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Abstract: The saphenous vein is the conduit of choice for bypass grafting. Unfortunately, the hemo- 14 
dynamic stress associated with the arterial environment of the bypass vein graft leads to the devel- 15 
opment of intimal hyperplasia (IH), an excessive cellular growth and collagen deposition that re- 16 
sults in restenosis and secondary graft occlusion. Hydrogen sulfide (H2S) is a ubiquitous redox- 17 
modifying gasotransmitter that inhibits IH. H2S is produced via the reverse trans-sulfuration path- 18 
way by 3 enzymes: cystathionine γ-lyase (CSE), cystathionine β-synthase (CBS), and 3-mercaptopy- 19 
ruvate sulfurtransferase (3-MST). However, the expression and regulation of these enzymes in the 20 
human vasculature remains unclear. Here, we investigated the expression of CSE, CBS and 3-MST 21 
in segments of native human saphenous vein and large arteries. Furthermore, we evaluated the 22 
regulation of these enzymes in vein segments cultured under static, venous (7 mmHg pressure) or 23 
arterial (100 mmHg pressure) pressure. CSE was expressed in the media, neointima and intima of 24 
the vessels and was negatively regulated by arterial shear stress. Adenoviral-mediated CSE overex- 25 
pression or RNA interference-mediated CSE knock-down revealed that CSE inhibited primary hu- 26 
man VSMC migration but not proliferation. We propose that high shear stress in arteriovenous by- 27 
pass grafts inhibits CSE expression in both the media and endothelium, which may contribute to 28 
increased VSMC migration in the context of IH. 29 
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 31 

1. Introduction 32 
Arterio-venous bypass surgery is one of the main approaches for revascularization 33 

of chronic limb-threatening ischemia (CLTI) patients. However, veins are not designed to 34 
support arterial pressure and undergo significant vascular remodeling to adapt to the ar- 35 
terial environment. This remodeling is accompanied by the development of intimal hy- 36 
perplasia (IH), i.e., the formation of a collagen-rich neointima layer between the media 37 
and the innermost layer (intima/endothelium) of the vein. IH is due to a cascade of cellular 38 
events leading to the differentiation, proliferation, and migration of vascular smooth mus- 39 
cle cells (VSMC) from the vessel wall into the intima [1]. This excessive cell growth and 40 
collagen deposition eventually lead to reduced blood flow (restenosis) or occlusion of the 41 
bypass. 30 to 50% of the saphenous grafts fail 1–18 months after the implantation [2]. 42 

Hydrogen sulfide (H2S) contributes to the homeostasis of a wide range of systems, 43 
including the cardiovascular systems [3]. Notably, endogenous H2S bioavailability is at- 44 
tenuated in patients with CLTI and in patients with diabetes-related vascular 45 
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inflammation [4]. Circulating H2S is also reduced in humans suffering from vascular oc- 46 
clusive disease [5, 6], and patients undergoing surgical revascularization with lower H2S 47 
production capacity have higher postoperative mortality rates [7].  48 

H2S is produced in mammalian cells through the reverse transulfuration pathway by 49 
two pyridoxal 5ʹ-phosphate dependent enzymes, cystathionine γ-lyase (CSE) and cysta- 50 
thionine β-synthase (CBS), and by a combination of two additional enzymes, 3-mercapto- 51 
pyruvate sulfurtransferase (3-MST) and cysteine aminotransferase (CAT). Mice lacking 52 
Cse display increased IH in a model of carotid artery ligation [8, 9]. On the contrary, Cse 53 
overexpression decreases IH formation in a murine model of vein graft by carotid-inter- 54 
position cuff technique [10]. In addition, we and others demonstrated that systemic treat- 55 
ment using diverse H2S donors inhibit IH in vivo in various models in rats [11], rabbits [12] 56 
and mice [8, 9, 13]. We also showed that several H2S donors inhibit IH ex vivo in human 57 
vein segments [9, 13, 14]. The study of Cse-/- mice supports that CSE expression in endo- 58 
thelial cells (EC) is the main source of endogenous H2S production in vessels [15-18]. How- 59 
ever, CSE expression has also been found in VMSC, and may contribute to VSMC prolif- 60 
eration and migration, vascular remodeling and IH [8, 19]. CBS is also found in the cardi- 61 
ovascular system, but its role and distribution in vessels is unclear [3]. Other reports sug- 62 
gest a key role of 3-MST in H2S production in the vascular endothelium [20]. It was re- 63 
cently demonstrated that Cse expression is negatively regulated by shear stress in vitro 64 
[21]. This is in line with a previous study showing that only disturbed flow regions show 65 
discernible CSE protein expression after carotid artery ligation in the mouse [22]. How- 66 
ever, the expression of CSE in human vessels remains poorly characterized. In this study, 67 
we studied the expression and regulation of CSE, CBS and 3MST in segments from healthy 68 
human saphenous vein and artery. We observed that CSE is expressed both in the endo- 69 
thelium and media of large vessels, while CBS expression is detectable only in the media, 70 
and 3-MST expression is mainly restricted to the endothelium of small vessels. Our data 71 
confirms that CSE expression in vein is negatively regulated by shear stress and, as a re- 72 
sult, upregulated in absence of flow and downregulated in vein segments placed under 73 
arterial perfusion. We further confirm that CSE is involved in primary human VSMC mi- 74 
gration, but not proliferation. 75 

2. Materials and Methods 76 

For details on materials and reagents please see the Supplementary Table S1 and S2. 77 
2.1 Human vessels culture 78 

Healthy human artery segments were obtained from patients undergoing vascular 79 
reconstruction as part of our biobank. 9 artery segments were used in this study. Healthy 80 
human saphenous vein segments were surplus segments of non-varicose veins from do- 81 
nors who underwent lower limb bypass surgery. Static vein culture was performed as 82 
described [13, 14, 23]. Briefly, segments of great saphenous vein were cut in 5 mm seg- 83 
ments randomly distributed between conditions. One segment (D0) was immediately pre- 84 
served in formalin or flash frozen in liquid nitrogen and the others were maintained in 85 
culture for 7 days in RPMI-1640 Glutamax I supplemented with 10 % FBS and 1% antibi- 86 
otic solution (10,000 U/mL penicillin G, 10,000 U/mL streptomycin sulphate) in cell culture 87 
incubator at 37°C, 5% CO2 and 21% O2.  88 

