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Introduction

Pulmonary arterial hypertension (PH) is a multifactorial and chronic disease characterized by a progressive increase in pulmonary vascular resistance and pulmonary arterial pressure that leads to right ventricle (RV) failure and death (Simonneau et al., 2019;[START_REF] Thenappan | Pulmonary arterial hypertension: pathogenesis and clinical management[END_REF]. The increase in pulmonary vascular resistance results from both excessive vasoconstriction and vascular wall remodeling which together lead to a narrowing of pulmonary arterial lumen. Pulmonary artery (PA) wall remodeling is a hallmark of PH and is characterized by structural changes including intimal cell proliferation, medial hypertrophy and hyperplasia, enhanced muscularity of small PA, adventitial thickening, fibrosis and complex and/or thrombotic lesions over time [START_REF] Humbert | Pathology and pathobiology of pulmonary hypertension: state of the art and research perspectives[END_REF]Humbert et al., 2004). Current treatments such as phosphodiesterase 5 inhibitors, soluble guanylate cyclase stimulators, endothelin receptor antagonists and activators of the prostacyclin pathway, aim at promoting vasodilation of PA [START_REF] Sitbon | Clinical trial design and new therapies for pulmonary arterial hypertension[END_REF][START_REF] Thenappan | Pulmonary arterial hypertension: pathogenesis and clinical management[END_REF]. Although these treatments improve the six minute-walk distance, hemodynamic parameters and quality of life of PH patients, with the exception of prostacyclin, they do not prolong survival, suggesting that targeting only vasoconstriction is not sufficient to stop disease progression [START_REF] Galie | Tadalafil therapy for pulmonary arterial hypertension[END_REF][START_REF] Galie | Treatment of patients with mildly symptomatic pulmonary arterial hypertension with bosentan (EARLY study): a double-blind, randomised controlled trial[END_REF][START_REF] Mclaughlin | Management of pulmonary arterial hypertension[END_REF][START_REF] Mclaughlin | Survival in primary pulmonary hypertension: the impact of epoprostenol therapy[END_REF][START_REF] Sitbon | Clinical trial design and new therapies for pulmonary arterial hypertension[END_REF][START_REF] Sitbon | Primary pulmonary hypertension: Current therapy[END_REF].

Vascular SMCs are strongly involved in PH through their role in PA vasoconstriction but also in remodeling [START_REF] Humbert | Pathology and pathobiology of pulmonary hypertension: state of the art and research perspectives[END_REF][START_REF] Lyle | Regulation of Pulmonary Vascular Smooth Muscle Contractility in Pulmonary Arterial Hypertension: Implications for Therapy[END_REF] [START_REF] Thenappan | Pulmonary arterial hypertension: pathogenesis and clinical management[END_REF]. Small G proteins of the Rho family (RhoA, Rac1 and Cdc42…) are recognized as major regulators of vascular SMC functions such as contraction, proliferation and migration, thus participating to the physiological control of blood pressure and remodeling. Accordingly, dysregulation or overactivation of Rho proteins plays a causal role in cardiovascular diseases [START_REF] Loirand | Small G proteins in the cardiovascular system: physiological and pathological aspects[END_REF]. In this way, we have shown that vascular SMC Rac1 is a regulator of systemic blood pressure through its involvement in nitric oxide (NO)-mediated relaxation of systemic arterial SMCs, and that alteration of Rac1 signaling pathway can lead to high blood pressure [START_REF] Andre | Smooth muscle specific Rac1 deficiency induces hypertension by preventing p116RIP3dependent RhoA inhibition[END_REF][START_REF] Sauzeau | The Rho/Rac exchange factor Vav2 controls nitric oxide-dependent responses in mouse vascular smooth muscle cells[END_REF]. Since abnormalities in NO production and metabolism, and NOinduced vasodilation contribute to the pathophysiology of PH [START_REF] Humbert | Pathology and pathobiology of pulmonary hypertension: state of the art and research perspectives[END_REF][START_REF] Watanabe | Treatment Selection in Pulmonary Arterial Hypertension: Phosphodiesterase Type 5 Inhibitors versus Soluble Guanylate Cyclase Stimulator[END_REF], the aim of the present study was to assess the role of Rac1 in the SMCs of PA (PASMCs) and its involvement in PH development. Our data show that Rac1 is activated in PASMC in a mouse model of PH induced by chronic hypoxia and in lung samples from PH patients. By using mice harboring specific deletion of Rac1 in SMCs, we provide evidence that this activation has a causal role in the development of hypoxia-induced PH. Deletion of Rac1 in PASMCs limits hypoxia-induced PH in mice by impeding reactive oxygen species (ROS)dependent PASMC proliferation and PA remodeling, and endothelium dysfunction

