protein expression by western blotting. *, p<0.05 

vs. all other groups. B, H2S suppressed MMP2/9 activity with gelatin zymography assay. *, p<0.05 vs. all other 

groups. C, Only MMP2 mRNA was inhibited by H2S, while MMP9, TIMP1, Cathepsin G, and Cathepsin K were 

not changed by either TNFα or H2S. *, p<0.05. The experiments were repeated at least 3 times. 
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4.3 H2S inhibits TGFβ1-induced SMC proliferation 

            To investigate whether H2S is involved in elastogenesis, TGFβ1 was used to treat SMCs. 

As shown in Fig. 12, we found TGFβ1 treatment significantly increased the viability of SMCs in 

a dose-dependent manner (0.1-10 ng/ml). With NaHS treatment (30 µM) in the meantime, the 

stimulatory effect of TGFβ1 on SMC viability was significantly abolished. TGFβ1 at 1 ng/ml 

was then selected to treat SMCs, which did not react with H2S chemically or affect the H2S 

production rate (Fig 13A and 13B). 

 

Figure 12. H2S reversed TGFβ1-induced cell viability. TGFβ1 increased cell viability at five different doses (0.1, 

0.5, 1, 5, 10 ng/ml). NaHS at 30 µM reversed TGFβ1-induced cell viability. SMCs were incubated with TGFβ1 at 

the indicated concentration with or without NaHS (30 µM) for 24h following detection cell viability by MTT. *, 

p<0.05 vs. control; #, p<0.05 vs. SMCs with TGFβ1 treatment. The experiments were repeated at least 3 times. 
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Figure 13. TGFβ1 had no effect on H2S release and production rate. A, TGFβ1 (1 ng/ml) was mixed with NaHS 

(100 µM). B, TGFβ1 was mixed with CSE+/+ and CSE-/- mouse liver lysate (4 mg) in the presence of cysteine (10 

mM) and P5P (2 mM). The mixtures were incubated for 2 h at 37 °C. H2S release was trapped by lead acetate paper 

and intensity was determined using Image J software. The experiments were repeated at least 3 times. 
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4.4 H2S has no effect on TGF-β1-induced elastogenesis 

            The role of H2S in elastogenesis was determined by treating SMCs with TGFβ1 (1 ng/ml) 

and/or NaHS (30 µM) for 24 hours. We found that TGFβ1 enhanced the fluorescent signal of 

elastin, which was consistent with the increased elastin content measured by the Fastin assay. 

However, NaHS had no effect on TGFβ1-induced elastogenesis (Fig. 14A and 14B). Besides, the 

western blotting results showed that the protein levels of elastin, lysyl oxidase Like 2 (LOXL2), 

and fibulin 1 (FBLN1) were not affected by either TGFβ1 or NaHS (Fig. 14D). The mRNA 

expression of elastin was increased by TGFβ1, but it was not affected by NaHS, while NaHS 

significantly inhibited the mRNA expression of FBLN5 with or without TGFβ1 (Fig. 14C). 

Besides, the gelatinolytic activity was not altered by TGFβ1 and/or NaHS (Fig. 15). Therefore, 

TGFβ1 can enhance mature elastin production, but this process is not affected by NaHS. 
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Figure 14. H2S had no effect on TGFβ1-induced elastogenesis. A and B, H2S had no effect on TGFβ1-induced 

elastogenesis. After WT SMCs were incubated with 1 ng/ml TGFβ1 in the presence of 30 µM NaHS for 24 hours, 

the cells were subjected to immunostaining with anti-elastin antibody (A) and Fastin assay of total elastin contents 

(B). *, p<0.05 vs. control. C, H2S did not affect the mRNA level of elastin but suppressed FBLN5 mRNA 

expression. After WT SMCs were incubated with 1 ng/ml TGFβ1 with or without 30 µM NaHS for 24 hours, the 

cells were subjected to real-time PCR analysis. *, p<0.05 vs. control. D, TGFβ1 did not alter the protein level of 
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CSE, elastin, LOXL2 and FBLN1. After WT SMCs were incubated with 1 ng/ml TGFβ1 with or without 30 µM 

NaHS for 24 hours, the cells were subjected to western blotting analysis. The experiments were repeated at least 3 

times. 

