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Abstract

:

Substantial evidence supports the involvement of the renin-angiotensin system in pulmonary hypertension (PH), and the angiotensin II type 2 receptor (AT2R) is known to exert tissue protective actions. The effect of the selective AT2R agonist C21 (also known as Compound 21 or buloxibutid) was evaluated in the rat Sugen-hypoxia PH model. After a single injection of Sugen 5416 and hypoxia for 21 days, C21 (2 or 20 mg/kg) or vehicle was administered perorally twice daily from Day 21 to Day 55. On Day 56, hemodynamic assessments were performed, and lung and heart tissue were prepared for quantification of cardiac and vascular remodeling and fibrosis. Treatment with C21 20 mg/kg improved cardiac output and stroke volume and decreased right ventricular hypertrophy (all p < 0.05). Treatment with C21 2 mg/kg significantly decreased vessel wall and muscular layer thickness and increased the luminal opening in vessels >100 μm (all p < 0.05). There were no significant differences between the two C21 doses on any parameter, and post hoc analyses comparing the merged C21 groups with the vehicle group showed that C21 treatment reduced vascular remodeling (reduced endothelial proliferation and thickening of the vascular wall) in vessels of all sizes; moreover, the diastolic pulmonary artery pressure and right ventricular pressure were reduced along with reduction of right ventricular hypertrophy. Sugen 5416 and hypoxia increased pulmonary collagen deposition, which was counteracted by C21 20 mg/kg. In conclusion, the effects of C21 on vascular remodeling, hemodynamic alterations, and fibrosis suggest that AT2R agonists may have a role in Group 1 and 3 PH treatment.
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1. Introduction


Pulmonary hypertension carries a poor prognosis and remains a potentially fatal disease. It has been estimated that the prevalence of pulmonary hypertension is about 1% in the global population and up to 10% in individuals aged more than 65 years [1]. The current definition following the 6th World Symposium on Pulmonary Hypertension is a mean pulmonary arterial pressure (mPAP) >20 mmHg associated with an abnormal pulmonary vascular resistance (PVR) of ≥3 Wood units [2]. Based on etiology and pathophysiology, pulmonary hypertension (PH) is classified into five groups: (1) Pulmonary arterial hypertension (PAH), (2) PH due to left heart disease, (3) PH due to lung diseases and/or hypoxia, (4) chronic thromboembolic PH and other pulmonary artery obstructions, and (5) PH with unclear and/or multifactorial mechanisms. These groups differ hemodynamically regarding pre-capillary, post-capillary, or combined pathophysiology, with both PAH and Group 3 PH demonstrating pre-capillary PH [3].



The hallmark histopathological lesions in pre-capillary PH patients are medial hyperplasia and intimal fibrosis of the distal muscular arteries, loss and abnormal muscularization of small pre-capillary pulmonary arterioles, perivascular inflammation, and occurrence of plexiform vascular lesions [4]. Interestingly, plexiform pulmonary arterial lesions typical of pre-capillary PH were observed in human lung tissue from patients transplanted for advanced fibrotic interstitial lung disease (ILD), even in the absence of PH [5,6]. This indicates that these abnormalities may occur early during the development of Group 3 PH.



Treatment of PAH with vasodilator therapies targeting the prostacyclin, nitric oxide (NO), and endothelin pathways has significantly increased both survival and functional capacity. However, it should be noted that current treatment recommendations are based on clinical trials in patients with mPAP ≥25 mmHg, and further trials in patients are needed to define the benefit in those with mPAP between 20 and 25 mmHg.



In patients with idiopathic pulmonary fibrosis (IPF) and systemic sclerosis-associated interstitial lung disease (SSc-ILD), pulmonary hypertension (Group 3 PH) is a well-established risk factor for poor outcomes and increased morbidity. Treatment options are extremely limited, whereby there is only one licensed medicine for PH associated with lung diseases, inhaled treprostinil, which was recently shown to increase exercise ability in such patients [7]. A recent meta-analysis on the use of drugs approved for use in PAH demonstrated that they only provided small health-related quality-of-life benefits in patients with IPF and pulmonary hypertension. Furthermore, there was insufficient evidence to support their use [8], possibly with the exception of inhaled treprostinil. Thus, there is a high unmet need for novel therapeutic options with disease-modifying properties for PH associated with IPF and SSc-ILD.



The renin-angiotensin system (RAS) plays an important role in maintaining cardiovascular homeostasis, and there is substantial evidence supporting the involvement of RAS in the pathophysiology of PH [9,10,11]. Angiotensin II (Ang II) acts via two specific receptors, the angiotensin II type 1 receptor (AT1R) and the angiotensin II type 2 receptor (AT2R). The AT1R is ubiquitously expressed, while the expression of AT2R is normally low in adult tissues but can be upregulated during repair and regeneration [12,13]. The AT1R is mainly involved in blood pressure regulation through several different mechanisms related to vasoconstriction and fluid retention. The inducible AT2R, on the other hand, could be seen as a mechanism involved in the resolution of immune and vascular reactions to injury [14]. With regard to vascular effects, AT2R agonists have been reported to cause subtle arterial relaxation in vitro; however, per se, they do not generally lower systemic blood pressure in vivo [15]. Such a lack of translation into antihypertensive effects of AT2R agonists may depend on overriding vasoconstrictive AT1R activity. This is supported by the finding that infusion of the selective AT2R agonist CGP42112 failed to reduce blood pressure in spontaneously hypertensive rats unless administered in the presence of a low dose of the AT1R antagonist candesartan [16].