Methods

Mice. All experimental procedures and animal care were performed in accordance with the Regional Ethical Committee for Animal Experiments of the Pays de la Loire (Authorization number 00909.01) and conform to the ARRIVE guidelines and the recommendations made by the British Journal of Pharmacology. Mice were housed under a 12-h light/dark cycle in a temperature-controlled and humidity-controlled room with food and water available ad libitum.

All in vivo studies were carried out during the light phase of the cycle. Animal experiments were designed to have groups of equal size using randomized and blinded analysis. In some instance, however, group sizes were unequal due to unexpected loss of animals while conducting the procedures.

C57Bl/6 Rac1lox/lox (Rac1lox/lox, RRID:IMSR_NM-CKO-200212) and SMMHC-Cre (RRID:IMSR_JAX:019079) mice were crossed to produce SMMHC-Rac1lox/lox mice as previously described [START_REF] Andre | Smooth muscle specific Rac1 deficiency induces hypertension by preventing p116RIP3dependent RhoA inhibition[END_REF]. Considering that the SMMHC-Cre construct is carried on the Y chromosome, only male mice were analyzed in this study. 8-week-old SMMHC-Rac1lox/lox males were treated with tamoxifen (intraperitoneally, 1 mg d-1 in sunflower oil) for 5 consecutive days during 2 weeks to induce Rac1 deletion in smooth muscle cells (SM-Rac1-KO). Tamoxifen-treated Rac1lox/lox mice were used as control (SM-Rac1lox/lox).

Hypoxia-induced PH mice. To induce PH, mice were exposed to chronic hypoxia in a gaseous hypoxic chamber providing nitrogen injection to obtain 10% 02 for 28 days (5 mice/cage). Mice exposed to normoxia (21% 02) for 28 days were used as normoxic controls (5 mice/cage).

Right and left ventricular systolic pressure (RVSP and LVSP)

As previously described (Dumas de la [START_REF] Dumas De La Roque | Altered vasoreactivity in neonatal rats with pulmonary hypertension associated with bronchopulmonary dysplasia: Implication of both eNOS phosphorylation and calcium signaling[END_REF], RVSP and LVSP were measured in non-ventilated mice under isoflurane anesthesia. Mice were thoracotomized and a heparinfilled hypodermic needle coupled to a polyethylene catheter was inserted in sub-diaphragmatic directly into the right or the left ventricle. RVSP and LVSP were measured with a fluid-filled pressure sensor connected to the PowerLab recording unit (AD Instruments, RRID:SCR_018833) and recorded with the LabChart software (AD Instruments, RRID:SCR_001620).

RV hypertrophy measurements. After exsanguination, the right ventricle (RV) was separated from the left ventricle plus septum (LV+S). The RV/(LV+S) ratio (Fulton index) was then determined from the tissue weight.

Ex vivo PA reactivity. Murine PA were cleaned, cut in rings, and mounted on a multichannel isometric myograph (Danish Myo Technology, Aarhus, Denmark) in Krebs-Henseleit physiological solution (in mol L -1 : 118.4 NaCl, 4.7 KCl, 2 CaCl2, 1.2 MgSO4, 1.2 KH2PO4, 25 NaHCO3, and 11 glucose) bubbled with carbogen (5 % CO2-95 % O2 at 37°C. A pretension of 10 mN was applied. The wire myograph was connected to a digital data recorder (MacLab/4e, AD Instruments, RRID:SCR_018833) and recordings were analyzed using LabChart software (AD Instruments, RRID:SCR_0017551, version #7). Concentration-response curves to KCL and endothelin-1 (ET-1) were obtained by measuring the amplitude of the contractile responses to increasing concentration of KCl (30 mmol L -1 to 110 mol L -1 ), ET-1 (10 -9 mol L -1 to 10 -6 mol L -1 ) or 5-HT (10 -8 mol L -1 to 10 -4 mol L -1 ). Endothelium/NO-dependent and independent relaxations were tested by adding increasing concentrations of acetylcholine (Ach; 10 -8 mol L - 1 to 10 -4 mol L -1 ) or S-nitroso-N-acetyl-D,L-penicillamine (SNAP; 10 -8 mol L -1 to 10 -4 mol L - 1 ) to rings pre-contracted by phenylephrine (PhE, 1 µmol L -1 ), and were quantified as the percentage of the maximal PhE-induced contraction.