Pulsatile vein culture using an ex vivo vein perfusion system was performed as pre- 89 
viously described [24-27]. Upon harvest, veins were stored at 4 °C in a RPMI-1640 Gluta- 90 
max medium, supplemented with 12.5% fetal calf serum (Gibco). Within 1 h after the sur- 91 
gery, the segment with an external diameter of 2.5–4 mm were divided in two equal parts. 92 
One part was fixed in either formalin for immunohistochemistry or rapidly frozen in liq- 93 
uid nitrogen for molecular analyses. A second part was perfused in the EVPS for 7 days 94 
to a pulsatile biphasic flow of 60 pulses/min under either low (LP = 7 mmHg; systolic/di- 95 
astolic pressure = 8 ± 1/6 ± 1 mmHg) or high perfusion pressure (HP = 100 mmHg; 96 
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systolic/diastolic pressure = 120 ± 5/90 ± 5 mmHg). Upon completion of the perfusion, the 97 
5 mm proximal and distal ends, which attached the vein to the equipment, were dis- 98 
carded. A central, 5 mm-thick ring was cut from the remaining segment and fixed in for- 99 
malin for morphometry. The remaining fragments were frozen and reduced into powder 100 
for RT-PCR and Western blot analysis. The veins segments in the EVPS were maintained 101 
in RPMI-1640, supplemented with Glutamax, 12.5% fetal calf serum (Gibco), 8% 70 kDa 102 
dextran (Sigma), and 1% antibiotic-antimycotic solution (10,000 U/ml penicillin G, 10 103 
mg/ml streptomycin sulphate, 25 mg/ml amphotericin B, and 0.5 μg/ml gentamycin). This 104 
medium was changed every 2 days. In this study, eight veins obtained from randomly 105 
selected patients who underwent lower limb bypass surgery for critical ischemia were 106 
used. 107 
2.2 Cell culture 108 

Human VSMCs were prepared from human saphenous vein segments as previously 109 
described [28, 29]. Vein explants were plated on the dry surface of a cell culture plate 110 
coated with 1% Gelatine type B (Sigma-Aldrich). Explants were maintained in RPMI, 10% 111 
FBS medium in a cell culture incubator at 37°C, 5% CO2, 5% O2 environment. 9 different 112 
veins/patients were used in this study to generate VSMC. 113 
2.3 siRNA-mediated knock-down and adenoviral-mediated overexpression 114 

CSE knockdown was performed using human siRNA targeting CTH (Ambion-Life 115 
Technologies, ID: s3710 and s3712). The control siRNA (siCtrl) was the AllStars Negative 116 
Control siRNA (Qiagen, SI03650318). VSMC grown at 70% confluence were transfected 117 
overnight with 30 nM siRNA using lipofectamin RNAiMax (Invitrogen, 13778-075). After 118 
washing, cells were maintained in full media for 48h prior to assessment. 119 

CSE overexpression was achieved using a replication-deficient recombinant adeno- 120 
viral (DE1/E3) vector. Adenoviral infection was achieved overnight in complete medium 121 
using AdCTH (kindly provided by James R. Mitchell [30], produced and purified by Vec- 122 
tor Biolabs, Philadelphia, PA, U.S.A.), or the negative control virus Ad-eGFP (Vector Bi- 123 
olabs, Cat. No: 1060). Adenoviral infection was conducted using the Adenovirus (CAR) 124 
receptor booster according to the manufacturer’s instructions (Cat:631470; Takara Bio Inc. 125 
Switzerland). After washing, cells were maintained in full media for 48h prior to assess- 126 
ment.  127 
2.3 Histology 128 

After 7 days in culture, or immediately upon vein isolation (D0), human vessel seg- 129 
ments were fixed in buffered formalin, embedded in paraffin, cut into 5 μm sections, and 130 
stained with VGEL as previously described [14]. Slides were scanned using a ZEISS Axi- 131 
oscan 7 Microscope Slide Scanner. Polychrome Herovici staining was performed on par- 132 
affin sections as described [31]. Young collagen was stained blue, while mature collagen 133 
was pink. Cytoplasm was counterstained yellow. Hematoxylin was used to counterstain 134 
nuclei blue to black. For intimal and medial thickness, 96 (4 measurements/photos and 4 135 
photos per cross section on six cross sections) measurements were performed [26, 27]. Two 136 
independent researchers blinded to the conditions did the morphometric measurements 137 
using the Olympus Stream Start 2.3 software (Olympus, Switzerland) [13, 14, 23]. 138 

CSE, CBS and 3-MST immunohistochemistry were performed on paraffin sections 139 
[32]. After rehydration and antigen retrieval (TRIS-EDTA buffer, pH 9, 1 min in an electric 140 
pressure cooker autocuiser Instant Pot duo 60 under high pressure), immunostaining was 141 
performed on human vein or artery sections using the EnVision®+ Dual Link System-HRP 142 
(DAB+) according to manufacturer’s instructions. Slides were further counterstained with 143 
hematoxylin. The positive immunostaining area was quantified using the Fiji (ImageJ 144 
1.53t) software and normalized to the total area of the tissue by two independent observ- 145 
ers blinded to the conditions.  146 
2.4 Western blotting 147 
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Vessels were flash-frozen in liquid nitrogen, grinded to power and resuspended in 148 
SDS lysis buffer (62.5 mM TRIS pH6,8, 5% SDS, 10 mM EDTA). Protein concentration was 149 
determined by DC protein assay (Bio-Rad Laboratories, Reinach, Switzerland). 10 to 20 150 
μg of protein were loaded per well. Primary cells were washed once with ice-cold PBS 151 
and directly lysed with Laemmli buffer as previously described [14, 28]. Lysates were re- 152 
solved by SDS-PAGE and transferred to a PVDF membrane (Immobilon-P, Millipore AG, 153 
Switzerland). Immunoblot analyses were performed as previously described [28] using a 154 
CSE antibodies described in Supplementary Table S1. Membranes were revealed by en- 155 
hanced chemiluminescence (Immobilon, Millipore) using the Azure 280 device (Azure Bi- 156 
osystems) and analyzed using the Fiji (ImageJ 1.53t) software. Protein abundance was nor- 157 
malized to total protein using Pierce™ Reversible Protein Stain Kit for PVDF Membranes 158 
(cat 24585; Thermo Fisher Scientific). 159 
2.5 Reverse transcription and quantitative polymerase chain reaction (RT-qPCR) 160 

