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Therapeutic effect of pirfenidone in the Sugen/hypoxia rat model of severe pulmonary hypertension
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Rationale: Heightened pulmonary artery smooth muscle cell (PA-SMC) proliferation and migration and dynamic remodeling of the extracellular matrix (ECM) are hallmark pathogenic features of pulmonary arterial hypertension (PAH). Pirfenidone (PFD) is an orally bioavailable pyridone derivative with anti-fibrotic, anti-inflammatory and anti-oxidative properties currently used in the treatment of idiopathic pulmonary fibrosis (IPF).

Objectives:

We therefore evaluate the efficacy of curative treatments with PFD in the Sugen/Hypoxia (SuHx) rat model of severe pulmonary hypertension (PH).

Measurements and Main Results:

Treatment with PFD (30 mg/kg/day per os 3 times a day (t.i.d.) for 3 weeks) started 5 weeks after sugen injection partially reversed established PH, reducing total pulmonary vascular resistance, and structure. Consistent with these observations, we found that continued PFD treatment decreases PA-SMC proliferation and levels of extracellular matrix deposition in lungs and right ventricles in SuHx rats. Importantly, PFD attenuated the pro-proliferative and pro-migratory potentials of cultured PA-SMCs from patients with idiopathic PAH (iPAH) and their capacity to produce ECM components. Finally, we found that PFD dose dependently enhanced forkhead box (Fox)O1 protein levels and its nuclear translocation in cultured iPAH PA-SMCs and in PFD-treated SuHx rats.

Conclusions: PFD appears to be a potential therapy for PAH worthy of investigation and evaluation for clinical use in conjunction of current PAH treatments.

Scientific knowledge on the subject

• Progressive accumulation of extracellular matrix components and of vascular cells in the pulmonary arterial wall are hallmark pathogenic features of pulmonary arterial hypertension (PAH). • Pirfenidone (5-methyl-1-phenyl-2-[1H]-pyridone or PFD) is an antifibrotic agent that has beneficial effects in patients with idiopathic pulmonary fibrosis (IPF), although its molecular target has not been elucidated.

What this study adds to the field

• Chronic treatment with PFD partially attenuates pulmonary artery smooth muscle cell (PA-SMC) proliferation and decreases matrix deposition, oxidative stress, and inflammatory cell infiltration in lungs of Sugen/Hypoxia (SuHx) rats with established PH. • PFD dose-dependently decreases cell proliferation and migration in cultured human PA-SMCs derived from idiopathic PAH (iPAH) and attenuates their capacity to produce ECM components.

• PFD dose dependently enhanced FoxO1 protein levels in cultured human PA-SMCs and in SuHx-rats treated with PFD.

Non-standard Abbreviations: to respond adequately to medical therapy with a 5-years survival of 59% [START_REF] Boucly | Risk assessment, prognosis and guideline implementation in pulmonary arterial hypertension[END_REF]. Current treatments can relieve some PAH symptoms and slow the progress of PAH in some patients, but they have limited impact on the cellular and molecular mechanisms involved in the pathogenic pulmonary vascular remodeling. Among them, it is now well admitted that the dynamic and unadapted remodeling of the extracellular matrix remodeling (ECM) leads not only to qualitative and quantitative changes modulating vessel stiffness, but also forms a permissive milieu influencing cell motility, proliferation, apoptosis, and differentiation (2-5).

Consistent with these notions, beneficial effects of different protease inhibitors have been reported in several animal models of pulmonary hypertension [START_REF] Maruyama | Chronic hypoxic pulmonary hypertension in rats and increased elastolytic activity[END_REF][START_REF] Cowan | Complete reversal of fatal pulmonary hypertension in rats by a serine elastase inhibitor[END_REF][START_REF] Zaidi | Overexpression of the serine elastase inhibitor elafin protects transgenic mice from hypoxic pulmonary hypertension[END_REF][START_REF] Ilkiw | SC-39026, a serine elastase inhibitor, prevents muscularization of peripheral arteries, suggesting a mechanism of monocrotaline-induced pulmonary hypertension in rats[END_REF][START_REF] Vieillard-Baron | Inhibition of matrix metalloproteinases by lung TIMP-1 gene transfer limits monocrotaline-induced pulmonary vascular remodeling in rats[END_REF].

