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Abstract: Peripheral artery disease (PAD) affects more than 230 million people worldwide. PAD 9 
patients suffer from reduced quality of life and are at increased risk of vascular complications and 10 
all-cause mortality. Despite its prevalence, impact on quality of life and poor long-term clinical out- 11 
comes, PAD remains underdiagnosed and undertreated compared to myocardial infarction and 12 
stroke. PAD is due to a combination of macrovascular atherosclerosis and calcification, combined 13 
with microvascular rarefaction, leading to chronic peripheral ischaemia. Novel therapies are needed 14 
to address the increasing incidence of PAD and its difficult long-term pharmacological and surgical 15 
management. The cysteine-derived gasotransmitter hydrogen sulphide (H2S) has interesting vaso- 16 
relaxant, cytoprotective, antioxidant and anti-inflammatory properties. In this review, we describe 17 
the current understanding of PAD pathophysiology and the remarkable benefits of H2S against ath- 18 
erosclerosis, inflammation, vascular calcification and other vasculo-protective effects.  19 
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1. Introduction 23 
Peripheral artery disease (PAD), defined as "all arterial diseases other than coronary 24 

arteries and aorta", affects more than 230 million people worldwide [1, 2].  25 
PAD is primarily due to the development of atherosclerotic plaques, leading to pro- 26 

gressive narrowing of the vessel lumen. Limb symptoms include leg pain, cramps, fatigue, 27 
and muscle weakness during physical activity. At rest, blood flow remains sufficient to 28 
meet basal oxygen requirements and patients are free of symptoms. However, during ex- 29 
ercise, the increased oxygen supply to the lower limb is impaired, leading to moderate 30 
ischaemia, which the patient experiences as cramping pain. The patient usually stops 31 
walking until the pain subsides. Alternating cycles of walking and resting, known as in- 32 
termittent claudication (IC), is the cardinal clinical manifestation of PAD [3]. Patients with 33 
IC have a reduced walking distance, leading to an inability to perform daily activities and 34 
a reduced quality of life [1, 4, 5]. However, IC may be present in only 10-35% of patients, 35 
whereas 40-50% of PAD patients have a wide range of atypical leg symptoms, and 20-50% 36 
of patients are asymptomatic [4-6]. The femoral and popliteal arteries are the most com- 37 
mon sites of atherosclerotic disease in patients with PAD. Approximately 80-90% of pa- 38 
tients with symptomatic PAD have some combination of femoropopliteal occlusive dis- 39 
ease [4, 5, 7]  40 

In late-stage PAD, ischaemia worsens as the arteries become completely occluded, 41 
leading to chronic limb-threatening ischaemia (CLTI). CLTI is characterised by resting 42 
muscle pain, ulceration, and gangrene, and a significant reduction in quality of life. In 43 
addition, PAD and CLTI patients are at increased risk of developing vascular occlusive 44 
disease and all-cause mortality, as atherosclerosis usually develops throughout the 45 
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vasculature. Notably, the 1-year incidence of all major cardiovascular events is 30% higher 46 
in patients with PAD than in those with coronary or cerebral artery disease [8]. Without 47 
surgical revascularisation, 25% of CLTI patients die within one year of initial diagnosis 48 
and 40% of CLTI patients undergo limb amputation within three years [9, 10]. Venous 49 
bypass surgery and endovascular approaches such as angioplasty with or without stent- 50 
ing and endarterectomy are the main treatment for CLTI. The disease presentation and 51 
the patient's general health and comorbidities determine the choice between open surgery 52 
and endovascular approaches.  53 

Acute limb ischaemia (ALI) is another severe manifestation of PAD, defined by sud- 54 
den, severe hypoperfusion of the limb, usually due to thromboembolism. Symptoms may 55 
include pain, pallor, pulselessness, poikilothermia, paresthesias and paralysis, with loss 56 
of sensation and motor function in severe cases. Although ALI can occur in the absence of 57 
significant peripheral atherosclerosis due to distant plaque rupture, it is common in the 58 
setting of PAD. 59 

Despite its prevalence, impact on quality of life, and devastating long-term clinical 60 
outcomes, PAD remains underdiagnosed and undertreated compared with other athero- 61 
sclerotic diseases such as myocardial infarction and stroke [2, 11]. 62 

2. Current management of PAD and CLTI 63 
The main risk factors for the development of PAD are age, smoking, and diabetes. 64 

Hyperlipidaemia and hypertension are also risk factors for PAD, although the predictive 65 
value of these parameters does not appear to be as strong as for the primary risk factors. 66 
The presentation of PAD varies considerably and includes four categories: asymptomatic, 67 
claudication, critical limb ischemia, and acute limb ischemia (ALI). PAD patients are clas- 68 
sified according to the Fontaine or Rutherford classification systems.  69 

 70 
Fontaine 71 
 72 
●Stage I – No symptoms 73 
 74 
●Stage II – Intermittent claudication subdivided into: 75 
 76 
●Stage IIa – Without pain on resting, but with claudication at a distance of greater 77 

than 650 feet (200 meters) 78 
 79 
●Stage IIb – Without pain on resting, but with a claudication distance of less than 650 80 

feet (200 meters) 81 
 82 
●Stage III – Nocturnal and/or resting pain 83 
 84 
●Stage IV – Necrosis (death of tissue) and/or gangrene in the limb 85 
 86 
Rutherford 87 
 88 
●Stage 0 – Asymptomatic 89 
 90 
●Stage 1 – Mild claudication 91 
 92 
●Stage 2 – Moderate claudication 93 
 94 
●Stage 3 – Severe claudication 95 
 96 
●Stage 4 – Rest pain 97 
 98 
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●Stage 5 – Minor tissue loss with ischemic nonhealing ulcer or focal gangrene with 99 
diffuse pedal ischemia 100 

 101 
●Stage 6 – Major tissue loss – Extending above transmetatarsal level, functional foot 102 

no longer salvageable  103 
 104 
Asymptomatic PAD patients with evidence of atherosclerosis but who do not have 105 

typical claudication symptoms (Fontaine I or Rutherford 0) are offered risk reduction 106 
strategies to decrease cardiovascular risk factors depending on symptom severity, lipid 107 
levels, and the presence of comorbidities such as diabetes, smoking and hypertension. 108 
Thus, current guidelines for the management of PAD are preventive strategies such as 109 
diet and lifestyle modification, including supervised exercise, and smoking cessation and 110 
pharmacotherapy tailored to individual risk factors [1, 8, 12-15]. All patients with PAD 111 
should receive statin medication. Antihypertensive therapy should be administered to hy- 112 
pertensive patients to reduce the risk of myocardial infarction (MI), stroke, heart failure, 113 
and cardiovascular death. Antiplatelet therapy with aspirin or clopidogrel alone may be 114 
considered in asymptomatic patients, and should always be administered to symptomatic 115 
PAD patients. After assessment of bleeding risk, further anti-coagulant therapies (Riva- 116 
roxaban) may be considered for symptomatic PAD patients as they significantly reduce 117 
the risk of stroke, myocardial infarction, and ALI [1, 12, 13, 16, 17].  118 

For patients with lifestyle-limiting claudication or CLTI (Fontaine IIb—IV; Ruther- 119 
ford 4-6), who are poor responders to medical and/or exercise therapy, surgical revascu- 120 
larisation remains the only option when possible. Venous bypass surgery and endovas- 121 
cular approaches such as angioplasty, stenting and atherectomy are the main methods. 122 
The choice between open surgery and endovascular approaches depends on the presen- 123 
tation of the disease and the patient's general health and comorbidities. Whenever possi- 124 
ble, autogenous vein is the conduit of choice for open revascularization so that bypass 125 
surgery is limited to patients with "good" veins [7, 18]. All patients with CLTI should be 126 
given antithrombotic and lipid-lowering therapies, as well as counseling on smoking ces- 127 
sation, diet, exercise, and preventive foot care. Additional antihypertensive, and glycemic 128 
control therapies should be given appropriately [1, 12, 13].  129 

Without surgical revascularisation, 25% of CLTI patients die within one year of initial 130 
diagnosis and 40% of CLTI patients undergo limb amputation within three years [9, 10]. 131 
Up to 25% of CLTI patients are ineligible for revascularisation and amputation is often the 132 
only option [19]. When possible, surgery may be suboptimal for symptom relief, and 20% 133 
of PAD patients have "failed revascularisation". Furthermore, PAD patients, especially 134 
those with CLTI, carry a high risk of post -op complications, including ALI, often leading 135 
to limb loss, disability, and death [20, 21]. Even if the procedure is technically successful, 136 
residual microvascular disease may limit the outcome, and outcomes after amputation 137 
remain poor [21, 22] . 138 