Lung tissue preparation. Mice lungs were fixed in 4% paraformaldehyde (PFA) for 48 h and embedded into paraffin. These samples were then sliced in 7 µm thick sections. For immunofluorescence analyses and ROS detection assay, mice lungs where placed into Tissue-Tek O.C.T. Compound (Sakura Finetek) and snap-frozen in liquid nitrogen before the realization of 10 µm thick sections. Human lung biopsies were fixed in 4% PFA and embedded in paraffin.

Measurement of PA remodeling. Lung sections were stained by immunohistochemistry with anti-SM22a antibody (Abcam, RRID:AB_443021) on hematoxylin and eosin-stained sections for visualization of SMC. Sections were then observed (fluorescence microscope, Nikon) and analyzed (Fiji/ImageJ software, RRID:SCR_002285 and RRID:SCR_003070). PA muscularization was then quantified as the percentage of SM22a positive distal PA (intraalveolar vessels <100 µm) within the section. Five µm thick sections were analyzed to calculate a mean value in each animal. The percentage of medial thickness of muscularized PA was determined as [(2 x medial wall thickness/external diameter) x 100].

Human lung specimens. Human lung specimens were obtained during lung transplantation in patients with idiopathic pulmonary arterial hypertension (iPAH) and during lobectomy or pneumonectomy for localized lung cancer in control subjects. Preoperative echocardiological evaluation, including echocardiography, was performed in the control subjects to rule out PH, and the lung specimens from the control subjects were collected at a distance from the tumor foci. The absence of tumoral infiltration was retrospectively established in all tissue sections by the histopathological analysis. This study was approved by the local ethics committee (CPP Ile-de-France VII, Le Kremlin-Bicêtre, France). All enrolled patients gave written approval. As these biopsies are not easy to obtain and in order to maintain homogeneous groups, we included 3 samples in each group. Thus, no statistical analysis was performed on this study.

Analysis of Rac1 activity. Human pulmonary biopsies and lungs paraffin-embedded sections were deparaffinized and permeabilized (PBS + 0.1% Triton-X100) before incubation with anti-Rac-GTP antibody (NewEast Biosciences, RRID:AB_1961793) (1/1000) overnight at room temperature. After 3 washes in PBS, sections were incubated for 1 h at room temperature with the secondary Alexa568-labeled anti-rabbit antibody (RRID:AB_10563566) (1/1000). Anti-SM22a antibody (Abcam) (1/500, overnight at room temperature) with a secondary Alexa488labeled anti-mouse antibody (RRID:AB_138404) (1/1000, 1 h at room temperature) were used to localize smooth muscle. To quantify Rac-GTP levels within SMC, Rac-GTP fluorescence intensities were measured with Fiji (Fiji, RRID:SCR_002285) inside a mask delimited by SM22a positive cell areas and normalized to the control condition. To emphasize the specificity of Rac-GTP signal within SMC, an intensity profile was realized on Fiji along the designated line. To allow the comparison between them, each channel intensities was normalized individually as follow: lowest intensity level = 0 A.U. and highest intensity level = 1 A.U.

Cell culture. PASMCs were isolated from PA of SM-Rac1 lox/lox mice. Tissues were cleaned manually and digested for 1 hour with collagenase II (1 mg mL -1 , Worthington Biochemical) at 37°C under agitation. Cells were cultured in Dulbecco modified Eagle medium (Gibco) containing 10% FBS, 1 g L -1 glucose, 100 units mL -1 penicillin, and 100 µg m L -1 streptomycin at 37°C and 5% CO2. All experiments were performed between passages 1 and 3.

ROS detection assay.