Pirfenidone (5-methyl-1-phenyl-2-[1H]-pyridone or PFD) is an orally available pyridone derivative with anti-fibrotic, anti-inflammatory and anti-oxidative properties currently used in the treatment of idiopathic pulmonary fibrosis (IPF) with a good safety and a proven efficacy on the decline of forced vital capacity in recent published multinational phase 3 trials [START_REF] Noble | Pirfenidone for idiopathic pulmonary fibrosis: analysis of pooled data from three multinational phase 3 trials[END_REF][START_REF] Noble | Pirfenidone in patients with idiopathic pulmonary fibrosis (CAPACITY): two randomised trials[END_REF][START_REF] King | A phase 3 trial of pirfenidone in patients with idiopathic pulmonary fibrosis[END_REF].

We therefore hypothesized that PFD could interfere with mechanism driving pulmonary vascular remodeling and thus contributing to slow down pulmonary hypertension (PH) in the Sugen/Hypoxia (SuHx) rat model. We investigated: 1) the efficacy of PFD on pulmonary hemodynamics, pulmonary arteries thickness and right ventricular remodeling in the SuHx rat model of severe PH; 2) whether or not chronic treatment with PFD affect the in situ ECM deposition as well as levels of oxidative stress, cell proliferation and of inflammatory cell infiltration in lungs of SuHx rats with established PH; 3) whether or not PFD can be considered as a potentially effective tool to handle the dysfunctional behavior of pulmonary artery smooth muscle cells (PA-SMCs) in PAH, particularly in the control of proliferation and/or migration of idiopathic PAH (iPAH) PA-SMCs as well as in their capacity to produce ECM components; 4) the in vitro and in vivo effects of PFD on the expression patterns and activity levels of Smad2/3 and FoxO1, two nodes for signaling integration in PA-SMCs known to be involved in PH progression.

Methods

Animals and in vivo treatment

Young male Wistar rats (100 g, Janvier Labs, Saint Berthevin, France) received a single subcutaneous injection of SU5416 and were exposed to normobaric hypoxia for 3 weeks before to return to room air for 2 weeks. After PH establishment (5 weeks after injection of SU5416), pulsed-wave Doppler echocardiography was used to evaluate pulmonary artery acceleration time (AT) to ejection time (ET) ratio, using Vivid E9 (GE Healthcare, Velizy-Villacoublay, France). Then, the SuHx rats with established PH were randomly assigned to either: a vehicle control group (dimethyl sulfoxide (DMSO) diluted in water; 1:10) and a group that received PFD at a dose of 30 mg/kg/day per os 3 times a day (t.i.d.) for 3 weeks (Figure 1A-B) [START_REF] Schaefer | Antifibrotic activities of pirfenidone in animal models[END_REF]. At the end of these protocols, transthoracic echocardiography and right heart catheterisation were performed as previously described (15, 16). Briefly, animals were anesthetized with isoflurane. A polyvinyl catheter was introduced into the right jugular vein and pushed through the right ventricle into the pulmonary artery to measure the mean pulmonary arterial pressure (mPAP). Cardiac output (CO) in rats was measured using the thermodilution method. After measurement of hemodynamic parameters, the thorax was opened and the left lung immediately removed and frozen. The right lung was fixed in the distended state by perfusion through the trachea with 4% formalin at a pressure of 20 cm H20.

The right ventricular hypertrophy was assessed by the Fulton Index and the percentage of wall thickness [(2 × medial wall thickness/ external diameter) × 100] and of muscularized vessels were performed.