Flash frozen vessels powder was homogenized in Tripure Isolation Reagent (Roche, 161 
Switzerland), and total RNA was extracted according to the manufacturerʹs instructions. 162 
After RNA Reverse transcription (Prime Script RT reagent, Takara), cDNA levels were 163 
measured by qPCR Fast SYBR™ Green Master Mix (Ref: 4385618, Applied Biosystems, 164 
ThermoFischer Scientific AG, Switzerland) in a Quant Studio 5 Real-Time PCR System 165 
(Applied Biosystems, ThermoFischer Scientific AG, Switzerland), using the primers de- 166 
scribed in Supplementary Table S3.  167 
2.6 Lead acetate (CSE/CBS activity assay) 168 

Flash frozen vessels powder was homogenized in passive lysis buffer (Promega) and 169 
protein content was determined using a BCA protein assay (Thermofischer). The lead ac- 170 
etate assay was performed as previously described [18, 30, 33]. Briefly, using a 96 well 171 
plate, 300µg of proteins were diluted into 100μl of PBS supplemented with 10mM Cyste- 172 
ine and 1mM pyridoxal phosphate as substrate and cofactor for CSE and CBS. The plate 173 
was then covered with Whatman paper impregnated with 20mM lead acetate and incu- 174 
bated at 37°C for 5h. Lead sulfide precipitate on the Whatman paper were scanned using 175 
a high-resolution scanner (HP) and quantified using Fiji (ImageJ 1.53t) software. 176 
2.7 H2S and persulfidation measurement 177 

Free H2S was measured in cells using the SF7-AM fluorescent probe [34] (Sigma-Al- 178 
drich). The probe was dissolved in anhydrous DMF at 5 mM and used at 5 μM in serum- 179 
free RPMI. Live-cell image acquisition was performed using a Nikon Ti2 spinning disk 180 
confocal microscope. Global protein persulfidation was assessed on VSMC grown on glass 181 
coverslips as previously described [9]. Cells were incubated for 20 minutes with 1mM 4- 182 
Chloro-7-nitrobenzofurazan (NBF-Cl, Sigma-Aldrich) diluted in PBS. Then, cells were 183 
washed with PBS and fixed for 10 minutes in ice-cold methanol. Coverslips were rehy- 184 
drated in PBS and incubated with 1mM NBF-Cl for 1h at 37°C. In parallel, a Daz2-Cy5.5 185 
solution was prepared by mixing 1mM Daz-2, 1mM alkyne Cy5.5, 2mM copper(II)-TBTA, 186 
4mM ascorbic acid and incubating overnight at RT, followed by quenching for 1h with 187 
20mM EDTA. Fixed cells were further incubated at 37°C for 1h in the Daz2-Cy5.5 solution. 188 
Finally, coverslips were washed 3 times in methanol and 2 times in PBS, mounted in Vec- 189 
tashield mounting medium with DAPI, and visualized with a 90i Nikon fluorescence mi- 190 
croscope. Persulfidation was measured as the ratio of Daz2-Cy5.5 over NBF-Cl signal per 191 
cell by two independent experimenter blinded to the conditions using the Fiji (ImageJ 192 
1.53t) software. 193 
2.8 BrdU assay 194 

VSMCs were grown at 80% confluence (5·103 cells per well) on glass coverslips in a 195 
24-well plate and starved overnight in serum-free medium. Then, VSMC were either 196 
treated or not (ctrl) with the drug of choice for 24 hours in full medium (RPMI 10% FBS) 197 
in presence of 10μM BrdU. All conditions were tested in parallel. All cells were fixed in 198 
ice-cold methanol 100% after 24 hours of incubation and immunostained for BrdU. Images 199 
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were acquired using a Nikon Eclipse 90i microscope. BrdU-positive nuclei and total DAPI- 200 
positive nuclei were automatically detected using the Fiji (ImageJ 1.53t) software [29].  201 
2.9 Wound healing assay 202 

VSMCs were grown at confluence (104 cells per well) in a 12-well plate and starved 203 
overnight in serum-free medium. Then, a scratch wound was created using a sterile p200 204 
pipette tip and medium was changed to full medium (RPMI 10% FBS) in presence of 205 
0.5μg/mL mitomycin C to block proliferation. Repopulation of the wounded areas was 206 
recorded by phase-contrast microscopy in a Nikon Ti2-E live cell microscope. All condi- 207 
tions were tested in parallel. The area of the denuded area was measured automatically 208 
using the macro Wound_healing_size_tool_updated.ijm [35] in the Fiji (ImageJ 1.53t) soft- 209 
ware. Data were expressed as a percentage of the wound closure. Morphometric meas- 210 
urement of cell geometry was performed manually by two independent experimenters 211 
blinded to the conditions using the shape descriptors in measurements in Fiji (ImageJ 1.53t) 212 
software  213 
2.10 Statistical analyses 214 

All experiments adhered to the ARRIVE guidelines and followed strict randomiza- 215 
tion. All experiments and data analysis were conducted in a blind manner using coded 216 
tags rather than actual group name. All experiments were analyzed using GraphPad 217 
Prism 9. Normal distribution of the data was assessed using Kolmogorov-Smirnov tests. 218 
All data with normal distribution were analyzed by unpaired bilateral Student’s t-tests or 219 
Mixed-effects model (REML) followed by post-hoc t-tests with the appropriate correction 220 
for multiple comparisons when comparing more than 2 groups. For non-normal distrib- 221 
uted data, Kruskal-Wallis non-parametric ranking tests were performed, followed by 222 
Dunnʹs multiple comparisons test to calculate adjusted p values. Unless otherwise speci- 223 
fied, p-values are reported according to the APA 7th edition and New England Journal of 224 
Medicine statistical guidelines. *p<.033, **p<.002, ***p<0.001. 225 
2.11 Ethics Statement 226 