A role of the RAS and the AT2R in PAH/PH is also supported by findings that activation of angiotensin-converting enzyme-2 (ACE2), which catalyzes the production of Ang-(1-7) and Ang-(1-7) per se ameliorate experimental pulmonary hypertension in the rat [17,18,19,20]. Interestingly, while Ang-(1-7) is considered to signal mainly via the Mas receptor [21], it is also an AT2R agonist at nanomolar concentrations [22]. C21 (also known as Compound 21 or buloxibutid), the first AT2R agonist in clinical development, is a low molecular weight, orally available, selective, high-affinity AT2R agonist with low affinity to a range of other receptors tested, including the AT1R and the Mas receptor [23,24]. The unique signaling pathways and molecular mechanisms of AT2R activation are described in a recent comprehensive review [23]. In a phase 2 clinical trial, C21 decreased the need for oxygen therapy in hospitalized patients with COVID-19 [25], and the compound is currently also in an idiopathic pulmonary fibrosis clinical study [26]. Preclinical studies have demonstrated that C21 reduces PH in rodent models of pulmonary hypertension induced by monocrotaline [27] or pulmonary fibrosis and hypertension induced by bleomycin [28]. Importantly, it has also been shown that the AT2R is expressed in the rat lung and that C21 significantly increases this expression in both normal rats and in rats with PH after the monocrotaline challenge [27].



The purpose of the current study was to evaluate the efficacy of peroral C21 in pulmonary hypertension induced by Sugen 5416 and hypoxia, the SuHx-PH model. In this model, the animals develop a pathology resembling human PH, including the formation of plexiform lesions which are not seen in other frequently used animal models of pulmonary hypertension (e.g., chronic hypoxic and monocrotaline-injected rodents) [29]. This model shares similarities with both PAH and Group 3 PH [30].




2. Results


2.1. Hemodynamic Assessments by Echocardiography on Day 0, Day 21, and Day 56


A single injection of Sugen 5416 followed by hypoxia (FiO2 = 0.10) (SuHx) resulted in profound hemodynamic changes on day 21, and the effects remained following normoxic conditions until day 56 (Figure 1, Table A1). Thus, right ventricle wall thickness (RVWT) increased significantly, and pulmonary artery maximum velocity (Vmax), pulmonary artery acceleration time (PAAT), cardiac output (CO), and stroke volume (SV) were significantly decreased. SuHx animals treated with C21 20 mg/kg from day 21 to day 55 demonstrated significantly improved CO and SV compared to animals treated with vehicle (Figure 1, Table A1). Animals treated with C21 2 mg/kg improved in a similar way, but there was no statistically significant difference compared to animals treated with vehicle or C21 20 mg/kg.




2.2. Hemodynamic Assessments by Catheterization on Day 56


Hemodynamic assessments by catheterization on day 56 were performed one day after cessation of treatment when C21 was no longer present in the circulation, i.e., direct acute effects of C21 can thus be ruled out. Exposure to SuHx significantly increased right ventricular and pulmonary artery pressure and decreased saturation (Table A2). In animals treated with C21, there was a trend towards improvement in hemodynamics, including a decrease in mean pulmonary artery pressure, but this was not statistically significant, and there were no significant differences between animals treated with 2 or 20 mg/kg C21 (Figure 2, Table A2).



In post hoc analyses merging the two C21 groups, animals treated with C21 showed lower right ventricular and pulmonary artery pressures than the vehicle-treated animals, while there were no differences in systemic arterial blood pressure or heart rate. Furthermore, treatment with C21 (merged groups) increased saturation compared with the SuHx-vehicle group (Table A2).




2.3. Right Ventricle Hypertrophy


Exposure to SuHx-induced right ventricular hypertrophy, measured as the weight ratio between the right ventricle and left ventricle, including septum (Fulton’s index), which was significantly increased in the SuHx-vehicle group compared to the control group (Figure 2). Further, right ventricle collagen content was significantly increased in the SuHx-vehicle group compared to the normoxic control group (Table A4).



Treatment with C21 20 mg/kg significantly decreased right ventricular hypertrophy as assessed by Fulton’s index, and a similar, although not statistically significant, trend was observed after treatment with C21 2 mg/kg, and there were no significant differences between the two C21 treated groups (Figure 2). Positive effects on right ventricular hypertrophy were supported in the post hoc analyses merging the two C21 groups (Table A4). Treatment with C21 tended to reduce the right ventricle collagen content compared with the SuHx Vehicle group, but the differences were not statistically significant (Table A4).



Within all SuHx exposed groups combined, the level of right ventricular hypertrophy was closely correlated with the histopathological signs of vascular remodeling and hemodynamic outcomes (Table A5).




2.4. Vascular Remodeling


The results confirm that the rat SuHx pulmonary hypertension model displays marked endothelial proliferation reminiscent of human disease. Thus, exposure to SuHx induced vascular remodeling with increased area stained for von Willebrand Factor (vWF; endothelial cell marker) and muscular portions of the vessel walls and vascular remodeling (Figure 3, Table A3).



SuHx-exposed animals treated with C21 2 mg/kg showed, compared to vehicle-treated animals, significantly reduced thickening of the vascular wall, in particular the muscular layer, proportion of muscular vessels, and increased luminal opening in large vessels (Figure 3, Table A3). Treatment with C21 20 mg/kg significantly reduced the vWF area, increased the proportion of non-obliterated medium-size vessels, and reduced the proportion of semi-obliterated medium-size vessels. There were no significant differences in any parameters reflecting vascular remodeling between animals treated with 2 or 20 mg/kg C21 (Table A3). However, in post hoc analyses where a merged C21 treatment group (2 and 20 mg/kg combined) was compared with vehicle treatment, vessels of all sizes showed a decreased thickness of the vessel wall and the muscular layer, increased luminal opening, and increased the proportion of non-obliterated vessels.




2.5. Collagen Deposition and Dense Areas in the Lungs


In vehicle-treated animals, the SuHx challenge was associated with increased fibrillar collagen content and dense areas containing fibroblasts, myofibroblasts, and newly formed collagen in the lung, both of which were significantly reduced by the 20 mg/kg dose of C21 but not by the 2 mg/kg dose (Table 1, Figure 4). Lung hydroxyproline was not significantly increased after SuHx and was not affected by C21 treatment (Table 1).