3. Etiology of PAD 139 
Atherosclerosis in lower limb arteries is the main cause of PAD [23], but emerging 140 

evidence suggest that medial calcification also contribute to the disease, especially in 141 
lower limb PAD. Microvascular disease is also emerging as a potential contributor to the 142 
progression of PAD and a clinically relevant sign of PAD severity. 143 

3.1. Atherosclerosis 144 
Atherosclerosis is a chronic inflammatory disease characterised by the accumulation 145 

of fatty cholesterol streaks in arterial trees. Several pathophysiological processes are in- 146 
volved in this disease, including endothelial cell (EC) dysfunction, inflammation, lipid 147 
accumulation, and vascular smooth muscle cell (VSMC) proliferation and migration (re- 148 
viewed in detail in [24]).  149 
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The disease is initiated by EC dysfunction. Located at the interface between the blood 150 
and the vessel wall, EC maintain a non-thrombogenic surface. In arteries, high shear stress 151 
and laminar blood flow maintain EC function and secretion of anti-thrombotic and vaso- 152 
dilator agents, mainly nitric oxide (NO) and prostacyclins [25]. Disturbed arterial flow 153 
patterns observed at bifurcations and curved sections of arteries create regions of low 154 
shear stress that induce EC dysfunction or "endothelial activation". These weak points in 155 
the vasculature are the sites of primary occlusion by atherosclerotic plaques. Endothelial 156 
dysfunction or injury results in reduced production of nitric oxide (NO) and hydrogen 157 
sulfide (H2S), two gasotransmitters that maintain healthy vascular function. Impaired EC 158 
function promotes vasoconstriction, platelet aggregation and the accumulation of oxi- 159 
dised low-density lipoproteins (LDL) in the vessel wall. Monocytes attracted to the in- 160 
flamed vessel wall differentiate into macrophages, which engulf large amounts of LDL 161 
particles and become foam cells to form the fatty streaks typical of early atherosclerotic 162 
lesions. Foam cells undergo apoptosis and form a lipid core within the vessel wall, exac- 163 
erbating inflammation. The VSMC composing the media layer of vessels are highly plas- 164 
tic. Upon chronic inflammation, VSMCs switch to a “synthetic” phenotype, characterized 165 
by a loss of contractile markers. Recent lineage-tracing studies revealed that VSMC dedif- 166 
ferentiate into intermediate multipotent cell type, often referred to mesenchymal stem 167 
cells (MSC). These cells may give rise to adipocytes, myofibroblasts, macrophage-like cells 168 
and fibro/osteochondrogenic cells [26-29]. Of note, VSMC-derived macrophages perform 169 
nonprofessional phagocytosis and contribute to the population of foam cells in atheroscle- 170 
rotic plaques [30, 31]. Altogether, proliferating immune cells and reprogrammed VSMC 171 
promote matrix remodeling and the development of a fibrous cap overlying the lipid core.  172 

Overall, atherosclerosis is driven by dyslipidemia and vascular chronic inflammation 173 
[29, 32]. Macrophages are the primary immune cells involved in atherosclerosis, but over 174 
the years evidence has accumulated of a coordinated inflammatory immune response in- 175 
volving T- and B- lymphocytes into the progression of atherosclerotic plaques[29]. It 176 
should also be noted that all the cell types found atheromatous plaques can secrete pro- 177 
inflammatory cytokines, such as interleukin-1 (IL-1) and tumor necrosis factors alpha 178 
(TNFα) and chemokine monocyte chemoattractant protein-1 (MCP-1/CCL2). Activated T- 179 
helper 1 (TH1) lymphocytes produce interferon gamma (IFNγ), which promotes phagocy- 180 
tosis and formation of foam cells. B2 lymphocytes also secrete mediators that can aggra- 181 
vate atherogenesis. In contrast, other immune cells including M2 macrophages, B1 lym- 182 
phocytes and TH2 lymphocytes can produce anti-inflammatory mediators to alleviate in- 183 
flammation [29, 32]. In addition, activated EC secrete lipid-derived pro-inflammatory 184 
molecules called eicosanoids, including prostaglandins, leukotrienes, and thromboxanes, 185 
which also play a major role of the pathophysiology of atherosclerosis [33, 34].  186 

Despite decades of research and although dyslipidemia and inflammation are known 187 
to be the major pathophysiological features leading to atherosclerosis, the exact pathways 188 
and mechanisms remain to be elucidated.  189 

3.2.  Vascular medial calcification 190 
PAD is commonly described as an atherosclerotic disease. However, for lower limb 191 

artery disease, recent clinical data suggest that we underestimated the role of medial ar- 192 
terial calcification in PAD (recently reviewed in detail in [35, 36]). Thus, the aetiology of 193 
PAD, particularly in the arteries below the knee, may differ from that of the coronary and 194 
femoral arteries.  195 

Two types of vascular calcification exist, intimal calcification (VIC) and medial calci- 196 
fication (VMC), also referred to as medial arterial calcification (MAC)[35, 36]. VIC is a 197 
common feature of advanced atherosclerotic lesions and a risk factor for rupture. In con- 198 
trast, VMC/MAC develops independently of atherosclerosis, but is a common feature of 199 
arterial disease associated with aging [37]. It is found in up to 40% of patients with ad- 200 
vanced chronic kidney disease [38-41], and histological studies show that up to 70% of 201 
occluded arteries below the knee feature VMC and intimal thickening, but no 202 
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atherosclerotic lesions [42]. In their recent study, Jadidi et al. used machine learning to 203 
identify age, creatinine, body mass index, coronary artery disease and hypertension as the 204 
strongest predictors of calcification. They further confirmed that distal vessel segments 205 
(iliofemoral vs aortic) calcify first. In this study of an American cohort, they estimated that 206 
up to 80% of people had VMC by the age of 40 [37]. 207 

VMC is characterised by the accumulation of calcium (Ca2+) phosphate and the for- 208 
mation of hydroxyapatite crystals, leading to hardening of the medial layer[39]. It is par- 209 
ticularly prevalent in patients with chronic kidney disease, especially diabetic patients, 210 
due to impaired phosphate homeostasis [36, 40, 41]. Different stages/severities of arterial 211 
calcification have been described by histopathologists, ranging from punctate to nodular 212 
calcification, and finally bone formation [35]. 213 

VIC in atherosclerosis lesion is well characterized. It is due to ectopic vascular osteo- 214 
genesis via phenotypic reprogramming of contractile medial VSMC into synthetic mesen- 215 
chymal VSMC, which then differentiate into osteochondrogenic VSMC, leading to bone 216 
formation[36]. VMC in lower limb arteries has not been so well studied. The presence of 217 
osteogenesis vs. hydroxyapatite deposition and their respective contribution to VMC in 218 
PAD and CLTI patients remain unknown, and may differ depending on the vascular 219 
bed[39-41]. VMC increases the risk of complications during vascular interventions and 220 
worsens their outcomes [35, 36, 43]. Further work is required to define the process under- 221 
lying medial calcification in absence of atherosclerosis, evaluate its impact on PAD and 222 
CLTI, and eventually target it for treatment. 223 

3.3.  Microvascular dysfunction 224 
PAD is usually recognized as a macrovascular disease. However, several recent stud- 225 

ies indicate that artery occlusion in PAD is often accompanied by microvascular disease. 226 
Microvascular dysfunction (MVD) refers to the impairment of capillary function and 227 
number. Usually, peripheral microvascular endothelial function is evaluated using laser 228 
speckle contrast imaging, which allows to assess cutaneous microcirculation. The inci- 229 
dence of MVD is particularly high in diabetic patients. Thus, 20 to 30% of PAD patients, 230 
and up to 70% of CLTI patients have diabetes [10]. Of note, diabetic patients have a 5-fold 231 
increased risk of developing CLTI, and diabetic CLTI patients have up to five-fold more 232 
incidence of adverse outcomes and amputations [9, 10, 44]. Given the strong association 233 
between diabetes complications and MVD, clinical studies also tend to define MVD as the 234 
presence of nephropathy, retinopathy, or neuropathy. Clinical studies revealed a strong 235 
association between MVD and risk of heart failure in diabetic patients, independently of 236 
traditional heart failure risk factors including coronary artery disease [45-47]. MVD is also 237 
a common phenomenon in PAD patients, which feature impaired cutaneous microcircu- 238 
lation throughout the progression of PAD, often leading to reduced capillary density in 239 
CLTI patients. In PAD patients, MVD can contribute to the progression of the disease and 240 
the development of complications such as ischemic pain, tissue hypoxia, and impaired 241 
wound healing [10]. A recent study also found a positive correlation between microvas- 242 
cular endothelial function and impaired cognitive performance in PAD patients [48]. 243 
MVD can also worsen the outcome of surgical procedures as it reduces the ability of the 244 
blood vessels to respond to the increased blood flow after revascularization, which im- 245 
pairs healing, leading to a higher risk of complications.  246 

