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Abstract Hydrogen sulfide (H2S) is a mediator with demonstrated protective effects for the cardiovascular system. On the other hand, prostaglandin (PG)E2 is involved in vascular wall remodeling by regulating matrix metalloproteinase (MMP) activities. We tested the hypothesis that endogenous H2S may modulate PGE2, MMP-1 activity and endogenous tissue inhibitors of MMPs (TIMP-1/-2). This regulatory pathway could be involved in thinning of abdominal aortic aneurysm (AAA) and thickening of saphenous vein (SV) varicosities. The expression of the enzyme responsible for H2S synthesis, cystathionine-γ-lyase (CSE) and its activity, were significantly higher in varicose vein as compared to SV. On the contrary, the endogenous H2S level and CSE expression were lower in AAA as compared to healthy aorta (HA). Endogenous H2S was responsible for inhibition of PGE2 synthesis mostly in varicose veins and HA. A similar effect was observed with exogenous H2S and consequently decreasing active MMP-1/TIMP ratios in SV and varicose veins. In contrast, in AAA, higher levels of PGE2 and active MMP-1/TIMP ratios were found versus HA. These findings suggest that differences in H2S content in AAA and varicose veins modulate endogenous PGE2 production and consequently the MMP/TIMP ratio. This mechanism may be crucial in vascular wall remodeling observed in different vascular pathologies (aneurysm, varicosities, atherosclerosis and pulmonary hypertension).



Introduction Hydrogen sulfide (H2S) has recently been identified as gaseous mediator in the cardiovascular system. H2S is essentially generated from the endogenous amino acid L-cysteine by the cystathionine-γ-lyase (CSE) enzymatic activity in human and rodent blood vessels [1]. It has been suggested that H2S plays a protective role in the pathogenesis and development of
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cardiovascular disease such as systemic hypertension and atherosclerosis. This gaseous mediator is considered as an oxygen sensor [2] controlling vascular tone and/or vascular wall remodeling. In mice, treatment with sodium hydrosulfide (NaHS, a H2S donor), reduced systemic blood pressure [3]. This effect is supported by in vitro studies describing relaxation induced by exogenous NaHS in isolated human mammary artery [4] and in vascular preparations derived from different animal species [5]. Furthermore, NaHS decreased the area of atherosclerotic lesions in ApoE knock-out mice [6]. Endogenous H2S has been shown to control remodeling of the vascular wall as relative medial thickness of the pulmonary artery could be increased by CSE inhibitors in a model of rat pulmonary hypertension [7]. It has been shown that vascular wall remodeling involved in the pathology of abdominal aortic aneurysms (AAA) and varicose saphenous veins share common determinants, controlled in a reversed manner that results in thinning and thickening of their vascular wall, respectively. The pathogenesis of AAA is characterized by a breakdown of elastic and collagen fibers (the extracellular matrix) due to increased proteolytic activity of serine proteases and matrix metalloproteinases (MMP). The degradation of elastin and of collagens by MMP-1, -2 and -9 plays a major role in vascular wall thinning in AAA [8, 9]. On the contrary, it has been demonstrated that in varicose veins decreased MMP-1 and MMP-2 activities could result in accumulation of collagens and thickening of the vascular wall [10]. There are some studies which have demonstrated an inhibitory role of H2S on the expression of MMPs in rat lung [11] and mice brain tissue [12]. However, the significance of H2S on MMP expression and activities in varicose vein and AAA pathology, as well as in other human vascular diseases remains undefined. H2S regulates cyclooxygenase (COX) expression and prostaglandin E2 (PGE2) synthesis. PGE2 is a prostanoid produced by nearly all vascular cell types and derives from the arachidonic acid metabolism through the COX and microsomal PGE synthase-1 (mPGES-1). PGE2 is degraded by 15-hydroxyprostaglandin dehydrogenase (15-PGDH). The expression of COX2 and mPGES-1, and in turn the production of PGE2, are up-regulated under inflammatory conditions [13]. A number of studies suggest that H2S can inhibit COX-2-dependent PGE2 production in humans and rodents [14, 15]. It has been shown that EP4 receptors activated by PGE2 are involved in the pathogenesis of many vascular diseases, including atherosclerosis [16], AAA [17] and varicose veins [10]. This occurs via the activation of MMP or through regulation of endogenous tissue inhibitors of MMPs (TIMP); EP4 and mPGES-1 expression was found to be lower in varicose veins [10] and greater in AAA [17, 18] compared to healthy vessels. Regulation of MMP/TIMP ratio by PGE2 could be responsible for the observed thickening of the vascular wall in varicose veins, and thinning of the structure in AAA. The entire biological pathway linking H2S, PGE2 and extracellular matrix expression has never been investigated globally in human vessels. We therefore tested the hypothesis that endogenous H2S may modulate PGE2, MMP/TIMP ratio and ultimately control the remodeling of the vascular wall in different vascular pathologies, in human varicose saphenous veins and AAA.