3. Discussion


This study demonstrated that the selective AT2R agonist C21 decreased vascular remodeling and improved the hemodynamics in rats with pulmonary hypertension induced by Sugen 5416 and hypoxia (SuHx), a model with histopathological features that resemble human PAH and Group 3 PH [30]. Importantly, the model evaluated therapeutic rather than preventive (prophylactic) efficacy, as treatment with C21 was started after the animals had developed pulmonary hypertension. Further, because C21 has a relatively short half-life and was not administrated on the day of sacrifice, the hemodynamic effects are not due to the direct acute vascular effects of C21 but rather to the reduced remodeling. Moreover, the study showed that C21 reduced the SuHx-induced pulmonary collagen deposition supporting the relevance for clinical conditions where pre-capillary pulmonary hypertension is associated with fibrotic lung disease, e.g., group 3 PH and connective tissue disease.



The apparent lack of clear dose-dependency regarding vascular or hemodynamic effects of C21 suggests that, for several of the measured parameters, a “ceiling effect” was reached with the lower dose, which results in a free C21 plasma in the range of the IC50 in previous AT2R binding studies. Interestingly, and in contrast to the cardiovascular effects, C21 dose-dependently reduced pulmonary collagen deposition. The reason for this difference is not known, but one possible explanation is cellular/tissue differences in AT2R expression. Based on the absence of dose dependency regarding vascular and hemodynamic effects, exploratory post hoc analyses were performed on these parameters (see below).



Treatment with C21 reduced vascular remodeling in the rat SuHx model as demonstrated by decreased endothelial proliferation in animals treated with C21 20 mg/kg, reduced thickening of the vascular wall, in particular the muscular layer, and decreased proportion of muscularized vessels >100 μm in animals treated with C21 2 mg/kg. In the post hoc analyses, similar results were obtained for vessels of all sizes, and there was also a decrease in vessel obliteration. As a result, the diastolic pulmonary artery pressure, a sensitive indicator of efficacy in pulmonary hypertension hemodynamics, and right ventricular pressure were reduced in the combined C21 groups. The apparent reduction of systolic pulmonary artery pressure cannot be a consequence of a failing right ventricle because stroke volume, Vmax, and cardiac output increased. This suggests that the effect of C21 on pulmonary artery pressure is a result of reduced resistance in the pulmonary vascular bed, leading to decreased demand on the right ventricle and reduced right ventricle hypertrophy. The latter is supported by the significant reduction in Fulton’s index, which correlated closely with the histopathological signs of vascular remodeling and hemodynamic outcomes.



The mechanism by which C21 reduced pulmonary vascular remodeling and improved the hemodynamics could be either chronic vasodilation or a direct effect on remodeling processes. Although C21 has been shown to have vasodilating effects in vitro, C21 does not generally lower systemic blood pressure in vivo [15]. On the other hand, and supporting direct effects on the remodeling process, C21 has previously been demonstrated to reduce cardiopulmonary remodeling and pulmonary hypertension in animals exposed to bleomycin [28] or monocrotaline [27]. In line with these previous studies of pulmonary fibrosis/hypertension, C21 also reduced the increase in pulmonary collagen deposition in the SuHx model.



C21 has previously shown efficacy in rat models of monocrotaline and bleomycin-induced pulmonary hypertension. However, it is difficult to compare models with different methods to induce PH, and it is well established that monocrotaline and bleomycin are more acute and more proinflammatory than Sugen plus hypoxia. Further, in the previous studies, C21 treatment was initiated 3 days (bleomycin) or 2 weeks (monocrotaline) after pulmonary challenge, while in the current study, treatment was started 3 weeks after initiation of the pulmonary pathology. Moreover, in the previous studies, C21 was injected intraperitoneally without measurements of plasma levels of C21, another factor that makes it difficult to compare the results.



The SuHx-induced increase of dense areas in the lung parenchyma with elevated collagen content is similar to key features of human PAH and Group 3 pulmonary hypertension [31]. Moreover, pulmonary hypertension in the SuHx model is induced by a combination of hypoxic vasoconstriction and an induced imbalance between angiogenic and angiostatic factors, which resembles the pathogenesis of pulmonary hypertension in IPF [32].



Animals in SuHx studies progress through an initial phase of pulmonary vasoconstriction with limited inflammation, followed by normoxic vascular remodeling, during which pulmonary endothelial and smooth muscle cells proliferate to increase vessel wall thickness. Fibrosis, as measured by collagen deposition and the presence of histological fibrosis with increased alveolar wall and peri-bronchial collagen staining in the lungs, thus appears in the later phase of SuHx-induced pulmonary hypertension. These changes are reminiscent of non-specific interstitial pneumonia (NSIP) seen in connective tissue disease and highlight the particular relevance of our findings to connective tissue-associated pre-capillary PH. Therefore, the observed effect of C21 on adventitial fibrosis and associated lung fibrosis is particularly interesting in interstitial lung diseases with associated pulmonary hypertension. It is interesting that similar observations with reduced pulmonary fibrosis and vasculopathy were also seen in a Sugen-dependent transgenic mouse model of scleroderma-associated pulmonary hypertension using a PPAR agonist with antifibrotic properties [33].



Based on the studies using the bleomycin and the monocrotaline models [27,28] and a recent review of the unique signaling pathways and molecular mechanisms of AT2R activation [23], the beneficial effects of C21 treatment are believed to be mediated by reduced levels of pro-fibrotic grow factors and proinflammatory cytokines such as TGF-β, CTGF, IL-1β, IL-6, and TNF.



The main purpose of this study was to gain further support for performing a clinical trial with an AT2R agonist in pulmonary hypertension (which is now being planned).



Pulmonary hypertension is a common complication of interstitial lung disease (ILD) and is associated with high morbidity and increased mortality due to decreased pulmonary blood flow and poor gas exchange, leading to compromised cardiac function. Treatment options are limited, and it has been reported that vasodilator agents approved for PAH are less effective in this patient group. Further, due to the non-homogeneous fibrotic pattern in ILD, vasodilatory treatment may increase a mismatch between ventilation and perfusion, which may even have deleterious effects. Despite this, a recent meta-analysis of randomized control trials of therapies approved for PAH in patients with CTD-PH demonstrated a reduction in the risk of morbidity and mortality [34,35], indicating that a carefully supervised vasodilatory treatment could be beneficial. However, treatment with vasodilators does not seem to prevent the development of pulmonary hypertension since a vast majority of patients with systemic sclerosis receive vasodilating/vasoactive therapy for their Raynaud’s phenomenon and digital ulcers [36]. However, a high proportion still develops pulmonary hypertension [37]. Thus, there is a significant medical need for novel therapies addressing the structural and perivascular fibrotic processes determining pulmonary hypertension in the context of ILD and for pathways where additive benefit can be seen on top of current therapies.