Human PA-SMCs isolation, culture, and treatment

Primary human PA-SMCs were isolated from lung explants from iPAH patients or from lung specimens obtained during lobectomy or pneumonectomy at a distance from the tumor foci in control subjects. Preoperative echocardiography was performed in these control patients to rule out PH and the absence of tumoral infiltration was retrospectively established in all tissue sections by the histopathological analysis. Briefly, as previously described [START_REF] Tamura | Ectopic upregulation of membrane-bound IL6R drives vascular remodeling in pulmonary arterial hypertension[END_REF][START_REF] Tu | A critical role for p130Cas in the progression of pulmonary hypertension in humans and rodents[END_REF][START_REF] Huertas | Leptin signalling system as a target for pulmonary arterial hypertension therapy[END_REF], small pieces of freshly isolated arteries were cultured in DMEM media supplemented with 15% of fetal calf serum (FCS), 2 mM L-glutamine and antibiotics. The isolated pulmonary PA-SMCs were strongly positive for alpha-smooth muscle actin (α-SMA), smooth musclespecific SM22 protein and calponin and negative for von Willebrand factor and CD31. Cells were used at passage < 5. Cell proliferation was measured by 5-bromo-2-deoxyuridine (BrdU) incorporation using the DELFIA Cell proliferation kit (PerkinElmer, Courtaboeuf, France) and a time-resolved fluorometer EnVision TM Multilabel Reader (PerkinElmer). Cell migration was assessed using the in vitro wound-healing assay (Ibidi, Martinsried, Germany).

Briefly, confluent monolayers of PASMCs were scratch wounded, and then incubated with complete media for 24h in presence or not of PFD at the indicated doses.

Western blot, and Immunostaining

Cells/tissues were homogenized and sonicated in RIPA buffer containing protease and phosphatase inhibitors and 30 µg of protein was used to detect tenascin (Tn)-C, collagen (col)1A, colV, fibronectin, phosphoSmad2/3 (pSmad2/3), FoxO1, nitrotyrosine, superoxide dismutase (SOD)2, p21, catalase, connective tissue growth factor (CTGF) and β-actin [START_REF] Tamura | Ectopic upregulation of membrane-bound IL6R drives vascular remodeling in pulmonary arterial hypertension[END_REF][START_REF] Tu | A critical role for p130Cas in the progression of pulmonary hypertension in humans and rodents[END_REF][START_REF] Huertas | Leptin signalling system as a target for pulmonary arterial hypertension therapy[END_REF][START_REF] Tu | Autocrine fibroblast growth factor-2 signaling contributes to altered endothelial phenotype in pulmonary hypertension[END_REF]. Immunohistochemistry and immunocytofluorescent staining for proliferating cell nuclear antigen (PCNA), CD45 (lymphocyte common antigen), CD68 (macrophage), 8-oxodeoxyguanosine (8-oxo-dG), FoxO1, pSmad2/3, von Willebrand factor (vWF) and SM22

were performed in human and rat lung paraffin sections [START_REF] Tamura | Ectopic upregulation of membrane-bound IL6R drives vascular remodeling in pulmonary arterial hypertension[END_REF][START_REF] Tu | A critical role for p130Cas in the progression of pulmonary hypertension in humans and rodents[END_REF][START_REF] Huertas | Leptin signalling system as a target for pulmonary arterial hypertension therapy[END_REF][START_REF] Tu | Autocrine fibroblast growth factor-2 signaling contributes to altered endothelial phenotype in pulmonary hypertension[END_REF]. Briefly, lung sections were deparaffined and stained with Hematoxylin and Eosin (Sigma-Aldrich, Saint-Quentin Fallavier, France), Picrosirius red, Masson's trichrome, or incubated with retrieval buffer.

Then, sections were saturated with blocking buffer and incubated overnight with specific antibodies, followed by corresponding secondary fluorescent-labeled antibodies (Thermo Fisher Scientific, Saint-Aubin, France). Nuclei were labeled using DAPI (Thermo Fisher Scientific). Mounting was done using ProLong Gold antifade reagent (Thermo Fisher Scientific). Images were taken using LSM700 confocal microscope (Zeiss, Marly-le-Roi, France). Other lung sections were used for immunochemistry using vectastain ABC kit according to the manufacturer's instructions (Abcys, Courtaboeuf, France) and counterstained with Hematoxylin (Sigma-Aldrich). Images were taken using Eclipse 80i microscope (Nikon Instruments, Champigny-sur-Marne, France). We conducted terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) using the ApopTag red in situ apoptosis detection kit (Chemicon, Molsheim, France).

