
 
 
Unicentre 

CH-1015 Lausanne 

http://serval.unil.ch 

 
 
 

RYear : 2022 

 

 
Therapeutic Potential of Hydrogen Sulfide In Peripheral Vascular 

Diseases 

 
Macabrey Diane 

 
 
 
 
 
 
Macabrey Diane, 2022, Therapeutic Potential of Hydrogen Sulfide In Peripheral Vascular 
Diseases 

 
Originally published at : Thesis, University of Lausanne 
 
Posted at the University of Lausanne Open Archive http://serval.unil.ch 
Document URN : urn:nbn:ch:serval-BIB_11C6A491BA3F2 
 
 
Droits d’auteur 
L'Université de Lausanne attire expressément l'attention des utilisateurs sur le fait que tous les 
documents publiés dans l'Archive SERVAL sont protégés par le droit d'auteur, conformément à la 
loi fédérale sur le droit d'auteur et les droits voisins (LDA). A ce titre, il est indispensable d'obtenir 
le consentement préalable de l'auteur et/ou de l’éditeur avant toute utilisation d'une oeuvre ou 
d'une partie d'une oeuvre ne relevant pas d'une utilisation à des fins personnelles au sens de la 
LDA (art. 19, al. 1 lettre a). A défaut, tout contrevenant s'expose aux sanctions prévues par cette 
loi. Nous déclinons toute responsabilité en la matière. 
 
Copyright 
The University of Lausanne expressly draws the attention of users to the fact that all documents 
published in the SERVAL Archive are protected by copyright in accordance with federal law on 
copyright and similar rights (LDA). Accordingly it is indispensable to obtain prior consent from the 
author and/or publisher before any use of a work or part of a work for purposes other than 
personal use within the meaning of LDA (art. 19, para. 1 letter a). Failure to do so will expose 
offenders to the sanctions laid down by this law. We accept no liability in this respect. 



Therapeutic Potential of Hydrogen Sulfide 
In Peripheral Vascular Diseases

Service de chirurgie vasculaire, CHUV

Thèse de doctorat ès sciences de la vie (PhD)

Présentée à la faculté de Biologie et de médecine de l’Université de 
Lausanne par

Diane MACABREY 

Master en Biologie Médicale de l’Université de Lausanne

Jury
Prof. Yasser Khazaal, Président

Dr Florent Allagnat, Directeur de thèse
Dr Sébastien Déglise, Co-directeur de thèse 

Prof. Lucia Mazzolai, Experte
Prof. Paul Quax, Expert

Lausanne
(2022)





Therapeutic Potential of Hydrogen Sulfide 
In Peripheral Vascular Diseases

Service de chirurgie vasculaire, CHUV

Thèse de doctorat ès sciences de la vie (PhD)

Présentée à la faculté de Biologie et de médecine de l’Université de 
Lausanne par

Diane MACABREY 

Master en Biologie Médicale de l’Université de Lausanne

Jury
Prof. Yasser Khazaal, Président

Dr Florent Allagnat, Directeur de thèse
Dr Sébastien Déglise, Co-directeur de thèse 

Prof. Lucia Mazzolai, Experte
Prof. Paul Quax, Expert

Lausanne
(2022)





i 
 

Table of Content  

1 Acknowledgments ................................................................................................................................................... ii 

2 Abstract ...................................................................................................................................................................... iii 

3 Résumé ....................................................................................................................................................................... iv 

4 List of abbreviations ................................................................................................................................................ v 

5 Introduction ............................................................................................................................................................... 1 

5.1 Peripheral artery disease ........................................................................................................................... 1 

5.1.1 Clinical presentation of PAD ............................................................................................................ 1 

5.1.2 Current treatment of PAD ................................................................................................................. 3 

5.1.3 Intimal hyperplasia ............................................................................................................................. 4 

5.1.4 Current treatment of intimal hyperplasia .................................................................................. 5 

5.2 Hydrogen sulfide ............................................................................................................................................ 7 

5.2.1 Endogenous H2S production ............................................................................................................ 7 

5.2.2 H2S biological activity ......................................................................................................................... 8 

5.2.3 H2S in the vascular system ............................................................................................................... 9 

5.2.4 H2S inhibits inflammation in the cardiovascular system ................................................... 13 

5.2.5 H2S has anti-oxidant properties ................................................................................................... 14 

6 Aim .............................................................................................................................................................................. 16 

7 Results ........................................................................................................................................................................ 17 

7.1 Sodium Thiosulfate acts as a hydrogen sulfide mimetic to prevent intimal hyperplasia 
via inhibition of tubulin polymerisation ........................................................................................................... 17 

7.2 Hydrogen Sulphide Release via the Angiotensin Converting Enzyme Inhibitor 
Zofenopril Prevents Intimal Hyperplasia in Human Vein Segments and in a Mouse Model of 
Carotid Artery Stenosis ............................................................................................................................................ 49 

7.3 Sodium thiosulfate, a source of hydrogen sulfide, promotes endothelial cells 
proliferation, angiogenesis and revascularization following hind-limb ischemia in the mouse 
66 

8 Conclusion ................................................................................................................................................................ 95 

8.1 STS inhibits IH ............................................................................................................................................... 95 

8.2 STS promotes revascularization in a HLI model in mice ............................................................. 96 

8.3 Further perspectives: Clinical potential of STS in a mouse model of AAA ........................ 100 

9 References ............................................................................................................................................................. 103 

10    Annex: Clinical use of hydrogen sulfide to protect against intimal hyperplasia ...................... 114 

 

 





ii 
 

1 Acknowledgments  

Florent, thank you for helping me grow throughout this PhD. You taught me a lot about science, 

but also so much about myself. Thank you for your patience and your support.  

 

I  would  also  like  to  thank  Sébastien.  Seeing  science  through  the  eyes  of  a medical  doctor  was 

always pertinent, helpful and interesting.  

 

I also thank all the members of my Jury, Prof. Jean-Bernard Daeppen, Prof. Lucia Mazzolai, and 

Prof. Paul Quax for the time invested in my PhD.  

 

Thank you Martine for allowing me to blow some steam during our coffee breaks. And of course, 

for everything you taught me. Thank you Thomas, Kevin, Arnaud, Séverine and Clémence for all 

the adventures and laughs we shared. I (almost) always loved coming to the lab and that was in 

big part thanks to you. 

 

A special thanks to Renzo for your unconditional support and for always believing in me.  

 

Huge thanks to my best friends, Célia, Caroline, Nico, Nico and Jonas. When friends become family, 

there is nothing more to say.  

 

DrSc  Jessica  Lavier,  I  could  not  have  done  this  without  you.  Your  support  during  the  various 

existential crisis I had throughout my PhD was instrumental in my success. Thank you.  

 

Finally, I also thank my family. You raised me to think that I could do anything I wanted. You didn’t 

always understand my choices but you never failed to support me, always.   





iii 
 

2 Abstract 

Atherosclerosis in peripheral arteries leads to peripheral artery disease, where reduced blow flow 

to the limbs causes ischemia, which may progress to critical limb ischemia and risk of amputation. 

Vascular  surgery  is  the  only  option  for  critical  limb  ischemia,  but  it  is  not  always  possible  or 

effective.  Moreover,  surgeries  suffer  from  high  failure  rates  due  to  re-occlusive  vascular  wall 

adaptations,  which  are  largely  due  to  intimal  hyperplasia.  Intimal  hyperplasia  develops  in 

response to vessel injury, leading to the formation of a new slowly growing neointima layer, which 

progressively occludes the lumen of the vessel. It results in costly and complex recurrent end-

organ ischemia, and often leads to loss of limb, brain function, or life. Current strategies to limit 

IH rely on drug eluting stents/balloon, which target cell proliferation, but impair re-

endothelialisation. Hydrogen sulfide is a gasotransmitter produced in the vascular system 

promoting  angiogenesis  and  vasodilation.  Hydrogen  sulfide  also  has  anti-oxidant  and  anti-

inflammatory properties. Pre-clinical studies using H2S-releasing molecules showed that it 

improves revascularization and limits IH formation. In this work, we investigated the therapeutic 

potential  of  sodium  thiosulfate  (STS),  a  source  of  sulfur  used  in  the  clinic  to  treat  cyanide 

poisoning and calciphylaxis.  

In a first study, we showed that STS reduces the formation of intimal hyperplasia in WT mice and 

in LDLRKO mice following carotid artery stenosis. STS also rescues CSEKO mice with impaired H2S 

production from increased intimal hyperplasia formation. STS interferes with microtubule 

polymerization, reducing smooth muscle cell proliferation and formation of intimal hyperplasia.  

In  second  study,  we  showed  that  STS  significantly  improved  reperfusion  following  hindlimb 

ischemia in WT and LDLRKO (hypercholesterolemic) mice. Mechanistically, STS inhibited 

mitochondrial  respiration  in  endothelial  cells,  thereby  inducing  a  compensatory  increase  in 

glycolysis,  leading  to  increase  proliferation  and migration.  Although  additional  studies  are 

required to insure the safety of long-term STS treatment in humans, the present work underscores 

the therapeutic potential of STS against vascular diseases.   
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3 Résumé 

L’athérosclérose dans les vaisseaux périphériques entraine une ischémie des membres pouvant 

mener  à  une  amputation.  A  ce  jour,  la  chirurgie  vasculaire  est  le  seul  traitement  pour  les  cas 

sévères de maladies artérielles périphériques, mais elle n’est pas sans risques et parfois 

impossible ou inefficace. De plus, les résultats à moyen-long terme de toute chirurgie vasculaire 

sont limités par la survenue d’une resténose principalement causées par l’hyperplasie intimale. 

En effet, la chirurgie déclenche une réaction inflammatoire entrainant la formation de l’HI dans la 

paroi  du  vaisseau.  La  croissance  de  cette  nouvelle  couche  fibreuse  entraine  des  ischémies 

récurrentes qui nécessitent de nouvelles procédures complexes et couteuses avec des résultats 

souvent catastrophiques. Les stratégies actuelles limitant l’hyperplasie reposent sur l’utilisation 

de stents et de ballons actifs limitant la prolifération cellulaire, mais empêchent la ré-

endothelialisation.  Le  H2S,  un  gasotransmetteur  produit  par  le  système  vasculaire,  est  pro-

angiogénique, vasodilatateur, antioxydant et anti-inflammatoire. Des études précliniques 

montrent que le H 2S améliore la revascularisation et limite le développement de l’HI, mais les 

molécules utilisées jusqu’à présent ne peuvent pas être utilisées en clinique. Dans ce travail, nous 

avons  examiné  le  potentiel  thérapeutique  du  sodium  thiosulfate  (STS),  une  source  de  soufre 

utilisée en clinique pour traiter la calciphylaxie et l’empoisonnement au cyanure.  