In conclusion, the effects of C21 on remodeling, hemodynamic alterations, and increased pulmonary collagen deposition in the Sugen-Hypoxia model suggest that treatment with an AT2R agonist may have a place not only in PAH but also in the much-needed treatment of Group 3 pulmonary hypertension associated with ILD, or in cases of systemic sclerosis and other connective tissue diseases in which Group 1 pulmonary hypertension develops in the context of concurrent lung fibrosis.




4. Materials and Methods


4.1. Animals and Treatments


Male Sprague–Dawley rats (Charles River Laboratories, St-Constant, QC, Canada) aged 7–9 weeks and with an initial weight between 200 and 250 g were pair-housed in a temperature- (23 °C) and humidity- (65%) controlled housing room on a 12-h light/dark cycle and had ad libitum access to standard rat chow and water for the duration of the study. After an acclimation period of 5 days, 5 animals received one subcutaneous injection of 2 mL 100% DMSO and were exposed to ambient oxygen levels for the total study period of 56 days (control group). Another group of animals received a single subcutaneous injection of Sugen (20 mg/kg) in 2 mL 100% DMSO and were placed in cages for which the controlled air was adjusted to receive a FiO2 equivalent to 0.10 (10%) using a mixture of nitrogen and ambient air. They were kept under these hypoxic conditions for 21 days (SuHx group). While in hypoxia, cages were cleaned and changed once a week, exposing the animals to ambient oxygen levels for less than 10 min in total. On day 21, when the animals had developed functional symptoms of PH (Figure 1), an echocardiogram was carried out under light isoflurane sedation (1–1.5% in ambient air), and the results were used to randomize the animals across three treatment groups (n = 10–11 in each) to achieve an even distribution of the disease. Animals within the same treatment group were pair-housed and exposed to ambient oxygen levels (21%) from day 22 to day 56. From day 21 to day 55, C21 (2 mg/kg or 20 mg/kg in sodium carbonate buffer) or sodium carbonate buffer alone (SuHx-vehicle group) was administered twice a day by gavage in a volume of 10 mL/kg of body weight (Figure 5).



During the preclinical development of C21 prior to the completed and ongoing clinical studies, the pharmacokinetics of these two oral doses of C21 were studied in male Sprague–Dawley rats. Briefly, taking into account the known high degree (99%) of plasma protein binding of C21 in the rat, the peak unbound/free plasma concentration of C21 was approximately 5 and 80 nM after the 2 and 20 mg/kg dose, respectively, with a plasma half-life in the 2 h range [24]. For comparison, in multiple AT2R binding studies, the IC50 for C21 has been found to be 2–5 nM [22,24]. The rats were weighed before dose administration, and dose volumes were calculated based on body weight. Rats were weighed once every 3 days, and the dose volume was adjusted to achieve the correct dose level.




4.2. Hemodynamic Measurements


At the end of the experiment (day 56), an echocardiogram was carried out under light isoflurane sedation (1–1.5% in ambient air) to measure the pulmonary artery maximum velocity (Vmax) and velocity time integral, the pulmonary artery diameter, and the heart rate, from which cardiac output and stroke volume were calculated. The animals were rapidly transferred to the hemodynamic suite, where the rats were anesthetized with a mixture of 2 to 2.5% isoflurane USP (Abbot Laboratories, Montreal, QC, Canada) in oxygen. The absence of nociception was monitored using changes in heart rate in response to tactile stimulation and pressure. Hemodynamic and functional parameters were recorded continuously for 5 min or until loss of pulmonary arterial pressure signal, whichever came first. Blood oxygen saturation (SO2) was recorded with a pulse oximeter (Nonin, Plymouth, MN, USA) attached to the left front paw of the animal. Arterial systemic pressure was recorded with a fluid-filled catheter (AD Instruments, Colorado Springs, CO, USA) inserted into the right upper femoral artery. Right ventricular and pulmonary arterial blood pressures were recorded by inserting a solid-state, tip-mounted pressure transducer (Millar, Houston, TX, USA) through the apex of the right ventricle and pushing the transducer past the pulmonary valve into the pulmonary artery. The systolic, diastolic, and mean pressures were measured in mmHg post-acquisition. Mean ventricular and pulmonary blood pressure values were calculated using the following formula:


   Mean   Pressure = Systolic   pressure + ( Systolic   pressure   −   Diastolic   pressure ) / 3     



(1)








4.3. Tissue Sampling and Histology


The anesthetized rats were then exsanguinated under deep isoflurane anesthesia (1.5–2.0% isoflurane vaporized in 100% oxygen at a flow of 1 L/min, with heart rate used as an indicator of anesthetic depth. Isoflurane was adjusted to achieve a heart rate of 280–300 bpm) as per the recommendations of IPST’s veterinarian and IACUC guidelines. The pulmonary circulation and the heart were flushed after the lungs-heart had been harvested from the animal and mounted onto a gravity-driven perfusion system. At least 15 mL of saline solution (0.9% NaCl) was used for flushing out the blood. The left lung was fixed by arterial and airway perfusion at pathophysiological perfusion pressures with 10% NBF and embedded in paraffin. The upper lobe of the right lung was cut, snap-frozen, and stored at −80 °C, for quantification of hydroxyproline. The cardiac tissue was excised to measure the wet weights of the right ventricle and left ventricle, including the septum, as part of the Fulton index. The right ventricle was snap-frozen and stored at −80 °C for quantification of collagen using Image J color detection thresholds following picrosirius red staining of the fixed heart.


