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Kcnk3 dysfunction exaggerates the development of pulmonary hypertension induced by left ventricular pressure overload
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Aims: Pulmonary hypertension (PH) is a common complication of left heart disease (LHD, group 2 PH) leading to right ventricular (RV) failure and death. Several loss-of-function (LOF) mutations in KCNK3 were identified in pulmonary arterial hypertension (PAH, group 1 PH). Additionally, we found that KCNK3 dysfunction is a hallmark of PAH at pulmonary vascular and RV levels. However, the role of KCNK3 in the pathobiology of PH due to LHD is unknown.

Methods and results:

We evaluated the role of KCNK3 on PH induced by ascending aortic constriction (AAC), in WT and Kcnk3-LOF-mutated rats, by echocardiography, RV catheterization, histology analyses, and molecular biology experiments. We found that Kcnk3-LOF-mutation had no consequence on the development of left ventricular (LV) compensated concentric hypertrophy in AAC, while left atrial (LA) emptying fraction was impaired in AAC-Kcnk3-mutated rats. AAC-animals (WT and Kcnk3mutated rats) developed PH secondary to AAC and Kcnk3-mutated rats developed more severe PH than WT. AAC-Kcnk3-mutated rats developed RV and LV fibrosis in association with an increase of Col1a1 mRNA in RV and LV. AAC-Kcnk3-mutated rats developed severe pulmonary vascular (pulmonary artery as well as pulmonary veins) remodelling with intense peri-vascular and peri-bronchial inflammation, perivascular edema, alveolar wall thickening, and exaggerated lung vascular cell proliferation compared to AAC-WT-rats. Finally, in lung, RV, LV, and LA of AAC-Kcnk3-mutated rats, we found a strong increased expression of Il-6 and periostin expression and a reduction of lung Ctnnd1 mRNA (coding for p120 catenin), contributing to the exaggerated pulmonary and heart remodelling and pulmonary vascular edema in AAC-Kcnk3-mutated rats.

Conclusions:

Our results indicate that Kcnk3-LOF is a key event in the pathobiology of PH due to AAC, suggesting that Kcnk3 channel dysfunction could play a potential key role in the development of PH due to LHD.

Introduction

Pulmonary hypertension (PH), which constitutes an abnormal increase in blood pressure in the pulmonary circulation, has seen its definition revised during the last PH world symposium, as mean pulmonary arterial pressure (mPAP) > 20 mmHg [START_REF] Simonneau | Haemodynamic definitions and updated clinical classification of pulmonary hypertension[END_REF] . PH can be divided into 5 sub-groups, being group 1, or pulmonary arterial hypertension (PAH). Other forms of PH, such as PH due to left heart disease (PH-LHD), have much higher incidence and prevalence, and although constitutes one of the most common forms of PH, roughly representing 50% of PH cases [START_REF] Vachiéry | Pulmonary hypertension due to left heart disease[END_REF] . However molecular mechanisms involved in the development of PH-LHD are poorly documented.

The pathophysiology of PH-LHD is complex and is caused by several mechanisms: 1) an initial passive increase in LV filling pressures more specifically left atrial (LA) pressure 2) pulmonary artery endothelial dysfunction 3) pulmonary vascular (artery and vein) remodelling 4) RV dysfunction and altered RV/Pulmonary artery coupling [START_REF] Vachiéry | Pulmonary hypertension due to left heart disease[END_REF] .