Materials and Methods Human vascular preparations Human aorta (healthy and abdominal aneurysm). All experiments with human subjects were performed in accordance with the Helsinki Declaration of 1975, as revised in 1983. Seventeen healthy aortas (HA; 10 males and 7 females, aged 56 ± 6 years) were sampled either from cardiac transplantation surgery or organ donors with the authorization of the French
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Biomedicine Agency (PFS 09–007). Seventeen AAA samples (14 males and 3 females, aged 67 ± 2 years) were obtained from patients undergoing surgery, enrolled in the RESAA protocol [19] (REflet Sanguin de l’evolutivité des Anévrismes de l’Aorte abdominale, Comité Consultatif de Protection des Personnes dans la Recherche Biomédicale, CCPRB Paris-Cochin, approval no 2095). All the aorta samples were without thrombus (luminal layer, at the interface with circulating blood), and adventitia was removed. All patients gave informed written consent and the protocol was approved by a French ethics committee (CPB Paris-Cochin, approval no. 2095, France). Human saphenous veins (healthy and varicose). Twenty one healthy saphenous veins (SV) from patients undergoing coronary artery bypass surgery (11 males and 10 females, aged 67 ± 5 years) and 23 varicose saphenous veins from patients undergoing vein stripping (11 males and 12 females, aged 61 ± 6 years) were obtained at Bichat Hospital (Paris, France). The varicose veins were obtained from patients at the clinical stage C2 of the disease (CEAP classification of chronic venous disease [20]) without inflammation [21]. Pre-operative evaluation of the vein condition showed retrograde flow but no presence of edema or ulcer. Furthermore, these vessels presented histological features of varicose veins as previously described [20]. All tissues were obtained after patients’ written informed consent. Research programs involving the use of human tissues are supported by the National Institute for Health and Medical Research (INSERM) ethics committee and approved by the French ethics law (L.1211-3– L.1211-9). After the surgical procedure, the vessels were rapidly transported to the laboratory in icecold saline. All tissues were processed within two hours of excision. They were cleaned of adipose tissue and blood, no trace of thrombosis was detectable. Healthy SV used in these experiments were of approximately 3 mm in internal diameter. The varicose veins segments were divided into small diameter varicosity group (SDv) and a large diameter varicosity group (LDv) of approximately 4 mm and 8 mm in internal diameter, respectively. Some fresh vascular samples were incubated for 24h for ELISA measurements (PG, TxB2, MMP-1 and TIMPs) or frozen for subsequent analyses (western blot analysis and H2S measurement).