  Fulton ’  s   Index = ( Right   ventricle   weight ) / ( Left   ventricle + Septum   weight )   



(2)







For each animal, 2 slides of 2 sections (5 μm thick) from the formalin-fixed paraffin-embedded blocks were cut transversally and spaced by 50 μm. Two sections were laid on the same slide and immune-stained for von Willebrand factor (vWF; polyclonal rabbit antibody from Abcam (Cambridge, UK) at 1/2000 dilution with 20 min incubation at 35 °C; secondary FITC mouse anti-rabbit monoclonal antibody from Abcam was used at a dilution of 1:1000). The slides were incubated for 1 h in the dark, at room temperature, and the other two sections were laid on a second slide and stained for picrosirius red (PSR) according to an earlier described method [38]. All stained slides were then scanned using the Hamamatsu 2.0 HT scanner at 20x magnification (0.452 μm per pixel) for automatic quantification by MorphoQuant™ (Biocellvia, Marseille, France). Pulmonary high-density tissue corresponding to fibrous thickening of alveolar parenchyma and expressed as “Area of increased collagen deposition (% of lung section area),” pulmonary collagen area expressed as “Collagen (% of lung section area)” were quantified as described before [39,40]. The von Willebrand factor area was used as a marker of endothelial cells. The label was intense in endothelial cells but spread out through the muscle layer until complete fading in the adventitia. The automated detection of blood vessels was based on the recognition of empty spaces surrounded by vWF labeling. The intense vWF label was assimilated to the endothelial layer and expressed as “vWF area (% of lung section area),” and the smooth muscle layer was the layer with less intense labeling.



Each blood vessel was then assimilated into a perfectly circular circle for subsequent measurements for simplification. Blood vessels were categorized according to their diameter (defined as the other outer limit of the smooth muscle layer) into three classes: small (S), medium (M), and large (L) vessels (≤50; >50–100; >100 μm, respectively). For each category, the thickness of the vessel wall, the endothelial (vWF strongly positive), and muscular layers was assessed (vWF lightly positive), and the proportion of muscular vessels was calculated. Further, the luminal opening (ratio of the lumen to the blood vessel diameter) was assessed, as well as the proportion of obliterated (luminal opening <45%), semi-obliterated (luminal opening ≥45% and <60%), and non-obliterated vessels (luminal opening ≥60%) vessels.




4.4. Quantification of Lung Hydroxyproline Content


Hydroxyproline in the right lung was quantified using a commercial kit from Abcam (Ab222941) used as per the manufacturer’s instructions. The right lobes were homogenized in PBS and hydrolyzed in 10 N NaOH for 1 h at 120 °C. Then, the basic suspension was neutralized using 10 N HCl and centrifuged to generate a clear supernatant. The hydroxyproline concentration was determined by the reaction of oxidized hydroxyproline with 4-(Dimethylamino) benzaldehyde (DMAB), measured on a Molecular Devices (San Jose, CA, USA) SpectraMax plate reader at 560 nm. The total amount of hydroxyproline was calculated based on the right lobe weight.




4.5. Statistics


Due to the explorative nature of the study with no predefined primary endpoint, no power calculation was performed, and the study size was based on experience from multiple similarly designed studies performed at the same testing facility. Since the Anderson-Darling test could not confirm normal distribution for a high proportion of the variables, significance was tested by non-parametric tests. As an initial step, the SuHx-vehicle group was compared with the control group to demonstrate assay sensitivity using the Mann–Whitney U-test). Thereafter, the three SuHx groups were compared with each other by Kruskal–Wallis test. There were no significant differences or consistent tendency on vascular remodeling or hemodynamic assessments between the two C21 dose levels, which both result in a peak exposure at or well above IC50 for the AT2R. Thus, an exploratory post hoc analysis was performed comparing the merged SuHx-C21 group with the SuHx-vehicle groups tested using the Mann–Whitney U-test. Correlations were analyzed using Spearman’s rank correlation test. All statistical analyses were performed on SPC for Excel (Version 6.0.1.1). Statistical significance was defined as p < 0.05.
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Table A1. Hemodynamic assessments by echocardiography on day 0, day 21, and Day 56.






Table A1. Hemodynamic assessments by echocardiography on day 0, day 21, and Day 56.





	
Time

	
Group

	
RVWT

(mm)

	
PAD

(cm)

	
HR

(bpm)

	
Vmax

(cm/s)

	
VTI

(cm)

	
PAAT

(ms)

	
ET

(ms)

	
CO

(mL/min)

	
SV

(mL)






	
Day 0

	
All

(n = 45)

	
0.44

[0.44;0.53]

	
0.24

[023;0.24]

	
377

[361;396]

	
84.5

[81.7;88.8]

	
5.20

[5.08;5.42]

	
29.6

[22.2;29.6]

	
81

[74;89]

	
85.9

[81.9;89.7]

	
0.23

[0.22;0.24]




	
Day 21

	
Control-Normoxia

(n = 5)

	
0.50

[0.44;0.53]

	
0.24

[0.24;0.25]

	
355

[345;361]

	
95.8

[92.5;96.5]

	
5.42

[5.29;5.79]

	
29.6

[29.4;29.6]

	
81

[81;81]

	
87.1

[86.8;89.9]

	
0.25

[0.24;0.26]




	
SuHx

(n = 37)

	
1.13 ###

[0.98;1.20]

	
0.25 #

[0.24;0.26]

	
338

[323;353]

	
61.3 ###

[58.0;66.5]

	
3.26 ###

[2.83;3.64]

	
18.4 ##

[14.8;22.2]

	
81

[77;84]

	
55.5 ###

[46.5;62.3]

	
0.16 ###

[0.14;0.18]




	
Day 56

	
Control-Normoxia

(n = 5)

	
0.53

[0.53;0.53]

	
0.25

[0.25;0.25]

	
312

[306;338]

	
93.7

[92.3;95.1]

	
5.56

[5.52;5.86]

	
37.0

[37.0;37.0]

	
96

[89;96]

	
93.9

[85.1;95.2]

	
0.27

[0.27;0.29]




	
SuHx and Vehicle

(n = 11)

	
1.24 ##

[1.20;1.29]

	
0.25

[0.24;0.25]