 

 

Figure 15. Either TGFβ1 or H2S did not affect gelatinolytic activity. After WT SMCs were incubated with 1 

ng/ml TGFβ1 with or without 30 µM NaHS for 24 hours, the cells were stained with DQTM-gelatin. The experiments 

were repeated 3 times. 

 

4.5 Interaction of iron and H2S on SMC viability 

            To determine how iron affects elastin homeostasis and the role of H2S in this process, we 

first incubated SMCs with iron at different concentrations with or without 30 µM NaHS. We 

found that FeCl3 reduced SMCs viability at different doses from 10 µM to 200 µM, which was 

not influenced by NaHS (Fig. 16A). As for FeCl2, it had no effect on cell viability at doses lower 

than 150 µM but reduced cell viability at 200 µM. Interestingly, treating cells with both NaHS 
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and FeCl2 at doses higher than 50 µM could decrease cell viability (Fig. 16B). Therefore, iron 

coordinates with H2S to reduce SMC viability. 

 

Figure 16. Iron decreased cell viability with or without H2S. A, Fe3+ decreased cell viability at five different 

doses (10, 50, 100, 150, 200 µM). NaHS at 30 µM did not affect the reduced cell viability. SMCs were incubated 

with FeCl3 at the indicated concentration with or without NaHS (30 µM) for 24 h following detection cell viability 

by MTT. *, p<0.05 vs. control. B, Fe2+ had no effect on cell viability at low doses but decreased cell viability at 200 

µM.  NaHS at 30 µM with Fe2+ at doses higher than 50 µM reduced cell viability. SMCs were incubated with FeCl2 
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at the indicated concentration with or without NaHS (30 µM) for 24 h following detection cell viability by MTT. *, 

p<0.05 vs. control; #, p<0.05 vs. SMCs with FeCl2 treatment. The experiments were repeated at least 3 times. 

 

4.6 Iron liberates H2S production from L-Cysteine  

            We noticed that iron could react with NaHS to reduce H2S release as assessed by the lead 

sulfur method (Fig. 17A). Next, we found that both Fe3+ and Fe2+ could significantly increase 

H2S production rate in WT liver tissue. Unexpectedly, in CSE-KO liver tissue, there were still 

significant levels of H2S being produced, which means that iron can induce H2S production 

independent of CSE (Fig. 17B). Then, to determine the mechanisms underlying iron-induced 

H2S production, we only added FeCl3
 and FeCl2 to the WT and CSE-KO liver homogenate 

without cysteine substrate. As shown in Fig. 17C, no H2S production was observed, which 

indicates that in liver homogenate H2S is directly released from L-Cysteine by iron rather than 

being produced via CSE.  
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Figure 17. Iron increased the H2S production rate in mouse liver tissue. A, Iron decreased H2S released from 

NaHS. FeCl3 (100 µM) and FeCl2 (100 µM) were mixed with NaHS (100 µM) for 2 h. *, p<0.05 vs. control. B, Iron 

increased H2S generation with liver lysates. FeCl3 (100 µM) and FeCl2 (100 µM) were mixed with CSE+/+ and CSE-/- 

mouse liver lysate (4 mg) in the presence of cysteine (10 mM) and P5P (2 mM) for 2 h. *, p<0.05 vs. WT control; #, 
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p<0.05 vs. KO control. C, No H2S was released when the substrate cysteine was not present. FeCl3 (100 µM) and 

FeCl2 (100 µM) were mixed with CSE+/+ and CSE-/- mouse liver lysate (4 mg) in the absence of cysteine. The 

mixtures were incubated for 2 h at 37 °C. H2S release was trapped by lead acetate paper and intensity was 

determined using Image J software. The experiments were repeated at least 3 times. 