Statistical analyses

Statistical significance was tested using the nonparametric Mann-Whitney U test, one-or two-way ANOVA with Bonferroni or Tukey post hoc tests, or Kruskal-Wallis test.

Significant difference was assumed at a p value of < 0.05. Continuous data are expressed as mean ± SEM of at least three independent experiments or performed in triplicate or quintuplicate for technical replicates. P value <0.05 was considered statistically significant.

Analyses were performed using GraphPad Prism v5.0 (La Jolla, CA, USA).

Study approval

All animals were treated in accordance with the Guide for the Care and Use of Laboratory 

Results

Efficacy of curative chronic treatment with PFD on the progression of PH in the Sugen/Hypoxia model in rats

First, we examined the effect of chronic PFD treatment against the progression of PH induced in rats by a single subcutaneous injection of sugen (SU5416; 20 mg/kg) followed by 3 weeks of hypoxia (10% FiO2) and 2 weeks of normoxia. After PH establishment (five weeks after injection of sugen) rats were randomized and treated with PFD (30mg/kg t.i.d. by oral gavage ( 14)) or vehicle for 3 weeks (Figure 1A-B). On week-8, in SuHx rats treated with vehicle, a marked increase in mean pulmonary arterial pressure (mPAP), total pulmonary vascular resistance (TPVR), (Figure 1C), percentages of medial wall thickness and of muscularized distal pulmonary arteries (Figure 2A), and in RV/(LV+S) ratio (Figure 2B) were found compared with control rats. However, SuHx rats treated with PFD exhibited reduced TPVR with a less pronounced reduction in cardiac output (CO) when compared with vehicle-treated SuHx rats (Figure 1C). Consistent with these results, the percentages of medial wall thickness and of muscularized distal pulmonary arteries were substantially decreased in SuHx rats treated with PFD when compared with vehicle-treated SuHx rats (Figure 2A).

Interestingly, we also noted a reduced increase in cardiomyocyte cross-sectional area (CSA)

and in collagen deposition in the right ventricle in SuHx rats treated with PFD when compared with vehicle-treated SuHx rats (Figure 2B-C). No significant differences were found in capillary density and small vessel density in the right ventricle between SuHx rats treated with PFD and vehicle-treated SuHx rats (Figure 2D). Of note, no differences were also found in values of heart rate (325 ± 22 versus 316 ± 18 bpm, respectively, NS) and systemic pressures (systemic blood pressure: 97 ± 7 versus 92 ± 8, respectively, NS) between SuHx rats treated with PFD and vehicle-treated SuHx rats.

Chronic treatment with PFD attenuates perivascular collagen deposition and reduces inflammation and oxidative stress in SuHx rat lungs

Since PFD has been shown to have anti-fibrotic, anti-inflammatory and anti-oxidant properties in several animal models of fibrosis in the lung, liver, kidney and heart [START_REF] Schaefer | Antifibrotic activities of pirfenidone in animal models[END_REF], we next determined effects of PFD treatments on both the accumulation of ECM components, PA-SMCs and immune cells in lungs of SuHx rats treated or not with PFD (Figure 3). On week-8, a marked increased the percentage of perivascular collagen and of PCNA + , CD45 + and CD68 + cells were found in lungs of in SuHx rats treated with vehicle when compared with controls (Figure 3A-B, and3D). In contrast, both picrosirius red and Masson's trichrome staining indicate a substantial reduction in the percentage of perivascular collagen in lungs of PFD-treated SuHx rats when compared with vehicle-treated SuHx rats (Figure 3A). Consistent with our hemodynamic findings, numbers of PCNA + cells were decreased in pulmonary vessels of SuHx rats treated with PFD when compared with vehicle-treated SuHx rats, whereas numbers of TUNEL + cells were increased (Figure 3B-C), indicating a shift in cell proliferation and apoptosis balance. In addition, we also found a reduction in the infiltration of CD45 + and CD68 + cells around vessels in lungs of SuHx rats treated with PFD (Figure 3D). Finally, we determined the effect of chronic PFD treatment on biomarkers of oxidative stress and found a substantial reduction in the level of oxidative DNA damage (8oxo-dG) in lungs of PFD-treated SuHx rats when compared to vehicle-treated SuHx rats with and only a trend toward reduction of oxidative protein damage (nitrotyrosine) (Figure 3E-F).