Human vein and artery segments were obtained from donors who underwent vas- 227 
cular surgery at the Lausanne University Hospital. Written, informed consent was ob- 228 
tained from all donors. The study protocols for organ collection and use were reviewed 229 
and approved by the Lausanne University Hospital (CHUV) and the Cantonal Human 230 
Research Ethics Committee (http://www.cer-vd.ch/, no IRB number, Protocol Number 231 
170/02), and are in accordance with the principles outlined in the Declaration of Helsinki 232 
of 1975, as revised in 1983 for the use of human tissues. 233 

3. Results 234 
3.1 CSE is expressed in the media and intima of human saphenous vein and artery segments 235 

CSE protein was assessed in segments of healthy human vein and artery. Artery seg- 236 
ments expressed higher levels of CSE, eNOS, CBS and 3MST than vein segments as meas- 237 
ured by WB analysis (Figure 1a). However, this did not translate in higher H2S production 238 
capacity as assessed by led acetate assay (Figure 1b).  239 
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 240 
Figure 1. CSE is expressed in human artery and saphenous vein segments. a) Representative West- 241 
ern blot and quantitative assessment of eNOS, CSE, CBS and 3-MST from freshly isolated human 242 
arteries and saphenous veins. Data are mean±SEM of 10 arteries and 9 veins. b) Lead acetate assay 243 
in freshly isolated human arteries and saphenous veins. Data are mean±SEM of 9 arteries and 8 244 
veins. *p<.033, **p<.002, as determined by bilateral paired t-test. 245 
 246 

Further CSE immunohistology show that CSE was expressed both in the media and 247 
intima layers of the artery segments (Figure 2a, b). CSE was also expressed in the endo- 248 
thelium of the small vessels of the vasa vasorum of arteries, easily identified using a Von 249 
Willebrand factor (VWF) immunostaining of EC (Figure 2a, b). In human veins, CSE was 250 
mostly detectable in the media layer, but not so much in the endothelium (Figure 2c). CSE 251 
was also expressed in the endothelium of the small vessels of the vasa vasorum (Figure 252 
2c). In veins, CBS was expressed mostly in the media layer (Figure 2c). In artery segments, 253 
3-MST was detectable in the media, but was mostly expressed by the EC of the intima and 254 
smaller vessels of the vasa vasorum. Interestingly, some arteries featured benign intimal 255 
hyperplasia and 3-MST was not expressed in this neointima layer (Figure S1). In contrast, 256 
CSE was similarly expressed throughout the media and neointima layers. In the saphe- 257 
nous vein, 3MST was not expressed in the media layer, mainly detected in the vasa vaso- 258 
rum vessels of the media and adventitia layers, and seldom detected in the EC from the 259 
intima (Figure S1). 260 
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 261 
Figure 2. CSE is expressed in the media and intima of human artery and saphenous vein. Repre- 262 
sentative, VGEL, Herovici, CSE, CBS and VWF staining as indicated in section of a human artery (a, 263 
b) and a saphenous vein (c). Images are representative of 8 arteries and 10 saphenous veins. Scale 264 
bar=100μm. L=lumen. 265 

3.2 CSE expression is regulated by flow 266 
To study the regulation of CSE expression in response to flow, we next investigated 267 

CSE expression in a model of static human vein culture. Static vein culture leads to for- 268 
mation of IH as previously described [9, 13, 14], as assessed by VGEL staining (Figure 3a). 269 
qPCR analysis revealed that CSE mRNA expression was increased 4-fold after 7 days in 270 
static culture (Figure 3b). CSE overexpression correlated with heme oxygenase 1 (HO-1) 271 
and thioredoxin 1 (TRX1) overexpression, which are known target of H2S [36-38] (Figure 272 
3b). CSE overexpression was also accompanied by overexpression of Activating Tran- 273 
scription Factor 4 (ATF4), a transcription factor known to stimulate CSE transcription [30, 274 
33], and Kruppel like factor 2 (KLF2) down-regulation (Figure 3b). CBS mRNA expression 275 
was also increased about 4-fold, while MPST mRNA expression increased about 2-fold 276 
(Figure 3b). WB analysis confirmed CSE 4-fold protein overexpression in static culture, 277 
whereas CBS protein levels were decreased by about 30%, and 3-MST was increased about 278 
1.5-fold (Figure 3c). The increase in CSE expression was accompanied by an increase in 279 
H2S production, as measured by lead acetate (Figure S2). IHC analyses confirmed that 280 
CSE expression was increased in the media layer of human veins after static culture (Fig- 281 
ure 3d). Of note, CSE expression seemed reduced in the endothelium after 7 days in static 282 
culture (Figure 3d). CBS expression was reduced and restricted to fewer cells expressing 283 
higher CBS levels in the media and CBS expression was not detectable in the endothelium 284 
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after 7 days in static culture (Figure 3d). 3-MST expression was lost in the EC of the intima, 285 
still detectable in the EC of the vasa vasorum, as well as in the media layer (Figure S3a). 286 

 287 

 288 
Figure 3. Static culture significantly increases CSE expression in human vein segments. a) Repre- 289 
sentative histological VGEL staining and morphometric measurements of intima thickness, media 290 
thickness and intima over media ratio of freshly isolated human vein segments (D0) or after 7 days 291 
(D7) in static culture. Scale bar 100 μm. b-d) normalized mRNA (b) and protein expression as as- 292 
sessed by Western blotting (c) or immunohistochemistry (d) in freshly isolated human vein seg- 293 
ments (D0) or after 7 days (D7) in static culture. Scale bar 100 μm. 5 to 8 different veins/patients. 294 
*p<.033, **p<.002, ***p<.001, as determined by bilateral paired t-test. 295 