 

            CBS, another H2S-generating enzyme, is also expressed in liver tissue 140. To exclude its 

involvement in the observed effects of iron, we only mixed FeCl3
 or FeCl2 with L-Cysteine and 

P5P directly. We found that iron still stimulated H2S production, indicating that iron could 

directly catalyze H2S production from L-Cysteine with P5P (Fig. 18A). We next explored 

whether other metal ions also act as catalysts for P5P-dependent H2S production from L-

Cysteine. As shown in Fig. 18A, Zn2+, Cu2+, and Ni2+ were not able to stimulate H2S production. 

However, with WT liver tissue, Zn2+ and Ni2+ but not Cu2+ increased H2S production rate 

compared with the control group, indicating that Zn2+ and Ni2+ would induce CSE activity. In 

addition, in liver lysates iron led to more H2S being released in comparison to Zn2+ and Ni2+ (Fig. 

18B). Similar to iron, all these 3 metals (Zn2+, Ni2+, and Cu2+) could chemically react with NaHS 

to block H2S release as detected by lead acetate paper (Fig. 18C).  
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Figure 18. Iron induced H2S release from L-Cysteine. A, Ni2+, Cu2+ and Zn2+ did not release H2S from Cysteine. 

FeCl3 (100 µM), FeCl2 (100 µM), NiCl2 (100 µM), CuCl2 (100 µM) and ZnSO4 (100 µM) were mixed with cysteine 

(10 mM) and P5P (2 mM) for 2 h, respectively. *, p<0.05 vs. control. B, Iron released more H2S with liver lysates 
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than other metals. FeCl2 (100 µM), NiCl2 (100 µM), CuCl2 (100 µM) and ZnSO4 (100 µM) were mixed with WT 

mouse liver lysate (4 mg) in the presence of cysteine (10 mM) and P5P (2 mM) for 2 h, respectively. *, p<0.05 vs. 

control; #, p<0.05 vs. all other groups. C, Ni2+, Cu2+ and Zn2+ decreased H2S released from NaHS. NiCl2 (100 µM), 

CuCl2 (100 µM) and ZnSO4 (100 µM) were mixed with NaHS (100 µM), respectively. *, p<0.05 vs. control. The 

mixtures were incubated for 2 h at 37 °C. H2S release was trapped by lead acetate paper and intensity was 

determined using Image J software. The experiments were repeated at least 3 times.  

 

            We then investigated how iron catalyzes H2S production from L-Cysteine and whether 

iron would directly react with free thiol groups (-SH) of proteins. Therefore, bovine serum 

albumin (BSA) was used to test our hypothesis. BSA is a protein that contains 34 disulfide-

linked cysteine residues and one reduced cysteine residue. BSA along with iron and P5P did not 

produce any H2S. However, when we added dithiothreitol (DTT) which is used to break down 

protein disulfide bonds, H2S release was observed (Fig. 19). Also, without iron, significantly less 

H2S was generated from BSA. Taken together, these results suggested that iron could help 

release H2S from the protein with free cysteine residues. However, without BSA, DTT along 

with P5P and iron could also generate H2S (Fig. 19). We speculated that DTT could also serve as 

a substrate for H2S production via iron catalysis because DTT itself contains two free thiol 

groups. Therefore, the most of H2S was released from DTT directly rather than the free thiol 

group in BSA. In summary, the reaction for H2S from L-Cysteine via iron catalysis is 

complicated, which could not be simply explained by the direct reaction between iron and thiol 

group. Amino or carboxyl group may be also involved in this process. 
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Figure 19. Iron induced H2S release from dithiothreitol (DTT). A, FeCl3 (100 µM) and FeCl2 (100 µM) were 

mixed with P5P (2 mM) in the presence of BSA (20 mg/ml) and/or DTT (1 mM). The mixtures were incubated for 

24 h at 37 °C. H2S release was trapped by lead acetate paper and intensity was determined using Image J software. 