Pirfenidone attenuates the pro-proliferative and pro-migratory phenotypes of cultured PA-SMCs derived from idiopathic PAH (iPAH) patients in a dose dependent manner

Both PA-SMC proliferation and migration played major contribution to the progression of pulmonary vascular remodeling in PAH (neo-intima formation and media hypertrophy) [START_REF] Tamura | Ectopic upregulation of membrane-bound IL6R drives vascular remodeling in pulmonary arterial hypertension[END_REF][START_REF] Tu | A critical role for p130Cas in the progression of pulmonary hypertension in humans and rodents[END_REF], we next examined the effect of PFD treatment on the proliferative and migratory potentials of cultured PA-SMCs derived from iPAH patients. PFD, at either low or high dose, had no obvious effect on cell morphology or viability (Supplemental Fig. 1A). However, we found that high doses of PFD reduced iPAH PA-SMC proliferation (Figure 4A) and migration in the well-established 2D scratch assay (Figure 4B). We also found that even if high doses of PFD is associated with qualitative and quantitative changes in ECM components, characterized by an increase in Tn-C and substantial reductions in the production of col1A, colV and fibronectin (Figure 4C).

Pirfenidone increases FoxO1 expression and nuclear localization in iPAH PA-SMCs

Since FoxO1 isoform inactivation is known to be central for the pro-proliferative and apoptosis-resistant phenotype in iPAH PA-SMCs and a major downstream mediator of growth factors and inflammatory cytokines (20), we studied whether PFD regulates FoxO1 expression and/or activity. Interestingly, a dose-dependent increase in FoxO1 protein levels was found in iPAH PA-SMCs exposed to PFD (Figure 5A). Consistent with this observation, immunofluorescence and confocal analysis validates that PFD increases FoxO1 nuclear localization in iPAH PA-SMCs (Figure 5B). In addition, we found that exposure of iPAH PA-SMCs to PFD increases protein expression levels of three FoxO1 targets, namely p21, SOD2, and catalase (Figure 5C).

We next conducted parallel evaluations to determine whether PFD-induced upregulation of nuclear FoxO1 is involved in the attenuation of the pro-proliferative phenotype in iPAH PA-SMCs. To this aim, iPAH PA-SMCs were exposed to PFD in presence or not of AS1842856, a cell-permeable FoxO1 inhibitor that blocks the transcription activity of FoxO1. The results of our bromodeoxyuridine (BrdU) incorporation studies indicate that treatment with AS1842856 attenuates the inhibitory effect of PFD on iPAH PA-SMCs (Figure 5D).

These in vitro observations were replicated in vivo, with a stronger immunoreactivity of FoxO1 in the smooth muscle of pulmonary vessels of PFD-treated SuHx rats when compared to vehicle-treated SuHx rats (Figure 6A). Western blot analyses confirmed upregulation of FoxO1 protein in lung homogenates of PFD-treated SuHx rats (Figure 6B).

Recent studies support the notion that FoxO family members act synergistically with the TGF-β1 signaling pathway to promote gene expression of many targets in fibroblasts [START_REF] Vivar | FoxO1 mediates TGF-beta1-dependent cardiac myofibroblast differentiation[END_REF][START_REF] Yadav | TGF-beta1/Smad3 Pathway Targets PP2A-AMPK-FoxO1 Signaling to Regulate Hepatic Gluconeogenesis[END_REF][START_REF] Al-Tamari | FoxO3 an important player in fibrogenesis and therapeutic target for idiopathic pulmonary fibrosis[END_REF].

Subsequent in vitro studies were therefore performed to study the effects of PFD treatment on the TGF-β1 signaling pathway in iPAH PA-SMCs. Consistent with this notion, we found that high doses of PFD decreases levels of pSmad2/3 and CTGF a downstream target of the TGF-β1 in iPAH PA-SMCs (Supplemental Fig. 1B). Although TGF-β1 increases pSmad2/3 nuclear localization, TGF-β1 has no effect on FoxO1 nuclear localization in iPAH PA-SMCs and do not interfere with the PFD-induced upregulation of nuclear FoxO1 (Supplemental Figure 1C).