Pulmonary endothelial dysfunction seems to play a central role in PH-LHD in both preclinical models 3- 5 and patients [START_REF] Wood | THE EFFECT OF ACETYLCHOLINE ON PULMONARY VASCULAR RESISTANCE AND LEFT ATRIAL PRESSURE IN MITRAL STENOSIS[END_REF] . Endothelium-derived vasorelaxation is markedly impaired in pulmonary arteries from animals with PH-LHD induced by ischemic [START_REF] Ontkean | Diminished endothelium-derived relaxing factor activity in an experimental model of chronic heart failure[END_REF] or pressure overload conditions [START_REF] Yin | Sildenafil Preserves Lung Endothelial Function and Prevents Pulmonary Vascular Remodeling in a Rat Model of Diastolic Heart Failure[END_REF] . Similarly, exacerbated pulmonary arterial and venous remodelling is observed in patients with both HF with reduced (HFrEF) or preserved (HFpEF) ejection fraction [START_REF] Fayyaz | Global Pulmonary Vascular Remodeling in Pulmonary Hypertension Associated with Heart Failure and Preserved or Reduced Ejection Fraction[END_REF][START_REF] Guazzi | Pulmonary Hypertension in Heart Failure[END_REF] , mostly explained by endothelial dysfunction and an imbalance between vasodilation/vasoconstriction and growth factor signalling [START_REF] Dupuis | Pathophysiology and clinical relevance of pulmonary remodelling in pulmonary hypertension due to left heart diseases[END_REF] . To date, most of the molecular pathways associated with PH-LHD are assumed to be common with PAH namely endothelial dysfunction, mitochondrial dysfunction, exacerbated inflammation [START_REF] Fernández | The Biological Bases of Group 2 Pulmonary Hypertension[END_REF] . In PH-LHD, endothelial dysfunction is at least characterized by an increased endothelin-1 (ET-1) production in the pulmonary vasculature [START_REF] Chowdhury | Endothelin 1 Is Associated with Heart Failure Hospitalization and Long-Term Mortality in Patients with Heart Failure with Preserved Ejection Fraction and Pulmonary Hypertension[END_REF] , as well as in AAC-induced PH in rat [START_REF] Zhuang | Fasudil preserves lung endothelial function and reduces pulmonary vascular remodeling in a rat model of end-stage pulmonary hypertension with left heart disease[END_REF] . ET-1 inhibits KCNK3 function in PASMC through Rho kinase-mediated phosphorylation [START_REF] Olschewski | TASK-1 (KCNK3) channels in the lung: from cell biology to clinical implications[END_REF] , linking one of the main modulators of PH-LHD (ET-1) and KCNK3-dysfunction. KCNK3 protein, also known as TASK-1 (Twik-related-acid-sensitive-K + channel) is an outward-K + channel. KCNK3 regulates the resting membrane potential in several cell types, including pulmonary artery smooth muscle cells (PASMCs) [START_REF] Lambert | Ion Channels in Pulmonary Hypertension: A Therapeutic Interest?[END_REF] and right ventricular (RV) cardiomyocytes [START_REF] Lambert | Loss of KCNK3 is a hallmark of RV hypertrophy/dysfunction associated with pulmonary hypertension[END_REF] ., KCNK3 The role of KCNK3 dysfunction in the development of PAH was previously highlighted by the identification of several loss-of-function (LOF) mutations in the KCNK3 gene, in PAH patients [START_REF] Tejedor | An homozygous mutation in KCNK3 is associated with an aggressive form of hereditary pulmonary arterial hypertension[END_REF][START_REF] Southgate | Molecular genetic framework underlying pulmonary arterial hypertension[END_REF] ,. In PH group 1, 16 different mutations were identified in PAH patients, 93.6% of them were missense mutations, most of them were heterozygous, and only one patient was identified with a homozygous mutation [START_REF] Tejedor | An homozygous mutation in KCNK3 is associated with an aggressive form of hereditary pulmonary arterial hypertension[END_REF] , and by the fact that KCNK3 mutation carriers' are younger and have higher mPAP at diagnosis [START_REF] Lambert | Ion Channels in Pulmonary Hypertension: A Therapeutic Interest?[END_REF] .. We have recently developed the first Kcnk3-mutated rat line with a Kcnk3-LOF-mutation (Kcnk3 Δ94ex1/Δ94ex1 ), which develops exaggerated PH when challenged with either monocrotaline or chronic hypoxia [START_REF] Lambert | Characterization of Kcnk3 -Mutated Rat, a Novel Model of Pulmonary Hypertension[END_REF] . Furthermore, Kcnk3-LOF-mutated rats are predisposed to pulmonary artery constriction, and have compromised endothelium-dependent and independent relaxation [START_REF] Lambert | Characterization of Kcnk3 -Mutated Rat, a Novel Model of Pulmonary Hypertension[END_REF] .

Assuming the importance of KCNK3 in the modulation of pulmonary vascular tone, and the fact that endothelial dysfunction in PH-LHD should induce KCNK3 dysfunction, we hypothesize that KCNK3 dysfunction could be a key player in PH-LHD pathobiology and that Kcnk3-mutated rats are more susceptible to the development of PH secondary to LHD induced by LV pressure overload (AAC).

Methods

Due to space limitation, an expanded methods section is provided in the Supplementary material online.

Animals and surgical procedures

The animal facility is licensed by the French Ministry of Agriculture (agreement N° C92-019-01). This Ascending Aorta constriction (AAC) was induced in rats under anaesthesia and analgesia, by placing a stainless steel hemoclip (0.6 mm internal diameter) on the ascending aorta via thoracic incision. The surgical procedure was carried out on 3-week old rats (WT / Kcnk3 Δ94ex1/Δ94ex1 , Kcnk3 Δ94ex1/+ rats), under anaesthesia with a ketamine-xylazine mix (respectively, 75-10 mg/kg and 0.3 mL/100 g, i.p.).

Buprenorphine chlorhydrate (0.03 mg/ kg, 0.2 mL/100g, s.c.) was administered twice daily for 3 days beginning at the end of the surgery. Age-matched Sham-operated animals (WT and Kcnk3-mutated) underwent the same procedure without placement of the clip. Echocardiographic measurement and closed-chest RV catheterization were performed in operated (AAC and Sham) animals 7 weeks after surgery. After RV catheterization, under profound anaesthesia (isoflurane 5%), the animals were euthanized by exsanguination (section of the descending abdominal aorta) and tissues harvest were performed in all animals.

Statistical analyses

All statistical tests were performed using GraphPad Prism software (GraphPad, version 8.0 for Windows). All data were verified for normal distribution using Shapiro-wilk normality. Positively skewed data was log-transformed for analysis, while for clarity reasons graphical representations are shown in their original scale. All values are reported as mean ± S.E.M. For experiments with more than 5 samples, the difference between groups was assessed by two-way ANOVA analysis completed by Sidak's multiple comparisons test for post hoc analyses. For experiments with less than 5 samples, the difference between two groups was assessed by one-way ANOVA analysis completed by Dunn's multiple comparisons test for post hoc analyses after non-parametric ANOVA (Kruskal-Wallis).

Differences were considered statistically significant at p-values < 0.05.