*, p<0.05 vs. the mixture containing BSA, P5P, and DTT. The experiments were repeated at least 3 times  
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4.7 Iron overload decreases H2S generation in SMCs 

            Although iron could catalyze and increase H2S generation from L-Cysteine directly, it 

does not mean the iron treatment will increase H2S generation in SMCs. This is because almost 

all the iron in cells is protein-bound 128. The concentration of liable iron in cells is very low, so it 

is unlikely that free iron is involved in this catalysis. Also, iron may affect CSE expression and 

activity, which then influence H2S generation. Therefore, we first measured the liable iron level 

in SMCs after incubation with 100 µM FeCl3 for 24 h. As shown in Fig. 20A, it is apparent that 

Fe3+ indeed significantly increased liable iron level in SMCs. We then measured the H2S 

production rate in cell lysate. Unexpectedly, Fe3+ treatment significantly decreased H2S 

generation in comparison with the control cells (Fig. 20B). However, the expression of CSE was 

unaffected by iron overload (Fig. 20C). Together these results provide important insights into the 

effect of iron on H2S generation in SMCs. Although liable iron could partly increase H2S 

production in SMCs, this non-enzymatic synthesis way does not play a dominant role in H2S 

generation. Overall, iron overload decreased H2S generation in SMCs, which may be because 

iron or iron-induced changes in the intracellular environment could decrease CSE activity and 

consume a part of H2S produced. 
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Figure 20. Iron overload decreased H2S production rate in SMCs. A, Iron overload increased labile iron levels in 

SMCs. After WT SMCs were incubated with 100 µM FeCl3 for 24 h, the labile iron levels in cell lysates were 

measured by a modified ferrozine iron assay. *, p<0.05 vs. control. B, Iron overload decreased H2S generation in 

SMCs. The lysate of 100 µM FeCl3-treated SMCs was mixed with cysteine (10 mM) and P5P (2 mM). The mixtures 

were incubated for 16 h at 37 °C. H2S release was trapped by lead acetate paper and intensity was determined using 
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image J software. *, p<0.05 vs. control.  C, Iron overload did not alter the protein level of CSE, elastin, LOXL2 and 

FBLN1.After WT SMCs were incubated with 100 µM FeCl3 with or without 30 µM NaHS for 24 hours, the cells 

were subjected to western blotting analysis. The experiments were repeated at least 3 times. 

 

4.8 Iron overload has no effect on elastin homeostasis 

          To investigate the effect of iron overload on elastin levels, we treated SMCs with 100 µM 

FeCl3 and 100 µM FeCl2 with 30 µM NaHS for 24 h, respectively. According to fluorescence 

staining results, there was no evidence that iron overload influences both elastin content and 

gelatinolytic activity (Fig. 21A and 21B). Also, elastin, LOXL2, and FBLN1 protein expressions 

appeared to be unaffected by iron overload (Fig. 20C). Therefore, iron overload (100 µM) made 

no effect on elastin homeostasis. 

 

Figure 21. Either iron or H2S did not affect elastin level and gelatinolytic activity. After WT SMCs were 

incubated with FeCl3 (100 µM) or FeCl2 (100 µM) with or without 30 µM NaHS for 24 hours, the cells were stained 

with anti-elastin (A) and DQTM-gelatin (B). The experiments were repeated 3 times. 
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5 Discussion 

            Elastin is an important component of the extracellular matrix that provides elasticity for 

large arteries 59. Dysregulation of elastin homeostasis is detrimental to health, leading to serious 

diseases, like AA 73. A growing body of evidence showed that H2S participates in elastin 

regulation, decreasing elastin levels under hypoxia conditions while increasing those levels under 

normoxia conditions 66. These results indicated there are some associations between CSE/H2S 

system and elastin homeostasis. Therefore, in this study, we identified the regulatory roles of 

H2S in elastin homeostasis at the cellular level as well as the underlying mechanisms. More 

specially, we treated SMCs with TNFα, TGFβ1, or iron respectively, and tried to destabilize 

elastin homeostasis. Thus, we would evaluate how H2S is involved in elastin homeostasis under 

stress conditions. 