Discussion

Although PFD displays anti-inflammatory, anti-fibrotic, and anti-oxidant properties both in vitro and in animal models of pulmonary fibrosis, its efficacy against the progression of the pulmonary vascular remodeling in SuHx rats has never been tested. Herein, we demonstrate that chronic treatment with PFD partially attenuates PA-SMC proliferation and decreases ECM deposition, oxidative stress, and inflammatory cell infiltration in lungs of Sugen/Hypoxia (SuHx) rats with established PH. In addition, we found that PFD dosedependently attenuates cell proliferation and migration in cultured human PA-SMCs derived from iPAH patients and their capacity to produce ECM components. Finally, we reported that PFD dose dependently enhanced FoxO1 protein levels in cultured human PA-SMCs and in SuHx rats treated with PFD.

Several preclinical studies have demonstrated that chronic treatment with PFD has beneficial effects of in the bleomycin model of pulmonary fibrosis and that a dose of 30 mg/kg/day t.i.d.

per os can be considered as an intermediate dose that is clinically relevant [START_REF] Schaefer | Antifibrotic activities of pirfenidone in animal models[END_REF]. Although there were no significant decreased in the values of mPAP and Fulton index in this animal model of severe PH, we interestingly found that chronic PFD administration in SuHx rats with established PH significantly decrease TPVR values and reduce the progression of pulmonary vascular remodeling. Consistent with these beneficial effects of chronic PFD treatment on cardiac functions in our SuHx rats, we found a marked attenuation of the collagen deposition in the right ventricle in these animals when compared with vehicletreated SuHx rats. Although extracellular matrix deposition in the RV is well known to lead to elevated ventricular stiffness and the development of heart failure [START_REF] Egemnazarov | Right ventricular fibrosis and dysfunction: Actual concepts and common misconceptions[END_REF][START_REF] Golob | Limiting collagen turnover via collagenase-resistance attenuates right ventricular dysfunction and fibrosis in pulmonary arterial hypertension[END_REF], it is less known to which extent it could affects RV mass in rats with severe PH. Since we cannot exclude that this beneficial effect of PFD treatments on the right ventricle is an indirect action, additional work is needed to study the potential effect of chronic treatment with PFD in a rat model of increased right ventricular afterload induced by pulmonary artery banding. Indeed, several accumulating evidences are supporting that PFD has direct beneficial actions on left ventricular remodeling and functions in several animal models [START_REF] Wang | Pirfenidone attenuates cardiac fibrosis in a mouse model of TAC-induced left ventricular remodeling by suppressing NLRP3 inflammasome formation[END_REF][START_REF] Lee | Pirfenidone prevents the development of a vulnerable substrate for atrial fibrillation in a canine model of heart failure[END_REF][START_REF] Nguyen | Pirfenidone mitigates left ventricular fibrosis and dysfunction after myocardial infarction and reduces arrhythmias[END_REF][START_REF] Mirkovic | Attenuation of cardiac fibrosis by pirfenidone and amiloride in DOCA-salt hypertensive rats[END_REF].

The molecular mechanism underlying the protective effects of PFD in pulmonary fibrosis remains unknown, however our findings indicate that PFD treatment increases FoxO1 expression and nuclear localization in vivo and in vitro in cultured PA-SMCs derived from iPAH patients. Interestingly, the effect of PFD on the nuclear translocation of FoxO1 in iPAH PA-SMCs is more pronounced that those observed on the nuclear translocation of pSmad2/3.