Results

AAC-induced LV pressure overload leads to concentric hypertrophy

To determine the role of Kcnk3 channel in the development PH-LHD, we attempted to induce PH secondary to LV pressure overload by performing ascending aorta constriction (AAC), in WT and Kcnk3-mutated rats (homozygous and heterozygous Kcnk3-mutated rat, Kcnk3 Δ94ex1/Δ94ex1 and Kcnk3 Δ94ex1/+ , respectively) as compared to littermate Sham animals, as previously described [START_REF] Xiong | Biventricular Increases in Mitochondrial Fission Mediator (MiD51) and Proglycolytic Pyruvate Kinase (PKM2) Isoform in Experimental Group 2 Pulmonary Hypertension-Novel Mitochondrial Abnormalities[END_REF] . For clarity reasons, we present all results obtained in heterozygous Kcnk3-mutated rats in the supplemental material. Three weeks old animals were submitted to AAC, and after 7 weeks, cardiac structure and function was evaluated by echocardiography. LV cavity sizes remained within the normal range, resulting in unaltered LV ejection fraction (LVEF) in our different genotypes (Figure 1A andB). AAC resulted in significant LV wall hypertrophy (as evaluated by LV wall thickness (LVWT), as relative wall thickness (RVWT) was also increased (Figure 1C). LV hypertrophy were confirmed at the whole organ and cardiomyocyte level (Figure 1D, E andF), and revealed a concentric hypertrophy pattern (Figure 1G), in both WT and Kcnk3-mutated animals submitted to pressure overload (AAC). Similar results were obtained in heterozygous Kcnk3-mutated rats (Supplemental Figure 1).

Of note, the aortic mean and peak gradient across the constriction were not different between WT and homozygous or heterozygous Kcnk3-mutated animals (Supplemental Figure 2). No changes in Kcnk3 mRNA expression was detected in either ventricles or lung after AAC-surgery (Figure 1H).

Kcnk3-LOF mutation leads to LV diastolic dysfunction

Despite similar LV hypertrophic responses and preserved LVEF, diastolic function was compromised in Kcnk3-mutated rats (Figure 2A). Doppler-derived trans-mitral flow showed an increase in peak early diastolic flow velocity (E-wave) in AAC-Kcnk3 Δ94ex1/Δ94ex1 rats (Figure 2B). Furthermore, tissue Doppler imaging-derived mitral annular early diastolic peak myocardial velocity (e') was significantly decreased in Kcnk3-mutated rats (Sham or AAC conditions), resulting in a quasi-significant increase in the E/e' ratio in Kcnk3-mutated rats, suggesting increased LV filling pressures. Myocardial relaxation dynamics (IVRT, Figure 2C) were affected by surgery, but was uninfluenced by the genotype. A similar pattern was observed in Kcnk3 Δ94ex1/+ rats, in which E/e' was significantly increased, despite an apparently e' velocity (Supplemental Figure 3A andB). The diastolic alterations present in Sham-Kcnk3-mutated rats suggests that Kcnk3-LOF mutation compromises myocardial compliance, predisposing Kcnk3-mutated rats to diastolic dysfunction.

Underlying LV diastolic dysfunction, LV fibrosis was present in AAC rats, as shown by an increased proportion of interstitial fibrotic deposition (Figure 2D andE), even more pronounced in homozygous (Figure 2E) and heterozygous (Supplemental Figure 3C) AAC-Kcnk3-mutated rats. This increase was associated with an up-regulation of pro-fibrotic transcripts (Col3a1 and Periostin) in LV from AAC-Kcnk3-mutated rats (Figure 2F, and Supplemental Table 1). Also associated with diastolic dysfunction, the LV of AAC-Kcnk3 Δ94ex1/Δ94ex1 rats (re)expressed the pathological hypertrophic markers atrial and brain natriuretic peptides (Nppa and Nppb), and shifted towards the HF prone myosin heavy chain beta gene (Myh7) (Figure 2F, and Supplemental Table 1). The pro-inflammatory cytokine, Il6, gene expression was upregulated (6-fold).

Left atrial (LA) dysfunction underlines Kcnk3 LOF mutation-associated with LV diastolic dysfunction

In parallel to LV stiffness, we observed a significant dilation of the LA, associated with compromised LA function evaluated by LA emptying fraction (LAEF) (Figure 3A-C, and Supplemental Figure 3D and E), in homozygous and heterozygous Kcnk3-mutated rats submitted to AAC. As previously shown in human and rat heart [START_REF] Antigny | Excitation-contraction coupling and relaxation alteration in right ventricular remodelling caused by pulmonary arterial hypertension[END_REF] , we observed an atrial predominance for Kcnk3 expression (Figure 3D). This indicates that KCNK3 plays an important role in modulating LA function, and its LOF could affect atrioventricular flow, impaired in Sham-Kcnk3-mutated rats (Figure 2B, Supplemental Figure 3A). Indeed, altered gene expression, with activation of pro-remodelling signalling in AAC-Kcnk3 Δ94ex1/Δ94ex1 rats, could either trigger or result from LA structural and functional changes. Natriuretic peptides (Nppa and Nppb) and Myh7 upregulation in LA tissue (Figure 3E, and Supplemental Table 1), as surrogates of hypertrophic and myocardial stretch signalling, and massive (> 100-fold) increase in Periostin and Il6, markers of fibrosis and inflammation, fits with the enlarged and dysfunctional LA seen in AAC-Kcnk3 Δ94ex1/Δ94ex1 . These results demonstrate that Kcnk3-LOF mutation promotes LA remodelling and diastolic dysfunction in LV pressure overload condition, a common consequence of LV dysfunction playing a major role in patients with HFpEF [START_REF] Hohendanner | Atrial remodelling in heart failure: recent developments and relevance for heart failure with preserved ejection fraction[END_REF] .