            Firstly, we found H2S had no effect on both tropoelastin and mature elastin levels in 

SMCs under normal condition. However, with the stimulation of TNFα, H2S can reverse TNFα-

induced elastolysis. The effects of TNFα on elastin content were measured by three methods, 

including western blot, immunofluorescence staining and Fastin assay. Our data showed that the 

result of immunofluorescence staining and Fastin assay were consistent. However, they were not 

in line with western blotting result. This is due to the fact that western blotting can only detect 

soluble protein levels. Tropoelastin (the monomeric precursor of elastin), which is soluble, was 

detected by western blotting. Immunofluorescence labelling and the Fastin assay, on the other 

hand, can identify both soluble and insoluble proteins, implying that mature elastic fibers can 

also be recognized. Therefore, we can conclude that the effects of TNFα on elastin content were 

not at the transcriptional or translational level. TNFα only decreased mature elastic fibers, which 



 52 

suggests that TNFα I  rncreases the degradation of elastic fibers. A growing body of research 

showed that H2S contributes to inflammatory process, which has both anti-inflammatory effect 

and pro-inflammatory effect via affecting cytokines and chemokines, adhesion molecules, 

leukocyte recruitment, and substance P, etc 141,142. In cardiovascular system, the anti-

inflammatory effect of H2S plays a dominant role. Several studies  demonstrated that exogenous 

applied H2S exerts anti-inflammatory effect via lowering pro-inflammatory cytokines, such as 

TNFα, IL1β, IL6, and IL8 in cardiovascular diseases 118,120,143,144. Therefore, H2S may directly 

decrease TNFα levels to counter the TNFα-induced degradation of elastic fibers. Besides, we 

found TNFα enhanced MMP2/9 activity and MMP2 expression, which could be reversed by both 

applied H2S and CSE overexpression. Therefore, the effect of H2S on maintaining elastin 

homeostasis is also mediated by regulating MMP expression and activity 98. Interestingly, TNFα 

and H2S only affect MMP2 mRNA expression but don’t affect MMP9 mRNA. Thus, as for 

MMP2, the inhibitory role of H2S could also occurr at the transcriptional level.  

            Sp1 is a transcription factor with 11 cysteine residues, which has multi-functions in the 

cardiovascular system 145,146. Also, Sp1 acts as an essential transcription factor for regulating 

MMP2 transcription 147. Saha et al. found  that H2S regulated endothelial function by decreasing 

transcription of VEGF receptor (VEGFR)-2 and neuropilin (NRP)-1 via Sp1 S-sulfhydration 146. 

Besides, Meng et al. observed that  H2S prevented the development of myocardial hypertrophy 

by increasing krüppel-like factor 5 (KLF5) transcription activity via Sp1 S-sulfhydration 58. 

Therefore, H2S may decrease MMP2 mRNA expression via Sp1 S-sulfhydration. Besides, the S-

sulfhydration may also can be occurred directly on MMPs. MMPs generally consist of a 

prodomain, a catalytic domain, a hinge region and a hemopexin domain 148. The zinc binding 

motif “HEXXHXXGXXH” in the catalytic domain and the “cysteine switch” motif 
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“PRCGXPD” in the propeptide are common structural signatures for most of MMPs, where three 

histidines in the zinc binding motif and the cysteine in the propeptide form four ligands with the 

catalytic zinc to keep the zymogen inactive 148. Therefore, MMPs need to be activated before 

performing their proteolytic functions 149. If MMPs can be S-sulfhydrated directly, which may 

stable the structure of MMPs and help keep MMPs inactive. This may help explain why H2S can 

decrease MMP2/9 activity. Therefore, these possible molecular mechanisms on how H2S 

regulates MMPs expression and activity need to be further tested in the future study. 