Premièrement, nous avons montré que le STS limite le développement de l’IH dans des souris WT 

et hypercholestérolémique (LDLR KO), après une sténose de la carotide. Le STS interfère avec la 

polymérisation des microtubules, réduisant la prolifération des cellules musculaires lisses et la 

formation de l’hyperplasie. Deuxièmement, nous avons montré que le STS améliore la reperfusion 

de  la  patte  après  une  ligature  de  la  fémorale,  dans  des souris  WT  et  LDLRKO.  Le  STS inhibe  la 

respiration mitochondriale des cellules endothéliales, menant à une augmentation de la glycolyse, 

de la prolifération et de la migration. Même si des études additionnelles sont nécessaires avant 

d’imaginer  un  traitement  au  STS  sur  le  long  terme,  le  présent  travail  souligne  le  potentiel 

thérapeutique du STS dans les maladies vasculaires.  
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4 List of abbreviations  

3-MST: 3-Mercaptopyrubate 
sulfur transferase 
 

AAA: Abdominal Aortic 
Aneurysm 

ACEi: Angiotensin concerting 
enzyme inhibitor 

ALAT: Alanin Amino 
Transferase 
 

ApoE-/-: Apolipoprotein E KO ARBs: Angiotensin Receptor 
Blocker 

ASAT: Aspartate Amino 
Transferase 
 

ATP: Adenosine triphosphate ATS: Atherosclerosis 

BAPN: -Aminopropionitrile β
monofumarate 
 

bFGF: basic Fibroblast 
Growth Factor 

BMS: Bare Metal Stents 
 

CAM: Chick Chorioallantoic 
Membrane 
 

CAT: Cysteine Amino 
Transferase 

CBS: Cystathionine -β
synthase 

CK-MB: Creatine Kinase MB CLI: Critical Limb Ischemia CML: Cellules Musculaires 
Lisses 

CPT1: Carnitine Palmitoyl 
Transferase 
 

CRP: C-Reactive Protein CSE: Cystathionine -lyase γ

CVD: Cardiovascular Diseases 
 

DATS: Diallyl Trisulfite DCB: Drug Coated Ballons 

DES: Drug Eluting Stents DLL4: Delta Like Canonical 
Notch Ligand 4 

EC: Endothelial Cell 

ECM : Extracellular Matrix 
 

EEL : External Elastic Lamina eNOS : endothelial Nitric 
Oxide synthase 

FASN: Fatty Acid Synthase FDA: Federal Drug 
Administration 
 

FOXO1: Forkhead box protein 
O1 

GSH: Gluthation 
 

H2S: Hydrogen Sulfide HO1: Heme Oxigenase 1 

HUVEC: Human Umbilical 
Vein Endothelial Cells 
 

IC: Intermittent Claudication ICAM: InterCellular Adhesion 
Molecule 

IEL: Internal Elastic Lamina 
 

IH: Intimal Hyperplasia IL-1 : Interleukin 1 beta β

Ip: Intraperitoneal Iv: Intravenous LC/MS/MS: Liquid 
Chromatography-Mass 
Spectrometry 
 

LDL: Low Density 
Lipoprotein 

MAP: Maladie Artérielle 
Périphérique 
 

MCP-1: Monocyte 
chemoattractant protein-1 

Na2S: Sodium Sulfide NaHS: Sodium Hydrosulfide NF- B: Nuclear Factor-  B κ κ



vi 
 

NO: Nitric Oxide OXPHOS: Oxidative 
Phosphorylation 
 

PAD: Peripheral Artery 
Disease 

PAG: DL-Propargylglycine 
 

PDGF-BB: Platelet-Derived 
Growth Factor-BB 

PFKFB3: 6-Phosphofructo-2-
Kinase/Fructose-2,6-
Biphosphatase 3 
 

PLP: Pyridoxal 5′-phosphate POBA: Plain Old Balloon 
Angioplasty 
 

ROS: Reactive Oxygen Species 

SDF-1: Stromal cell-derived 
factor 1 

SQOR: Sulfide Quinone 
Oxidoreductase 
 

STS: Sodium Thiosulfate 

TNF- : Tumor Necrosis α
Factor   α
 

TXNIP: Trx-interacting 
protein 

VCAM: Vascular Cell 
Adhesion Molecule 

VEGF: Vascular Endothelial 
Growth Factor 
 

VEGFR2: Vascular 
Endothelial Growth Factor 
Receptor 2 

VSMC : Vascular Smooth 
Muscle Cells 

WHO: World Health 
Organisation 

WT : Wild Type  

   
 
 
 
 
 
 



1 
 

5 Introduction  

Cardiovascular  diseases  (CVD)  are  the  number  one  cause  of  mortality  worldwide.  An 

estimated  17.9  million  people  died  from  CVDs  in  2019,  representing  32%  of  all  global  deaths 

(WHO).  CVD  include  coronary  heart  disease,  cerebrovascular  disease  and  peripheral  artery 

disease and their incidence continues to rise worldwide, largely due to the combination of aging, 

smoking, hypertension, and diabetes mellitus (1-3).  

 

5.1 Peripheral artery disease 

Peripheral artery disease (PAD) affects over 200 million people worldwide and is defined as “all 

arterial diseases other than coronary arteries and the aorta” (4). Atherosclerosis (ATS) in lower 

limb arteries accounts for more than 90% of PAD cases (5). The pathophysiology of ATS has been 

described in details previously (6). Briefly, ATS is a chronic inflammatory disease of the vascular 

wall, characterized by the formation of lipid- and inflammatory cell-rich plaques. It starts with 

endothelial  cell  (EC)  dysfunction  and  vascular  inflammation,  which  leads  to  entrapment  of 

oxidized  low  density  lipoproteins  (LDL)  inside  the  vessel  wall.  Monocytes  attracted  to  the 

inflamed vessel wall engulf LDL particles and become foam cells, typical of ATS lesion. Foam cells 

undergo apoptosis, forming a lipid core inside the vessel wall. Inflammation is further enhanced 

by pro-inflammatory cytokines, leading to proliferation of VSMC at the injury site, production of 

extracellular matrix components and development of a fibrous cap overlaying the lipid core. (7). 

 

5.1.1 Clinical presentation of PAD 

The  plaque  grows  into  the  vessel  lumen  and  progressively  decreases  blood  flow.  At  the 

beginning, blood flow remains sufficient to provide basal oxygen needs, and patients are 

accordingly  free  of  symptoms  at  rest  (scheme  1).  However,  during  exercise, the  muscles’ 

metabolic needs increases cannot be met, which is felt by the patient as cramping pain. Cramping 
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forces the patient to stop walking, until the pain disappears. Once the cramp is gone, the patient 

can start walking again, until the pain comes back. Alternating cycles of walking and resting is the 

typical  clinical  manifestation  of  PAD  patients,  termed  intermittent  claudication  (IC) (8).  IC 

patients have decreased walking capacity, leading to inability to perform daily living activities, 

and impaired quality of life (4). Although IC is the cardinal symptom of PAD, it is present in only 

10 to 35% of patients. Forty to 50% of PAD patients have a broad range of atypical leg symptoms 

(ex. exertional leg symptoms that begin at rest or exertional leg pain that does not include the calf) 

and 20 to 50% of patients are asymptomatic (9). IC and atypical leg pain are caused by a moderate 

ischemia, which does not immediately threaten the limb viability.  

Critical limb ischemia (CLI), the most severe manifestation of PAD, is characterized by muscle pain 

at rest, ulceration and gangrene and 30% of patients with CLI undergo limb amputation. 

 

 

 

Scheme 1: Peripheral artery disease 
Peripheral  artery  disease  (PAD)  is  caused  by  atherosclerosis  development  in  lower  limb  arteries, 
leading to ischemia to downstream muscles. Severe cases of ischemia, termed critical limb ischemia 
(CLI) can cause ulcerations, gangrene, and lead to amputation.  
Adapted  from  https://ctvstexas.com/about-ctvs/our-services/vascular-services/peripheral-artery-
disease/ 
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As atherosclerosis is a systemic condition, polyvascular disease is common in patients with 

PAD. The 1-year incidence of all major cardiovascular events is 30% higher in patients with PAD 

than in those with coronary or cerebral artery disease (10). 

 

5.1.2 Current treatment of PAD 

The management of PAD patients starts by reducing cardiovascular risks through 

pharmacological therapy (lipid-lowering and antihypertensive drugs), as well as non-

pharmacological  measures  (smoking  cessation,  healthy  diet,  etc.).  In  patients  with  mild  PAD, 

supervised exercise training (11), statins (12) and ACEi/ARBs (13) improve walking capacity. In 

severe cases of PAD or CLI, vascular surgery, open or endovascular, remains the only treatment. 

Unfortunately,  surgery  may  be  suboptimal  in  relieving  symptoms  and  may  not  be  indicated 

because of disease severity or comorbid conditions. It is estimated that 20 to 40% of CLI patients 

are not anatomically amenable to revascularization or have failed revascularization (14). Even in 

the  case  of  a  successful  surgery,  residual  microvascular  disease  may  limit  its  effectiveness. 

Furthermore, the vascular trauma associated with the intervention eventually leads to secondary 

occlusion of the injured vessel, a process called restenosis.  The overall incidence of restenosis 

varies greatly depending on the initial clinical presentation and the anatomic pattern of disease 

(e.g. coronary vs. femoro-popliteal vs. infra popliteal). Overall, for open surgeries such as bypass 

and  endarectomy,  the  rate  of  restenosis  after  1  year  ranges  between  20  to  30%  (15).  For 

endovascular approaches, the rate of restenosis following plain old balloon angioplasty (POBA) 

ranges  from  30  to  60%,  depending  on  location  (16).  Restenosis  has  various  origins,  such  as 

secondary growth of atherosclerotic lesions or inward remodeling. However, it is due mostly to 

intimal hyperplasia (IH), a process whereby a “neointima” layer is formed between the internal 

elastic lamina and the endothelium. This new layer is made of smooth muscle cell (SMC)-like cells 

and extracellular matrix (ECM) (scheme 2). 
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5.1.3 Intimal hyperplasia 

IH  is a  known  complication  of  all  types  of  vascular  reconstructive  procedures, including 

arterial  bypass,  angioplasty,  stenting,  and  endarterectomy.  The  progressive  thickening  of  the 

vessel wall causes both an outward and an inward remodeling, leading to a narrowing of the vessel 

lumen, and eventually leads to impaired end organ perfusion. IH starts as a physiologic healing 

response to injury to the blood vessel wall (17).  