Pulmonary hypertension is exaggerated in Kcnk3-mutated rats with AAC

At the 10-week end-point, animals were submitted to right heart catheterization (RHC), using a closedchest approach to evaluate severity of PH. Compared to Sham groups, AAC resulted in the development of mild PH in AAC-WT rats, which was more severe in heterozygous and homozygous Kcnk3-mutated rats (Figure 4A and B, and Supplemental Figure 4B). RVSP was strongly correlated with LA dilation (LA maximal area), when looking at AAC rats, irrespectively of genotype, suggesting that PH had a passive/post-capillary component (Figure 4C), as a consequence of LA enlargement/dysfunction by Kcnk3 LOF-mutation. Sham-Kcnk3-mutated rats showed no significant increase in RVSP as compared to Sham-WT (Figure 4A and B, and Supplemental Figure 4B), contrarily to what we have previously shown in older Kcnk3-mutated rats [START_REF] Lambert | Characterization of Kcnk3 -Mutated Rat, a Novel Model of Pulmonary Hypertension[END_REF] . This is likely due to the low number of sham animals.

As a consequence of the development of PH, AAC-Kcnk3-mutated rats developed more RV hypertrophy compared to AAC-WT rats. RV free wall thickness (RVFWT, Figure 4D andE, and Supplemental Figure 4C), cardiomyocyte size, and normalized RV weight were increased in AAC-Kcnk3-mutated rats (Figure 4D-F). Although the Fulton index decreased in AAC animals (Figure 4F), as a consequence of LV hypertrophy, it was higher in AAC-Kcnk3-mutated rats when compared to AAC-WT (Figure 4F and Supplemental Figure 4C), a sign of RV hypertrophy, fitting with the increased RVSP observed in these group. Despite increased PH severity and RV hypertrophy, no significant changes were observed in RV function, with only a mild non-significant decreased in tricuspid annular plane systolic excursion (TAPSE) (Figure 4D,E), when comparing all experimental groups. Interestingly, TAPSE was decreased in Sham and AAC-Kcnk3-mutated animals, when compared directly to Sham-WT rats (p<0.05), suggesting that RV function was already compromised, albeit mildly, in animals with a Kcnk3-LOF mutation.

In AAC-Kcnk3 Δ94ex1/Δ94ex1 rats, the development of PH and RV hypertrophy was paralleled with increased expression of overload/hypertrophic response-related genes (Nppa, Nppb and a shift in the Myh7/Myh6 relation, Figure 4G, and Supplemental Table 1), as well as overexpression of pro-inflammatory (Il6) and pro-fibrotic genes (Col3a1 and Periostin), which resulted in increased interstitial fibrosis deposition in AAC-Kcnk3 Δ94ex1/Δ94ex1 rats (Figure 4D andE) compared to the AAC-WT rats. Overall, these results indicate that Kcnk3-dysfunction facilitates the development of PH-LHD.

Using frozen RV samples, we measured the myofilament properties of isolated skinned RV cardiomyocytes, where we found only a trend towards increased passive tension development in AACrats (WT and Kcnk3-mutated rats, Supplemental Figure 4D), without differences between genotypes.

Active tension and calcium sensitivity were not changed (Supplemental Figure 4D). Interestingly, and in agreement with the increase in RVSP, Sham-Kcnk3 Δ94ex1/Δ94ex1 animals showed a significant increase in RV cardiomyocyte size (Figure 4E). Unexpectedly, and without changes in the analysed pro-remodelling transcripts, Sham-Kcnk3-mutated rats had a significantly higher percentage of fibrosis deposition in the RV.

No differences were observed in mean carotid arterial pressure, while cardiac output was decreased in AAC-rats, irrespectively of the genotype (Supplemental Figure 4A andB), which could be a consequence of LV diastolic dysfunction leading to compromised LV filling.

The development of PH resulted in mild right atrial dilation together with non-significant increase in HF and pro-fibrotic gene expression, in Kcnk3-mutated rats (homozygous and heterozygous) (Supplemental Figure 5A-E).

Extensive pulmonary vascular remodelling supports the development of PH in AAC-

Kcnk3 Δ94ex1/Δ94ex1 rats

Supporting the development of PH in AAC-rats and in comparison with Sham-group, we observed profound pulmonary structural remodelling in AAC-Kcnk3-mutated rats as media hypertrophy/hyperplasia in pulmonary arteries and neomuscularization of the small distal and normally not muscularized pulmonary vessels (Figure 5A,B). Semi-quantitative morphometric analysis of pulmonary vessels remodelling including arterioles and veinules indicated a greater proportion of pulmonary vessel remodelling in Sham-Kcnk3-mutated rats vs Sham-WT, and that all pulmonary vessels were remodelled in AAC-Kcnk3-mutated rats compared to AAC-WT rats (Figure 5C). The pulmonary vessels wall area was increased in AAC-Kcnk3-mutated rats (Figure 5C and Supplemental Figure 6A).

We observed the presence of adventitial/perivascular oedema in AAC-induced PH animals (Figure 5D and E, and Supplemental Figure 6B), as well as a decrease in Ctnnd1 expression (Figure 5F), which codes for p120-catenin, an important regulator of endothelial permeability. Despite that, adventitial area was significantly higher in Kcnk3 Δ94ex1/Δ94ex1 rats (Figure 5E, and Supplemental Figure 6B). Interestingly, both adventitial area was increased and Ctnnd1 expression was decreased in Sham-Kcnk3mutated rats, suggesting that the Kcnk3-LOF compromises endothelial integrity, leading to perivascular leakage, and ultimately supporting increased pulmonary pressures [START_REF] West | Increased Pulmonary Vascular Resistance in the Dependent Zone of the Isolated Dog Lung Caused by Perivascular Edema[END_REF] , and sensitizing the pulmonary circulation to an exaggerated response to passive pressure increases.