            Secondly, we found TGFβ1 moderately enhanced mature elastin content. This result is in 

accord with several previous research on the stimulatory role  TGFβ1 in elastogenesis in SMCs 

150–152. The role of TGFβ1 in the pathogenesis of AA is controversial. Since TGFβ1 can promote 

elastogenesis, we tend to believe that TGFβ1 is upregulated to compensate for degradation of 

elastin in AA development. Wang et al. found treating Ang II-infused mice with neutralizing 

anti-TGF-β antibody upregulated MMP9 gelatinolytic activity 86. TGFβ1 might increase total 

elastin content by inhibiting MMP9 activity, while our study showed that TGF-β1 did not affect 

gelatinolytic activity. Furthermore, we found H2S could decrease fibulin 5 mRNA expression. 

Fibulin 5, a scaffold protein that is involved in elastogenesis and mediates adhesion of SMCs and 

endothelial cells to elastic fibers, plays a role in vascular remodeling 153. The effects of H2S on 

fibulin 5 is worth being explored. 

            Finally, the current study showed that iron overload did not affect elastin levels and 

gelatinolytic activity. One research suggested that low iron concentrations (2-20 µM) treatment 

facilitated normal elastogenesis, while iron overload (100-200 µM) did not induce more elastin 

deposition and even dragged elastin deposition back to the control levels 95. Therefore, the 

effects of iron on elastogenesis might be concentration dependent. Iron overload can lead to a 
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dose-dependent increase in ROS production, so elastogenesis might be interfered by iron 

overload-induced oxidative stress 95. To further investigate the effects of iron on elastogenesis, it 

might be possible to use different iron concentration to treat SMCs. Also, Since H2S can inhibit 

oxidative stress, we can explore whether H2S could block iron’s effect by attenuating oxidative 

stress. Another contribution of this study is to identify how iron affects endogenous H2S 

generation. On the one hand, we demonstrated iron could catalyze H2S production from L-

Cysteine, which is in line with the previous research that showed that Fe3+ and VitB6 could non-

enzymatically catalyzing the production of H2S from cysteine in blood 154. This nonenzymatic 

H2S generation is assumed to be a protective mechanism to attenuate the adverse effects of iron 

overload by directly reacting with iron and inhibiting excess iron-induced oxidative stress 154. 

However, our result showed that increasing intracellular iron levels lowered H2S production rate 

in SMCs but had no effect on CSE expression. One possible explanation for this might be that 

iron can downregulate CSE activity. Iron overload-induced oxidative stress may inhibit CSE 

activity and consume some of the produced H2S, implying that iron overload may result in a drop 

in H2S levels in SMCs. Therefore, there is abundant room for further determining the influence 

of iron on H2S production rate and real H2S level in cells. Understanding the function of H2S in 

iron excess-induced illnesses requires determining the change in actual H2S levels in cells with 

iron overload. 

            Taken together, all these results show the ability of H2S in preventing elastolysis. Since 

fragmentation of elastic fibers is one of the most important histological features of AA, H2S has 

potential to attenuate AA. Another significant characteristic of AA is decreased SMC density due 

to SMC apoptosis. Increased SMC apoptosis is mediated by several mechanisms, like 

inflammatory cell infiltration, oxidative stress, and ER stress, etc 155. Also, SMCs experience 
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phenotype switch from contractile to synthetic, leading to increased proteolytic enzyme 

production. This switch also can be induced by inflammation and oxidative stress 155. In the 

present research, we found TGFβ1 can increase SMC proliferation. SMCs are essential for ECM 

generation and against proteolysis, so this result also testifies our assumption that TGFβ1 has a 

protective role in AA development 156. Also, TGFβ1 stimulation was found to induce SMC 

phenotypic switch. Excessive synthetic SMCs can cause more ECM degradation and weaken 

aortic wall 157. Therefore, the role of H2S in attenuating TGFβ1-induced SMC proliferation might 

be conducive to relieve uncontrolled ECM degradation. In addition, we found that iron could 

inhibit SMC proliferation, which is in agreement with Mueller’s finding which showed the 

addition of ferrous ions decreased SMC proliferation 158. This may be due to the higher oxidative 

stress induced by iron, which would also lead to apoptosis of SMCs. According to our results, 

H2S is not able to reverse this effect of iron and even coordinate with ferrous iron to inhibit cell 

proliferation. The mechanism underlying this phenomenon remains unanswered at present. 