Western blot analysis Expressions of CSE and mPGES-1 proteins were detected by Western blot. After incubations, the tissue samples were ground in liquid nitrogen and homogenized in RIPA buffer as previously described [21]. Following 15 min of centrifugation at 4500 g, the supernatants were collected and stored at -20°C. Proteins were quantified using a bicinchoninic acid assay kit (ThermoScientific, Rockford, IL, USA). Fifty micrograms of tissue proteins and Western ready controls (CSE ready control from Santa Cruz biotechnology, CA, USA; mPGES-1 ready control from Cayman, Ann Arbour, MI, USA) were submitted to SDS-PAGE and transferred on PVDF membranes. After blocking with PBS 0.5% Tween-20/5% dry milk for 1h, the membranes were probes with a primary antibody, rinsed 3 times for 5 min in PBS /0.5% Tween-20 and incubated with an anti-mouse/rabbit antibody coupled to HRP for 1h (Jackson Immuno Research, West Grove, PA, USA; 1/20,000 dilution). Western blots were revealed by ECL prime (Amersham Biosciences, Glattbrugg, Switzerland). The protein expressions were normalised to beta-actin. The following antibodies were used: CSE (Santa Cruz, 1/5000), mPGES1 (Oxford Biomedical Research, Oxford, MI, USA; 1/1000), beta-actin (Sigma-Aldrich, SaintQuentin Fallavier, France; 1/5000).



Polarographic measurement of hydrogen sulfide production Endogenous H2S production was measured using a polarographic sensor (ISO-H2S-2, WPI) together with an Apollo 1000 free radical analyser (WPI) [22]. The sensor was regularly
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calibrated with freshly prepared NaHS stock solution using the same buffer and conditions as the experiment. Entire tissue specimens were preincubated for 1 hour at room temperature in 4 ml RPMI solution. Specimens were subsequently placed in the polarographic sensor for a 30 minutes equilibration period in the presence or absence of the CSE inhibitor β cyano-L-alanine at 1 mmol/L (BCA, Cayman, CA, USA). After the equilibration period, L-cysteine was added at incremental concentrations (10 μmol/L, 100 μmol/L, 1 mmol/L, Sigma) every 6–8 min when a plateau was obtained. For basal level of H2S measurement, the polarographic sensor was placed alone for equilibration. After 30 minutes, tissues were placed with the sensor for 30 minutes.



Measurement of prostanoid (PGE2, TxB2, 15d-PGJ2), MMP and TIMP concentrations Fresh tissue specimens were incubated in RPMI solution (Gibco Invitrogen, Paisley, UK; 166 mg wet weight tissue / mL solution for aorta samples, 70 mg wet weight tissue / mL solution for saphenous vein samples) with 5% CO2 for 24h in the absence or presence of NaHS (10 μmol/L, 100 μmol/L, 1 mmol/L, 10 mmol/L; Cayman), of the CSE inhibitor β-cyano-L-alanine (BCA, 10 μmol/L, 100 μmol/L, 1 mmol/L), of PGE2 (10 μmol/L, Cayman) or of EP4 receptor antagonist GW627368X (1 μmol/L, Cayman). Incubations with different pharmacological treatments were performed only in venous preparations due to the limited access to aorta samples. RPMI solution always contained antibiotics (penicillin, 1000 IU/mL; streptomycin, 100 μg/mL) and the antimycotic amphotericin (0.25 μg/mL). Supernatants were harvested and frozen until used. The concentrations of PGE2, TxB2 (stable metabolite of TxA2), 15d-PGJ2 (stable metabolite of PGD2) (Cayman, EIA kits) and MMP/TIMP (DuoSet, R&D systems, Minneapolis, MN, USA, ELISA kits) were measured using an enzyme immunoassay kit according to the manufacturer’s instructions. Results were expressed in pg or ng of tissue wet weight. The concentrations of active MMP-1 were calculated from the measurement of human pro-MMP-1 and total (free and complexed) human MMP-1 using 2 different kits. TIMP-1 and TIMP-2 concentrations were measured using 2 different kits, which recognize the total human TIMP-1 and -2 (free and complexed with MMPs), respectively. Total MMP-2 and MMP-9 (free and complexed) content were quantified by using 2 different kits.



Data analysis For protein expression analysis by Western blotting, the optical density (OD) of each band was quantitated from the films using a Scion Image1 imaging system. The protein expression detected was normalised to β-actin. For EIA/ELISA measurements, normalisation was performed by correcting for tissue wet weight. Statistical analysis was performed using the program SigmaStat1 (Systat Software, IL, USA). All data are presented as means ± sem derived from (n) patients. Statistical analysis was performed using a two-way ANOVA followed by Bonferroni post-hoc test or a paired t-test between SDv and LDv. P-value 
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