 

 

 

 

 

 

 

 

 

 

IH  is  formed  by  proliferating  VSMC  originating  from  dedifferentiated  contractile  medial 

VSMC. Unlike other cells of the myogenic lineage, such as cardiac and skeletal muscle cells, which 

are terminally differentiated, adult VSMC are highly plastic and capable of profound phenotypic 

alterations  in  response  to  changes  in  their  local  environment.  Modulation  of  VSMC  from  a 

quiescent 'contractile' phenotype to a proliferative 'synthetic' phenotype is important for vascular 

injury repair, but is also a key factor in the pathogenesis of vascular proliferative diseases (18). 

Upon  vascular  injury,  the  growth  factors  (PDGF-BB,  bFGF),  chemokines  (SDF-1 ,  MCP-1)  and α

cytokines (TNF- , IL-1 ) secreted by activated EC, platelets and immune cells, lead to inhibition α β

Scheme 2 Intimal hyperplasia  
A healthy vessel (left) is composed of the endothelium (single layer of endothelial cells), an internal 
elastic  lamina  (IEL)  the  media  (vascular  smooth  muscle  cells,  connective  tissue  made  of  collagen, 
elastin and proteoglycans), the external elastic lamina and the adventitia (collagen and fibroblasts). 
Intimal hyperplasia develops between the IEL and the endothelium (neointima) and is composed of 
SMC-like cells of different origin and extracellular matrix.  
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of the expression of SMC-specific markers while stimulating the expression of ECM components 

and matrix metalloproteinases (18, 19).  

 

5.1.4 Current treatment of intimal hyperplasia 

The most recent advances in the treatment of IH rely on the use of drug-coated balloons 

(DCB) and drug-eluting stents (DES), which represent a first line therapy in many endovascular 

approaches to treat short lesions in coronary or femoral arteries. The most used drug is the anti-

tumor chemotherapy Paclitaxel (Taxol™).  Several paclitaxel-coated balloons and eluting stents 

with various formulations and doses of paclitaxel demonstrated superiority to POBA (20-22) or 

BMS (20, 23). Overall, the arrival of DES and DCB reduced the incidence of restenosis below 10% 

in coronary arteries (24), although restenosis has been delayed rather than suppressed (25). DES 

also  require  prolonged  antiplatelet  therapy  and  hinder  future  surgical  revascularization.  In 

peripheral  below  the  knee  small  arteries,  the  use  of  DCB  is  controversial,  and  stents  are  not 

recommended due to the risk of thrombosis  (26). In December 2018, Katsanos and colleagues 

reported,  in  a  systematic  review  and  meta-analysis,  an  increased  risk  of  all-cause  mortality 

following application of paclitaxel coated balloons and stents in the femoropopliteal artery (27). ‐

Other  groups  recently  confirmed  these  findings  using  the  same  data  (28,  29).  However,  other 

meta-analyses  did  not  find  any  association  between  paclitaxel  devices  and  long-term  survival, 

despite  similar  target  populations  and  vessel  segments  (30-34).  These  reports  questioned  the 

widespread  use  of  paclitaxel  for  the  treatment  of  restenosis  (35),  and  supports  the  need  to 

develop other approaches or use other molecules. In coronary interventions, Sirolimus is 

increasingly used  (36), and new devices are under evaluation to validate the use of sirolimus-

coated devices in below the knee peripheral arteries (37). Recent studies even report the safety 

and efficacy of biodegradable polymer sirolimus-eluting stent (38, 39). 

 

However, all current strategies based on the use of DEB and DES target cell proliferation to 

reduce IH, but also impair re-endothelisation of the vessel. Endothelium repair is crucial to limit 
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inflammation, remodeling and for vessel healing. Indeed, in normal conditions, EC rapidly produce 

nitric oxide (NO) via endothelial NO synthase (eNOS) in response to agonists and fluctuations in 

blood flow. NO rapidly diffuses through the endothelial plasma membrane and leads to inhibition 

of adhesion and aggregation of platelets and leukocytes and vasorelaxation in VSMC. This ensures 

that  the  endothelium  remains  non-trombogenic  and  properly  regulates  vasomotor  tone.  In 

straight segments of arteries, blood flow is laminar and stress is low resulting in eNOS 

upregulation  by  EC  (7).  However,  at  bifurcations,  curvatures,  or  other  regions  with  complex 

geometry,  blood  flow  is  disturbed  and  turbulent,  leading  to  reduced  NO  production.  These 

abnormal patterns of shear stress induce “endothelial dysfunction” or “endothelium activation”. 

Reduced NO production promotes vasoconstriction, platelet aggregation and 

recruitment/activation of resident and circulating inflammatory cells mainly through the 

activation of the pleiotropic transcription factor nuclear factor kappa B (NF-kB) in EC. This type 

of lesion serves as a precursor for the development of atherosclerosis (atheroprone endothelium) 

by  facilitating  local  inflammatory  reactions  and  entrapment of LDL in the vessel wall  (40).  In 

addition, any vascular surgery destroys the endothelial layer, furthering endothelium damage on 

those existing weak spots (41).  

 

In summary, PAD, caused by atherosclerosis development in lower limb muscle, severely 

affects patient’s quality of life. When life habits changes and medical therapy fail to relieve limb 

symptoms, vascular surgery remains the only option. Unfortunately, surgery often fails due to IH, 

an overproliferation of VSMC into the inner layer of the vessel wall. The endothelium, the inner 

part of the vessel, plays a major role in vessel repair and is dysfunctional in PAD patients. Surgery 

further increases this dysfunction by damaging the endothelium. So far, therapies to limit IH have 

focused  on  inhibiting  VSMC  proliferation  with  debating  efficacy.  Optimal  therapy  should  also 

promote  endothelium  recovery.  In  that  regard,  the  gasotransmitter  hydrogen  sulfide  (H 2S) 

possesses promising properties.  
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5.2 Hydrogen sulfide 

5.2.1 Endogenous H2S production 

H2S gas was for long considered only as a toxic byproduct of sulfur mining and sewages (42) 

until Du Vigneaud found the existence of an endogenous pathway releasing H 2S in mammalian 

tissues  in  1960.  He  discovered  a  new  pathway  involving  the  inter-conversion  of  cysteine  and 

homocysteine  and  termed  this  pathway  ‘‘transsulfuration”.  Two  pyridoxal  5 -phosphate  (PLP) ʹ

dependent enzymes, cystathionine lyase (CSE) and cystathionine synthase (CBS) produce Hγ‐ β‐ 2S. 

Two additional PLP-independent enzymes, 3-mercaptopyruvate sulfurtransferase (3-MST) and 

cysteine aminotransferase (CAT) generate sulfane sulfur that can be further processed into H 2S 

(scheme  3).  3-MST  and  CAT  are  expressed  ubiquitously,  whereas  CBS  and  CSE  display  more 

tissue-specific expression. Thus, CBS is the only PLP-dependent enzyme expressed in the brain, 

while CSE is more prominent in the cardiovascular system. In the kidney and liver, both CSE and 

CBS are highly expressed. Although the enzymes and pathways responsible for endogenous H 2S 

production are well defined, little is known about their regulation and their relative contributions 

to H2S and sulfane sulfur levels (e.g., polysulfides, persulfides, thiosulfate) in the circulation and 

in tissues under normal and disease conditions.  

 

 

 

Scheme 3: H2S production in the transulfuration 
pathway 
H2S  is  produced  in  the  transsulfuration  pathway 
during the inter-conversion of cysteine and 
homocysteine by two pyridoxal 5 -phosphate ʹ
(PLP)  dependent  enzymes,  cystathionine  -lyase γ
(CSE) and cystathionine -synthase (CBS) produce β
H2S. 3-mercaptopyruvate sulfurtransferase (3-
MST) in combination with cysteine 
aminotransferase  (CAT)  generates  sulfane  sulfur 
that can be further processed into H2S. 
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All H2S-synthesizing enzymes have been reported to be expressed by cardiovascular cells. 

The study of CSE-/- mice demonstrated impaired endothelium-dependent vasorelaxation, with no 

apparent dysfunction at the level of VSMC (43). Furthermore, CSE seems sufficient to observe H2S-

mediated vasodilation (44, 45). These observations strongly promoted the idea that CSE is the 

main  H2S-producing  enzyme  in  the  cardiovascular  system  at  the  level  of  EC.  However,  other 

reports suggest a key role of 3-MST and CAT, in H2S production by the vascular endothelium (46). 

In  contradiction  to  this  early  report, studies  performed using  CSE-/-  mice  generated  on a  pure 

C57BL/6 genetic background by the group of Prof. Isao Ishii failed to show impaired endothelial 

function and hypertension (47, 48). In addition, most studies of endogenous H2S inhibition rely of 

the use of high concentrations of propargylglycin (PAG) to inhibit CSE. At these concentrations, 

PAG may also inhibit CBS, as well as other nonspecific targets. S. Bibli et al. recently demonstrated 

that CSE expression is negatively regulated by shear stress, as opposed to eNOS in the mouse aorta 

(49,  50).  This  is  in  line  with  a  previous  study  showing  that  only  disturbed  flow  regions  show 

discernable CSE protein expression after carotid artery ligation in the mouse (51).  

 

5.2.2 H2S biological activity 

The chemical nature of the molecules responsible for the biological activity of H 2S remains 

elusive. HS-, polysulfides and sulfates have all been shown to affect a variety of signaling pathways, 

leading to biological responses. The sulfur atom is a very potent electron acceptor/donor and H 2S 

can undergo complex oxidation, yielding thiosulfate, sulfenic acids, persulfides, polysulfides and 

sulfate (52). These oxidative products are likely mediating the principal mechanism through which 

H2S exerts its biological actions: post-translational modification of proteins, known as 

persulfidation. Persulfidation is a chemical reaction whereby a persulfide group (RSSH) is formed 

on reactive cysteine residues of target proteins (52, 53). Since H 2S has the same oxidation state as 

cysteine residues, a redox reaction cannot occur. Cysteine residues or H2S have to be oxidized first 

(for instance in the form of polysulfides H2Sn). In 2009, Mustafa et al. performed LC/MS/MS analysis 
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on liver lysates after NaHS treatment and identified 39 proteins that were persulfidated. Amongst 

them, they identified GAPDH, -tubulin, β and actin. Interestingly, these proteins were not 

persulfidated in the liver of mice lacking CSE (CSE KO)(54). Furthermore, new  high throughput 

techniques allowing global assessment of post-translational modification of cysteinyl thiols (-SH) 

to  persulfides  (-SSH)  demonstrated  extensive  cysteine  residues  persulfidation  in  response  to 

various H2S donors across various experimental designs (55-57).  