            Homocysteine is a sulphur-containing and non-essential amino acid that functions as a 

key intermediate in methionine metabolism. High circulating levels of homocysteine is 

associated with increased risk of cardiovascular diseases 159. The concentrations of homocysteine 

and MMPs, as well as elastic disruptions and abdominal aortic diameter, all have a positive 

relationship 159–161. Also, the level of homocysteine in AAA VSMCs is significantly higher 

compared with the normal VSMCs, which establishes a possible link between homocysteine and 

AAA development 162. Since plasma homocysteine level in CSE-/- mice is significantly higher 

than CSE+/+ mice, the effects of increased content of homocysteine on elastin homeostasis in 

CSE-/- SMCs needs to be further explored 35. 
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            There are two recent studies also exploring the regulatory roles of H2S on the 

development of AA and dissection in mice. Lu et al. indicated that H2S could inhibit aortic 

dissection formation through downregulating the ROS-NO-iNOS signaling pathway and 

positively participated in vascular remodeling via maintaining vascular SMC phenotypic switch 

43. Cui et al found that H2S could alleviate aortic aneurysm and dissection mediated by its anti-

inflammation action through suppressing NLRP3 inflammasome activation and decreasing 

TGFβ1 signaling 44. Although these two studies put forward possible signaling pathways that 

mediate H2S functions, our study first demonstrated that H2S could prevent elastolysis by 

inhibiting MMP expression and activity.  

            Aside from defining the physiological activities of H2S, the application of H2S in illness 

treatment must also be developed and promoted. However, there is still a long way to go because 

many issues must be addressed. H2S is a gas, so it is uncontrolled and difficult to deliver to a 

precise area in our bodies. Furthermore, since H2S is swiftly degraded by oxidation and 

methylation, it is critical to establish some sort of imaging or monitoring system to aid in 

determining the distribution of H2S in cells. Furthermore, the concentration of H2S is crucial for 

its action, which is difficult to manage. Excitingly, in the short period since medicinal potential 

of H2S was identified, remarkable progress has been achieved in the field of H2S donor 

chemistry. There are various kinds of H2S donors, including sulfide salts (e.x. NaHS), naturally 

occurring donors (e.x. diallyl disulfide (DADS)), hydrolysis triggered donors (e.x. GYY4137, 

ACS14, AP-39), thiol-triggered donors (e.x. SG-1002), light-triggered donors, enzyme-triggered 

donors, dual carbonyl sulfide/H2S donors, pH-controllable H2S donors, etc 163,164. Also, some 

donors, like HSD-R and HSD545/NAB, which can both produce H2S and emit fluorescence in 

response to ROS highly expressed at diseased sites, providing red fluorescence to visualize and 
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quantify H2S release in living biosystems such as cells 165,166. Furthermore, a H2S fluorescent 

probe has been designed, which exhibits minimal cytotoxicity and can be applied to detect and 

discriminate H2S from within and outside cells 167. For now, emerging research shows an 

intelligent H2S release coating, which uses ACS14 as an H2S donor for regulating vascular 

remodeling. This coating can intelligently release the drug in response to a weakly acidic 

environment 168. Consistent innovation in synthetic donors and H2S probe, together with a better 

understanding of H2S physiology, may one day pave the route to the clinic for H2S therapies. 