Not only the vasculature, but also the lung parenchyma was altered in AAC-induced PH, and aggravated with Kcnk3-LOF. In most of AAC-Kcnk3-mutated rats we observed severe lung injury with prominent enlargement of alveolar septa (Figure 5G), and inflammatory exudates (Figure 6D). Due to the lack of validated markers capable of differentiating arteries and veins, the assessment of vein remodelling in lung vascular diseases is an ambitious task, requiring accurate identification of venous vessels. In rodents, a reliable histologic item to identify pulmonary veins is based on the presence of a cardiomyocyte coat around pulmonary veins. Unfortunately, we did not find enough cardiomyocytes coat pulmonary veins to quantify their remodelling. However, when we succeeded to identify some cardiomyocytes-coated pulmonary veins in AAC-rats and we observed a severe interstitial oedema in the adventitial layer (Supplemental Figure 7A). In AAC-rats, we also observed that pulmonary veins wall thickness was increased with severe adventitial oedema and lymphangiectasis (Supplemental Figure 7B), indicating that large pulmonary veins were remodelled in AAC-rats.

Similarly to Kcnk3 Δ94ex1/Δ94ex1 , we also found a significant increase in pulmonary vessel wall thickening, adventitia area in Kcnk3 Δ94ex1/+ (Supplemental Figure 6A,B) and the presence of foci alveolar wall thickening in AAC-Kcnk3 Δ94ex1/+ rats (data not shown), with significant parenchymal remodeling (Supplemental Figure 6C).

Characterization of pulmonary remodelling

To evaluate the consequence of Kcnk3-LOF in AAC context on in situ lung cell proliferation, we visualized cells undergoing DNA replication by imaging the incorporation of 5-ethynyl-2'-deoxyuridine (EdU; white or pink nucleus in Figure 6). We observed very few EdU-positive cells in the lung parenchyma of Sham-WT or Sham-Kcnk3 Δ94ex1/Δ94ex1 rats (data not shown). Underlying the pulmonary structural changes, we found an increase in lung proliferative cells (Figure 6A-C), including PASMCs, as the amount of αSMA and EdU positive cells was augmented in AAC-Kcnk3-mutated rats (p value = 0.056) (Figure 6C). A larger accumulation of proliferating CD34 + cells was observed in lung from AAC-Kcnk3 Δ94ex1/Δ94ex1 rats compared with AAC-WT rats (Supplemental Figure 7C).

The analysis of lung histology (HES) revealed that moderate alveolar septa enlargement was mostly characterized by the affluence of inflammatory cells (mostly mononuclear: monocytes, lymphocytes).

In more severe cases, we observed that the alveolar septa enlargement was hypercellular, with many inflammatory cells (monocytes, lymphocytes), macrophages and interstitial oedema. Endo-alveolar macrophages were also visible (Figure 6D). Peri-bronchial inflammation was obvious in ACC-Kcnk3mutated rats (Figure 6E), whose histological score was aggravated compared with WT animals (Figure 6F, and Supplemental Figure 6E). Elevated levels of Il-6 are described to hyper-activate STAT3 signalling mediating the cell proliferation and cell survival [START_REF] Johnson | Targeting the IL-6/JAK/STAT3 signalling axis in cancer[END_REF] . In association with elevated lung Il-6 mRNA and pulmonary cell proliferation in AAC-Kcnk3 Δ94ex1/Δ94ex1 rats, we found an increase of STAT3 phosphorylation (Figure 6G andH).

Discussion

Our findings, summarized in Figure 7, suggest that KCNK3 dysfunction plays a role in the development PH-LHD. In the context of LV pressure overload, we propose that Kcnk3-LOF mutation promotes (1) disruption of pulmonary endothelium integrity which leads to lung perivascular edema and PA adventitial remodelling, (2) inflammatory signaling (IL-6) which leads to increase PASMC proliferation promoting pulmonary vascular and parenchymal remodelling. ( 1) and (2) contribute to the increase in pulmonary vascular resistances. (3) Cardiac fibrosis links LV diastolic dysfunction to decreased LA compliance and abnormal pulmonary venous remodelling. All together these events act in favour of the aggravation of PH and the consequent RV hypertrophy and dysfunction in Kcnk3-mutated rats. Our results are of major interest since understanding of molecular mechanisms involved in PH-LHD pathobiology are yet to be defined. KCNK3 is expressed in the rat and human heart [START_REF] Antigny | Excitation-contraction coupling and relaxation alteration in right ventricular remodelling caused by pulmonary arterial hypertension[END_REF] , with a clear atrial predominance, which is maintained in end-stage HF [START_REF] Ellinghaus | Comparing the global mRNA expression profile of human atrial and ventricular myocardium with high-density oligonucleotide arrays[END_REF] . We have previously shown that Kcnk3 expression is decreased in the RV of PH animals and PAH patients, as well as in the pressure overloaded RV [START_REF] Lambert | Loss of KCNK3 is a hallmark of RV hypertrophy/dysfunction associated with pulmonary hypertension[END_REF] . To understand the potential role of KCNK3 in LV pressure overload-induced PH, we measured its expression in heart and lungs. Kcnk3 levels were unaltered by AAC surgery, in both LV and RV, and lungs. However, we observed enhanced expression in both right and left atria, in agreement with previously published literature, confirming that KCNK3 might play an important role in the function of atrial chambers. In human, both KCNK3 upregulation and KCNK3-LOF mutations are associated with detrimental atrial electrophysiological alterations [START_REF] Hancox | Novel ion channel targets in atrial fibrillation[END_REF] . The important role of KCNK3 in LA could explain the LA enlargement in AAC-Kcnk3-LOF-mutated rats. Directly or indirectly, LV diastolic dysfunction was associated with LA enlargement and functional compromise in AAC-Kcnk3-mutated rats. Inactivation of KCNK3 can lead to atrial enlargement when induced in the experimental context [START_REF] Liang | Genetic variation in the two-pore domain potassium channel, TASK-1, may contribute to an atrial substrate for arrhythmogenesis[END_REF] . Signs of adverse LA remodelling in HF include increased expression of myosin heavy chain-β (Myh7) [START_REF] Reiser | Human cardiac myosin heavy chain isoforms in fetal and failing adult atria and ventricles[END_REF] , natriuretic peptides [START_REF] Sergeeva | Regulation of expression of atrial and brain natriuretic peptide, biomarkers for heart development and disease[END_REF] and Periostin 29 , all of which were upregulated in the LA of Kcnk3-mutated rats with LV pressure overload, and underlie the molecular mechanisms that resulted in compromised LA structure and function in these animals.