For tissue ROS detection, cryosection (10 µm) of unfixed snap-frozen lungs were incubated in 10 µM dihydroethidium (DHE, Invitrogen) for 30 min incubation at 37°C. Sections were then mounted with Prolong TM Gold antifade reagent containing DAPI (Invitrogen). For in vitro ROS detection, 6000 PASMCs/well were seeded into 8-well ibidi µ-Slide (IbiTreat) and allowed to adhere during 6 h and then serum starved during 24 h. When indicated, cells were pre-incubated with 10 -5 M of EHT1864 (Tocris Bioscience) or 1.5 mmol L -1 of tempol (Sigma-Aldrich) during 30 min. Cells were placed in normoxia or hypoxia (1% O2) in a Heracell 150 incubator (Kendro) during 6 hours. Then cells were incubated with 10 µmol L -1 DHE at 37°C for 15 min and fixed with 4% PFA for 10 min. After fixation, cells were incubated with Hoescht to stain nuclei. Images were captured with an inverted microscope (Nikon) in epifluorescence. DAPI and Hoescht stainings were detected at 405 nm and oxidized DHE was detected at 555 nm. A threshold mask removing the background signal was applied to allow the detection of DHE positive cells.

Superoxyde ion measurement by electronic paramagnetic resonance (EPR). Mice lungs

were incubated in a Krebs-Hepes solution with 500 µM of 1-hydroxy-3methoxycarbonyl-2,2,5,5-tetramethylpyrrolidin (CMH; Noxygen), 25 µM deferoxamin (Sigma-Aldrich) and 5 µM DETC (Sigma-Aldrich) and frozen in liquid nitrogen. The samples were analyzed using a table-top x-band spectrometer Miniscope (Magnettech, MS5000). The instrument settings and the modality of signal quantification were previously described [START_REF] Tesse | Ablation of Aquaporin-9 Ameliorates the Systemic Inflammatory Response of LPS-Induced Endotoxic Shock in Mouse[END_REF].

Xanthine oxidase activity assay. Mice lungs were homogenised in 100 mM Tris-HCl, pH 7.5, containing 1X protease inhibitors (Sigma-Aldrich). Xanthine oxidase activity was measured in the lungs with a fluorometric assay kit (Cayman Chemical) according to manufacturer's instructions. PASMCs proliferation. 10000 PASMCs/well were seeded in 24 wells plate and allowed to adhere during 6 h and then serum-starved during 24 h. When indicated, cells were pre-incubated with 10-5 mol L-1 of EHT1864 (Tocris Bioscience) or 1.5 mmol L-1 of tempol (Sigma-Aldrich) during 30 min. Cells were placed in normoxia or hypoxia (1% O2) in a Heracell 150 incubator (Kendro) during 96 h and time-lapse images were captured for 96 h (1 image/15 min) on a JuliStage microscope (NanoEntek, Seoul, Korea). The number of dividing cells during this time was then counted.

RNA Extraction and

Statistics. Data and statistical analysis comply with the recommendations on experimental design and analysis in pharmacology per description by British Journal of Pharmacology.

Data analysis was performed in a blinded manner wherever possible.

For multiple comparisons, the 1-way ANOVA test was used followed by Tukey's' posttest to specifically compare indicated groups. For multiple comparison of contractility studies, the 2-way ANOVA test was used followed by a Bonferroni posttest. For two group comparisons, the Mann-Whitney test was performed. Data analysis was performed using the GraphPad Prism software (GraphPad Prism, RRID:SCR_002798). The threshold for statistical significance was set at P < 0.05. 

Nomenclature of

Results

Rac1 contributes to PH development.

We first assessed the level of Rac1 activation by immunofluorescence with a conformational sensitive anti-Rac1-GTP antibody in lung sections from normoxic and hypoxic mice. Rac1-GTP staining was significantly increased in PA walls of hypoxic SM-Rac1 lox/lox mice compared to normoxic SM-Rac1 lox/lox mice, while in contrast, Rac1-GTP fluorescence remained as weak as that of normoxic SM-Rac1-KO mice in hypoxic SM-Rac1-KO mice (Figure 1a,b). Rac1-GTP labelling co-localized with SM22α staining indicating that the increased Rac1 activity observed in PA of hypoxic SM-Rac1 lox/lox mice occurred in PASMC (Figure 1a).