Additionally, recent studies suggest that MVD may be used to assess PAD severity. 247 
In a recent meta-analysis, the Chronic Kidney Disease Prognosis discovered that albumi- 248 
nuria, a marker of nephropathy, strongly correlates with the incidence of amputation [49]. 249 
This study advocates that even at mild-to-moderate stages, chronic kidney disease and 250 
MVD may be a major risk factor for PAD. In a similar study, a stronger association was 251 
found between retinopathy and the incidence of PAD/CLTI, than between coronary heart 252 
disease or stroke and PAD/CLTI [50]. 253 

Mechanistically, MVD is not due to the formation of atherosclerosis plaque and/or 254 
occlusion of vessels. MVD is due to endothelial cell apoptosis and progressive loss of 255 
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capillaries, which plays a major role in the development and progression of diabetic com- 256 
plications (diabetic retinopathy, nephropathy, and neuropathy). Patients with familial hy- 257 
percholesterolemia also feature impaired endothelial-dependent vasodilatation [51].  258 

Overall, microvascular dysfunction contributes to PAD, but is seldom considered in 259 
diagnostic and therapeutic approaches. There is currently no specific therapy for micro- 260 
vascular dysfunction. However, the good news is that current PAD therapeutic strategies 261 
focused on optimizing risk factors (management of diabetes, and hypercholesterolemia), 262 
and lifestyle modifications (physical exercise, smoking cessation, and weight loss), im- 263 
prove vascular fitness, including microvascular function. For instance, a number of clini- 264 
cal studies demonstrated that exercise promotes microvascular function in disease states 265 
[52-56]. Although solid evidence is still lacking, statins may also provide benefits on en- 266 
dothelial function and against MVD [57, 58]. Pre-clinical studies also showed that anti- 267 
diabetic therapies, metformin especially, may preserve/restore endothelium function [59- 268 
62]. Understanding the mechanisms underlying microvascular dysfunction in PAD pa- 269 
tients and finding new treatments and therapeutics targeting microvascular dysfunction 270 
specifically may help reduce symptoms and improve quality of life. 271 

Overall, PAD is due to a combination of macrovascular atherosclerosis and calcifica- 272 
tion, associated with a rarefying microvasculature, leading to impaired vascular function 273 
and a complex inter-individual response to treatment and revascularisation interventions. 274 

3.4.  Intimal hyperplasia: the unmet challenge of post-operative PAD management 275 
Bypass surgery and endovascular revascularisation, which includes angioplasty, 276 

stenting and atherectomy, are recommended for patients with lifestyle-limiting claudica- 277 
tion who do not respond to medical and/or exercise therapy. Unfortunately, the vascular 278 
trauma associated with surgical revascularisation eventually leads to secondary occlusion 279 
of the injured vessel, a process called restenosis. For open surgical procedures such as 280 
bypass and endarterectomy, the rate of restenosis at 1 year ranges from 20 to 30% [63]. For 281 
endovascular approaches, the rate of re-occlusion after balloon angioplasty and stenting 282 
ranges from 30 to 60% depending on the location [64]. Restenosis has various causes, such 283 
as secondary growth of atherosclerotic lesions or inward remodelling. However, the most 284 
common cause is intimal hyperplasia (IH). IH is a well-known complication of all types 285 
of vascular surgery. The progressive growth of the neointimal layer causes both outward 286 
and inward remodelling of the vessel wall, resulting in luminal narrowing and ultimately 287 
impaired perfusion of downstream organs. 288 

IH begins as a physiological healing response to injury to the blood vessel wall [65, 289 
66]. Like atherosclerosis, IH is initiated by EC injury, which promotes vasoconstriction, 290 
platelet aggregation and recruitment/activation of resident and circulating inflammatory 291 
cells. Inflammation leads to the reprogramming of VSMC and fibroblasts into proliferat- 292 
ing and migrating cells that form a neointimal layer between the intima and the internal 293 
elastic lamina. This new layer is mainly composed of VSMC-derived cells expressing var- 294 
ious markers of mesenchymal (stemness) or osteochondrogenic phenotype and secreting 295 
abundant ECM [66-68]. 296 

All current strategies to limit IH, such as paclitaxel and sirolimus, target cell prolif- 297 
eration. Paclitaxel is a chemotherapeutic agent that stabilises microtubules, thereby pre- 298 
venting mitosis. High doses or prolonged exposure to paclitaxel can also lead to apoptotic 299 
cell death [69]. Sirolimus inhibits the mammalian target of rapamycin (mTOR), a master 300 
regulator of cell growth and metabolism [67]. However, targeting cell proliferation to re- 301 
duce IH also impairs re-endothelialisation. Endothelial repair is critical to limit inflamma- 302 
tion, remodelling and IH. Poor endothelial repair also prolongs the need for antithrom- 303 
botic therapy.  304 

The increasing number of PAD and CLTI patients in need of surgical vascular repair, 305 
combined with difficult long-term pharmacological and surgical management, calls for 306 
novel therapies to promote endothelial repair while inhibiting VSMC phenotypic switch, 307 
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fibrosis, and vascular medial calcification. The gaseous vasodilator molecule hydrogen 308 
sulfide (H2S) has interesting properties in this respect. 309 

4.  Hydrogen Sulfide 310 
H2S is a colourless, water-soluble, flammable, and highly toxic gas with a distinctive 311 

rotten-egg odour. In the last few years, H2S has been recognised as a novel gasotransmit- 312 
ter, not unlike NO and carbon monoxide (CO) [70]. 313 

Under physiological conditions (pH 7.4), H2S is mostly present as HS-. It acts as a 314 
reductant and undergoes a complex oxidation reaction to thiosulfate, sulfenic acids, per- 315 
sulfides, polysulfides and sulfate [71]. These oxidative products trigger post-translational 316 
modification of proteins by S-sulfhydration, also known as persulfidation, a chemical re- 317 
action that forms a persulfide group (R-SSH) on reactive cysteine residues [72]. For per- 318 
sulfidation to occur, cysteine residues or H2S must first be oxidised, for example in the 319 
form of polysulfides H2Sn. H2S and other forms of sulfide contribute to the homeostasis 320 
of numerous systems, including the cardiovascular, neuronal, gastrointestinal, respira- 321 
tory, renal, hepatic, and reproductive systems [70]. A few high-throughput studies on the 322 
conversion of protein cysteinyl thiols (-SH) to persulfides (-SSH) showed extensive per- 323 
sulfidation of cysteine residues in response to H2S in different experimental designs [71, 324 
73-77]. 325 

4.1.  Endogenous H2S production  326 
H2S is involved in many physiological and pathological processes [70]. In this section, 327 

we will introduce the biosynthesis of endogenous H2S and the regulation of H2S in mam- 328 
malian tissues.  329 

Endogenous H2S production in mammals results from the oxidation of the sulfur- 330 
containing amino acids cysteine and homocysteine via the reverse ''transsulfuration'' 331 
pathway. H2S is produced by two pyridoxal 5'-phosphate (PLP)-dependent enzymes, 332 
cystathionine γ-lyase (CSE) and cystathionine β-synthase (CBS). CBS catalyses the for- 333 
mation of cystathionine from homocysteine, which is subsequently converted to cysteine 334 
by CSE. Two other PLP-independent enzymes, 3-mercaptopyruvate sulphurtransferase 335 
(3-MST) and cysteine aminotransferase (CAT), generate sulfur, which is further processed 336 
to H2S. CAT converts L-cysteine to 3-mercaptopyruvate (3MP), which is converted to py- 337 
ruvate and H2S by 3-MST in the presence of thioredoxin [78]. It should be noted that 3- 338 
MST mainly synthesises H2S in the mitochondria (Scheme 1). 339 