Increased pulmonary pressures were highly correlated with LA size, which reveals the link between LA structural remodelling and the severity of PH.

In the current work, a Kcnk3-LOF-mutation resulted in LV dysfunction, characterized by a pro-fibrotic remodelling and diastolic impairment, despite a similar degree of pressure-overload (gradient) and LV hypertrophic response. Bertero et al., recently demonstrated that KCNK3 knockdown upregulated the expression of Col3a1 and Lox in human pulmonary fibroblasts [START_REF] Bertero | Factors Associated with Heritable Pulmonary Arterial Hypertension Exert Convergent Actions on the miR-130/301-Vascular Matrix Feedback Loop[END_REF] , which could explain the increased expression of pro-fibrotic genes and fibrosis in all cardiac chambers. In association with increased RV and LV fibrosis in AAC-Kcnk3-mutated rats, we found an increase in Periostin expression. Periostin is known to modulate the transition of fibroblasts to myofibroblasts, collagen fibrillogenesis, ECM synthesis as well as the inflammatory response [START_REF] González-González | Periostin: A Matricellular Protein With Multiple Functions in Cancer Development and Progression[END_REF] . Moreover, Bruns et al., recently demonstrated that Periostin-secreted from cardiac fibroblast drives cardiomyocyte dedifferentiation, contributing to RV dysfunction in experimental PH [START_REF] Bruns | The right ventricular fibroblast secretome drives cardiomyocyte dedifferentiation[END_REF] . In our study increased Periostin in the 4 cardiac chambers could partly explain exaggerated peri-vascular inflammation and cardiac fibrosis.

By contrast to our findings, a recent work using global kcnk3-deficient mice, submitted to transverse aortic constriction (TAC), develop reduced cardiac hypertrophy and preserved cardiac function compared to WT-TAC [START_REF] Duan | TASK-1 and TASK-3 channels modulate pressure overload-induced cardiac remodeling and dysfunction[END_REF] . These opposite effects could be explained either by species/strain-specific differences, as in Wistar rats Kcnk3 expression is 2-fold higher in the RV as compared to LV [START_REF] Lambert | Loss of KCNK3 is a hallmark of RV hypertrophy/dysfunction associated with pulmonary hypertension[END_REF] , while in the current manuscript, using Sprague-Dawley rats, we found no differences between the two ventricles.

Moreover, in mice pulmonary vascular KCNK3 is not functional in PASMCs (Manoury B et al 2011), while KCNK3 plays a key role in the homeostasis of the pulmonary vasculature [START_REF] Lambert | Characterization of Kcnk3 -Mutated Rat, a Novel Model of Pulmonary Hypertension[END_REF] . Recently, detailed species-related differences in the response to pressure overload [START_REF] Nishimura | Rats are protected from the stress of chronic pressure overload compared with mice[END_REF] have been described, fitting with the compromised ejection fraction in WT mice [START_REF] Duan | TASK-1 and TASK-3 channels modulate pressure overload-induced cardiac remodeling and dysfunction[END_REF] , opposed to our WT rats.

Either as a consequence of increased pulmonary resistances, direct RV effects of Kcnk3 decreased expression [START_REF] Lambert | Loss of KCNK3 is a hallmark of RV hypertrophy/dysfunction associated with pulmonary hypertension[END_REF] , or Kcnk3-LOF-mutation in AAC animals, worsened RV hypertrophy and function in response to LV pressure overload, is an important observation, since a worse RV function predicts a deteriorated functional capacity in HF patients [START_REF] Teramoto | Association of pulmonary hypertension and right ventricular function with exercise capacity in heart failure[END_REF] , and affects treatment response in patients with HFpEF [START_REF] Harada | The impact of right ventricular dysfunction on the effectiveness of beta-blockers in heart failure with preserved ejection fraction[END_REF] , making its evaluation in PH-LHD [START_REF] Lejeune | Right Ventricular Global Longitudinal Strain and Outcomes in Heart Failure with Preserved Ejection Fraction[END_REF] a requirement. RV cardiomyocyte hypertrophy and fibrosis in Sham-Kcnk3-mutated rats, suggests that the mutation itself promotes maladaptive remodelling, potentially having a direct consequence on RV adaptation in the context of LV pressure overload. The moderate deterioration RV function in our model could be explained by the improvement in RV perfusion secondary to AAC, recently shown to increase right coronary artery perfusion, leading to attenuation of RV functional and structural decline after MCT-exposure [START_REF] Tian | Supra-coronary aortic banding improves right ventricular function in experimental pulmonary arterial hypertension in rats by increasing systolic right coronary artery perfusion[END_REF] .