 296 
To selectively evaluate the role of pressure and shear stress on CSE expression, we 297 

further assessed CSE, 3-MST and CBS expression in human saphenous veins segments 298 
perfused under pulsatile low pressure (LP; venous regimen mean pressure=7mmHg) or 299 
high pressure (HP; arterial regimen mean pressure=100mHg). LP perfusion did not induce 300 
the development of IH (data not shown) as previously described [26, 27], while arterial 301 
(HP) perfusion stimulated thinning of the media layer and the formation of IH, as assessed 302 
by VGEL and Herovici staining (Figure 4a). After 7 days in LP conditions, CTH and CBS 303 
mRNA expression remained unchanged, while MPST and eNOS mRNA expression were 304 
reduced 4-fold (Figure 4b). After 7 days in HP condition, MPST and eNOS were further 305 
reduced and CTH expression was reduced 3-fold, while CBS mRNA expression increased 306 
2-fold (Figure 4c). There was a strong correlation between MPST and eNOS mRNA ex- 307 
pression across conditions (Figure 4d), whereas there is no correlation between CTH and 308 
eNOS mRNA expression (Figure 4e). We further looked at CSE and CBS protein 309 
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expression in human vein segments perfused at high pressure (HP). Western blot analysis 310 
revealed that both CSE and CBS protein levels were reduced in those conditions compared 311 
to the native vein (Figure 4f). IHC staining confirmed that CSE expression was decreased 312 
by HP throughout the media and intima layers (Figure 4g). Similar to what we observed 313 
in static vein culture (Figure 3d), the CBS protein expression was reduced and restricted 314 
to fewer cells expressing higher CBS levels in the media. CBS was not detectable in the 315 
endothelium (Figure 4g). In contrast with static vein culture, 3-MST expression remained 316 
undetectable in the media layer. 3-MST was still detectable in the EC of the small vessels 317 
of the vasa vasorum (Figure S3b). 318 

 319 
Figure 4. High pressure perfusion decreases CSE expression in human vein segments. a) Repre- 320 
sentative histological sections (left panels) stained for elastin (VGEL) and collagen (Herovici) and 321 
morphometric measurements (right panels) of intima thickness, media thickness and intima over 322 
media ratio of freshly isolated human vein segments (D0) or in veins exposed to pulsatile high 323 
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pressure (D7-HP; mean=100 mmHg) perfusion for 7 days. Scale bar 50 μm. b-c) Normalized CSE, 324 
CBS and 3-MST (MPST), eNOS mRNA (b-c). d-e) Pearson’s correlation coefficient between eNOS 325 
and MPST (d) or CTH (e) mRNA levels. f-g) Protein expression as assessed by Western blotting (d) 326 
or immunohistochemistry (g) in freshly isolated human vein segments (D0) or in veins exposed to 327 
pulsatile low pressure (D7-LP; mean=7 mmHg) or high pressure (D7-HP; mean=100 mmHg) perfu- 328 
sion for 7 days. Scale bar 100 μm. 4 to 5 different veins/patients. *p<.033, **p<.002, ***p<.001, as de- 329 
termined by bilateral paired t-test. 330 

 331 
3.3 CSE regulates human VSMC migration 332 

CSE expression in the media of large human vein was decreased under pulsatile ar- 333 
terial high pressure (Figures 3-4). We then tested the role of CSE in VSMC proliferation 334 
and migration in primary human VSMC derived from great saphenous vein segments. 335 
Adenoviral-mediated CSE overexpression increased CSE protein expression in primary 336 
VSMC but did no impact CBS and 3MST expression (Figure 5a). Adenoviral-mediated 337 
GFP expression indicated that the infection efficiency of VSMC was above 80% (Figure 338 
S4a). As expected, CSE overexpression increased H2S production (SF7AM; Figure 5b) and 339 
protein persulfidation (Figure 5c). In contrast, siRNA-mediated CSE silencing reduced 340 
CSE protein level by 60-70% (siCTH1=0.37±0.09, p=.008; siCTH2=0.45±0.05, p=.02 by mixed 341 
effect model with Šídákʹs multiple comparisons test), without impacting CBS or 3MST 342 
protein levels (Figure 5d). Transfection efficiency in VSMC was above 90% as assessed 343 
using siGLO transfection (Figure S4b). 344 

 345 

 346 
Figure 5. CSE overexpression in human VSMC increases H2S production and protein persulfida- 347 
tion. a) CSE, CBS and 3-MST protein expression 48 hours post VSMC infection with an adenovirus 348 
encoding GFP (AdGFP) or CSE (AdCTH) at MOI 10 or 20, as indicated. Arrowhead in input indicate 349 
GFP expression upon Ad-GFP infection. Data are representative of 6 independent experiments. b) 350 
Live-cell imaging of H2S production using the SF7AM probe in VSMC infected, or not (Ctrl), with an 351 
adenovirus encoding CSE at MOI 10 or 20, as indicated. Images are representative of 5 independent 352 
experiments. Quantitative assessment (violin plots) of SF7AM fluorescent in individual cells across 5 353 
experiments. c) In situ labelling of intracellular protein persulfidation assessed by DAz-2: Cy5.5 354 
(red), normalized to NBF-adducts fluorescence (green), in VSMC infected, or not (Ctrl), with an 355 
adenovirus encoding CSE at MOI 10 or 20, as indicated. Data are representative of 5 independent 356 
experiments. Representative images of 5 independent experiments. Violin plots of DAz-2: Cy5.5 357 
over NBF fluorescence in individual cells across 5 experiments. b-c) Scale bar 20 μm. **p<.002, 358 
***p<.001 report adjusted p-values as determined by Kruskal-Wallis non-parametric ranking fol- 359 
lowed by Dunnʹs multiple comparisons tests. d) Western blot analyses of CSE, CBS and 3-MST ex- 360 
pression 48 hours post VSMC transfection with a control siRNA (siCtrl) or two distinct CTH siRNA 361 
(siCTH1 and 2), as indicated. Data are representative of 6 independent experiments.  362 