	
306

[306;328]

	
66.2 ##

[60.5;71.5]

	
3.58 ##

[3.18;3.74]

	
22.2 ##

[22.2;22.2]

	
89

[81;89]

	
53.7 ##

[47.2;58.0]

	
0.16 ##

[0.15;0.18]




	
SuHx and 2 mg/kg C21

(n = 10)

	
1.11

[0.98;1.31]

	
0.25

[0.25;0.26]

	
328

[301;343]

	
65.8

[57.7;68.8]

	
3.83

[3.21;4.44]

	
25.9

[16.6;29.6]

	
93

[89;96]

	
62.7

[53.6;70.5]

	
0.18

[0.16;0.22]




	
SuHx and 20 mg/kg C21

(n = 11)

	
1.06

[1.02;1.38]

	
0.25 *

[0.25;0.26]

	
325

[304;345]

	
71.1

[65.1;78.5]

	
4.01

[3.56;4.53]

	
22.2

[22.2;25.9]

	
89

[81;96]

	
66.8 *

[55.5;74.3]

	
0.21 *

[0.18:0.23]




	
SuHx and All C21

(n = 21)

	
1.06

[0.98;1.33]

	
0.25 §

[0.25;0.26]

	
325

[301;345]

	
68.3

[61.3;76.1]

	
4.01

[3.46;4.51]

	
22.2

[22.2;29.6]

	
89

[81;96]

	
65.5 §

[54.6;73.7]

	
0.20 §

[0.16;0.22]








RVWT: right ventricle wall thickness; PAD: pulmonary artery diameter; HR: heart rate; Vmax: pulmonary artery maximum velocity; VTI: right ventricular outflow tract velocity time integral; PAAT: pulmonary artery acceleration time; ET: ejection time; CO: cardiac output; SV: stroke volume. Values are median [interquartile range]. # p < 0.05, ## p < 0.01 and ### p < 0.001 compared with the control group (Mann–Whitney U-test). * p < 0.05 compared with the SuHx vehicle group (Kruskal–Wallis test). § p < 0.05 compared with the SuHx vehicle group in post hoc analyses (Mann–Whitney U-test).
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Table A2. Hemodynamic assessments by catheterization on day 56.
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	Control Normoxia

(n = 5)
	SuHx Vehicle

(n = 11)
	SuHx

C21 2 mg/kg

(n = 10)
	SuHx

C21 20 mg/kg

(n = 10)
	SuHx

All C 21

(n = 20)





	Saturation (%)
	98 (96;98)
	94 (91;96) #
	97 (94;97)
	96 (93;98)
	97 (94;98) §



	Arterial pressure (mmHg)
	
	
	
	
	



	  Diastolic
	95.5 [68.2;110.5]
	93.5 [72.5;104.4]
	104.2 [79.4;112.4]
	103.2 [85.7;118.3]
	103.2 [81.9;1116.1]



	  Systolic
	126.9 [93.5;141.1]
	116.9 [101.3;134.1]
	133.5 [108.6;146.9]
	130.9 [113.9;147.3]
	130.9 [112.9;145.9]



	  Mean
	106.0 [76.6;120.7]
	102.0 [82.1;114.6]
	114.6 [89.1;122.4]
	112.9 [95.1;128.5]
	112.9 [92.3;126.1]



	Right ventricular pressure (mmHg)
	
	
	
	
	



	  Diastolic
	3.8 [3.6:5.1]
	4.3 [3.2;5.2]
	2.5 [1.5;4.0]
	2.4 [1.3;4.0]
	2.5 [1.4;3.9] §



	  Systolic
	22.4 [21.3;24.5]
	62.0 [46.3;82.3] ##
	50.3 [43.7;58.9]
	48.4 [32.3;63.0]
	49.5 [41.0;61.4]



	  Mean
	10.3 [9.9;11.0]
	24.0 [18.3;30.4] ##
	18.8 [16.1;22.0]
	17.4 [12.0;24.8]
	17.9 [14.4;22.9] §



	Pulmonary artery pressure (mmHg)
	
	
	
	
	



	  Diastolic
	13.4 [12.4;14.2]
	28.4 [24.5;33.3] ##
	24.7 [17.1;31.7]
	20.1 [14.1;30.7]
	22.6 [15.3;31.0] §



	  Systolic
	23.2 [21.7;24.8]
	65.0 [47.2;83.9] ##
	51.6 [44.0;61.6]
	47.3 [32.6;62.8]
	49.0 [41.7;61.8]



	  Mean
	17.1 [15.5;17.5]
	40.6 [32.8;50.0] ##
	33.0 [26.9;42.5]
	29.2 [21.4;41.7]
	30.5 [22.3;41.9] §







Values are median [interquartile range]. # p < 0.05 and ## p < 0.01 compared with the control group (Mann–Whitney U-test). § p < 0.05 and compared with the vehicle group in post hoc analyses (Mann–Whitney U-test).
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Table A3. Assessments of vasculopathy in the lungs of rats exposed to Sugen-hypoxia.
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	Control Normoxia

(n = 5)
	SuHx Vehicle

(n = 11)
	SuHx

C21 2 mg/kg

(n = 10)
	SuHx

C21 20 mg/kg

(n = 10)
	SuHx

All C21

(n = 20)





	vWF Area (%)
	1.22 [1.17;1.72]
	1.94 [1.87;2.62] ##
	1.90 [1.76;2.03]
	1.75 [1.69;1.89] *
	1.85 [1.70;2.03]



	Vessel Wall (µm)
	
	
	
	
	



	  Small vessels
	5.87 [5.00;5.98]
	7.40 [6.78;7.76] ##
	6.88 [6.44;7.10]
	7.01 [6.41;7.31]
	6.93 [6.46;7.21] §



	  Medium vessels
	8.20 [7.93;9.40]
	12.17 [10.84;13.15] ##
	10.99 [10.34;11.47]
	11.15 [10.52;12.13]
	10.99 [10.47;12.01] §



	  Large vessels
	10.11 [9.05;12.28]
	15.42 [12.28;16.68] ##
	11.75 [10.83;13.28] *
	13.39 [11.42;14.33]
	12.42 [10.92;13.68] §