Other mitochondrial enzymes such as persulfide dioxygenase (ETHE1), sulfide-qui- 340 
none oxidoreductase (SQR), rhodanese (TST) and sulfite oxidase (SUOX) catalyse H2S ox- 341 
idation to the metabolic end products sulfate and thiosulfate [79]. Moreover, cysteinyl- 342 
tRNA synthetase (CARS and CARS2) can synthesise CysSSH and cyshydropolysulfides 343 
(CysSnH), which can be further reduced to H2S [80] (Scheme 1). 344 
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 345 
Scheme 1. Endogenous H2S production. L-cysteine and homocysteine are the essential substrates 346 
for H2S generation by CBS and CSE in the cytosol. In the mitochondria, CAT metabolizes L-cyste- 347 
ine to 3-MP, which is uded by 3MST to release H2S and pyruvate. SQR oxidises H2S to hydroper- 348 
sulfides (R-SSH), which are then oxidised by ETHE1 in thiosulfate (SO32-). SO32- can be oxidised to 349 
sulfate (SO42-) by SUOX or S2O32- by TST. SQR enhances the activity of the complex 2 of the elec- 350 
tron transport chain. Moreover, CARS1 and 2 enzymes reconstitute Cys-SSH, which can be re- 351 
duced to release H2S.  352 

H2S: Hydrogen sulfide; CBS: cystathionine β-synthase; CSE: cystathionine γ-lyase; CAT: cysteine 353 
aminotransferase; 3-MP: 3-mercaptopyruvate; 3-MST: 3-mercaptopyruvate sulphurtransferase; 354 
SQR: Sulfide-quinone oxidoreductase; ETHE1: ethylmalonic encephalopathy 1 protein; SUOX: 355 
sulfite oxidase; TST: rhodanese; CARS1 and 2: cyteinyl-tRNA 1 and 2; GSH: Gluthathione; 356 
CysSSH: Cysteine hydropersulfide; CysSH: Cysteine  357 

 358 
Although the enzymes and pathways responsible for endogenous H2S production are 359 

well understood, little is known about their relative contributions to circulating and tissu- 360 
lar H2S and sulfane sulfur levels (e.g. polysulfides, persulfides, thiosulfate). Accumulating 361 
evidence indicates that the enzymes involved in H2S production are often dysregulated in 362 
pathophysiologic conditions, leading to altered endogenous H2S production. All the evi- 363 
dence will not be listed here but we refer the reader to the extensive review by G. Cirino, 364 
C. Szabo and A. Papapetropoulos for a detailed account of the role, cellular distribution, 365 
and regulation of CSE, CBS, and 3-MST in mammalian tissues [70]. 366 

Briefly, the basal expression of CBS had been reported to be controlled by several 367 
transcription factors, including specificity protein (SP) 1 and 3, nuclear transcription factor- 368 
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Y, and upstream transcription factor-1 (USF-1) [70]. CBS is mainly expressed in the central 369 
nervous system, the liver, and the pancreas, but is also found in most other system, includ- 370 
ing the cardiovascular system. It has been mostly reported as a cytosolic enzyme, although 371 
CBS is also found in the mitochondria. CSE is a cytosolic and mitochondrial enzyme highly 372 
expressed in the liver and kidney. In the cardiovascular system, it is mainly expressed in 373 
the endothelial cells lining the vessels [70]. In EC, CSE expression has been shown to be 374 
under the control of the activating transcription factor 4 (ATF4), which is selectively in- 375 
duced via the eukaryotic initiation factor 2 alpha (eIF2α) in response to various stresses 376 
such as ER-stress or amino acid restriction [81]. S. Bibli et al. recently demonstrated that 377 
CSE expression in EC is negatively regulated by shear stress, as opposed to eNOS in the 378 
mouse aorta [82]. This is in line with a previous study showing that only disturbed flow 379 
regions show discernable CSE protein expression after carotid artery ligation in the mouse 380 
[83]. Oxidative stress (H2O2) enhances cellular H2S production through the promotion of 381 
CSE activity {Wang, 2021 #226}. 3-MST is expressed both in the mitochondria and cytosol, 382 
although most studies focus on the mitochondrial role of 3-MST [70]. 3-MST is found in 383 
most mammalian cells and tissues. Still, 3-MST expression varies between organs. 3-MST 384 
is most abundantly expressed in the liver, kidney, testes, and brain, and 3-MST expression 385 
is lowest in the spleen, thymus, lungs, and gut. Smoking, endurance exercise training, ge- 386 
netic defects and down syndrome have been reported to induce 3-MST expression in var- 387 
ious models [70].  388 

Additional sources of H2S and related sulfur species also contribute to sulfur biology. 389 
In the gastrointestinal tract, anaerobic bacterial strains such as E. coli, S. enterica, Clos- 390 
tridia and E. aerogenes all convert cysteine to H2S, pyruvate and ammonia by means of 391 
cysteine desulfurases. These cysteine desulfurases are also involved in the formation of a 392 
protein-bound cysteine persulfide intermediate, which leads to the conversion of L-cyste- 393 
ine to L-alanine and sulfane sulfur [84].  394 

In addition to this enzymatic production, there are several non-enzymatic pathways. 395 
Commensal bacteria use sulfite reductases to reduce sulfate or other organic oxidised sul- 396 
fur compounds, resulting in the formation of H2S [85, 86]. Several studies have associated 397 
these sulfate reducing bacteria (SRB) with inflammation, inflammatory bowel syndrome 398 
and colorectal disease [87]. SRB colonise the intestines of ~50% of humans [86-88].  399 

4.2.  Vascular properties of H2S and benefits in the context of peripheral arterial disease (PAD 400 
and CLTI) 401 

H2S participates in the homeostasis of many organs and systems. In the cardiovascu- 402 
lar system, H2S mostly has beneficial effects, and protects against vascular diseases 403 
through several processes, including the attenuation of oxidative stress and inflammation, 404 
improving EC function and NO production and vasodilation, as well as the preservation 405 
of mitochondrial function [70]. CSE expression and activity, as well as free circulating H2S, 406 
are reduced in human suffering from vascular occlusive diseases [89, 90]. It was also re- 407 
cently demonstrated that, in patient undergoing vascular surgery, higher circulating H2S 408 
levels were associated with long-term survival [91], suggesting low H2S production as a 409 
risk-factor for cardiovascular diseases. In the following sections, we will focus on the role 410 
of H2S in the vascular system and H2S properties relevant to vascular conditions. 411 

4.2.1.   H2S is a potent vasodilator. 412 
H2S is commonly known as a vasodilator [92]. One of the first report came from Ho- 413 

soki et al. in 1997, showing that H2S promoted NO-induced VSMC relaxation in rat tho- 414 
racic aorta [93]. Then, numerous studied showed that H2S decreases blood pressure in 415 
spontaneously hypertensive rats (SHRs) [94-96] and salt-sensitive hypertension in Dahl 416 
rats [97].  417 

Mechanistically, H2S triggers endothelium-independent vasorelaxation by persulfi- 418 
dation/activation the KATP channel complex, specifically the regulatory sulfonylurea 419 
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receptor subunit 1 and the pore-forming subunit Kir6.1 in VSMC (reviewed in [92, 98]). 420 
Activation of the KATP channel and K+ export results in VSMC hyperpolarisation and inhi- 421 
bition of voltage-dependent Ca2+ channels (VDCC), reduced [Ca2+]i and relaxation [98]. 422 
H2S may also directly inhibit VDCC in VSMC [99, 100]. In EC, H2S activates Ca2+ influx 423 
through TRPV4 [101], which in turn: i) increase eNOS expression/activity and NO pro- 424 
duction and VSMC vasodilation [102, 103]; ii) increase PLA2-mediated formation of ara- 425 
chidonic acid metabolites and VSMC relaxation; iii) stimulates the large-conductance Ca2+- 426 
activated potassium channels (BKCa), leading to EC hyperpolarisation and subsequent hy- 427 
perpolarization of adjacent VSMC, closure of VDCC and relaxation [98]. In VSMC, H2S 428 
may also enhance Ca2+ spark-induced BKCa activation and relaxation [98]. Elevation in in- 429 
tracellular Ca2+ level in EC also leads to the activation of calmodulin, which in turn acti- 430 
vates CSE to produce more H2S [99]. In addition, H2S promotes NO-dependent relaxation 431 
via enhanced eNOS activity due to persulfidation of Cys443 [71] (Scheme 2).  432 