 363 
CSE overexpression or knock-down had no impact on VSMC proliferation as as- 364 

sessed by BrdU incorporation (Figure 6a-b), and apoptosis (Figure 6c-d). In contrast, CSE 365 
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overexpression slowed-down migration in a wound healing assay (Figure 6e), whereas 366 
CSE knock-down accelerated wound healing (Figure 6f). Of note, CSE overexpression also 367 
increased the circularity and reduced the feret diameter of the VSMC, whereas CSE knock- 368 
down reduced circularity and increased the feret diameter, indicating that CSE modula- 369 
tion had an impact on the geometry of the cells associated with migration (Figure 6 g-h). 370 
CSE overexpression caused the most prominent changes, characterized by reduced spin- 371 
dle shape morphology due to a more static phenotype. In contrast, CSE knocked-down 372 
cells were more mobile and more elongated (decreased circularity and increased feret di- 373 
ameter). 374 

 375 
Figure 6. CSE inhibits VSMC migration, but not proliferation in vitro. a) VSMC proliferation 376 
(BrdU incorporation) in VSMC infected with an adenovirus encoding GFP (AdGFP) or CSE 377 
(AdCTH) at MOI 10 or 20, as indicated. b) VSMC proliferation (BrdU incorporation) in VSMC trans- 378 
fected with a control siRNA (siCtrl) or two distinct CTH siRNA (siCTH 1 and 2), as indicated. a-b) 379 
Data are % of BrdU positive nuclei (pink) over DAPI positive nuclei. Scale bar: 50 μm. Data shown 380 
as mean ± SEM of 5 to 6 independent experiments. c-d) % apoptosis in infected VSMC (c) or in 381 
transfected VSMC as indicated (d). Data shown as mean ± SEM of 4 to 5 independent experiments. 382 
a-d) No statistical differences as determined by repeated measures one-way ANOVA with Dun- 383 
nettʹs multiple comparisons tests. e) VSMC migration (wound healing) in VSMC infected with an 384 
adenovirus encoding GFP (AdGFP) or CSE (AdCTH) at MOI 10 or 20, as indicated. f) VSMC migra- 385 
tion (wound healing) in VSMC transfected with a control siRNA (siCtrl) or two distinct CTH siRNA 386 
(siCTH 1 and 2), as indicated. e-f) Left panels: Bright field images of VSMC 12 h post wound. Scale 387 
bar: 50 μm. Right panels: Data are mean ± SEM of the percentage of wound closure in 5 to 6 inde- 388 
pendent experiments. Insets show area under the curve (AUC) of wound healing. *p<.033, **p<.002, 389 
***p<.001, report adjusted p-values as determined by one-way ANOVA followed by Dunnettʹs 390 
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multiple comparisons tests. g-h) Cell morphology during wound healing is expressed as the circu- 391 
larity index and the Feret’s diameter shown as violin plots of individual cells across 5 independent 392 
experiments. *p<.033, **p<.002, ***p<.001 report adjusted p-values as determined by Kruskal-Wallis 393 
non-parametric ranking followed by Dunnʹs multiple comparisons tests. 394 

 395 
CSE and H2S have been proposed to regulate cell proliferation and migration via the 396 

ERK1,2 kinase and the mTOR pathways in VSMC [13, 39]. Here, CSE overexpression or 397 
CSE knock-down had no effect on P-ERK in VSMC in our experimental settings. CSE over- 398 
expression or CSE knock-down also had no effect on the phosphorylation of the S6 ribo- 399 
somal protein (S6RP), a downstream target of the PI3K/Akt/mTOR pathway (Figure S5).  400 

4. Discussion 401 
Endogenous H2S production in mammals results from the oxidation of the sulfur- 402 

containing amino acids cysteine and homocysteine via the reverse ʹʹtrans-sulfurationʹʹ 403 
pathway mainly via CSE and CBS, and 3-MST. Although the enzymes and pathways re- 404 
sponsible for H2S production are well described, the regulation of these genes in human 405 
vascular diseases remains largely unknown. In this study, we investigated the expression 406 
of CSE, CBS and 3-MST in segments of human saphenous vein and artery. CBS was mainly 407 
detected in the media layer of human vessels. In contrast, 3-MST was mainly detected in 408 
the endothelium and in the EC of small vessels of the vasa vasorum in both arteries and 409 
veins. This suggests a more prominent role of 3-MST in EC of small caliber vessels and 410 
capillaries, which is consistent with previous studies suggesting a key role for 3-MST in 411 
EC [20]. In line with this hypothesis, 3-MST expression closely correlates with eNOS ex- 412 
pression in our model of ex vivo culture. 3-MST is also expressed in the media of arteries, 413 
but not the media of veins, indicating differential regulation of 3-MST in arterial and ve- 414 
nous vessels. Rodent studies suggest that CSE is mainly expressed in EC in the cardiovas- 415 
cular system and that the endothelium is the main source of H2S in blood vessels [15-18, 416 
40]. That said, CSE has also been described in VSMC and proposed to be a functional, 417 
albeit minor source of H2S [8, 19, 41]. Here, CSE was expressed in the endothelium of large 418 
vessels, and in small vessels of the vasa vasorum in native human artery and vein. CSE 419 
was also abundant in the media layer.  420 

We then investigated the regulation of the three enzymes in vein segments placed in 421 
ex vivo culture. CBS protein expression was reduced in vein segments placed in patholog- 422 
ical culture conditions ex vivo, both in the absence of flow and in high pressure flow. This 423 
indicates that shear stress does not regulate CBS expression in VSMC. Interestingly, while 424 
CBS protein levels were lower, CBS mRNA levels were increased in ex vivo culture, sug- 425 
gesting a differential regulation of mRNA and protein expression and a possible effect of 426 
ex vivo culture on protein stability. However, histological analysis suggested a more com- 427 
plex regulation, as CBS was no longer detected in most cells, while it was overexpressed 428 
in a few cells present in the media and neointimal layer. Further studies are required to 429 
determine which cells overexpress CBS when most cells in the media and neointima ap- 430 
pear to down-regulate CBS expression. This is of particular interest as adult VSMC are 431 
highly plastic cells [42], and the switch from a quiescent ʹcontractileʹ phenotype to a pro- 432 
liferative ʹsyntheticʹ phenotype plays a major role in the context of IH [43]. Recent VSMC 433 
lineage tracing studies in mice using in vivo cell fate tracing with SMC-specific genetic 434 
reporter tools suggest that a small subset of VSMCs expand after injury to form clonal 435 
patches of neointimal cells [44-46]. Further studies are required to elucidate the identity 436 
of this small subset of VSMCs in human tissue, and whether CBS is expressed or not in 437 
this subset in the context of IH. 438 