Since recent studies support the notion that FoxO family members act synergistically with the TGF-β1 signaling pathway to promote gene expression of many targets in fibroblasts [START_REF] Vivar | FoxO1 mediates TGF-beta1-dependent cardiac myofibroblast differentiation[END_REF][START_REF] Yadav | TGF-beta1/Smad3 Pathway Targets PP2A-AMPK-FoxO1 Signaling to Regulate Hepatic Gluconeogenesis[END_REF][START_REF] Al-Tamari | FoxO3 an important player in fibrogenesis and therapeutic target for idiopathic pulmonary fibrosis[END_REF], it would be interesting to follow the impact of PFD on the induced fibroblast-tomyofibroblast transition in human lung fibroblast populations. Interestingly, we found that high doses of PFD decreases pSmad2/3 levels in iPAH PA-SMCs and CTGF protein expression. A recent study has also suggest that PFD exerts its clinically beneficial effects through dual hedgehog (hh)/TGF-β inhibition by targeting the GLI2 protein. Interestingly, Foxc1 is an important transcriptional partner of indian hedgehog (Ihh)/Gli2 signaling during endochondral ossification [START_REF] Yoshida | The transcription factor Foxc1 is necessary for Ihh-Gli2-regulated endochondral ossification[END_REF], however whether FoxO1 is necessary for the Ihh-Gli2 signaling is still unknown. Importantly, we found that PFD has the ability of attenuating the pro-proliferative and pro-migratory phenotype of iPAH PA-SMCs. Furthermore, high doses of PFD reduces the production of several ECM components in iPAH PA-SMCs in vitro and in lungs and the right ventricle of SuHx rats. Since each animal models is different and mimics only some parts of the human condition [START_REF] Bonniaud | Optimising experimental research in respiratory diseases: an ERS statement[END_REF], substantial work remains to be done to validate the role of this reactivation of endogenous FoxO1 in PH using different doses of PFD in other animal models. However, because PH is a common complication of IPF that significantly contributes to morbidity and mortality [START_REF] Simonneau | Updated clinical classification of pulmonary hypertension[END_REF], our present findings encourage the evaluation of PFD on pulmonary hemodynamics in patients with this IPF-PH. This notion is particularly relevant in the light of the fact that nintedanib has been recently reported to have disadvantageous effects in experimental and human PAH [START_REF] Richter | Nintedanib in Severe Pulmonary Arterial Hypertension[END_REF].

In summary, these findings underline that chronic treatments with PFD at clinical relevant doses can partially reverse severe PH in SuHx rats. Our data indicate that this beneficial effect is mediated not only by a decrease in PA-SMC proliferation and migration, but also by reduction of oxidative stress levels and inflammatory cell infiltration in lungs of PFD-treated SuHx rats. Our data also indicate that PFD can positively affect FoxO1 a master signaling integrator that is known to be central for the PA-SMC accumulation during the progression of PAH. Our findings should encourage clinical investigations and especially the evaluation of the use of PFD in conjunction with current PAH therapies. 
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 8 oxo-dG = 8-oxo-deoxyguanosine AT = acceleration time AU = arbitrary unit CO = cardiac output Col = collagen CTGF = connective tissue growth factor DMSO = dimethyl sulfoxide ECM = extracellular matrix ET = ejection time FCS = fetal calf serum FoxO1 = forkhead box O1 iPAH = idiopathic pulmonary arterial hypertension IPF = idiopathic pulmonary fibrosis LV = left ventricle mPAP = mean pulmonary arterial pressure NS = not significant PA-SMC = pulmonary artery smooth muscle cell PAH = pulmonary arterial hypertension PCNA = proliferating cell nuclear antigen PDF = pirfenidone PH = pulmonary hypertension pSmad2/3 = phosphoSmad2/3 RV = right ventricle S = septum SOD2 = superoxide dismutase SuHx = sugen/hypoxia Tn-C = tenascin-C TPVR = total pulmonary vascular resistance TUNEL = deoxynucleotidyl transferase-mediated dUTP nick end-labeling vWF = von Willebrand factor α-SMA = alpha-smooth muscle actin RHC = right heart catheterization. TGF-b = transforming growth factor beta DAPI = 4′,6-diamidino-2-phenylindole Introduction Pulmonary arterial hypertension (PAH) is characterized by a progressive pulmonary vascular remodeling of distal precapillary arteries that causes a significant increase of the right ventricle (RV) load, ultimately leading to right heart failure and premature death. Despite recent progresses, most patients still die from this pulmonary cardiovascular disorder or fail

Figure 1 :