	Endothelial Layer (µm)
	
	
	
	
	



	  Small vessels
	0.88 [0.86;0.90]
	0.79 [0.78;0.85] ##
	0.82 [0.78;0.84]
	0.83 [0.80;0.87]
	0.83 [0.80;0.86]



	  Medium vessels
	1.03 [0.96;1.07]
	0.84 [0.82;0.87] ##
	0.86 [0.82;0.89]
	0.90 [0.85;0.96]
	0.88 [0.83;0.91]



	  Large vessels
	1.23 [1.19;1.23]
	1.05 [1.00;1.08] ##
	1.06 [1.00;1.12]
	1.07 [1.03;1.14]
	1,06 [1.03;1.13]



	Muscular Layer (µm)
	
	
	
	
	



	  Small vessels
	4.98 [4.13;5.09]
	6.65 [5.92;6.98] ##
	6.05 [5.63;6.29]
	6.13 [5.59;6.51]
	6.06 [5.64;6.41] §



	  Medium vessels
	7.25 [6.89;8.38]
	11.33 [10.02;12.32] ##
	10.15 [9.45;10.66]
	10.22 [9.56;11.30]
	10.15 [9.56;11.16] §



	  Large vessels
	8.95 [7.82;11.06]
	14.37 [11.14;15.75] ##
	10.66 [9.83;12.22] *
	12.32 [10.38;13.24]
	11.33 [9.88;12.64] §§



	Muscular Vessels (%)
	
	
	
	
	



	  Small vessels
	1.2 [0.4;2.0]
	17.6 [12.6;22.3] ##
	13.3 [10.9;16.3]
	15.1 [10.2;17.7]
	14.1 [11.2;17.0] §



	  Medium vessels
	11.1 [8.2;33.3]
	65.9 [54.7;74.2] ##
	56.4 [50.8;62.3]
	63.1 [53.9;72.7]
	57.9 [52.0;740.5]



	  Large vessels
	43.1 [24.5;67.8]
	87.0 [73.4;91.1] #
	63.9 [55.9;86.3] *
	76.2 [58.7;86.0]
	65.2 [57.7;85.7] §



	Luminal Opening (%)
	
	
	
	
	



	  Small vessels
	65.5 [65.0;69.5]
	58.4 [56.8;61.1] ##
	60.6 [59.6;62.3]
	59.9 [58.4;62.6]
	60.2 [59.1;62.1] §



	  Medium vessels
	75.5 [72.4;76.8]
	65.5 [62.1;67.2] ##
	67.9 [66.7;69.2]
	67.6 [65.2;69.3]
	67.9 [65.6;69.0] §



	  Large vessels
	86.9 [83.9;88.4]
	79.1 [77.8;82.8] ##
	83.3 [81.9;85.2] *
	82.6 [80.8;84.4]
	82.9 [81.5;85.0] §§



	Non-obliterated Vessels (%)
	
	
	
	
	



	  Small vessels
	80.0 [76.2;91.8]
	43.5 [36.1;55.8] ##
	54.1 [49.1;59.5]
	51.1 [46.6;64.7]
	52.1 [47.5;62.1] §



	  Medium vessels
	98.9 [94.2;99.8]
	68.7 [59.4;72.8] ##
	76.3 [72.7;80.6]
	77.7 [72.5;84.3] *
	76.8 [72.9;81.6] §§



	  Large vessels
	100.0 [100.0;100.0]
	98.8 [94.3;100.0]
	99.6 [98.7;100.0]
	100.0 [99.1;100.0]
	100 [99.1;100.0]



	Semi-obliterated Vessels (%)
	
	
	
	
	



	  Small vessels
	19.5 [8.2;23.0]
	42.0 [37.5;52.7] ##
	39.2 [34.4;42.1]
	40.6 [29.7;46.4]
	40.3 [32.6;43.7]



	  Medium vessels
	1.1 [0.2;5.3]
	23.4 [19.8;27.8] ##
	17.2 [15.4;20.4]
	15.6 [12.5;20.3] *
	17.2 [14.0;19.6] §§



	  Large vessels
	0.0 [0.0;0.0]
	1.2 [0.0;3.9]
	0.4 [0.0;1.3]
	0.0 [0.0;0.9]
	0.0 [0.0;0.9]



	Obliterated Vessels (%)
	
	
	
	
	



	  Small vessels
	0.4 [0.0;0.8]
	8.8 [6.7;12.3] ##
	6.4 [5.8;9.5]
	7.9 [4.3;10.0]
	7.1 [5.4:9.8]



	  Medium vessels
	0.0 [0.0;0.4]
	7.1 [6.0;11.6] ##
	5.0 [4.0;9.3]
	4.0 [3.1;6.5]
	4.7 [3.4;8.1] §



	  Large vessels
	0.0 [0.0;0.0]
	0.0 [0.0;0.0]
	0.0 [0.0;0.0]
	0.0 [0.0;0.0]
	0.0 [0.0;0.0]







Values are median [interquartile range]. # p < 0.05 and ## p < 0.01 compared with the control group (Mann–Whitney U-test). * p < 0.05 compared with the vehicle group (Kruskal–Wallis test). § p < 0.05 and §§ p < 0.01 compared with the vehicle group in post hoc analyses (Mann–Whitney U-test).
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Table A4. Right ventricle hypertrophy.
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	Control Normoxia

(n = 5)
	SuHx Vehicle

(n = 11)
	SuHx

C21 2 mg/kg

(n = 10)
	SuHx

C21 20 mg/kg

(n = 10)
	SuHx

All C 21

(n = 20)





	Fulton’s index
	0.24 [0.23;0.26]
	0.63 [0.58;0.72] ##
	0.60 [0.49;0.65]
	0.57 [0.51;0.59] *
	0.57 [0.50;0.64] §



	Left ventricular weight (g)
	1.14 [1.03;1.28]
	1.09 [1.01;1.20]
	1.20 [1.06;1.32]
	1.16 [1.04;1.19]
	1.17 [1.05;1.23]