 433 
Scheme 2. H2S and vasodilation. In VSMC, H2S induces vasodilation mainly via persulfida- 434 
tion/opening of the KATP channels, leading to hyperpolarisation, closing of VDCC and VSMC relax- 435 
ation. Moreover, persulfidation of eNOS in EC will allow the production of NO, which will cause 436 
sGC/GMP-dependant vasodilation. H2S also promotes TRPV4-mediated Ca2+-influx in EC, which 437 
enhances eNOS/NO expression/production, PLA-2-dependant production of arachidonic-acid 438 
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metabolites, and CSE/H2S expression/production. Ca2+ entry also activates Ca2+-sensitive K+ chan- 439 
nels in EC, leading to EC hyperpolarization, which travels through myoendothelial gap junctions to 440 
hyperpolarize nearby VSMC. 441 

AA: arachidonic-acid; NO: nitric oxide; VSMC: vascular smooth muscle cells; eNOS: endothelial 442 
nitric oxide synthase; VDCC: voltage-dependant Ca2+ channels; PLA-2: phospholipase A-2; sGC: 443 
soluble guanylate cyclase; GMP: cyclic guanosine-3′,5′-monophosphate; PKG: protein kinase G; 444 
PDE5: Phosphodiesterase 5; EC: endothelial cell; CSE: cystathionine γ-lyase; KATP: ATP-sensitive 445 
potassium channel. TRPV4: transient receptor potential vanilloid 4. 446 

 447 
Although H2S is usually described as a vasodilator gasotransmitter, recent studies 448 

demonstrated that H2S can have both vasorelaxation and vasoconstriction effects. While 449 
concentrations of NaHS in the µM range induced vessels vasodilation [104], NaHS con- 450 
centrations in the pico-nanoM range may stimulate contraction of VSMC [105] and rat 451 
coronary artery [106]. However, it should be noted that H2S alone does not trigger vaso- 452 
constriction, but only promotes constriction of precontracted vessels, enhancing the al- 453 
ready existing tone. Enhanced vasoconstriction seems mediated by activation of Na+, 454 
K+,2Cl- cotransport and Ca2+ influx via VDCC [105]. H2S may also act via scavenging of 455 
NO [107]. This highlights the complexity of H2S contribution to the regulation of arterial 456 
blood pressure. Additionally, H2S may differentially act on the vascular tone depending 457 
on the arterial bed (carotid vs. mesenteric artery), the vessel type and size (conduit vs. 458 
resistant; capillary vs larger vessels) (for full review see [70, 92, 108]).  459 

Overall, and although H2S is a potent vasodilator, very little is known about the role 460 
of CSE, CBS and 3MST-mediated H2S production in the regulation of blood pressure in 461 
physiologic and pathophysiologic conditions. Of note, the expression of H2S biosynthetic 462 
enzyme and substrate-dependent H2S production are decreased in humans with hyper- 463 
tension [109, 110]. In addition, hypertensive patients with decreased endogenous H2S 464 
level have been shown to display microvascular endothelial dysfunction and impaired 465 
endothelium-dependent vasorelaxation [109]. Furthermore, the H2S precursor N-acetyl- 466 
cysteine (NAC) decreased systolic and diastolic blood pressures in a clinical trial with 126 467 
hypertensive patients [111]. It was also recently shown than a 6-week antihypertensive 468 
treatment with the sulfhydryl-donating ACE-inhibitor Captopril improved cutaneous mi- 469 
crovascular endothelium-dependent vasodilation in middle-aged adults with hyperten- 470 
sion [112]. This evidence indicate that H2S deficiency probably contributes to the develop- 471 
ment of hypertension and that H2S-based therapies may be of use for treatment of hyper- 472 
tension.  473 

4.2.2.  H2S protects against atherosclerosis 474 
Atherosclerosis is a chronic progressive inflammatory disease. It is characterised by 475 

the accumulation of cholesterol-rich fatty deposits in the arterial tree. This disease in- 476 
volves numerous pathophysiological processes. These include EC dysfunction, vascular 477 
inflammation and lipoprotein accumulation, and VMSC proliferation and migration. (see 478 
Section 3.1).  479 

Impaired H2S production in CSE-/- mice promotes atherosclerosis [113, 114]. In con- 480 
trast, the H2S donors NaHS [114-116] and GYY4137 [117] reduce the extent of vascular 481 
lesions in ApoE-/- mice under high fat diet. S-aspirin (ACS14), a H2S-releasing form of as- 482 
pirin, also protects ApoE-/- mice against atherosclerosis [118]. 483 

H2S has been shown to protect against atherosclerosis mostly via anti-inflammatory 484 
(for full review see [119]) and antioxidant effects (Scheme 3). H2S possibly reduces inflam- 485 
mation mainly via inhibition of nuclear factor kappa B (NF-κB) [113, 117, 120, 121]. NF-κB 486 
is a master regulator of pro-inflammatory genes, including cytokines and cell adhesion 487 
molecules. NaHS inhibits NF-κB activity via persulfidation/stabilization of IκB [122], 488 
which prevents NF-κB (p65) translocation to the nucleus [123]. In EC, inhibition of NF-κB 489 
leads to decreased expression of adhesion molecule VCAM and ICAM, thereby limiting 490 
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recruitment of leukocyte to the aortic wall [113, 117, 121, 124]. NF-κB inhibition also de- 491 
creases production of pro-inflammatory cytokines and chemokines, including TNF-α, IL- 492 
1β, IL-6, and CCL2 [121, 125, 126]. In macrophages, H2S-mediated PPARγ inhibition also 493 
inhibit CX3CR1 and CX3CL1 expression in the context of atherosclerosis in ApoE-/- mice 494 
[118]. H2S also inhibits TNF-α expression in EC in a model high glucose-induced vascular 495 
inflammation [127].  496 

 497 
Scheme 3. Anti-atherosclerotic effects of H2S. H2S persulfides/stabilize IκB, which prevent nucleus 498 
translocation of NFκB, leading to decreased production of pro-inflammatory genes. H2S also per- 499 
sulfides Keap1, leading to the translocation of Nrf2 in the nucleus and overexpression of antioxidant 500 
factors. This leads to reduced expression of adhesion molecules (ICAM, VCAM, P-selectin) in EC, 501 
thereby reducing monocyte adhesion and infiltration. In EC, H2S also promotes eNOS/NO, which 502 
inhibits pro-inflammatory signals. In macrophages, NFκB inhibition and Nrf2 activation favours the 503 
M2 phenotype. Moreover, H2S prevents lipid peroxidation, leading to decreased LDL oxidation and 504 
formation of foam cells. 505 

ICAM: Intercellular Adhesion Molecule 1; VCAM: vascular cell adhesion molecule1 ; IκB: Inhibi- 506 
tory kinase of NFκB; NFκB : Nuclear factor kappa B; COX2: cyclooxygenase-2; PGE2: Prostaglan- 507 
din E2; NRF2: nuclear factor erythroid 2–related factor 2; Keap1: Kelch-like ECH-associated pro- 508 
tein 1; LDL: low-density lipoprotein; LDLox: oxidised LDL; M1: Type 1 macrophages; M2: Type 2 509 
macrophages; ROS: reactive oxygen species. 510 

In addition, H2S was reported to inhibit leukocyte adherence (ICAM-1 and P-selectin) 511 
to the endothelium via activation of ATP-sensitive K+ channels between EC and mono- 512 
cytes [128]. Moreover, S-sulfhydration of human antigen R (on Cys13) by CSE-derived 513 
H2S prevents its homodimerization and activity, which attenuates the expression of target 514 
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proteins such as CD62E and cathepsin S, which are linked to EC activation and athero- 515 
sclerosis [75]. Exogenous H2S also promotes macrophage migration and shift toward the 516 
M2, pro-resolution phenotype [129-131]. However, further studies are required to identify 517 
whether H2S has a direct effect on macrophage state. Moreover, the fact that H2S stimu- 518 
lates eNOS activity and NO production in EC has been shown to contribute to its anti- 519 
inflammatory effect in the context of atherosclerosis [113, 132]. The anti-inflammatory 520 
property of H2S may also involve inhibition of cyclooxygenase (COX2) expression and 521 
secretion of prostaglandin PGE2, which stimulates the secretion of pro-inflammatory cy- 522 
tokines and monocyte adhesion to EC [133]. H2S has also been proposed to protect EC 523 
from inflammation by inhibiting the inflammasome (NLRP3) in atherosclerotic conditions 524 
[134].  525 