As expected, SM-Rac1 lox/lox mice exposed to hypoxic condition developed PH characterized by a strong elevation of RVSP and a right ventricular remodeling attested by the increase in the Fulton index (Figure 1c). Deletion of Rac1 in SMC reduced PH as shown by the 30% decrease in RVSP and the 60% decrease in right ventricular hypertrophy in hypoxic SM-Rac1-KO mice compared to hypoxic SM-Rac1 lox/lox mice (Figure 1c). As previously described, SM-Rac1-KO mice develop a systemic hypertension associated with an increase of LVSP [START_REF] Andre | Smooth muscle specific Rac1 deficiency induces hypertension by preventing p116RIP3dependent RhoA inhibition[END_REF].

Under hypoxic condition, the deletion of Rac1 in SMC has no effect on LVSP. These results show that Rac1 is activated in PASMC of hypoxic mice and contributes to the pathogenesis of PH.

SM-Rac1 deletion has no effect on the contractile properties of PA

To determine whether the involvement of Rac1 in PH was due to its role in the modulation of the vascular tone [START_REF] Andre | Smooth muscle specific Rac1 deficiency induces hypertension by preventing p116RIP3dependent RhoA inhibition[END_REF], we measured ex vivo contractile properties of PA from normoxic and hypoxic SM-Rac1 lox/lox and SM-Rac1-KO mice. Contractile responses of PA to KCl and ET-1 were similar in SM-Rac1 lox/lox and SM-Rac1-KO mice both in normoxic and hypoxic conditions (Figure 2). Contractile responses to 5-HT were increased in hypoxic conditions compared to normoxia, but were similar in SM-Rac1 lox/lox and SM-Rac1-KO mice (Figure 2). Regarding vasodilation, Ach-induced NO-dependent relaxation was similar in PA from normoxic SM-Rac1 lox/lox and SM-Rac1-KO mice, suggesting that Rac1 is not involved in NO-mediated relaxation of PASMC in basal conditions (Figure 2). Chronic exposure of SM-Rac1 lox/lox mice to hypoxia decreased ACh-mediated relaxation of PA, attesting the endothelium dysfunction known to be associated with hypoxic PH. This defect in endothelium-derived NOdependent relaxation is not observed in PA from hypoxic SM-Rac1-KO mice, suggesting that Rac1 in PASMC is involved in hypoxia-induced loss of NO-induced PA dilation (Figure 2). To directly assess the role of Rac1 in NO-signaling pathway in PASMC, we then used the NO donor SNAP, which directly triggers guanylate cyclase activation, cyclic GMP (cGMP) production and relaxation, independently of the endothelium (Figure 2). Concentrationrelaxation response curves to SNAP were similar in PA from normoxic SM-Rac1 lox/lox and SM-Rac1-KO mice, confirming that Rac1 is not involved in cGMP signaling-mediated relaxation of PASMC in basal conditions. Chronic exposure to hypoxia did not modify the endotheliumindependent vasodilator effect of SNAP, both in SM-Rac1 lox/lox and SM-Rac1-KO mice (Figure 2). These results indicate that Rac1 in PASMC is involved neither in intracellular signaling mechanisms inducing contraction nor in cGMP signaling mediating NO-dependent relaxation.

However, they show that PASMC Rac1 deletion prevents hypoxia-induced defect in endothelium/NO-dependent relaxation suggesting a role of PASMC Rac1 upstream to the effect of NO on PASMC.

Rac1 is required for hypoxia-induced PA remodeling.

To assess the role of Rac1 in hypoxia-induced PA remodeling, muscularization of small PA has been analyzed on lung sections by immunohistochemical labelling with an antibody that recognizes the SMC phenotypic marker SM22ɑ. SM22ɑ staining was weak in lung sections from normoxic SM-Rac1 lox/lox and SM-Rac1-KO mice (Figure 3). Exposure to chronic hypoxia increased the number and the thickness of muscularized distal PA in SM-Rac1 lox/lox mice but only had very limited effect on PA wall structure in SM-Rac1-KO mice (Figure 3). These observations suggest an essential role of SM Rac1 in PA remodeling associated with hypoxiainduced PH.

Rac1 is essential for hypoxia-induced ROS production in the lung.