	Right ventricular weight (g)
	0.28 [0.26;0.30]
	0.74 [0.64;0.81] ##
	0.67 [0.59;0.75]
	0.59 [0.54;0.74]
	0.63 [0.56;0.74]



	Right ventricle collagen (mg)
	2.06 [1.79;2.24]
	4.90 [3.66;5.31] ##
	4.18 [3.72;4.76]
	4.05 [3.28;5.20]
	4.18 [3.72;4.76]







Values are median [interquartile range]. ## p < 0.01 compared with the control group (Mann–Whitney U-test). * p < 0.05 compared with the vehicle group (Kruskal–Wallis test). § p < 0.05 compared with the vehicle group in post hoc analyses (Mann–Whitney U-test).
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Table A5. Correlation between right ventricular hypertrophy (Fulton’s index) and histopathological signs on vascular remodeling and hemodynamic parameters in animals exposed to SuHx and treated with vehicle or C21.
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	Vascular Remodeling
	rho
	Hemodynamic Parameters
	rho





	VWF Area (%)
	0.411 *
	Saturation (%)
	−0.299



	Vessel wall thickness (µm)
	
	Systemic arterial pressure (mmHg)
	



	  Small vessels
	0.434 *
	Diastolic
	−0.163



	  Medium vessels
	0.480 **
	Systolic
	−0.237



	  Large vessels
	0.432 *
	Mean
	−0.209



	Endothelial layer (µm)
	
	Right ventricular pressure (mmHg)
	



	  Small vessels
	−0.204
	Diastolic
	0.341



	  Medium vessels
	−0.292
	Systolic
	0.455 *



	  Large vessels
	−0.193
	Mean
	0.501 **



	Muscle layer (µm)
	
	Pulmonary artery pressure (mmHg)
	



	  Small vessels
	0.450 *
	Diastolic
	0.475 **



	  Medium vessels
	0.504 **
	Systolic
	0.439 *



	  Large vessels
	0.444 *
	Mean
	0.485 **



	Luminal opening (%)
	
	Stroke volume (mL)
	−0.560 **



	  Small vessels
	−0.477 **
	Vmax (cm/s)
	−0.630 ***



	  Medium vessels
	−0.529 **
	Cardiac output (mL/min)
	−0.537 **



	  Large vessels
	−0.471 **
	Stroke volume (mL)
	−0.560 **



	Obliterated vessels (%)
	
	
	



	  Small vessels
	0.598 ***
	
	



	  Medium vessels
	0.420 *
	
	



	  Large vessels
	0.354
	
	







* p < 0.05, ** p < 0.01 and *** p < 0.001. Spearman’s rank correlation test.
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Figure 1. Hemodynamic assessments by echocardiography on day 0, day 21, and day 56. The box and whiskers represent the median, interquartile range, minimum and maximum values. ## p < 0.01 and ### p < 0.001 compared with normoxic animals (Mann–Whitney U-test). * p < 0.05 compared with SuHx Vehicle animals (Kruskal–Wallis test). 
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Figure 2. Mean pulmonary artery (mPA) pressure and right ventricular hypertrophy (Fulton’s Index) on day 56. The box and whiskers represent the median, interquartile range, minimum and maximum values. ## p < 0.01 compared with normoxic animals (Mann–Whitney U-test). * p < 0.05 compared with SuHx Vehicle animals (Kruskal–Wallis test). 
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Figure 3. Wall morphology in vessels >100 μm. The box and whiskers represent the median, interquartile range, minimum and maximum values. # p < 0.05 and ## p < 0.01 compared with normoxic animals (Mann–Whitney U-test). * p < 0.05 compared with SuHx Vehicle animals (Kruskal–Wallis test). 
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Figure 4. Representative images for fibrosis and collagen deposition and dense area in the lung of rats exposed to SuHx and C21. Areas with collagen deposition identified by picrosirius red staining (a–d). Dense areas containing fibroblasts, myofibroblasts, and newly formed collagen were identified by automated morphometric analysis (e–h). 
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Figure 5. Overview of the study design. Animals received a single subcutaneous injection of Sugen (20 mg/kg) in 2 mL 100% DMSO and were kept under hypoxic conditions for 21 days (SuHx groups). On day 21, an echocardiogram was performed carried out to achieve an even distribution of the disease in the three study groups. The animals were exposed to ambient oxygen levels from day 22 to day 56. From day 21 to day 55, C21 (2 mg/kg or 20 mg/kg) or vehicle was administered twice a day by gavage. Control group animals received a single subcutaneous injection of 2 mL 100% DMSO on day 0 and were exposed to ambient oxygen for the total study period. 
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Table 1. Collagen, dense area, and hydroxyproline in the lungs of rats exposed to Sugen-hypoxia.
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	Control Normoxia

(n = 5)
	SuHx Vehicle

(n = 11)
	SuHx C21 2 mg/kg

(n = 10)
	SuHx C21 20 mg/kg

(n = 10)





	Collagen content [%]
	5.21 [5.08;5.57]
	6.27 [5.75;7.34] #
	6.39 [6.04;7.22]
	5.19 [4.92;5.41] **,§§§



	Dense area [%]
	2.63 [2.08;2.84]
	4.81 [3.76;5.96] ##
	4.65 [4.44;6.33]
	3.01 [2.66;4.37] *,§§



	Hydroxyproline [μm/mg tissue]
	60 [51;74]
	64 [57;81]
	55 [51;68]
	63 [58;70]







Values are median (interquartile range). # p < 0.05 and ## p < 0.01 compared with the control group (Mann–Whitney U-test). * p < 0.05 and ** p < 0.01 compared with the vehicle group, and §§ p < 0.01 and §§§ p < 0.001 compared with the C21 2 mg/kg group (Kruskal–Wallis test). Dense areas containing fibroblasts, myofibroblasts, and newly formed collagen were identified by automated morphometric analysis. Hydroxyproline concentration was assessed as described in Material and Methods. Areas with collagen deposition were identified by picrosirius red staining. For a description of the SuHx model and experimental groups, see Figure 1.
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