H2S also protects against atherosclerosis via antioxidant effects (Scheme 3). Excessive 526 
production of reactive oxygen species (ROS), such as superoxide anions O2-, H2O2, and 527 
NO, leads to cellular and molecular damages. Oxidative stress is linked to the inflamma- 528 
tory process and contributes to the progression of PAD [135]. H2S is an antioxidant that 529 
can directly reduce ROS. Thus, NaHS protects myocytes and contractile activity by scav- 530 
enging oxygen-free radical (O2-, H2O2), thereby decreasing lipid peroxidation [136]. In the 531 
context of atherosclerosis, NaHS was shown to reduce O2- formation [115]. H2S also pre- 532 
vents LDL oxidation and formation of oxidised LDL particles (ox-LDL), resulting in re- 533 
duced foam cell formation [137, 138]. Interestingly, ox-LDL triggers the hypermethylation 534 
of the CSE promoter, thus decreasing CSE expression and H2S production in murine mac- 535 
rophages [121, 139]. Mitochondrial respiration is a major source of ROS [140, 141] and H2S 536 
binds the copper center of cytochrome c oxidase (complex IV), thereby inhibiting respira- 537 
tion and limiting ROS production [142]. 538 

H2S also upregulates antioxidant defences, in particular the nuclear factor erythroid 539 
2-related factor 2 (NRF2) pathway (reviewed in [143]) (Scheme 3). Nrf2 is a major tran- 540 
scription factor that regulates antioxidant genes including heme oxygenase 1 (HO-1), thi- 541 
oredoxin-1 (Trx-1) and glutathione peroxidase (GPx). H2S promotes NRF2 activity via per- 542 
sulfidation of Keap-1 on Cys131, leading to dissociation of the cytosolic Keap1-Nrf2 com- 543 
plex, and nuclear translocation of Nrf2 to induces the expression of its target genes. Thus, 544 
the H2S donor GYY4137 mitigates diabetes-accelerated atherosclerosis via improved Nrf2 545 
activation in Ldlr-/- mice, which induces HO-1 expression and reduces superoxide for- 546 
mation [144]. Exogenous H2S might protect arterial endothelial cells through antioxidant 547 
proprieties by activating Nrf2 pathways [145]. H2S also increases glutathione (GSH) pro- 548 
duction via modulation of the transulfuration pathway. GSH is an antioxidant that pro- 549 
tects cells by reducing ROS. H2S interaction with GSH has been studied in detail in the 550 
central nervous system, where GSH plays a major role in maintaining the homeostasis 551 
between antioxidant and ROS production (reviewed in detail in [146]). In the vascular 552 
system, H2S persulfidates the glutathione peroxidase 1, which promotes GSH synthesis 553 
and results in decreased lipid peroxidation in the aortic wall in the context of atheroscle- 554 
rosis [147]. H2S also stimulates Trx-1 expression, via silencing the expression of inhibitory 555 
protein Trx-interacting protein (TXNIP) [148-151]. Trx-1 is instrumental in the cardiopro- 556 
tective effects of H2S against ischemia-induced heart failure [150]. Trx-1 has atheroprotec- 557 
tive effects via suppression of NLRP3 expression in macrophages after ox-LDL stimula- 558 
tion [152]. Trx-1 also promotes the M2 pro-resolutive macrophages state in ApoE-/- mice 559 
[153]. Trx-1 also suppresses Nox4 activity and ROS production in HUVEC exposed to ox- 560 
LDL [154]. 561 

H2S biosynthesis also occurs in adipocytes. Increased adiposity-enhanced oxidative 562 
stress and obesity-related low grade adipose tissue inflammation play a crucial role in the 563 
development of atherosclerosis [155]. The perivascular adipose tissue (PVAT) in particu- 564 
lar, has been proposed to contribute to cardiovascular pathogenesis by promoting ROS 565 
generation and inflammation. The PVAT is the fourth outer layer of vessels surrounding 566 
the vasculature, which has emerged as an active modulator of vascular homeostasis and 567 
pathogenesis of cardiovascular diseases [156, 157]. The adipose tissue is a very active 568 
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endocrine tissue, secreting a variety of adipokines, including leptin and adiponectin, and 569 
pro- inflammatory cytokines such as TNFα IL-1β and IL-6. Leptin has been found to pro- 570 
mote atherosclerosis, whereas adiponectin has been shown to have anti-inflammatory and 571 
anti-atherogenic effects [158-160]. H2S could reduce atherosclerosis by the inhibition of 572 
adipogenesis [161]. H2S deficiency may affect the process of adipocyte maturation and 573 
lipid accumulation. 3-MST knockdown also facilitated adipocytic differentiation and lipid 574 
uptake. 3-MST/H2S system plays a tonic role in suppressing lipid accumulation and lim- 575 
iting the differentiation of adipocytes [162].  576 

Overall, H2S has been found to be cytoprotective in oxidative stress in a wide range 577 
of physiologic and pathologic conditions.  578 

4.2.3.   H2S protects against vascular calcification 579 
First and foremost, H2S can protect from arterial calcification indirectly. As stated in 580 

sections 3.2, chronic kidney disease and diabetes mellitus are the leading causes of vascular 581 
calcification (VC). H2S has been shown to provide benefits against both pathologies. These 582 
will be not discussed in this review due to space constraints. Readers interested in a more 583 
in-depth analysis of the benefits of H2S against diabetes are referred to other reviews [163, 584 
164]. H2S has been shown to decrease blood glucose, atherosclerosis, and diabetic cardio- 585 
myopathy in the context of diabetes in pre-clinical models [165, 166]. H2S also provides 586 
renal protection against various injury, including models of diabetic nephropathy [167]. 587 
Below we detail the studies directly measuring the impact of H2S on the process of VC in 588 
various experimental in vitro and in vivo models (Scheme 4). 589 
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 590 
Scheme 4. H2S and its effects on vascular calcification. In VSMC, H2S inhibits STAT3 and cathepsin 591 
S, which will stop the elastin degradation and improves the resolution of vascular calcification. 592 
Moreover, H2S increases the production of antioxidant genes Nrf2, which inhibits vascular calcifi- 593 
cation. Vascular calcification is also reduced by the inhibition of ER-stress by H2S. 594 

STAT3: Signal transducer and activator of transcription 3; ER-stress: Endoplasmic reticulum- 595 
stress; Nrf2: nuclear factor erythroid 2–related factor 2; Cbfα1: core-binding factor alpha1; VSMC: 596 
vascular smooth muscle cells. 597 

VC is an accumulation of Ca2+ and inorganic phosphate (Pi) in arteries with mineral 598 
deposits in the intimal or medial layer of the vessel wall [168, 169]. VC formation is a 599 
complex, controlled molecular process involving the differentiation of macrophages and 600 
vascular smooth muscle cells (VSMC) into osteoclast-like cells, like that which occurs in 601 
bone formation [170, 171] (see section 3.2). In recent years, H2S supplementation has been 602 
shown to lessen VC. In this section, we discussed these studies and their molecular insight 603 
into the potential mechanisms underlying the benefits of H2S on VC (Scheme 4).  604 



Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 16 of 34 
 

 

Using a model of VC by administration of vitamin D3 plus nicotine (VDN), it was 605 
shown in rats that CSE expression is downregulated in the context of VC, and that treat- 606 
ment with H2S donors NaHS [172] or AP39 [173] lessen VC in that model. Similarly, exog- 607 
enous NaHS treatment also restored CSE activity and expression, inhibited aortic osteo- 608 
genic transformation in a rat model of diabetic nephropathy [163]. NaHS also limit Ca2+ 609 
deposition in VSMC in in vitro models of calcification in cell culture [138, 174, 175].  610 