3-MST mRNA and protein expression were severely reduced by ex vivo perfusion of 439 
vein segments, independent of flow and shear stress. Interestingly, 3-MST expression was 440 
mostly restricted to EC in veins and closely correlated with eNOS expression in our model 441 
of ex vivo culture, which make sense as our model results in endothelial dysfunction and 442 
rapid loss of endothelial-specific markers [26, 27, 47]. However, static ex vivo culture 443 
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tended to stimulate 3-MST mRNA and protein expression despite severe endothelial dys- 444 
function. This suggests that 3-MST may be negatively regulated by shear stress in a similar 445 
way to CSE. 3-MST was largely undetectable in the media layer of veins, but it was de- 446 
tectable in the media of arteries, suggesting that 3-MST plays a role in arterial VSMC, but 447 
that high shear stress per se does not negatively regulate 3-MST expression. 3-MST was 448 
overexpressed in VSMC in veins in static condition and in cultured VSMC in vitro, sug- 449 
gesting that 3-MST could be involved in VSMC reprogramming in the context of IH. How- 450 
ever, arterial perfusion prevented 3-MST expression, so it is unlikely that 3-MST play a 451 
main role in IH in vivo. In a recent study, 3-MST was found to be expressed in VSMC and 452 
cardiomyocytes, and 3-Mst-/- mice were protected against myocardial ischemia-reperfu- 453 
sion injury [48]. Further studies are required to better characterize the role and regulation 454 
of 3-MST in VSMC.  455 

About CSE, our data confirm that CSE is negatively regulated by shear stress. Using 456 
our model of ex vivo vein perfusion, we observed that high pressure inhibits CSE expres- 457 
sion both in the media and in the endothelium. In contrast, static ex vivo vein culture stim- 458 
ulates CSE expression and H2S production. In those conditions, CSE overexpression also 459 
correlated with HO-1 and TRX1 overexpression. HO-1 is a direct target of Nuclear factor 460 
(erythroid-derived 2)-like 2 (NRF2), and H2S promotes the NRF2 anti-oxidant response 461 
via persulfidation of Kelch-like ECH-associated protein 1 (Keap1), which leads to NRF-2- 462 
induced expression of several proteins including HO-1 [36]. TRX1 expression is also stim- 463 
ulated by H2S [37, 38]. These data infer that there could be a functional increase in CSE 464 
expression in vein culture under static conditions. However, HO-1 or TRX1 expression 465 
are sensitive to oxidative stress and likely increased in response to the ex vivo environ- 466 
ment. Further studies are needed to assess redox status and oxidative stress in our model. 467 
Mechanistic studies are also needed to evaluate the contribution of H2S to HO-1 or TRX1 468 
expression in those conditions. 469 

The fact that static culture stimulates CTH expression is in line with previous evi- 470 
dence showing that CSE expression is downregulated by high shear stress and is predom- 471 
inantly found in regions of disturbed flow [21, 22]. However, we did not observe higher 472 
levels of CSE in native human vein segments compared to aortic segments, despite the 473 
high shear stress in arteries. In fact, CSE, CBS, and 3MST levels were higher in arteries 474 
than in veins. However, this could be due to a higher cell content in arterial tissue com- 475 
pared to venous tissue, which contains more connective tissue than arteries. Consistent 476 
with this hypothesis, H2S production as measured by the lead acetate assay was similar in 477 
veins and arteries. Interestingly, this regulation by shear stress is not unique to EC and 478 
was also observed in VSMC. The close correlation between CSE mRNA and protein levels 479 
suggest a regulation at the transcriptional level. CTH expression can be induced by stress 480 
factor such as endoplasmic reticulum stress, amino acid restriction or oxidative stress via 481 
ATF4 [30, 33]. Here, ATF4 was overexpressed in response to static vein culture, which 482 
may drive CSE overexpression in that condition. The micro RNA miR-27b, which is highly 483 
expressed in EC and involved in angiogenesis [49, 50], has been described to down-regu- 484 
late CTH expression [21]. However, this mechanism has been described only in EC and 485 
miR-27b is down-regulated in EC in pathological condition [21]. miR-27b is under the 486 
control of KLF2, a mechanosensitive transcription factor induced by laminar shear stress 487 
participating in vascular development [21]. Here, KLF2 expression was severely repressed 488 
in static culture, which may result in loss of miR-27b and CTH overexpression. That said, 489 
there is no report of miR-27b in VSMC or in the context of IH and further studies are 490 
needed to evaluate whether miR-27b in VSMC inhibit CTH expression in relation with 491 
flow. 492 

Overall, we observed that all the three main enzymes involved in H2S production are 493 
expressed in the vessels but with different patterns of expression and regulation between 494 
vein and arteries and between VSMC and EC. We also report that CTH and CBS are 495 
largely expressed in the media layer although most of the H2S research has been focused 496 
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on EC. The pattern of expression of CBS in the media upon ex vivo culture is of particular 497 
interest in the context of IH and warrants further investigation. 498 

Given that CSE is highly expressed in VSMC and downregulated by high-pressure 499 
perfusion in veins, we further investigated the role of CSE in human primary venous 500 
VSMC. We document that CSE is a specific modulator of VSMC function independent of 501 
EC or EC-derived H2S production, and that CSE controls the migration of primary human 502 
VSMC. This agrees with studies showing that VSMCs isolated from Cse-/- mice are more 503 
motile than their WT counterparts, and that blocking Cse activity with PAG in VSMC 504 
increases cell migration [8, 19]. We and others reported that H2S donors inhibits VSMC 505 
proliferation [12, 14, 39]. Here, we did not observe a significant effect of CSE on cell pro- 506 
liferation. This contrasts with a previous study showing that Cse overexpression de- 507 
creased proliferation and even induced VSMC apoptosis. This discrepancy probably re- 508 
sults from the level of Cse overexpression, which was probably higher in the previous 509 
study by Yang et al. [39]. This study employed arterial VSMC, while we utilized venous 510 
VSMC. Venous and arterial VSMC exhibit distinct properties; therefore, the origin of 511 
VSMC (venous versus arterial) could have contributed to the differences observed in our 512 
results. It is also likely that increased CSE expression and activity, which leads to greater 513 
H2S production, induces cell apoptosis since high levels of H2S are known to cause cell 514 
cycle arrest and apoptosis. [51]. Here, we did not observe any toxic effect of CTH knock- 515 
down or overexpression on VSMC, supporting the refinement of our experimental design.  516 