 

5.2.3 H2S in the vascular system 

H2S participates in the homeostasis of many organs and systems. In the following sections, 

we will focus on the role of H 2S in the vascular system and H 2S properties relevant to vascular 

conditions, which are summarized in scheme 4.  

 

5.2.3.1 H2S promotes vasodilation  

The first evidence of H 2S being a gasotransmitter comes from the consistent observation 

across  species  and  vascular  beds  that  H2S  and  other  derived  products  induce  vasodilation. 

Pharmacological inhibition of H 2S production using PAG increases blood pressure in rats  (58). 

Myograph studies of CSE knock-out mice (CSE-/-) demonstrated that H2S-mediated vasorelaxation 

requires an intact endothelium.  

Mechanistically, H2S triggers vasodilation by interacting with several ion channels in the 

vascular  wall  such  as  KATP  channels  in  VSMCs  and  ChTX/apamin-sensitive  KCa  channels  in 

vascular EC. The activation of these two types of channels by H2S leads to VSMC hyperpolarization 

and vasorelaxation (43, 45). H2S also dilates arteries through activation of EC BKCa channels and 

Cyp2C  with  downstream  activation  of  VSMC  Ca2+  sparks  leading  to  hyperpolarization  (59).  In 

addition,  H2S  may  activate  eNOS.  H2S  interaction  with  the  NO  pathway  has  been  reviewed 

previously in (60) and in (61). 

Interestingly, recent studies performed using lower doses of H 2S donors revealed that H 2S 

has a biphasic effect on vasomotor tone. Thus, low doses tend to be vasoconstrictors, while higher 
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doses are generally vasodilators. In addition, accumulating evidence suggest that the contribution 

of H 2S to vasomotor tone may depend on the vascular beds (e.g., aorta vs. mesenteric artery), 

vessel size (conduit vs. resistant), and species (for full review see  (62)). Overall, H 2S probably 

contributes to the maintenance of mean arterial blood pressure at physiological levels; however, 

the importance of CSE, CBS and 3MST-mediated H 2S production remains unclear and probably 

varies depending on the species and vascular bed.  

 

5.2.3.2 H2S promotes angiogenesis 

Angiogenesis is the physiological process through which new blood vessels form from pre-

existing  ones.  Cells  lacking  oxygen  and  nutrient  secretes  pro-angiogenic  factors  triggering  a 

remodeling of the vascular network to reperfuse the hypoxic area.  

Several in vivo studies investigated the effect of H 2S on reperfusion in models of PAD/CLI 

after  skeletal  limb  ischemia.  Rushing  et  al.  showed  that  SG1002,  a  H 2S  releasing  pro-drug, 

increases leg revascularization and collateral vessel number after occlusion of the external iliac 

artery  in  miniswine.  Wang  et  al.  showed  that  NaHS  supplementation  significantly  increased 

collateral vessel growth in mice after femoral artery ligation (HLI) (63). A study in CBS 

heterozygous mice showed that GYY4137 supplementation following HLI increased 

neoangiogenesis in ischemic muscle of treated mice (64). Finally, ZYZ-803, a hybrid NO and H 2S 

donor, significantly increase limb perfusion after HLI in mice (65). In these studies, H2S effectively 

increased angiogenesis and arteriogenesis, 2 processes central for ischemic skeletal muscle repair 

(66, 67).  

 

On a cellular level, a large amount of studies established that H2S and polysulfites stimulate 

EC function to promote angiogenesis. Exogenous H 2S treatment stimulates EC growth, motility 

and organization into vessel-like structure in vitro. On the contrary, inhibition of H2S biosynthesis, 

either via pharmacological inhibitors or via silencing of CSE, CBS or 3MST, reduces EC growth, 

migration and vessel-like structure formation (60, 68). Further in vivo studies of chicken 
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chorioallantoic  membranes  (CAM)  treated  with  the  CSE  inhibitor  PAG  suggest  that  CSE  is 

important  for  vessel  branching  and  elongation  (69).  Matrigel  plug  angiogenesis  assay  also 

confirmed the importance of CSE and H 2S in vascular endothelial growth factor (VEGF)-induced 

angiogenesis (70, 71).  

On  a  molecular  level,  several  mechanisms  have  been  proposed  to  explain  H2S-induced 

angiogenesis. First, H 2S stimulates the VEGF pathway in EC, through persulfidation of the VEGF 

receptor VEGFR2, increasing its dimerization, autophosphorylation and activation (72). 

Interestingly, short term exposure of human EC to VEGF increases H2S production (69), suggesting 

a positive feedback loop of VEGF signaling through H2S.  

H2S also promotes angiogenesis by inhibiting mitochondrial electron transport and 

oxidative phosphorylation, resulting in increased glucose uptake and glycolytic ATP production 

necessary to provide rapid energy and building blocks for EC proliferation and migration (73). 

Indeed, despite having access to high circulating levels of oxygen, quiescent ECs produce 80% of 

their ATP via aerobic glycolysis (74). Glycolysis is critical for ECs, and its complete blockade by 

using 2-deoxy-glucose leads to decreased proliferation and migration and induces cell death (75). 

High  glycolytic  levels  in  ECs  are  tightly  regulated  by  several  rate  limiting  enzymes  such  as  6-

phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3) (76).  

Finally, H2S promotes angiogenesis through its extensive interaction with the NO pathway. 

In EC, H2S may induce eNOS persulfidation at Cys433, which increases the phosphorylation of its 

activator site and stabilizes eNOS in its dimeric form (60, 61). H2S may also increase intracellular 

calcium  levels,  leading  to  increase  eNOS  activity  and  NO  production  (77,  78).  Exogenous  H2S 

donors have also been shown to stimulate the growth pathways Akt, p38 and ERK1/2, which all 

promote  EC  proliferation  and  migration  (69,  71,  79).  Interestingly,  both  H2S-  and  NO-induced 

angiogenesis require the other gasotransmitter (60, 61). Thus, the vascular effects of NO and H2S 

are interdependent and closely intertwined, with both gasotransmitter having direct and indirect 

effects on each other (for full review see (80)).  
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5.2.3.3 H2S inhibits VSMC proliferation and intimal hyperplasia  

Few  studies  directly  assessed  the  effects  of  endogenous  or  exogenous  H2S  on  IH.  CSE 

expression and activity are reduced after balloon-injury in a rat model of IH (81). CSE expression 

and activity, as well as free circulating H 2S, are also reduced in human suffering from vascular 

occlusive  diseases  (82,  83).  We  recently  demonstrated  that,  in  patient  undergoing  vascular 

surgery, circulating H2S levels were associated with long-term survival (84), suggesting low H 2S 

production  as  a  risk-factor  for  cardiovascular  diseases.  Mice  lacking  CSE  show  a  significant 

increase in IH formation as compared to WT mice in a model of carotid artery ligation (85, 86). On 

the  contrary,  CSE  overexpression  decreases  IH  formation  in  a  murine  model  of  vein  graft  by 

carotid-interposition cuff technique (87). Similarly, NaHS administration limits the development 

of IH in in vivo models in rats (81), rabbits (88) and mice (85), and in human great saphenous vein 

segments ex-vivo (89).  

The VSMC  phenotype  switch  from  quiescent/contractile  towards  proliferating  migrating 

cells plays important roles in vascular remodeling in IH and in ATS (18). On the cellular level, the 

effect of H2S against IH is probably mediated by inhibition of VSMC proliferation and migration. 

Indeed, it was demonstrated, using BrdU and TUNEL assays, that H 2S supplementation or CSE 

overexpression decreases VSMCs proliferation and increases VSMCs apoptosis, respectively (88-

90).  VSMCs  isolated  from  Cse-/-  mice  exhibit  more  motility  than  their  WT  counterpart,  and 

blocking CSE activity using PAG in WT VSMCs increases cell migration (85, 91).  

The mechanisms whereby H2S affect VSMCs are not fully understood. Upon vascular injury, 

the growth factors (PDGF-BB, bFGF), chemokines (SDF-1 , MCP-1) and cytokines (TNF- , IL-1 ) α α β

secreted  by  activated  EC,  platelets  and  immune  cells  trigger  pleiotropic  signaling  pathways, 

among which the MAPK pathway, including extracellular signal-regulated kinase (ERK), c-Jun-N-

terminal  kinase  (JNK)  and  p38  mitogen-activated  protein  kinases,  plays  a  major  role  in  VSMC 

migration and proliferation (18). Other signals derived from oxidative stress also regulate the p38 

MAPK and JNK pathways, thereby influencing VSMC‘s identity (92). In mouse VSMC, H2S has been 

shown to modulate the MAPK pathway, especially ERK1,2  (81), and calcium-sensing receptors 
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(93, 94). In addition, H2S may limit MMP2 expression and ECMs degradation, preventing 

migration of VSMCs from the media to the intima (85, 91). In human VSMC, we recently reported 

that the H 2S donor Zofenopril decreases the activity of the MAPK and mTOR pathways, which 

correlates  with  reduced  VSMC  proliferation  and  migration  (95).  We  also  showed  that  the  H2S 

donor salt NaHS, as well the thiol source sodium thiosulfate, inhibit microtubule polymerization, 

which results in cell cycle arrest and inhibition of proliferation and migration in primary human 

VSMC (86) (Scheme 4). 

Other studies also inform on potential mechanism of action of H 2S on VSMC. As described 

above, H 2S triggers vasodilation mostly via persulfidation of several ion channels such as K ATP, 

voltage  and  Ca2+-activated  K+  channels  (44,  45,  59).  By  reducing  extracellular  Ca2+  entry,  H2S 

improves  VSMC  relaxation.  Despite  the  obvious  fact  that  improved  vasorelaxation  may  be 

beneficial in the context of IH, these channels may also directly regulate cell proliferation in VSMC. 

For instance, the anti-diabetic and KATP channel blocker glibenclamide has been shown to reduce 

VSMC proliferation (96).  

 

5.2.4 H2S inhibits inflammation in the cardiovascular system 

Many  studies  report  anti-inflammatory  properties  of  H2S,  in  particular  in  the  context  of 

atherosclerosis  and  cardiac  failure  (for  full  review  see(97)).  Thus,  H2S  reduces  adhesion  and 

infiltration of pro-inflammatory cells and circulating levels of pro-inflammatory chemokines and 

cytokines  in  the  ApoE-/-  mouse  model  of  atherosclerosis  (98,  99).  Similarly,  several  reports 

document that H2S donors (NaHS, DATS, SG1002, STS) or CSE overexpression decrease leukocyte 

and neutrophil infiltration and cytokine production following ischemic injury in various models 

of myocardial infarction (100-105).  