Mechanistically, H2S has been proposed to limit VC via reduced ER stress-induced 611 
VSMC phenotypic reprogramming [173]. H2S attenuates VSMC calcification induced by 612 
high levels of glucose and phosphate through upregulating elastin level via the inhibition 613 
of Stat3/Cathepsin S [175]. NaHS also significantly reduced Stat3 activation, cathepsin S 614 
activity in a rat model of diabetic nephropathy [163]. In another model of VSMC calcifica- 615 
tion induced by circulating calciprotein particles, H2S was shown to mitigate VC via acti- 616 
vation of the antioxidant factor Nrf2 [174]. Overall, H2S likely acts on several pathways 617 
improving VSMC identity to avert osteogenic transformation (Scheme 4). Of note, low 618 
plasma levels of H2S and decreased CSE enzyme activity were found in patients with 619 
chronic kidney disease receiving hemodialysis [138, 176], suggesting that low H2S may 620 
contribute to VC in patients.  621 

From a translational point of view, it should be mentioned that the FDA-approved 622 
H2S donor Sodium thiosulfate (STS) reduces periarticular calcification in a mouse model 623 
of osteoarthritis via its effects on chondrocyte mineralization [177]. STS is already used in 624 
the clinic to treat cyanide poisoning and to increase the solubility of Ca2+ for the treatment 625 
of acute calciphylaxis, a rare vascular complication of patients with end-stage renal dis- 626 
ease [178]. The phase III CALISTA trial of STS for acute calciphylaxis is ongoing 627 
(NCT03150420) and STS is also tested in a few clinical trials for the treatment of ectopic 628 
calcification (NCT03639779; NCT04251832; NCT02538939). Although STS has not been 629 
shown to reduce VC, it stands to reason that STS should be explored for the treatment of 630 
VC in the context of PAD.  631 

 632 

4.2.4.   H2S supports endothelial cell function 633 
With one simple monolayer, the endothelium regulates vascular tone, cell adhesion 634 

and vessel wall inflammation, and VSMC phenotype. Atherosclerosis and PAD preferen- 635 
tially develop at site of disturbed arterial flow leading to “endothelium activation”. As 636 
described in the previous sections, impaired EC-derived H2S contributes to inflammation 637 
and oxidative stress, leading to atherosclerosis. The ability of EC to proliferate and migrate 638 
to restore the endothelial barrier of the vessel is a key feature in wound healing, vascular 639 
repair, and the resolution of inflammation. In this section, we describe the effects of H2S 640 
in EC proliferation and migration, which constitute an interesting avenue of research to 641 
promote therapeutical angiogenesis for PAD patients (Scheme 5). The benefits of H2S on 642 
EC may also limit microvascular disease (MVD), which contributes to the severity of PAD 643 
(see Section 3.3).  644 

Preclinical studies have shown that H2S and polysulfites stimulate EC angiogenesis 645 
and arteriogenesis. Thus, H2S donors stimulate the growth, motility, and organisation of 646 
EC into a vascular structure in vitro [179]. Conversely, inhibition of H2S biosynthesis, ei- 647 
ther by pharmacological inhibitors or by silencing CSE, CBS or 3MST, reduces EC growth 648 
and migration in vitro [180, 181]. CSE-/- mice also show reduced vascular endothelial 649 
growth factor (VEGF)-induced sprouting angiogenesis in the mouse aortic ring assay ex 650 
vivo [182]. In ovo studies on chicken chorioallantoic membranes (CAM) treated with the 651 
CSE inhibitor PAG also indicate that CSE is important for vascular branching [182]. In 652 
vivo, there is no adequate PAD model. Most studies are conducted using the hindlimb 653 
ischemia (HLI) model, which can be applied to rodent and pigs alike. In this model, tran- 654 
section, or occlusion of the femoral or iliac artery leads to ALI. Recovery from ALI is then 655 
followed for 2 to 4 weeks via angiographic scores, return of hind limb blood flow, and 656 
capillary density in the gastrocnemius muscle. As such, the model allows for assessment 657 
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of arteriogenesis and angiogenesis-mediated neovascularization. Using this model, it was 658 
shown that whole body CSE-/- mice with impaired H2S production displayed impaired 659 
neovascularisation [114, 183]. Conversely, we recently showed that CSE overexpression 660 
in transgenic mice is sufficient to promote neovascularization following HLI [184]. Vari- 661 
ous H2S donors such as NaHS, GYY4137, ZYZ-803, a hybrid NO and H2S donor, were also 662 
shown to improve capillary density, angiographic scores, and hind limb blood flow in 663 
rodent models [179, 185, 186]. Fu et al. also reported that H2S-saturated water accelerates 664 
perfusion recovery through improved arteriogenesis in the abductor muscle and in- 665 
creased capillary density in the gastrocnemius muscle in the mouse [187]. Diallyl trisul- 666 
fide, S-allylcysteine (SAC) and S-propyl-L-cysteine, organosulfur compounds found in 667 
garlic, were also shown to improves blood flow recovery after HLI in mice in various 668 
context [188-193]. Rushing et al. also showed that SG1002, a H2S releasing pro-drug, in- 669 
creases leg revascularization and collateral vessel number after occlusion of the external 670 
iliac artery in the minipig [194]. We also recently showed that the H2S donor STS promotes 671 
EC proliferation and migration in vitro, and VEGF-induced angiogenesis in vivo. STS also 672 
accelerates neovascularization in the HLI model in WT and Ldlr-/- male mice [195]. 673 

Several mechanisms have been proposed to explain H2S-induced angiogenesis 674 
(Scheme 5). Most studies report that H2S promotes VEGF-driven sprouting angiogenesis. 675 
Thus, overexpression of CSE, CBS and 3-MST leads to an increase of VEGF expression and 676 
decrease anti-angiogenic factor endostatin [196]. Similarly, NaHS increases VEGF expres- 677 
sion, while reducing the levels of anti-angiogenic factors [197]. In EC, H2S induce the 678 
VEGF receptor VEGFR2 persulfidation, which facilitates dimerization, autophosphoryla- 679 
tion and activation [198]. Interestingly, short-term exposure of human EC to VEGF in- 680 
creases H2S production [182], suggesting a positive feedback loop of VEGF signalling 681 
through H2S. Matrigel plug angiogenesis assay also confirmed the importance of CSE and 682 
H2S in VEGF-induced angiogenesis [195, 199, 200]. CSE overexpression also sufficient to 683 
stimulate VEGF-dependent EC migration in vitro, and capillary formation using an aortic 684 
ring assay ex vivo [184]. CSE and H2S are also required for VEGF-dependent EC migration 685 
and angiogenesis in response to amino acid restriction [81]. Exogenous H2S donors have 686 
also been shown to stimulate the growth pathways Akt, p38 and ERK1/2, which all pro- 687 
mote EC proliferation and migration [182, 200, 201]. EC migration is also activated by ex- 688 
ogenous H2S through KATP channels/MAPK pathways in vitro [182]. CSE overexpression 689 
has also been reported to increases cGMP level [199], which fuels capillary tube formation 690 
[187]. In addition, H2S promotes angiogenesis via interactions with NO, which is essential 691 
for EC survival and growth during VEGF- or bFGF-induced angiogenesis [202]). Finally, 692 
H2S is proposed to promote angiogenesis by inhibiting mitochondrial electron transport 693 
and oxidative phosphorylation, increasing glucose uptake and glycolytic ATP production 694 
required to rapidly power EC migration [81]. Indeed, under hypoxia when mitochondrial 695 
respiration is not possible, glycolysis fuels EC migration and proliferation during angio- 696 
genesis [203, 204]. H2S promotes the metabolic switch in EC to favor glycolysis, which 697 
drives VEGF-induced EC migration [81, 205] (Scheme 5). 698 
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 699 
Scheme 5. H2S promotes angiogenesis. H2S promotes VEGF signalling via persulfidation/activation 700 
of the VEGFR2, leading to: i) increased eNOS/NO expression/production; ii) increased MAPK sig- 701 
nalling; iii) increased CSE/H2S expression/production in a positive feedback loop. H2S further en- 702 
hance NO production via eNOS persulfidation. Altogether these effects facilitate VEGF-induced 703 
sprouting angiogenesis. In addition, H2S inhibits mitochondrial respiration, which promotes glycol- 704 
ysis and ATP production, proliferation, and migration in hypoxic condition. 705 

Akt: Protein kinase B, EC: endothelial cells; ERK: Extracellular signal-regulated kinase; ETC: elec- 706 
tron transport chain; GLUT: glucose transporter; IP3: inositol tri-phosphate; MKK: mitogen-acti- 707 
vated kinase kinase; PI3K: phosphor-inositol 3 kinase; PKC: protein kinase C; VEGFR2: Vascular 708 
endothelial growth factor receptor 2; NO: nitric oxide; eNOS: endothelial NO synthase.  709 