Rac1 is well known for its essential role in ROS production through the regulation of NADPH oxidase activity [START_REF] Hordijk | Regulation of NADPH oxidases: the role of Rac proteins[END_REF], and ROS stimulate SMC proliferation [START_REF] Li | Antioxidant mechanism of Rutin on hypoxia-induced pulmonary arterial cell proliferation[END_REF][START_REF] Wang | Thyroid hormone induces artery smooth muscle cell proliferation: discovery of a new TRalpha1-Nox1 pathway[END_REF][START_REF] Wang | Oxidized high-density lipoprotein induces the proliferation and migration of vascular smooth muscle cells by promoting the production of ROS[END_REF]. In addition, lung ROS levels are increased in chronically hypoxic mice [START_REF] Fresquet | Role of reactive oxygen species and gp91phox in endothelial dysfunction of pulmonary arteries induced by chronic hypoxia[END_REF][START_REF] Liu | Hypoxic pulmonary hypertension: role of superoxide and NADPH oxidase (gp91phox)[END_REF].

We thus hypothesize that the role of Rac1 in PA remodeling in hypoxic PH can be related to ROS production. To address this hypothesis, we measured ROS production by DHE staining in lung cryosections from normoxic and hypoxic SM-Rac1 lox/lox and SM-Rac1-KO mice. DHE labelling was similarly weak in both normoxic SM-Rac1 lox/lox and SM-Rac1-KO mice indicating a low ROS production (Figure 4). The strong rise in DHE staining in hypoxic SM-Rac1 lox/lox mice demonstrated an increase in ROS production detected both in PA and in lung parenchyma (Figure 4a,b). This hypoxia-induced stimulation of ROS production was significantly reduced in PA and marginally decreased in the lung parenchyma of hypoxic SM-Rac1-KO mice (Figure 4a,b). These observations were confirmed by electronic paramagnetic resonance, demonstrating that Rac1 deletion in SMC prevents hypoxia-induced superoxide ion (O2 -) overproduction in lungs (Figure 4c). This result is not related to a significant modification in xanthine oxidase activity (Figure 4c) or expression of major drivers of ROS production such as NOX1, NOX2, NOS3, and HIF1a (Figure 4d). These results suggest that PASMC Rac1 plays a critical and a direct role in hypoxia-induced ROS production in the lungs.

Rac1 is required for hypoxia-induced PASMC proliferation.

We next wanted to decipher the role of Rac1 in ROS production and PASMC proliferation by a pharmacological approach in vitro. As shown in Figure 4e, hypoxia induced increased ROS production and PASMC proliferation, both of which were suppressed by Rac1 inhibition of by EHT1864 or the antioxidant tempol. These results revealed that hypoxia-induced ROS production and the resulting ROS-mediated PASMC proliferation depend on Rac1.

Rac1 is overactivated in PA of iPAH patients

In order to assess whether SMC Rac1 may play a role similar to that observed in mice in the pathogenesis of PH in humans, we performed Rac1-GTP immunostaining in lungs specimens from PH patients (Figure 5). As expected, immunostaining of PASMC by the anti-SM22α antibody shows the thickening of the medial layers of PA in explanted lungs from iPAH patients compared to control samples (Figure 5a). The weak Rac1-GTP immunostaining in control lung samples indicated a low level of active Rac1 in these subjects. In contrast, the strong fluorescence intensity of Rac1-GTP observed in iPAH patient samples showed that PH is associated with a strong Rac1 activity in PA (Figure 5a,b). Analysis of the spatial profile of fluorescence intensities revealed that active Rac1 is specifically localized in PASMC, in agreement with our observation in the experimental model of PH in mice (Figure 5c).

Discussion

Our study demonstrates an increase in Rac1 activity in human and murine PASMCs during PH. The specific deletion of Rac1 in SMC limits the rise in RSVP and PA remodeling induced by chronic hypoxia, suggesting a causal role of SM Rac1 activity in the development of PH. Our results thus show that, in contrast to systemic circulation [START_REF] Andre | Smooth muscle specific Rac1 deficiency induces hypertension by preventing p116RIP3dependent RhoA inhibition[END_REF][START_REF] Sauzeau | The Rho/Rac exchange factor Vav2 controls nitric oxide-dependent responses in mouse vascular smooth muscle cells[END_REF], SM Rac1 is not involved in the contraction or the relaxation of PASMCs, but that its role in PH is mediated by an increase in ROS production and proliferation of PASMCs.