Mechanistically, evidence from EC and macrophages indicate that Nuclear factor kappa B 

(NFkB) inhibition seems to be the key to H 2S anti-inflammatory effects (98, 106-108). NF-kB is a 

transcription factor and a master regulator of pro-inflammatory genes, including cytokines and 

cell adhesion molecules. NaHS inhibits NF-kB activity probably via persulfidation/stabilization of 
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IkB (109), which controls NF-kB (p65) translocation to the nucleus. In EC, this leads to decreased 

expression of adhesion molecule VCAM and ICAM, thereby limiting recruitment of leukocyte to 

the aortic wall(98, 106, 108). NaHS also promotes a shift in macrophages to the M2, pro-resolution 

state  (110).  Moreover,  NaHS  and  GYY  increase  eNOS  phosphorylation,  thereby  improving  NO 

production, which reduces inflammation (106, 111).  

 

5.2.5 H2S has anti-oxidant properties 

Several  studies  in  various  models  also  consistently  showed  that  H2S  holds  anti-oxidant 

properties.  First,  H2S can  directly scavenge  reactive  oxygen  species  (ROS), such  as  superoxide 

anions  O2-,  at  higher  rates  than  other  classic  antioxidants  such  as  GSH.  However,  since  H2S 

physiologic  concentration  is  in  the  nanomolar  range  whereas  GSH  is  present  in  milimolar 

quantity, it is debatable whether H2S direct contribution to anti-oxidation is significant (112, 113).  

Actually, the effect of H2S probably arise from stimulation of anti-oxidant pathways, rather 

than via direct scavenging of ROS. Thus, H 2S has been shown in a number of models to stimulate 

the  anti-oxidant  Nrf2  pathway  (114-117),  or  via  increase  GSH  production  or  thioredoxin  1 

expression (118-120). Numerous studies document that H2S promotes the Nrf2 pathway 

(reviewed in (117)). H2S promotes the Nrf2 anti-oxidant response via persulfidation of Kelch-like 

ECH-associated protein 1 (Keap1), which sequesters Nrf-2 in the cytosol. Keap1 persulfidation 

prompts dissociation from Nrf2, which induces the expression of several proteins, among which 

the major antioxidant protein heme oxygenase 1 (HO-1) (116, 121). H2S interaction with GSH has 

been studied in details in the central nervous system, where GSH plays a major role in maintaining 

the homeostasis between anti-oxidant and ROS production (reviewed in details in (122)). In the 

vascular  system,  H2S  persulfidated  the  glutathione  peroxidase  1,  which  promotes  glutathione 

synthesis and results in decreased lipid peroxidation in the aortic wall in the context of 

atherosclerosis (120). Thioredoxin 1 is instrumental in the cardioprotective effects of H2S against 

ischemic-induced  heart  failure  (112).  Furthermore,  H2S  may  suppress  the  expression  of  Trx-

interacting protein (TXNIP), which inhibit Trx activity in EC (112, 123).  
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Mitochondrial respiration is a well-established major source of ROS (124, 125). H 2S has a 

bell-shaped effect on mitochondrial respiration. At low nanomolar concentrations, sulfide 

quinone oxidoreductase (SQR) transfers electrons from H2S to the coenzyme Q in the Complex II 

of the electron transport chain, thereby promoting mitochondrial respiration. At higher 

concentrations, H2S binds the copper center of cytochrome c oxidase (complex IV), which inhibits 

respiration  and  limits  ROS  production  (126).  While  these  reactions  likely  occur,  the  highly 

unstable  and  reactive  nature  of  both  H2S  and  ROS  makes  it  nearly  impossible  to  observe  and 

measure them. These anti-oxidant properties of H 2S may have a beneficial impact on IH, as ROS 

contribute to endothelial dysfunction and VSMC dedifferentiation (127, 128).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Scheme 4: H2S actions in the vascular system 
In  the  vascular  system,  H 2S  promotes  vasodilation  and  angiogenesis.  It  limits  oxidative stress, 
inflammation, as well as VSMC proliferation and migration. 





16 
 

6 Aim  

There is currently no clinically approved molecule exploiting the clinical potential of H 2S. 

Most compounds available for research have poor translational potential due to their 

pharmacokinetic properties. Other H 2S-releasing molecules extracted from garlic such as DATS 

(Diallyl trisulfide) is also very short lived and hard to stabilize (129).Against this background, the 

aim  of  my  thesis  was  to  find  new  therapeutic  options  for  peripheral  vascular  diseases  by 

exploiting the beneficial actions of the gasotransmitter Hydrogen sulfide, using already approved 

drugs.  

My work is divided in the following 3 specific aims, which also constitutes the 3 parts of my 

thesis: 

7.1. Sodium Thiosulfate acts as a hydrogen sulfide mimetic to prevent intimal 

hyperplasia via inhibition of tubulin polymerization. 

In this part we describe the benefits of STS, a medically relevant source of sulfur, against 

intimal hyperplasia using a mouse model and in an ex vivo model of IH in human saphenous veins.  

7.2 Hydrogen Sulphide Release via the Angiotensin Converting Enzyme Inhibitor 

Zofenopril Prevents Intimal Hyperplasia in Human Vein Segments and in a Mouse Model of 

Carotid Artery Stenosis.  

Here, we describe the superiority of the sulfhydrated ACE inhibitor Zofenopril over non-

sulfhydrated  ACE  inhibitor  such  as  Enalapril  against  intimal  hyperplasia,  using  the  models 

described in chapter 7.1.  

7.3 Sodium thiosulfate, a source of hydrogen sulfide, promotes endothelial cells 

proliferation, angiogenesis and reperfusion following hind-limb ischemia in the mouse. 

In  this  study,  we  tested  the  therapeutic  potential  of  STS  to  promote  reperfusion  and 

angiogenesis in vivo in various models and investigated STS effects on cultured EC. STS stimulated 

EC proliferation and migration in vitro via metabolic reprogramming towards a more glycolytic 

state.   
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7 Results 

7.1 Sodium Thiosulfate acts as a hydrogen sulfide mimetic to prevent 
intimal hyperplasia via inhibition of tubulin polymerisation 

 

In this study, we tested the therapeutic potential of STS against intimal hyperplasia. We 

demonstrated that STS limits IH development in vivo in a model of arterial restenosis and in an ex 

vivo  model  of  human  veins.  STS  treatment  increased  H2S  bioavailability,  which  inhibited  cell 

apoptosis and fibrosis, as well as VSMC proliferation and migration via microtubules 

depolymerization.  

DOI: https://doi.org/10.1016/j.ebiom.2022.103954 
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Supplementary Methods 
 
Apoptosis assay  
Apoptosis TUNEL assay was performed using the DeadEndTM Fluorometric TUNEL system kit 
on  frozen  sections  of  human  vein  segments.  Immunofluorescent  staining  was  performed 
according to the manufacturer’s instruction. Apoptotic nuclei were automatically detected using 
the ImageJ software and normalized to the total number of DAPI-positive nuclei. In vitro VSMC 
apoptosis was determined by Hoechst/Propidium Iodide staining of live VSMCs and manually 
counted by two independent blinded experimenters (1). 

Seahorse 
Glycolysis and Mitochondrial stress tests were performed on confluent VSMCs according to 
the manufacturer’s kits (Seahorse XF Glycolysis Stress Test Kit and Seahorse XF Cell Mito 
Stress Test Kit) and protocol (Agilent Technologies). Cells were treated for 4 or 24 hours with 
NaHS or STS before the seahorse experiments. Data were analysed using the Seahorse 
Wave Desktop Software (Agilent Technologies). 

Blood analyses 
Analyses were performed on blood from mice treated for 3 weeks with 0.5g/Kg/day sodium 
thiosulfate. Blood chemistry (pH, HCO3, Na, K and Ca) analyses were performed on whole 
blood (95µL) immediately upon cardiac puncture using an i-STAT apparatus equipped with 
CG8+ cartridges. Levels of Urea, CK, CK-MB, ASAT and ALAT were measured in 
heparinised plasma in a Cobas 8000 (Roche Diagnostics; Lausanne University Hospital). 

Systolic blood pressure measurement 
Systolic blood pressure (SBP) was monitored daily by non-invasive plethysmography tail cuff 
method (BP-2000, Visitech Systems Inc.) on conscious mice (2). 

 

 
Supplementary Table S1: Antibodies 

Target antigen Vendor  Catalog # Working  

concentration 

RRID 

Collagen III Abcam ab7778 1/100 (IHC-Fz) AB_306066 

Bax Santa Cruz Sc-526 1/500 (WB) AB_2064668 

Bcl2 Santa Cruz Sc-492 1/500 (WB) AB_2064290 

Goat anti-
Rabbit IgG 
Secondary 
Antibody, 
Alexa Fluor 680 

Thermo Fisher Scientific  A21109 1/250 (ICC) AB_2535758 

α-Tubulin Sigma-Aldrich T6074 1/10000 (WB) 

1/1000 (IHC-P) 

AB_477582 

Anti-Rabbit 
HRPO 

Thermo Fisher Scientific  31460 1/20000 (WB) AB_228341 

Anti-mouse 
HRPO 

Jackson 

ImmunoResearch Labs  
115-035-146 1/15000 (WB) AB_2307392 
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BrdU BD Biosciences 555627 1/200 (ICC) AB_10015222 

P4HA1 Proteintech 12658-1-AP 1/1000 (IHC-P) AB_2283162 

PCNA Dako (Now Agilent) M0879 1/100 (IHC-P) AB_2160651 

Cleaved 
Caspase 3 

Cell Signaling Technology 9661 1/200 (IHC-P) AB_2341188 

Total OXPHOS 
Human WB 
Antibody 
Cocktail  

Abcam ab110411 1/5000 (WB) AB_2756818 

CSE Proteintech 12217-1-AP 1/1000 (WB) AB_2087497 

CBS Santa Cruz sc-133154 1/1000 (WB) AB_2244094 

3-MST Novus  NBP1-82617 1/2000 (WB) AB_11014969 

 
 
Supplementary Table S2: Reagents 

Kit/product Vendor  Catalog 
# 

link 

Sodium Thiosulfate Hänseler AG 
06-6688-
01 

https://www.reactolab.ch/boutique/hanseler/s
odium-thiosulfate-500-gr/ 

NaHS Sigma-Aldrich 161527 

https://www.sigmaaldrich.com/catalog/produc
t/sigald/161527?lang=fr&region=CH&cm_sp=
Insite-_-
caSrpResults_srpRecs_srpModel_16721-80-
5-_-srpRecs3-1 