Generalized remodelling, involving most lung structures are associated with retrograde pressure build up-induced capillary injury [START_REF] Fernández | The Biological Bases of Group 2 Pulmonary Hypertension[END_REF] . Pulmonary arterial (pre-capillary component) and venous (post-capillary component) remodelling has been recently characterized in detail in patients with HF, irrespectively of EF, and correlated with disease severity [START_REF] Fayyaz | Global Pulmonary Vascular Remodeling in Pulmonary Hypertension Associated with Heart Failure and Preserved or Reduced Ejection Fraction[END_REF] . Accordingly, AAC-Kcnk3-mutated animals, showed significant alterations in both pulmonary arteries and veins, with both lumen-compromising medial hypertrophy and neomuscularization of pulmonary vessels. Adventitial restructuring, characterized by perivascular cuffing (fluid accumulation in the interstitial surrounding the vessels), which was previously described as a consequence of elevated pulmonary venous pressure [START_REF] West | Increased Pulmonary Vascular Resistance in the Dependent Zone of the Isolated Dog Lung Caused by Perivascular Edema[END_REF] , was present in both AAC-groups (similar percentage of vessels with adventitial edema), but amplified in homozygous Kcnk3-mutated rats (larger adventitial area), which could be explain by decreased Ctnnd1 expression. Kcnk3-LOF-mutation was associated with lower Ctnnd1 (p120-catenin) expression, a gatekeeper of endothelial barrier function and integrity [START_REF] Herron | p120 regulates endothelial permeability independently of its NH2 terminus and Rho binding[END_REF] , even without LV pressure overload, predisposing these animals to endothelial injury, and asserting a causative role. We have previously shown that Kcnk3-mutated rats undergo endothelial-to-mesenchymal transition, with loss of CD31 expression, further contributing to endothelial barrier impairment. Unfortunately, we did not measure lung weight as a measure of congestion.

In parallel, extensive parenchymal remodelling, characterized by alveolar septal thickening was patent in overloaded Kcnk3-mutated lungs. Similar alterations contribute to limited respiratory efficiency and effort capacity in HF patients with PH [START_REF] Teramoto | Association of pulmonary hypertension and right ventricular function with exercise capacity in heart failure[END_REF] . As indicated by our present results, alveolar septal enlargement observed in AAC-Kcnk3-mutated rats is at least the consequence of the increased CD34 + cells proliferation. CD34 is a marker of endothelial cells which is also used as a marker of hematopoietic stem cells, hematopoietic progenitor cells as well other non-hematopoietic cell types, including vascular endothelial progenitors 1 and embryonic fibroblasts [START_REF] Sidney | Concise Review: Evidence for CD34 as a Common Marker for Diverse Progenitors[END_REF] . Since Dierick et al., found that a population of pulmonary progenitor cells PW1+/CD34+ are recruited in mice and rat experimental PH models [START_REF] Dierick | Resident PW1 + Progenitor Cells Participate in Vascular Remodeling During Pulmonary Arterial Hypertension[END_REF] , we could hypothesized that alveolar septal enlargement could also due to a larger accumulation of PW1 + /CD34 + cells.

In vivo, KCNK3 inhibition induced proliferation of CD4 + and CD8 + lymphocytes [START_REF] Antigny | Potassium Channel Subfamily K Member 3 (KCNK3) Contributes to the Development of Pulmonary Arterial Hypertension[END_REF] , suggesting an activation of inflammatory processes. Moreover, kcnk3-deficient mice and fibroblast-derived induced pluripotent stem cells (iPSC) from patients with a Kcnk3-LOF mutation, showed an increased sensitivity to inflammatory stimulus [START_REF] Anandharajan | Abstract 16143: Inflammation Triggers the Onset of Hereditary Pulmonary Arterial Hypertension in Kcnk3-/-Animals[END_REF] , with increased inflammatory mediators expression and an exaggerated infiltration of inflammatory cells in the lung. In harmony, increased IL6/STAT3 activation, which was recently demonstrated to play an important role in experimental and human PH-LHD [START_REF] Ranchoux | Metabolic Syndrome Exacerbates Pulmonary Hypertension due to Left Heart Disease[END_REF] , was evident in AAC-Kcnk3-mutated rats, leading to extensive peri-bronchial inflammatory infiltrates, and overall increased pulmonary cellular proliferation, including PASMC, sustaining pulmonary vascular wall remodelling.

In AAC-Kcnk3-mutated rats, the inadequate pulmonary vascular remodelling and PH could shed some light on the development of unexplained disproportionate PH in LHD [START_REF] Borlaug | Is it time to recognize a new phenotype? Heart failure with preserved ejection fraction with pulmonary vascular disease[END_REF] . In some cases of PH-LHD, severe pulmonary vascular alterations persisted despite resolution of the underlying LV disease [START_REF] Fernández | The Biological Bases of Group 2 Pulmonary Hypertension[END_REF] . Our observation that Kcnk3-LOF exaggerates pulmonary vascular remodelling in the context of LV pressure overload, suggests that KCNK3-dysfunction might be associated with a lack of reverse remodelling, and therefore non-response to treatment. Recently, in AAC-induced LV pressure overload with pulmonary vascular remodelling, surgically removing the aortic constriction, normalized pulmonary vascular structure [START_REF] Miranda-Silva | Characterization of biventricular alterations in myocardial (reverse) remodelling in aortic banding-induced chronic pressure overload[END_REF] , therefore using this approach would dissect if structural changes remain in the presence of a Kcnk3-mutation.

Importantly, vascular changes were already present in Sham-Kcnk3-mutated rats, which could explain the exaggerated pulmonary remodelling in response to LV pressure overload in a Kcnk3-LOF-mutated rats. Underlying remodelling in unstressed conditions describes a pre-capillary component in AAC-Kcnk3-mutated animals, which could explain the different response to LV pressure overload in the absence and presence of a Kcnk3-LOF mutation, and suggests that Kcnk3-dysfunction or reduced expression could not only worsen PH, but also compromise its reversibility/treatment in the context of HF.