 1 Figure 1: Chronic curative treatments with pirfenidone (PFD) partially reverse pulmonary hypertension (PH) in Sugen Hypoxia (SuHx) rats. (A) Experimental strategy used to test the efficacy of PFD in the SuHx rat model of severe PH. (B) Acceleration time (AT)/ejection time (ET) ratio obtained by transthoracic echocardiography (n=5-6). (C) Pulmonary hemodynamic parameters: mean pulmonary arterial pressure (mPAP), cardiac output (CO), and total pulmonary vascular resistance (TPVR) in control and SuHx rats treated with vehicle or PFD (30 mg/kg t.i.d. by oral gavage). Values are means±SEM (n=4-6). Comparisons were made using the one-or two-way ANOVA with Bonferroni's post hoc tests. **p<0.01, ***p<0.001, ****p<0.0001 versus controls rats; #p<0.05, ##p<0.01 versus SuHx rats. AU = arbitrary unit; ns = not significant; RHC = right heart catheterization.

Figure 2 :

 2 Figure 2: Chronic curative treatments with pirfenidone (PFD) attenuate pulmonary vascular and right ventricular (RV) remodeling in Sugen Hypoxia (SuHx) rats. (A) Representative images of H&E and α-smooth muscle actin (α-SMA) immunostaining, and quantification of the percentage of wall thickness and of muscularized distal pulmonary arteries in lungs of control and SuHx rats treated with vehicle or PFD. (B) Representative images of H&E staining of tissue section of right ventricle myocardium of control and SuHx rats treated with vehicle or PFD, Fulton index, and quantification of cardiomyocyte crosssectional area. Representative images and quantifications of picrosirius and Masson's trichrome (C), and of CD31 staining (D) in tissue section of right ventricle myocardium of control and SuHx rats treated with vehicle or PFD. Scale bar = 50 µm in all sections. Values are means±SEM (n=3-6). Comparisons were made using the one-way ANOVA with Bonferroni's post hoc tests. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 versus controls rats; #p<0.05, ###p<0.001, ####p<0.0001 versus SuHx rats. AU = arbitrary unit; ns = not significant.

Figure 3 :

 3 Figure 3: Chronic treatments with pirfenidone (PFD) exhibit anti-fibrotic, antiinflammatory and anti-oxidative properties in lungs of Sugen Hypoxia (SuHx) rats.Representative images and quantifications of picrosirius red and Masson's trichrome (A), PCNA (B), and TUNEL (C), CD45 and CD68 staining (D), and of 8-oxo-deoxyguanosine (8oxo-dG) (E) in lungs of control and SuHx rats treated with vehicle or PFD (n=3-6). (F) Representative Western blots and quantification of the nitrotyrosine:β-actin ratio in lungs of control, vehicle-and PFD-treated rats. Values are means±SEM (n=3-9). Scale bar = 50 µm in all sections. Comparisons were made using the one-way ANOVA with Bonferroni's post hoc tests. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 versus controls rats; #p<0.05, ##p<0.01 versus SuHx rats. AU = arbitrary unit; ns = not significant, TUNEL = terminal deoxynucleotidyl transferase dUTP nick end labeling.

Figure 4 :

 4 Figure 4: Pirfenidone (PFD) attenuates the pro-proliferative and pro-migratory phenotypes of cultured PA-SMCs derived from idiopathic PAH (iPAH) patients in a dose dependent manner. (A) 5-bromo-2-deoxyuridine (BrdU) incorporation in iPAH PA-SMCs under basal condition (0% fetal calf serum or FCS) or in response to increasing doses of PFD in presence of 10% FCS. (B) PA-SMC migration in response to increasing doses of PFD in presence of 10% FCS assessed with the in vitro wound-healing assay. Images of wounded monolayer of PA-SMCs were taken at times 0, 8, 12, and 24 h after treatment with PFD. The horizontal lines indicate the wound edge. (C) Representative Western blots and quantification of the collagen (Col)1A:β-actin, the colV:β-actin, the fibronectin (Fn):β-actin, and the tenascin (Tn)-C:β-actin ratios in iPAH PA-SMCs exposed to increased doses of PFD for 48 hours. Values are means±SEM (n=4-7). Comparisons were made using the one-way ANOVA
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