Studies on the identification of the role of Rac1 in SMCs have produced conflicting results [START_REF] Loirand | Involvement of Rho GTPases and their regulators in the pathogenesis of hypertension[END_REF]. Indeed, in the vascular system, Rac1 is described to promote relaxation by regulating cGMP level in SMCs [START_REF] Andre | Smooth muscle specific Rac1 deficiency induces hypertension by preventing p116RIP3dependent RhoA inhibition[END_REF][START_REF] Sauzeau | The Rho/Rac exchange factor Vav2 controls nitric oxide-dependent responses in mouse vascular smooth muscle cells[END_REF] while it is involved in the contraction of visceral and bronchial SMCs [START_REF] Andre-Gregoire | Targeting of Rac1 prevents bronchoconstriction and airway hyperresponsiveness[END_REF][START_REF] Rahman | The small GTPase Rac1 is required for smooth muscle contraction[END_REF]. These discrepancies suggest that the role of Rac1 depends on the type or tissue/organ location of SMCs and cannot be generalized to all SMCs.

In the same line, we show in the present study that the role of Rac1 in PASMC is different from that in systemic arteries. In PA, SM Rac1 deletion has no direct effect on vasoconstriction or vasodilation. However, SM Rac1 deletion improves endothelial-dependent PA vasodilation in mice exposed to chronic hypoxia, without having an effect on the dilation induced by a NOdonor (SNAP), suggesting a role of PASMC Rac1 upstream to the effect of endothelial NO on PASMC. Endothelial dysfunction in PA, characterized by impaired synthesis and/or bioactivity of endothelium-derived NO and a decrease in endothelium-dependent relaxation is recognized as a key event and a common feature of all types of PH, including hypoxic PH (Hampl & Herget, 2000;Budhiraja et al., 2004). This endothelial dysfunction has been ascribed, at least in part, to elevated level of NOX-derived ROS in experimental model of PH [START_REF] Fresquet | Role of reactive oxygen species and gp91phox in endothelial dysfunction of pulmonary arteries induced by chronic hypoxia[END_REF][START_REF] Knock | NADPH oxidase in the vasculature: Expression, regulation and signalling pathways; role in normal cardiovascular physiology and its dysregulation in hypertension[END_REF], in agreement with the increase in plasma oxidative stress biomarkers in PH patients [START_REF] Reis | Oxidative-stress biomarkers in patients with pulmonary hypertension[END_REF]. High levels of superoxide anion (O2 -) favor its interaction with NO to produce peroxynitrite (ONOO -), thus decreasing NO [START_REF] Boota | IL-1 beta stimulates superoxide and delayed peroxynitrite production by pulmonary vascular smooth muscle cells[END_REF][START_REF] Fresquet | Role of reactive oxygen species and gp91phox in endothelial dysfunction of pulmonary arteries induced by chronic hypoxia[END_REF]. Oxidative stress has become recognized as a central player in the underlying pathophysiology of PH and antioxidants or drugs that target specific sources of ROS, such as NOX, have been suggested as potential therapies for PH [START_REF] Knock | NADPH oxidase in the vasculature: Expression, regulation and signalling pathways; role in normal cardiovascular physiology and its dysregulation in hypertension[END_REF].