Several works have used either TAC or AAC to induce LHD or LV pressure overload and to study pulmonary vascular changes [START_REF] Xiong | Biventricular Increases in Mitochondrial Fission Mediator (MiD51) and Proglycolytic Pyruvate Kinase (PKM2) Isoform in Experimental Group 2 Pulmonary Hypertension-Novel Mitochondrial Abnormalities[END_REF][START_REF] Ranchoux | Metabolic Syndrome Exacerbates Pulmonary Hypertension due to Left Heart Disease[END_REF] . Although they might not replicate all the phenotypical characteristics of group 2 PH, it is clear that pulmonary vascular changes develop in response to a primary insult to the LV, and have granted experimental evidence for PH-LHD treatment, including sildenafil [START_REF] Yin | Sildenafil Preserves Lung Endothelial Function and Prevents Pulmonary Vascular Remodeling in a Rat Model of Diastolic Heart Failure[END_REF] . Inhaled iloprost showed a pulmonary-specific vasodilator effect in rats with AAC-induced PH [START_REF] Yin | Inhaled nitric oxide versus aerosolized iloprost for the treatment of pulmonary hypertension with left heart disease*[END_REF] , which was confirmed in patients with HFpEF [START_REF] Grossman | Pulmonary hypertension associated with heart failure with preserved ejection fraction: acute hemodynamic effects of inhaled iloprost[END_REF] . In animal model of PH-HFpEF, treprostinil attenuated the development of PH [START_REF] Lai | SIRT3-AMP-Activated Protein Kinase Activation by Nitrite and Metformin Improves Hyperglycemia and Normalizes Pulmonary Hypertension Associated With Heart Failure With Preserved Ejection Fraction[END_REF] . Both of these prostanoids stimulate KCNK3 currents in human PASMC [START_REF] Olschewski | TASK-1 (KCNK3) channels in the lung: from cell biology to clinical implications[END_REF] , providing that stimulation of KCNK3 activity might play a beneficial role in PH-LHD.

Limitations

Other works have shown that PH-LHD development of experimental PH-LHD, with measurement of LV filling pressures in both AAC with [START_REF] Xiong | Biventricular Increases in Mitochondrial Fission Mediator (MiD51) and Proglycolytic Pyruvate Kinase (PKM2) Isoform in Experimental Group 2 Pulmonary Hypertension-Novel Mitochondrial Abnormalities[END_REF] or without metabolic syndrome associated LV disease [START_REF] Ranchoux | Metabolic Syndrome Exacerbates Pulmonary Hypertension due to Left Heart Disease[END_REF] .

Unfortunately we were unable to measure LV pressures, using our right heart catheterization, where LA or PCWP measurement is not possible [START_REF] Konecny | Left atrial pressure measurement in a rat is currently impossible due to size limitations of balloon occlusion catheter[END_REF] . Despite that, we show a clear concentric LV hypertrophy phenotype, characteristic of LV pressure overload in the rat [START_REF] Nishimura | Rats are protected from the stress of chronic pressure overload compared with mice[END_REF] .

Our echocardiographic analysis lacks E/A wave analysis. Due to the elevated heart rate of small animals, and equipment capabilities, E and A wave separation was not observed in all animals. Indeed, we were only able to measure the A wave in around 60% of animals, and without differences between groups, due to the small number of measurements (data not shown). Despite that, in the animals where peak separation occurs, E > A, allowing us to measure E peak velocity with a significant degree of confidence in all animals, we showed that homozygous AAC-Kcnk3-mutated rats had an increased E/e' ratio.

The access to lung from patients with PH-LHD is extremely difficult, since most of these do not undergo to surgical procedures, we are not able to measure KCNK3 function and expression in human PH-LHD patients. Furthermore, the genetic variations of PH-LHD patients have been barely studied [START_REF] Mehra | Pulmonary hypertension in left heart disease[END_REF] , consequently no information is available regarding the presence of mutation in KCNK3.

We acknowledge that our model does not represent a pure phenotype of passive PH-LHD.. Despite that, we undoubtedly demonstrate that the presence of a Kcnk3-LOF-mutation aggravates pulmonary vascular remodelling and PH, generating new hypothesis for the understanding of the pathophysiology.

Conclusion

PH secondary to LHD is a common disease, but without specific therapies and a poorly understood pathophysiology. With this work, we established KCNK3 as an important mediator of PH in the context of LV pressure overload. Using Kcnk3-mutated rats and a model of AAC-induced LV concentric hypertrophy, we revealed a compromised left heart compliance, and disproportionate pulmonary remodelling, associated with pro-inflammatory and proliferative processes, ultimately leading to exaggerated PH and RV dysfunction. Either by sensitizing the pulmonary circulation directly, or by worsening LV/LA function, we established the importance of KCNK3 in this pathology, and have opened the way for the development of new therapeutic options for this condition. rats (n=7). Experiments were normalized by 18S mRNA and analyzed using ∆Ct values (for a full statistical analysis refer to the supplemental material). Data is represented as scatter dot plots, with mean ± SEM. Experiments were analyzed using two-way ANOVA followed by Sidak's post hoc test. *p<0.05and ***p<0.001. LAAmax, LA/TL and Kcnk3 expression were not normally distributed, and were log-transformed prior to statistical analysis. Experiments were normalized by 18S mRNA and analyzed using ∆Ct values (for a full statistical analysis refer to the supplemental material). Data is represented as scatter dot plots, with mean ± SEM.
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