GYY4137 Sigma-Aldrich 
SML010
0 

https://www.sigmaaldrich.com/CH/en/product
/sigma/sml0100 

Diallyl Trisulfide 
(DATS) 

Cayman Chemical 
10 
012577 

https://www.caymanchem.com/product/1001
2577/diallyl-trisulfide 

H2S Donor 5a.  Cayman Chemical 11238 
https://www.caymanchem.com/product/1123
8/h2s-donor-5a 

Sodium trisulfide 
(Na2S3) 

SulfoBiotics SB03-10 
https://www.dojindo.eu.com/store/p/859-
SulfoBiotics-Sodium-trisulfide-Na2S3.aspx 

Nocodazole Sigma-Aldrich M1404 
https://www.sigmaaldrich.com/CH/en/product
/sigma/m1404 

In Vitro Tubulin 
Polymerization 
Assay Kit 

Sigma-Aldrich 
17-
10194 

 

DeadEnd 
Fluorometric 
TUNEL system 

Promega G3250 
https://ch.promega.com/products/cell-health-
assays/apoptosis-assays/deadend-
fluorometric-tunel-system/?catNum=G3250 

Immobilon Western 
Chemiluminescent 
HRP Substate 

Millipore  
WBKLS0
050 

https://www.merckmillipore.com/CH/de/produ
ct/Immobilon-Western-Chemiluminescent-
HRP-Substrate,MM_NF-WBKLS0050 
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Immobilon-P 
transfer membrane 

Millipore 
IPVH000
10 

https://www.merckmillipore.com/CH/de/produ
ct/Immobilon-P-PVDF-Membrane,MM_NF-
IPVH00010 

EnVision® 

+ Dual Link 
System-HRP 
(DAB+) 

DAKO (now Agilent) K4065 

https://www.agilent.com/cs/library/packageins
ert/public/PD04048EFG_01.pdf 

 

Antifade Mounting 
Medium with DAPI 

Vectashield  H-1200 

https://vectorlabs.com/products/mounting/vec
tashield-with-dapi 

 

Pierce reversible 
protein Stain Kit for 
PDGF membranes 

Thermo Fisher Scientific  24585 
https://www.thermofisher.com/order/catalog/p
roduct/24585#/24585 

Seahorse XF 
Glycolysis Stress 
Test Kit 

Agilent 
103020-
100 

https://www.agilent.com/store/productDetail.j
sp?catalogId=103020-
100&catId=SubCat2ECS_897073 

Seahorse XF Cell 
Mito Stress Test Kit 

Agilent 
103015-
100 

https://www.agilent.com/store/en_US/Prod-
103015-100/103015-100 

DirectPCR Lysis 
Reagent (Ear) 

Viagen  402-E 
http://www.viagenbiotech.com/index.php/dire
ctpcr-lysis-reagents/tail/500-mouse-tails-100-
ml.html 

Proteinase K Qiagen,  1122470 

https://www.qiagen.com/us/products/discover
y-and-translational-research/lab-
essentials/enzymes/qiagen-protease-and-
proteinase-k/?catno=19131 

Platinum™ Taq 
DNA Polymerase 

Invitrogen 

 

10966-
026 

https://www.thermofisher.com/order/catalog/p
roduct/10966026 

RPMI-1640 
Glutamax I 

Gibco 

 

61870-
010 

https://www.thermofisher.com/RPMI 

Gelatin type B  Sigma-Aldrich  G9391 G9391 Sigma 

Tripure Roche  
1166715
7001 

Roche_tripure 

DAz-2 Cayman Chemicals  13382 www.caymanchem.com/product/13382 

Cyanine 5.5 alkyne Lumiprobe  C70B0 https://www.lumiprobe.com/p/cy55-alkyne 

4-Chloro-7-
Nitrobenzofurazan 

Sigma Aldrich  163260 
https://www.sigmaaldrich.com/catalog/produc
t/aldrich/163260?lang=fr&region=CH 

SF7-AM fluorescent 
probe 

Sigma-Aldrich  748110 Sigmaaldrich_748110 

SSP4 fluorescent 
probe 

Dojindo Molecular 
Technologies  

SB10 
https://www.dojindo.com/product/sulfobiotics-
ssp4-sb10/ 

Ketamin (Ketasol- Gräub E.Dr.AG, Bern NA https://www.graeub.com/fr/products/product/k
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100) Switzerland etasol-100/2054 

Xylasin (Rompun®), 
Provet AG, Lyssach, 
Switzerland 

NA 
http://www.provet.gr/en/animal-
health/products/pharmaceuticals/veterinary-
pharmaceuticals/rompun-inj.-sol./7-489 

Buprenorphine 
(Temgesic) 

Reckitt Benckiser AG, 
Switzerland 

NA Temgesic 

Resorcine-Fuchsine 
Weigert 

Waldeck  2E-030 
https://www.reactolab.ch/boutique/chroma/re
sorcin-fuchsine-weigert-solution-500-ml/ 

Hematoxylin crist. Merck  
1.04302.
0025 

Hematoxylin-cryst 

Acid Fuchsin Sigma-Aldrich  F8129 
https://www.sigmaaldrich.com/catalog/produc
t/sigma/f8129?lang=fr&region=CH 

Picric acid Sigma-Aldrich 197378 
https://www.sigmaaldrich.com/catalog/produc
t/aldrich/197378?lang=fr&region=CH 

Neo-Clear Merck 
1.09843.
5000 

Neo-Clear  

Ethanol absolu Merck  
1.00983.
2500 

Ethanol 

Phosphate Buffered 
Saline (PBS) 

Bichsel: 
100 0 
324 

https://www.bichsel.ch/ 

i-STAT CG8+ 
CARTRIDGE 

Abbot 
03P88-
25 

https://www.globalpointofcare.abbott/en/prod
uct-details/apoc/istat-cg8plus-test-
cartridge.html 

Sodium dodecyl 
sulfate (SDS) 

Promega  H5114 
https://ch.promega.com/products/biochemical
ssodium-dodecyl-sulfate 

Tween-20 Applichem  A1389 https://www.applichem.com/tween 

Triton x-100 Sigma-Aldrich  T8787 
https://www.sigmaaldrich.com/catalog/produc
t/sigma/t8787?lang=fr&region=CH 

Bovine Serum 
albumin (BSA) 

Applichem  A1391 https://www.applichem.comalbumin-fraktion-v 

Recombinant 
Human PDGF-BB  

PeproTech House  100-14B recombinant-human-pdgf-bb 

DC™ Protein Assay 
Kit I 

Bio-Rad Laboratories 5000111 Bio-rad dc-protein-assay 

Fast SYBR™ 
Green Master Mix  

Applied Biosystems 4385618  

PrimeScript RT 
Reagent Kit 
(Perfect Real Time) 

Takara Bio RR037B 
https://www.takarabio.com/products/real-
time-pcr/reverse-transcription-prior-to-
qpcr/primescript-rt-reagent-kit 

 

Supplementary Table S3: Blood panel 
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Mean (SD) Ctrl (n=8) STS (n=8) p 

pH  6.99 (0.07) 7.03 (0.05 0.23 

HCO3 (mM) 21.52 (2.48) 21.85 (1.24) 0.74 

Na (mM) 150.1 (2.85) 147.5 (3.30) 0.11 

K (mM) 5.6 (0.63) 4.8 (0.66) 0.02 

Ca (mM) 1.39 (0.06) 1.35 (0.1) 0.33 

Urea (mg/dL) 68 (8.4) 56 (10) 0.04 

CK (U/L) 177.4 (47) 202.8 (50) 0.71 

CK-MB (U/L) 73.8 (8.5) 86.6 (14.4) 0.39 

ASAT (U/L) 75.6 (8.8) 82.4 (10.7) 0.64 

ALAT (U/L) 43.9 (8.1) 39.5 (6.3) 0.69 

 

 

Figure S1. STS does not impact media thickness in native carotids of WT and LDLR -/- 
mice.  

WT  and  LDLR -/-  mice  were  treated  for  28  days  with  4  gr/L  STS  in  the  water  bottle. 
Representative VGEL staining of carotid cross sections and morphometric measurements of 
media thickness. Data are mean±SEM of 6-8 animals per group. 

 

  

Figure S2. NaHS decreases IH formation after carotid artery stenosis in mice 
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WT mice were treated for 28 days post carotid artery surgery with 0.5 gr/L NaHS in the water 
bottle. Representative VGEL staining of operated left carotid cross sections and morphometric 
measurements  of  intima  thickness,  media  thickness,  intima  over  media  ratio,  and  intima 
thickness AUC over 1mm from the ligation. Data are mean±SEM of 11 to 13 animals per group. 
*p<.05, as determined by ordinary one-way ANOVA with Dunnett's multiple comparisons. 

 

Figure S3. H2S donors decrease IH formation in ex vivo vein segments.  

VGEL staining of human vein cross section and intima thickness, media thickness and intima 
over media ratio of freshly collected (D0) human vein segments after 7 days in static culture 
with or without (D7), diallyl trisulfide (DATS 200 µM), GYY4137 (GYY 200 µM) or Donor 5A 
(30 µM). Scale bar: 100 µm. Data are shown as mean±SEM of 5 different veins. *p<.05, **p<.01 
as determined by repeated measures one-way ANOVA with Dunnett’s multiple comparisons. 
L=lumen; M= media; IH= intimal hyperplasia 
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Figure S4. STS does not release detectable amounts of H2S or polysulfides in vitro 

a-b) Polysulfides release measured by the SSP4 probe in RPMI media without cells (a) or in 
presence  of  VSMC  (b).  c-d)  H2S  release  measured  by  the  SF7-AM  probe  in  RPMI  media 
without  cells  (c)  or  in  presence  of  VSMC  (d).  Data  are  mean±SEM  of  4  independent 
experiments. ***p<.0001  as  determined  by  repeated  measure  2  way  ANOVA  with  Tukey’s 
multiple comparisons. 
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Figure S5. Cse-/- mice display no evident vascular phenotype 

a) Weight curves of Cse -/- and WT (Cse +/+) littermates. b) Systolic Blood pressure (SBP) in 
Cse-/- and WT (Cse+/+) littermates. c-d) Carotid and aorta histomorphometry in Cse -/- and WT 
(Cse+/+), as measured on VGEL-stained cross section of carotid or aorta. Data are mean±SEM 
of 4 to 6 animals per group. IEL:internal elastic lamina; EEL:external elastic lamina.  
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Figure S6. STS and NaHS reduce collagen III accumulation in ex vivo vein segments 

A) Left panel: Representative collagen III immunofluorescent staining. Scale bar=50 µm. 
Right panel: Quantitative assessment of Collagen III immunofluorescent staining. Data are 
scatter plots of 5 different veins with mean±SEM. *p<.05 as determined by paired repeated 
measures one-way ANOVA with Dunnett’s multiple comparisons. B) Representative western 
blot of collagen III over total protein and quantitative assessment of 6 different human vein 
segments. Data are scatter plots with mean±SEM. *p<.05 as determined by paired repeated 
measures one-way ANOVA with Dunnett’s multiple comparisons. 