NOX1 and NOX2 are both expressed in PA, and NOX1-and NOX2-derived ROS have been shown to participate to PH in experimental animal models and in humans (Yan, Resta & Jernigan, Antioxidants, 2020). NOX1 or NOX2 knockout in mice suppresses the increased right ventricular systolic pressure and prevents the right ventricular hypertrophy and vascular remodeling induced by chronic hypoxia [START_REF] Hanna | Functional association of nox1 with p22phox in vascular smooth muscle cells[END_REF][START_REF] Liu | Hypoxic pulmonary hypertension: role of superoxide and NADPH oxidase (gp91phox)[END_REF][START_REF] Nisbet | The role of NADPH oxidase in chronic intermittent hypoxia-induced pulmonary hypertension in mice[END_REF]. Full activation of NOX1 or NOX2 allowing sustained long lasting increase in ROS production is dependent on the recruitment of active Rac1 (or Rac2) that completes the assembly of the holoenzyme [START_REF] Knock | NADPH oxidase in the vasculature: Expression, regulation and signalling pathways; role in normal cardiovascular physiology and its dysregulation in hypertension[END_REF]. Our results showing that chronic hypoxia-induced ROS production in the lungs is prevented in SM-Rac1-KO mice support a major role of PASMC NOX1 and NOX2 in the generation of deleterious ROS in PH and demonstrate in vivo the essential role of Rac1 in the production of ROS by NOX1 and NOX2 without modification of their expression. They also prove the SMC origin of the ROS responsible for endothelial dysfunction, PASMCs proliferation and PA wall remodeling in hypoxic PH. As previously demonstrated in vitro [START_REF] Diebold | Rac-1 promotes pulmonary artery smooth muscle cell proliferation by upregulation of plasminogen activator inhibitor-1: role of NFkappaB-dependent hypoxia-inducible factor-1alpha transcription[END_REF][START_REF] Diebold | Reciprocal regulation of Rac1 and PAK-1 by HIF-1alpha: a positive-feedback loop promoting pulmonary vascular remodeling[END_REF][START_REF] Patil | Important role for Rac1 in regulating reactive oxygen species generation and pulmonary arterial smooth muscle cell growth[END_REF], Rac1-dependent ROS production in PASMCs is directly stimulated by hypoxia suggesting that chronic hypoxia in mice may be the trigger for Rac1 activation and Rac1-mediated stimulation of NOX involved in vivo in pulmonary vascular remodeling associated to hypoxic PH. However, besides hypoxia, vasoconstrictors and other receptor ligands such as 5-HT, ET-1 or EGF involved in PH and known to activate NOXs [START_REF] Knock | NADPH oxidase in the vasculature: Expression, regulation and signalling pathways; role in normal cardiovascular physiology and its dysregulation in hypertension[END_REF] are also described as Rac1 activators. This suggests that the involvement of Rac1 in NOX/ROS signaling in the pathogenesis of PH may not be limited to hypoxic PH but can be common to all types of PH. This is supported by the increase in Rac1 activity observed in PA of iPAH patients.

In conclusion, our study provides evidence that Rac1 activation in PASMC participates in the pathophysiology of PH by causing endothelial dysfunction and PASMC proliferation through increased production of ROS. In addition, it has been demonstrated that Rac1 in endothelial cells [START_REF] Sun | TGF-beta1 attenuates mitochondrial bioenergetics in pulmonary arterial endothelial cells via the disruption of carnitine homeostasis[END_REF][START_REF] Taraseviciene-Stewart | Simvastatin causes endothelial cell apoptosis and attenuates severe pulmonary hypertension[END_REF][START_REF] Yu | Lack of bcr and abr promotes hypoxia-induced pulmonary hypertension in mice[END_REF], or in pulmonary artery fibroblasts [START_REF] Zhang | Pirfenidone Inhibits Hypoxic Pulmonary Hypertension through the NADPH/ROS/p38 Pathway in Adventitial Fibroblasts in the Pulmonary Artery[END_REF] plays a role in the development of pulmonary hypertension, supporting the idea that pharmacological inhibition of Rac1 may restrict disease progression and improve clinical outcomes of PH patients. To validate the therapeutic interest to inhibit Rac1 activity in PH, it will be necessary to develop specific and potent Rac1inhibitors suitable for in vivo analyses. 

Figure legends

  Abbrevations

  Real-Time PCR. Total RNA was extracted from the pulmonary arteries with TRIZOL reagent (Life Technologies) according to the manufacturer's instructions. 1 µg of RNA was used for reverse transcription with High-Capacity cDNA Reverse Transcription Kit (Life Technologies). Real time PCR using TaqMan probes was performed in 7900HT Fast Real-Time PCR System (Applied Biosystems). The expression of Hif1a (item number Mm00468869_m1, ThermoFisher), Nos3 (eNOS) (item number Mm00435217_m1, ThermoFisher), Nox1 (item number Mm00549170_m1, ThermoFisher), Cybb (Nox2) (item number Mm01287743_m1, ThermoFisher), GAPDH (item number Mm99999915_g1, ThermoFisher) and HPRT (item number Mm03024075_m1, ThermoFisher) was analyzed.

  Targets and Ligands. Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www.guidetopharmacology.org, and are permanently archived in the Concise Guide to PHARMACOLOGY 2021/22 (Alexander et al., 2021).
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 3 Figure 3. Smooth muscle Rac1 deletion prevents PA remodeling induced by hypoxia. (a)
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 4 Figure 4. Smooth muscle Rac1 deletion prevents hypoxia-induced ROS production in PA
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 5 Figure 5. Rac1 is overactivated in PA of iPAH patients. (a) Representative confocal images
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