The mechanisms whereby H2S affect VSMC proliferation and/or migration are not 517 
fully understood. Cytotoxic CSE overexpression or exogenous H2S supplementation in- 518 
duces VSMC cycle arrest and apoptosis by stimulating ERK1/2, p38 MAPK, and p21 Cip 519 
[39]. Exogenous H2S donor treatment in VSMC has also been shown to inhibit the MAPK 520 
pathway, especially ERK1,2, and the mTOR pathways, which correlates with reduced 521 
VSMC proliferation and migration [13]. Here, CSE manipulation has no effect on the phos- 522 
phorylation of ERK and S6RP, a downstream target of mTOR. This probably reflects the 523 
more subtle CSE variation in our experimental design compared with exogenous H2S sup- 524 
ply or high Cse overexpression in previous studies. Rather than a physiological response 525 
to CSE-derived H2S, the effect of CSE overexpression on VSMC proliferation may be due 526 
to cell cycle arrest associated with a cytotoxic effect of H2S. In accordance with this hy- 527 
pothesis, it was previously shown that inhibition of ERK did not prevent the effect of 528 
NaHS on VSMC migration [8], while ERK inhibition was instrumental in the effect of Cse 529 
and H2S on VSMC proliferation [39]. Of note, several studies in EC also reported that Cse 530 
regulates cell migration, but not proliferation [30, 52]. We propose that low levels of H2S 531 
affect VSMC migration without affecting their proliferation. Our main finding is that CSE 532 
variations reshape VSMC, suggesting an effect on the cytoskeleton and interaction with 533 
the ECM. This is consistent with our previous finding that H2S donors inhibit microtubule 534 
polymerization in VSMC [9], and the findings that CSE deficiency in mouse VSMC results 535 
in increased expressions of β1-integrin and increased migration [8]. In EC, it was recently 536 
shown that integrins are extensively sulfhydrated, and that β3 integrin S-sulfhydration 537 
promotes adhesion and is required for EC alignment with flow [53]. In this study, they 538 
further demonstrated that Cse deficiency in EC leads to overactivation of RhoA, a major 539 
hub regulating cell migration and adhesion. Interestingly, β3-integrin is also expressed in 540 
VMSC and β3-integrin signaling is instrumental for enhanced VSMC proliferation and 541 
migration in vascular disease [54, 55]. We hypothesize that CSE-mediated integrin sulfhy- 542 
dration promotes VSMC adhesion, thereby limiting migration. Further studies are needed 543 
to determine the exact role and balance between β1- and β3-integrins and RhoA signaling 544 
in the regulation of cell migration by CSE in VSMC. 545 
Limitations 546 

This study has some limitations. First, the study used discarded anonymous arterial 547 
and venous samples. Although the regulation of CSE was robust under high shear stress, 548 
analysis of samples collected from a specific study could provide more insight into how 549 
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individual genetic or environmental factors affect the expression of CSE and other en- 550 
zymes. This method would allow correlation analysis and a better understanding of the 551 
effects of pre-existing conditions, age, and sex. Second, we couldnʹt collect any failed ar- 552 
teriovenous bypasses to confirm the H2S enzyme expression in vivo compared to the ex 553 
vivo arterial perfusion setup. Finally, we hypothesized that H2S release by CSE inhibits 554 
VSMC migration by persulfidating cysteine residues in tubulin proteins, leading to mi- 555 
crotubule depolymerization as described in earlier studies [9]. We also suggest that integ- 556 
rin persulfidation, which is promoted by CSE, stimulates VSMC adhesion and restricts 557 
migration. Further research is needed to test these hypotheses and to demonstrate persul- 558 
fidation of cysteine residues in target proteins such as tubulin and integrins. Furthermore, 559 
H2S may modify other proteins involved in cytoskeleton dynamics, which can also con- 560 
tribute to the effect of CSE on VSMC migration. Additionally, CSE may act independently 561 
of H2S and persulfidation, through an unknown mechanism. Recently, it was proposed 562 
that CSE works as a scaffold protein preventing p53 translocation to the nucleus in the 563 
context of EC aging, independently of H2S production [56].  564 
Conclusion 565 

Bypass IH after cardiovascular surgeries is a significant complication. Currently 566 
available therapies to reduce IH are limited. They also negatively affect endothelial recov- 567 
ery, reducing their long-term efficacy and prolonging the need for antithrombotic therapy. 568 
Novel strategies to inhibit VSMC proliferation while promoting EC recovery are needed. 569 
In this context, the gasotransmitter H2S is a promising candidate as CSE/H2S inhibit VSMC 570 
migration and IH, while stimulating EC migration and promoting endothelium repair [57, 571 
58]. Designing chemical compounds that allow for controlled release of H2S is difficult 572 
due to its instability and short half-life. Currently, there is no clinically approved H2S- 573 
releasing molecule. A better understanding of endogenous H2S production could allow 574 
us to design new strategies to improve endogenous H2S production. Here, we demon- 575 
strate that all three main enzymes involved in H2S production are expressed in vessels, 576 
albeit with different patterns of expression and regulation. Through the use of an ex vivo 577 
vein perfusion system that mimics venous and arterial pressure and flow, we determined 578 
that high-pressure perfusion decreases CSE expression in segments of the human saphe- 579 
nous vein. We also confirmed that CSE specifically regulates VSMC migration, probably 580 
via regulating the cytoskeleton. Our data also calls for further investigation of the role 581 
CBS in VSMC specifically in the context of IH.  582 

In summary, our experiments revealed that high shear stress in arteriovenous bypass 583 
grafts inhibits CSE expression. This suggests that CSE down-regulation occurs in vivo in 584 
bypass grafts, thereby contributing to VSMC migration and graft IH. 585 
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