 

6 Conclusion 

            In summary, we demonstrated exogenously applied H2S could attenuate TNFα-induced 

elastolysis by inhibiting MMP2 expression and MMP2/9 activity. Also, H2S had no effect on 

TGFβ1-induced elastogenesis. As for iron, it did not affect elastin homeostasis but significantly 

alter endogenous H2S generation via both enzymatic and non-enzymatic pathways. This study 

provides a deeper insight into the regulatory role of H2S in elastin homeostasis in SMCs, which 

laid the groundwork for further exploring the role of H2S in elastin-dysfunctional related 

vascular diseases (Fig. 22). Targeting at CSE/H2S signaling would be a new therapeutic avenue 

for the prevention and treatment of AA. Furthermore, this work demonstrates the complex 

relationship between iron and H2S, which provides a deeper understanding in iron-related 

disorders. 

 



 58 

 

Figure 22. The proposed mechanisms underlying how H2S regulates elastolysis. H2S could attenuate elastolysis 

under stress conditions by decreasing MMP2 expression and inhibiting MMP2/9 activation. Illustration generated 

using BioRender software. 
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7 Limitation of this study and future work 

            The present study was undertaken to determine the regulatory role of H2S in elastin 

homeostasis under stress conditions in vascular SMCs and investigate the potentially protective 

role of CSE/H2S system in TNFα-induced elastolysis as well as the underlying mechanism. One 

limitation of this study is only tested in cultured mesenteric SMCs, whether the results are widely 

applicable clinically still needs to be observed in other elastogenic cells, like aortic SMCs, 

endothelial cells and fibroblasts. Also, CSE knockout mice would be a good model to further 

determine the protective role of endogenous H2S against elastolysis. Aortic aneurysm animal 

models can also be developed to determine whether exogenous administered H2S would prevent 

elastin loss and hyperactivation of MMPs in blood vessels.  

            This study focused on the effects of exogenous applied H2S by using a fast-releasing H2S 

donor, NaHS. When NaHS is added into the culture medium, H2S is quickly released in less than 

ten minutes. It is difficult to predict how long H2S will remain active and perform functions. 

Therefore, slow and stable releasing donors for H2S, such as GYY4137, can be further examined. 

            There are still numerous information gaps that need to be filled to fully grasp the 

mechanisms. To begin, further studies should be conducted to explore the various molecular 

pathways by which H2S regulates MMP expression and activity. S-sulfhydration is the most 

frequent route for H2S to fulfil its job, so it is worth exploring if H2S can S-sulfhydrate MMPs or 

particular transcription factors for MMPs. Second, we discovered that H2S could reduce fibulin 5 

mRNA expression. More research is needed to assess the impact of H2S on fibulin 5 expression, 

as fibulin 5 is a crucial protein in elastogenesis. Third, homocysteine is an independent risk 

factor in AA, so the role of homocysteine in CSE deficiency-induced elastolysis should be 



 60 

further investigated. Fourth, cells may experience either iron overload or iron deficiency. 

Distinct concentrations of iron will have different effects on cells. Therefore, we can treat SMCs 

with various iron concentrations or iron chelators to examine how iron levels impact elastin 

homeostasis and the involvement of H2S in the different conditions. Fifth, the relationship 

between iron and H2S should be fully investigated. The real H2S level in cells following 

treatment with various iron doses can be measured using techniques with excellent sensitivity 

and selectivity for detecting endogenous H2S 169. Also, the effects of exogenous applied H2S on 

intracellular iron levels also can be measured. Finally, the combination of iron, L-cysteine and 

P5P can produce H2S, which is not as fast as NaHS. Therefore, this mixture might have the 

potential to be a slow and steady H2S donor. The optimal ratio of these components in the 

mixture needs to be explored. L-cysteine is a regular amino acid. Vitamin B6 in its active form is 

known as P5P. Iron is also included in our regular diet. As a result, as a type of dietary treatment, 

this mixture can assist to increase H2S levels, which should help improve vascular functioning. 
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