4.2.4.   H2S inhibits intimal hyperplasia: post-operative management of CLTI 710 
patients: 711 

Revascularization procedure in CLTI patients is plagued by restenosis of the oper- 712 
ated area, a progressive reduction of the vessel lumen at the site of angioplasty, or at the 713 
anastomosis of a bypass graft. Restenosis is mainly related to a complex phenomenon 714 
called intimal hyperplasia (IH) (see section 3.4). IH is characterized by a thickened wall due 715 
to the proliferation of vascular smooth muscle cells (VSMC) and deposition of a proteo- 716 
glycan-rich ECM between the endothelium and the internal elastic lamina.  717 

Mice lacking CSE show a significant increase in IH formation as compared to WT 718 
mice in a model of carotid artery ligation [205, 206]. On the contrary, CSE overexpression 719 
decreases IH formation in a murine model of vein graft by carotid-interposition cuff tech- 720 
nique [207]. We and others demonstrated that systemic treatment using diverse H2S do- 721 
nors inhibit IH in vivo in various models in rats [208], rabbits [209] and mice [205, 206, 722 
210]. We also showed that various H2S donors inhibit IH ex vivo in a model of vein graft 723 
IH [205, 210, 211]. Recently, it was shown that a locally applicable gel containing the hy- 724 
drogen sulfide releasing prodrug (GYY4137) mitigates graft failure and improve arterial 725 
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remodelling in a model of vein graft surgery in the mouse [212]. We also recently showed 726 
that a H2S-releasing biodegradable hydrogel inhibited VSMC proliferation while facilitat- 727 
ing EC proliferation and migration, which inhibited IH in an ex vivo model of human vein 728 
graft disease [211]. 729 

H2S probably reduces IH mainly via inhibition of VSMC proliferation (Scheme 6). 730 
Indeed, several studies demonstrated that H2S supplementation using various donors, or 731 
CSE overexpression, decreases VSMC proliferation [205, 209-211, 213]. H2S also specifi- 732 
cally inhibit VSMC migration. Thus, Several H2S donors have also been shown to reduce 733 
VSMC migration in vitro[205, 210, 211]. VSMC isolated from CSE-/- mice also migrate 734 
faster than WT VSMC, and blocking CSE activity using PAG increases VSMC migration 735 
[206, 214].  736 

 737 
Scheme 6. H2S decreases intimal hyperplasia. H2S decreases the activity of the MAPK and mTOR 738 
pathways, which correlates with reduced VSMC proliferation and migration. H2S inhibit the micro- 739 
tubule polymerization leading to an arrest of cell cycle inhibiting of proliferation and migration of 740 
VSMC. H2S also reduces MMP2 expression and ECMs degradation, inhibiting VSMC migration 741 
from the media to the intima. 742 
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MAPK: Mitogen-activated protein kinases; mTOR: mammalian target of rapamycin; MMP2: ma- 743 
trix metalloproteinase-2; VSMC: vascular smooth muscle cell; CSE: cystathionine γ-lyase. 744 

The mechanisms whereby H2S affect VSMC proliferation and migration are not fully 745 
understood (Scheme 6). In mouse VSMC, H2S has been shown to modulate the MAPK 746 
pathway, especially ERK1,2 [208], and Ca2+-sensing receptors [215, 216]. H2S may also 747 
limit MMP2 expression and ECMs degradation, preventing VSMC migration from the 748 
media to the intima [206, 214]. In human VSMC, we reported that the H2S donor 749 
Zofenopril decreases the activity of the MAPK and mTOR pathways, which correlates 750 
with reduced VSMC proliferation and migration [210]. We also showed that the H2S do- 751 
nors NaHS and Sodium thiosulfate (STS; Na2S2O3) inhibits microtubule polymerization, 752 
which results in cell cycle arrest and inhibition of proliferation and migration in primary 753 
human VSMC [205]. Interestingly, an ongoing clinical study aims to evaluate the efficacy 754 
and safety of STS compared to placebo on myocardial infarct size in ST-segment elevation 755 
myocardial infarction (STEMI) patients treated with percutaneous coronary intervention 756 
(NCT02899364). The anti-inflammatory properties of H2S may also contribute to reduced 757 
IH [217, 218] and it was recently shown that NaHS prevents IH through activation of the 758 
Nrf2/HIF1α pathway [219].  759 
4.3 Further directions and limitations  760 

Although H2S research is still in its early stages, there is considerable evidence to 761 
suggest that this gas plays a protective role in the development of cardiovascular disease. 762 
As mentioned throughout the review, H2S acts in concert with NO, and the vascular ef- 763 
fects of NO and H2S are mutually supportive and intertwined (for a complete review, see 764 
[70]). Due to poor tolerability and uncontrolled hypotensive effects, all therapeutic strate- 765 
gies based on NO have failed. Whether H2S-based solutions can succeed where NO has 766 
failed remains to be seen. There is currently no clinically approved molecule that exploits 767 
the therapeutic potential of H2S. Most compounds available for research have poor trans- 768 
lational potential due to their pharmacokinetic properties. Developing stable H2S donor 769 
molecules that allow slow and sustained H2S release over months/years will be the first 770 
challenge. Given the instability and short half-life of H2S, such molecules are difficult to 771 
design. Another challenge for systemic or local H2S release is the delivery system, as H2S 772 
donors may require a carrier system. Gels, nanoparticles, multilayer coatings, and biode- 773 
gradable scaffolds were invented for sustained release. Applying this knowledge to H2S 774 
donors will be interesting. Another strategy to harness the benefits of H2S is to conjugate 775 
the H2S-releasing moiety with well-established parent compounds. For example, the 776 
sulphhydrylated ACEi zofenopril has been shown to improve clinical outcomes in pa- 777 
tients with various cardiovascular diseases such as acute myocardial infarction and con- 778 
gestive heart failure [220-222]. S-aspirin (ACS14), an H2S-releasing form of aspirin, and 779 
otenaproxesul, an H2S-releasing non-steroidal anti-inflammatory drug developed by An- 780 
tibe Therapeutics Inc, may also prove beneficial for vascular patients. Further work is 781 
needed to evaluate the therapeutic potential of these molecules against atherosclerosis, 782 
but also against vascular medial calcification and microvascular dysfunction in PAD. H2S- 783 
eluting balloons and stents would be interesting tools to limit VSMC proliferation while 784 
promoting EC recovery to limit IH in PAD/CLTI patients requiring surgery.  785 

Strategies to increase endogenous H2S production using small molecules or diet are 786 
also explored. However, further animal studies are needed to understand and leverage 787 
endogenous H2S production and to test the potential and safety of new H2S-based thera- 788 
pies.  789 

5. Conclusion 790 
PAD is a chronic, recurrent disease with a major impact on quality of life and devas- 791 

tating long-term clinical outcomes. PAD remains underdiagnosed and undertreated com- 792 
pared to other atherosclerotic diseases such as myocardial infarction and stroke. Emerging 793 
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evidence suggests that PAD has different pathological features in peripheral vessels com- 794 
pared to the well-characterised coronary arteries, in particular media calcification and mi- 795 
crovascular dysfunction. In addition, the incidence of restenosis following surgical revas- 796 
cularisation remains high. The increasing number of PAD and CLTI patients, combined 797 
with difficult long-term pharmacological and surgical management, warrants further re- 798 
search to better understand the molecular mechanisms of PAD. 799 

Although still in its early stages, research into H2S suggests its potential to protect 800 
against cardiovascular disease. The success of H2S-based solutions remains uncertain and 801 
there are currently no clinically approved molecules exploiting its therapeutic potential. 802 
The development of stable H2S donor molecules for sustained release is challenging due 803 
to the instability of the gas. Delivery systems such as gels, nanoparticles and biodegrada- 804 
ble scaffolds designed for sustained release could be applied to H2S donors. H2S-eluting 805 
balloons and stents may be useful in limiting VSMC proliferation and promoting EC re- 806 
covery in patients with peripheral artery disease (PAD). Another strategy is to combine 807 
H2S donors with established drugs. Strategies to increase endogenous H2S production us- 808 
ing small molecules or diet are also investigated. Further studies are needed to explore 809 
the therapeutic potential and safety of these molecules against atherosclerosis, vascular 810 
calcification, and microvascular dysfunction. The advancement of this knowledge will 811 
contribute to the development of successful H2S-based therapies in the future. 812 
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