 

 

Figure S7. STS does not induce cell apoptosis in vivo in mouse carotids 

Cleaved caspase 3 immunostaining (in brown) on CAS operated carotids in WT mice treated 
or not (Ctrl) with STS 4g/L for 28 days. Tissue was counterstained with hematoxylin to label 
nuclei (in blue). Spleen from a WT mouse was used as a positive control for Cleaved 
caspase 3 immunostaining. Scale bar 40 µm. Insets are 4 fold magnification of main images. 



44 
 

 

Figure S8. H2S donors inhibit VSMC proliferation in vitro 

VSMC proliferation as assessed by BrdU incorporation (pink) over total nuclei (blue) for 24 
hours in presence or absence (Ctrl) of Diallyl trisulfide (DATS 200 µM) or GYY4137 (GYY 100 
or 200 µM) or Donor 5A (D5A at 15 or 30 µM) and NaHS (100 µM). Scale bar: 25 µm. Data are 
mean±SEM of 6 independent experiments. ***p<.001 as determined by repeated measures 
ordinary one-way ANOVA with Dunnett's multiple comparisons. 
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Figure S9. STS and NaHS inhibit VSMC migration 

VSMC migration in cells treated or not (Ctrl) with 15 mM STS or 100 µM NaHS in presence 
of 10 μg/mL Mitomycin C, as assessed by wound healing assay, expressed as the 
percentage of wound closure after 8 hours. Scale bar: 100 µm. Data are scatter plots with 
mean±SEM of 5 independent experiments in duplicates. ***p<.001 as determined by 
repeated measures one-way ANOVA with Dunnett’s multiple comparisons.  

 

 

Figure S10. STS is not cytotoxic at 15mM in VSMC 

VSMC apoptosis after 48 hours of cell culture in presence of increasing concentration of STS, 
as  indicated.  Data  shown  as  mean  ±  SEM.  *p<.05,  **p<.01  as  determined  by  repeated 
measures ordinary one-way ANOVA followed by Dunnett's multiple comparisons tests. 
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Figure S11. STS does not significantly impact VSMC metabolism in vitro 

a-b) Mito stress test assay in VSMC pre-treated or not (Ctrl) for 4h (a) or 24h (b) with 100 µM 
Nahs or 15 mM STS. c) Glucose stress test assay in VSMC pre-treated or not (Ctrl) 24h with 
100 µM Nahs or 15 mM STS. Data are representative Seahorse traces and mean±SEM of 5-
6 independent experiments. *p<.05, **p<.01 as determined by 2 way ANOVA with Tukey’s 
multiple comparisons.  
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Figure S12. STS does not significantly impact the mitochondrial respiratory chain in 
VSMC in vitro 

VSMC were treated for 24 hours with 15 mM STS or 100 µM NaHS. Representative Western 
blot (A) and quantitative assessment of Oxphos complexes (B), normalized to total protein in 
4 independent experiments. 
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Figure S13. STS treatment does not decrease tubulin in native carotids, liver and kidney 
of WT mice.  

a) WT and LDLR-/- mice were treated for 28 days with 4 gr/L STS in the water bottle. 
Representative tubulin immunostaining of carotid cross sections. Data are mean±SEM of 4-6 
animals per group. b) WT mice were treated for 28 days with 4 gr/L STS in the water bottle. 
Representative tubulin Western blotting and quantitative assessment of tubulin levels, 
normalized to total proteins, in the liver and kidney of 5-6 animals per group. 

References 
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7.2 Hydrogen Sulphide Release via the Angiotensin Converting 
Enzyme Inhibitor Zofenopril Prevents Intimal Hyperplasia in 
Human Vein Segments and in a Mouse Model of Carotid Artery 
Stenosis 

 

In this study, we demonstrated that Zofenopril is not only more potent than enalapril in reducing 

IH in hypertensive Cx40–/– mice, but it also suppresses IH in normotensive conditions, where other 

ACEi have no effect. Furthermore, zofenopril prevents IH in human saphenous vein segments in 

the absence of blood flow. The effect of zofenopril on IH correlates with reduced VSMC 

proliferation and migration, and decreased activity of the MAPK and mTOR pathways. 

DOI: https://doi.org/10.1016/j.ejvs.2021.09.032 
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7.3 Sodium thiosulfate, a source of hydrogen sulfide, promotes 
endothelial cells proliferation, angiogenesis and reperfusion 
following hind-limb ischemia in the mouse. 

 

In  this  study,  we  tested  the  therapeutic  potential  of  STS  to  promote  reperfusion  and 

angiogenesis in vivo in various models and investigated STS effects on cultured EC. We showed 

that STS promotes reperfusion following hindlimb ischemia. STS also promotes angiogenesis in 

matrigel plug implants and in the CAM model. STS stimulated EC proliferation and migration in 

vitro via metabolic reprogramming towards a more glycolytic state.  

 

This study is almost ready for submission in the journal Frontiers and is therefore presented 

as already formatted according to Frontiers guidelines.  
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8 Conclusion  

In summary,  in the present thesis we demonstrated that STS, a FDA-approved source of 

sulfur, and Zofenopril, a sulfhydrated ACE inhibitor, hold promising therapeutic potential against 

PAD and post-surgical complications (IH).  

8.1 STS inhibits IH 

In  chapter  7.1,  we  demonstrated  that  STS  limits  IH  development  in  vivo  in  a  model  of 

arterial restenosis and ex vivo in a model of human vein segments. Mechanistically, STS increases 

H2S bioavailability, which leads to inhibition of cell apoptosis and matrix deposition, as well as 

VSMC proliferation and migration via microtubules depolymerisation.  

In this study, we hypothesized that STS inhibits VSMC proliferation by persulfidation of the 

tubulin  protein,  thereby  interfering  with  its  polymerization.  This  hypothesis  is  supported  by 

various studies that showed the persulfidation of cytoskeletal proteins (55, 56). However, in our 

study, direct evidence that STS persulfidates the tubulin protein is lacking. Mass spectrometry 

should  be  undertaken  to  confirm  persulfidation  of  the  tubulin  protein.  Specific  inhibition  of 

protein persulfidation by blocking/modifying cysteine residues on target proteins is necessary to 

prove  that  tubulin  persulfidation  accounts  for  the  effect  of  STS  on  VSMC  proliferation  and 

migration.  

 

A major issue with the use of STS is thiosulfate detection. Farese et al. showed that oral STS 

has  low  and  variable  bioavailability  and  only  iv  injections  should  be  used  in  humans  (130). 

Working on mice, we had to select oral administration because 28 days iv injection cannot be 

done, and repeated ip injection is frowned upon. To assess the amount of STS that accumulates in 

tissues and organs after oral administration, we tested a colorimetric technique (131) but failed 

to  detect  thiosulfate.  We  are  currently  working  with  the  Central  Environmental  Laboratory 
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(EPFL)  that  uses  ion-chromatography  couple  with  mass  spectrometry  to  detect  circulating 

thiosulfate levels in plasma.  

 

8.2 Zofenopril inhibits IH 

In chapter 7.2, we demonstrated that the sulfhydrated ACEi  Zofenopril is superior than 

non-sulfhydrated ACEi Enalapril in limiting IH development in vivo in a mouse model of 

hypertension  and  in  normotensive  conditions  as  well  as  in  an  ex  vivo  model  of  human  vein 

segments. Mechanistically, Zofenopril increases H2S bioavailability, leading to inhibition of VSMC 

proliferation and migration by targeting the MAPK and mTOR pathway. 

Our study demonstrating superiority of Zofenopril over Enalapril goes in line with previous 

studies (132, 133). Given the beneficial actions of H2S in the vascular system, Zofenopril 

superiority is most likely due to its ability to release H2S, as evidenced by increase overall protein 

persulfidation in our experimental settings and by others before us (132, 133).  

The  present  work  holds  important  therapeutic  potential  as  it  is  estimated  that  32% 

(women) and 34% (men) of the population between the age of 30 and 79 is hypertensive (134). 

Anti-hypertensive  drugs  are  therefore  one  of  the  most  used  medication  in  the  world.  Further 

studies in bigger animal models as well as in large patients cohort are of course required by these 

data suggest that Zofenopril should be the ACEi of choice for patients suffering from hypertension.  

Considering the widespread use of anti-hypertensive medication in PAD patients (135), we 

believe  it  might  be  use  not  only  to  limit  vascular  surgery  complications  but  also  to  promote 

reperfusion, which remains to be tested.  

 

8.3 STS promotes reperfusion in a HLI model in mice 

In chapter 7.3, we showed that STS promotes reperfusion following hind limb ischemia in 

healthy and hypercholesterolemic mice. H2S also promoted angiogenesis in vivo in the CAM model 
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and in matrigel plug implants. Our data suggest that STS directly stimulates EC proliferation and 

migration in vitro and following hind limb ischemia in vivo. Mechanistically, STS most likely acts 

by  increasing  H2S  bioavailability.  H2S  induces  a  metabolic  reprogramming  towards  increased 

glycolysis, leading to increased proliferation and migration. STS also promotes the activation of 

the VEGFR2 pathway. 

The HLI model lacks the complexity of the disease that we see in humans. To replicate some 

of the comorbidities that PAD patients have, we tested STS on hypercholesterolemic mice but we 

remain  far  from  the  patient’s  actual  situation.  Furthermore,  the  HLI  model  induces  an  acute 

ischemia, with limited impairment in limb function and fast reperfusion to asymptomatic levels. 

Recently,  Krishna  et  al.  developed  a  two  stages  HLI  model,  which  leads  to  more  severe  and 

sustained ischemia than the conventionally used model. In the new model, 2 ameroid constrictors 

are placed on the femoral artery to induce a gradual occlusion and the femoral artery is finally 

excised 14 days after constrictors placement. This new model may be more relevant to evaluate 

novel PAD therapies (136). 

The  exact  mechanisms  leading  to  revascularization  following  skeletal  ischemia  in  PAD 

patients are controversial. Both arteriogenesis and angiogenesis probably co-exist (137). In our 

study, we showed that STS promotes arteriogenesis in the hindlimb ischemia model. 

Arteriogenesis,  or  the  growth  of  collateral  arteries,  is  mainly  stimulated  by  shear  stress  and 

requires macrophages to achieve proper vessel remodeling (138, 139). In line with arteriogenesis 

in our experimental settings, we showed huge macrophages infiltration 4 days after HLI. We also 

showed  activation  of  the  VEGFR2  pathway  14  days  after  surgery,  suggested  to  take  part  in 

arteriogenesis (140).  

In addition to arteriogenesis in the HLI model, STS promotes angiogenesis in vivo in matrigel 

plug  implants  and  in  the  CAM  model,  suggesting  that  STS  may  promote  different  types  of 

neovessel  formation.  In  vitro,  STS  promotes  EC  proliferation  and  migration.  In  our  study,  STS 

induces a metabolic reprogramming towards glycolysis,  which seems instrumental to increase 

proliferation  and  migration.  Interestingly,  during  sprouting  angiogenesis,  EC  differentiate  into 
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migratory  tip-cells  versus  proliferative  stalk  cells.  On  the  one  hand,  tip-cells  rely  solely  on 

glycolysis  for  cytoskeletal  remodeling  during  migration.  On  the  other  hand,  proliferative  stalk 

cells rely on glycolysis for energy production, but require also fatty acid oxidation and amino acid 

metabolism to support proliferation (141). Here, STS promotes both HUVECs proliferation and 

migration,  suggesting  a  potential  effect  both  on  tip  cells  and  stalk  cells.  Furthermore,  STS 

increased  the  mRNA  expression  of  fatty  acid  metabolism  enzymes  CPT1  and  FASN  in  HUVEC. 

Further studies will be performed to assess the effect of STS on beta-oxidation, although in vivo 

data did not suggest an impact of STS on beta-oxidation in the whole muscle. 

 

Our data further suggest that STS also stimulates the VEGF/VEGFR2 pathway, which plays 

a pivotal role in sprouting angiogenesis and in arteriogenesis (137) Downstream the 

VEGF/VEGFR2  pathway  are  the  Akt  and  MAPK  pathways  responsible  for  proliferation  and 

migration. Further studies are ongoing to characterize the effect of STS on those pathways. VEGF 

can also stimulate eNOS downstream of Akt, which will support EC function. AKT also 

phosphorylate FOXO1, leading to activation of  the transcriptional factor MYC, promoting 

glycolysis (141). Whether VEGFR2 activation is necessary to observe STS-induced glycolysis and 

EC proliferation and migration remains to be tested. Experiments using VEGFR2 inhibitors are 

under way in HUVEC to test this hypothesis.  

 

Our study supports that STS promotes VEGF-dependent sprouting angiogenesis and 

arteriogenesis. However, a recent report suggests that skeletal muscle revascularization following 

HLI in the mouse happens mainly via intussusception (142). Intussusception, or vessel splitting, 

(143) is a dynamic intravascular process capable of dramatically modifying the structure of the 

microcirculation, that relies on the separation of a “mother” vessel into two “daughter” vessels, by 

endothelial cell projection into the luminal space. Mechanisms regulating this process are not well 

understood and the implication of VEGFR2 is controversial (142). In our experimental settings, 

we did not examined the VEGFR2 pathway at early time points, nor did we carefully checked the 
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appearance of the early vascular network. However, vessel immunostaining at day 4 highlights 

structures reminiscent of intussusceptive vessel formation. Further experiments are required to 

test if intussusception really plays a part in early muscle revascularization and if STS somehow 

modifies this process.  

Overall, the effects of STS on ECs may be multifactorial. Furthermore, in vivo, STS likely affects 

other cell types, such as macrophages and smooth muscle cells, implicated in angiogenesis and 

arteriogenesis.  

 

Additional studies in larger animal models with surgeries similar to what is done in patients 

are required before testing the benefits of STS in a large, phase II-III clinical trials. The next step 

is to test STS in a porcine model. We will simultaneously generate a model of IH through balloon 

angioplasty of the carotid artery (144), and a model of limb ischemia via intravascular placement 

of  an  occluder  into  the left  external iliac artery  (145).  A  pharmacological  grade  injectable STS 

solution (25g STS) will be given intravenously three times per week. Blood samples will be taken 

weekly and organs will be collected 4 weeks after the surgeries. Primary outcome for the carotid 

angioplasty is intimal hyperplasia thickness assessed by histomorphology. Primary outcome for 

external  iliac  artery  occlusion  is  reperfusion  index  as  assessed  by  angiography  and  capillary 

density in the leg muscles. Secondary outcome will include toxicology and pharmacology studies 

to assess STS accumulation and elimination in the minipig organism. Thiosulfate and sulfate levels 

will  be  evaluated  by  ion-chromatography  couple  with  mass  spectrometry  in  plasma  samples 

(146)  by    the  Central  Environmental  Laboratory  (EPFL).  Plasma  samples  will  also  be  used  to 

assess inflammation (CRP), kidney (electrolytes, creatinine, urea), liver (ASAT, ALAT) and cardiac 

(CK-MB, troponin) function. 
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8.4 Further perspectives: Clinical potential of STS in a mouse model 
of AAA 

Both of our studies showed that STS limits IH formation and promotes revascularization. 

Based on these results, we believe that STS may hold therapeutic potential in other cardiovascular 

disease.  

Abdominal Aortic Aneurysm (AAA) is a degenerative disease in the aortic wall that affects 

5% of men aged ≥65 years (147, 148). AAA is defined as a local expansion of the abdominal aorta 

wall, with at least a 50% increase over its normal diameter. AAA is often asymptomatic and 80% 

of AAA rupture is fatal. AAA is the 13th leading cause of death in the United States (149). Open 

surgical repair or minimally invasive endovascular aortic repair (EVAR) are the only treatments 

(150, 151). Although the risk factors for AAA are well recognized (atherosclerosis, age, male sex, 

hypertension, genetic predispositions, and smoking), the cellular and molecular mechanisms of 

AAA remain poorly understood. Basic and clinical studies have revealed that the key pathological 

features of AAA include i) infiltration of innate and adaptive immune cells in the aortic wall, ii) 

loss  of  vascular  smooth  muscle  cells  (VSMCs),  and  iii)  proteolysis  of  the  extracellular  matrix 

leading to degradation (ECM). The absence of resolution of those processes leads to progressive 

AAA growth and culminates in AAA rupture. However, the exact sequence of events leading to 

rupture remains incompletely understood (152-154).  

Although  pre-clinical  studies  have  shown  that  H 2S  has  potent  cardiovascular  benefits 

(reviewed in (155)), only a couple of studies investigated the potential protective effect of H 2S 

against  AAA.  Gomez et  al.,  demonstrated  that endogenous  H2S  level  and CTH  expression  were 

lower  in  AAA  samples  obtained  from  patients  (14  males  and  3  females,  aged  67  ±  2  years) 

undergoing aortic repair surgery, as compared to healthy aorta (156). It was also recently shown 

that NaHS attenuates inflammation and aortic remodeling in a model of aortic dissection induced 

by -aminopropionitrile fumarate (BAPN) and angiotensin II (Ang-II) in WT mice (157).  β

Interestingly, as mentioned in the introduction, many studies report anti-inflammatory and 

anti-oxidant properties of H2S in the context of atherosclerosis and cardiac failure (for full review 
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see (97)). Whether or not H 2S-based strategies may reduce oxidative stress and inflammation in 

the context of AAA remains to be tested. 

 

Various models to replicate AAA development have been developed over the years 

(reviewed in (158)). Intravascular injection of elastase has been shown to induce significant AAA 

but is challenging technically. An adapted model commonly used consists in perivascular 

application of elastase (159, 160), which can be further aggravated by BAPN systemic 

administration (161). Elastase will degrade the elastin, the main component of the elastic lamina 

(162). BAPN is a lysyl oxidase inhibitor (163) that will prevent the crosslinking of collagen with 

elastin.  In  the  lab,  we  slightly  modified  the  protocol  for  elastase  perivascular  application.  The 

following preliminary experiments were performed on 10 weeks-old male WT mice without the 

use of BAPN to setup the peri-aortic elastase application. Surgery was performed under isoflurane 

anesthesia. While deeply anesthetized, a midline incision was made and the aorta separated from 

the surrounding fascia below the kidneys. A Whatmann paper impregnated with 8 µL of Elastase 

solution  (Sigma-Aldrich)  was  applied  on  the  surface  of  the  aorta  for  10  minutes.  Following 

Whatmann removal, the peritoneum cavity was rinsed with warm saline and the abdomen closed 

with sutures. Aortas were collected 14 days post-op, fixed in buffered formalin and included in 

paraffin for histology studies. As compared to sham-operated mice with a normal aorta, the mice 

exposed to peri-aortic elastase application had an enlarged lumen, as quantified by the lumen area 

along the length of the sub-renal aorta and max diameter of the aorta (Fig. 1). The aortic wall also 

displayed proteolysis of the elastic laminae as assessed by VGEL staining and matrix deposition 

(newly formed collagen deposit in blue) as observed by Herovici staining. Operated aortas also 

displayed increased inflammation as measured by T-cell (CD3+ cells), macrophages (CD86+ cells) 

and  neutrophils  (MPO+  cells)  infiltration  in  the  aortic  wall.  Finally,  Calponin  staining  of  VSMC 

revealed a major remodeling of the media layer upon elastase application (Fig. 1). Preliminary 

experiments show that STS tends to reduce the severity of the elastase-induced AAA, as well as 

elastin degradation and a composite inflammation grades (Fig. 1; STS vs. Ctrl). However, further 
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surgeries  and  staining  are  required  to  evaluate  the  therapeutic  potential  of  STS  against  AAA 

formation in this model. 

 

  

Figure 1 STS reduces AAA formation in a mouse model of topical application of elastase 
Representative VGEL and Herovici staining, and CD3, CD86, MPO or calponin  immunostaining in sub-renal mouse aorta in 
sham-operated  WT  mice  (Sham)  or  in  mice  with  topical  elastase  application,  treated  or  not  (Ctrl)  with  4g/L  STS  (STS). 
Quantitative assessment of aorta lumen, aorta max diameter, elastin degradation grade (1 to 4), or inflammation grade (1 to 
4). Data are mean±SEM of 4 to 6 animals per group . Grades were determined by two independent observers blind to 
the experimental condition. 
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10  Annex: Clinical use of hydrogen sulfide to protect against intimal 
hyperplasia 

 
The present paper has been accepted by Frontiers for publication and is currently under final 

formatting by the journal and the online version is not available yet. The version presented here 

in an intermediate version provided by the journal pending final formatting.  
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