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1.1. Pulmonary hypertension  

1.1.1. Definition and characteristics of pulmonary hypertension 

Pulmonary hypertension (PH) is a severe and incurable disease portrayed by pulmonary vascular 

remodeling and a rise in pulmonary arterial pressure, pulmonary vascular resistance, right 

ventricular (RV) hypertrophy and ultimately, right heart failure1-3. PH represents a significant 

global health concern, with current estimates indicating a prevalence of approximately 1% of the 

worldwide population3. Although individuals of all age groups can be affected, prevalence tends 

to be higher among those aged 65 years and older, which is attributed to cardiac and pulmonary 

underlying factors often associated with PH3.  

 

During the first World Health Organization meeting on PH in Geneva in 1973, PH was 

characterized by a mean pulmonary arterial pressure (mPAP) of more than 25 mmHg at rest4, 5. At 

the sixth World Symposium on Pulmonary Hypertension (WSPH) in Nice 2018, the proposed 

threshold was lowered from 25 to 20 mmHg in accordance with the associated increase in mortality 

and risk of pulmonary vascular disease development2, 6. According to the most recent guidelines 

from the European Society of Cardiology (ESC) and the European Respiratory Society (ERS), 

pulmonary hypertension is defined by a mPAP exceeding 20 mmHg at rest3. 

 

While PH can arise from various underlying causes, including idiopathic factors, genetic 

predispositions, or secondary conditions such as heart or lung diseases, its common denominator 

lies in the increased pressure burden on the pulmonary circulation. As a consequence of the 

elevated mPAP, the right ventricular afterload increases7. The adaptation of right ventricular 

function to elevated afterload, termed RV-arterial coupling, stands as a significant prognostic 

factor in PH patients7-9. Nevertheless, assessing RV-arterial coupling is intricate and invasive, 

typically involving the analysis of RV pressure-volume relationships. Simplified methods, 

including echocardiographic and biomarker approaches, are sought-after for future establishment 

to facilitate easier evaluation of this crucial parameter10-12. 
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1.1.2. Classification of PH  

Table 1. The classification of pulmonary hypertension, ESC/ERS guidelines 20223. 

 
Abbreviations: HIV - human immunodeficiency virus; PVOD - pulmonary veno-occlusive 
disease; PCH - pulmonary capillary haemangiomatosis; LVEF - left ventricular ejection fraction. 
 
The new clinical classification of pulmonary hypertension (Table 1) was created in the fourth 

edition of the ESC/ERS Guidelines for diagnosing and treating PH in 20223. Comprehending the 

complexities of PH requires a thorough understanding of its classification, which consists of five 

groups distinguished by underlying mechanisms and clinical features. These groups span from 

pulmonary arterial hypertension (PAH), predominantly impacting the small pulmonary arteries, to 
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PH linked with left heart disease, lung disorders and/or hypoxia, chronic thromboembolic disease, 

and other miscellaneous causes. While the initial pathological events may vary across different 

groups, mechanisms of disease progression and pathological manifestations are frequently shared 

among them2. Each group presents unique challenges in diagnosis, treatment, and prognosis, 

underscoring the importance of personalized approaches to patient management13. 

 
1.1.3. Diagnosis and current treatment of PH 

The initial symptoms of pulmonary hypertension are nonspecific. They may include exertional 

dyspnea, fatigue, chest pain, weakness, and syncope, while manifestations like edema, ascites, and 

abdominal distension often appear in the later stages of the disease14. The right heart 

catheterization (RHC) is considered the gold standard for diagnosing pulmonary hypertension. 

Additionally, echocardiography is an important non-invasive diagnostic tool for accessing the right 

heart hypertrophy and hemodynamic parameters. Furthermore, other non-invasive measures, such 

as 6-minute walking test, chest radiography, circulating brain natriuretic peptide (BNP) and N-

terminal pro-BNP (NT-proBNP) are used to predict RV overload and prognosis14, 15. 

 

While the mean pulmonary arterial pressure (mPAP) is pivotal for diagnosing pulmonary 

hypertension, additional measurements are necessary for final diagnosis and classification, which 

is crucial for determining risk assessment and appropriate treatment. To distinguish pre-capillary 

PH (PAH, group 1) from PH due to the left heart disease (post-capillary PH, group 2), the inclusion 

of pulmonary vascular resistance (PVR) and pulmonary arterial wedge pressure (PAWP) is 

essential2, 3. A PAWP threshold of less than 15 mmHg and a PVR exceeding 2 Wood units (WU) 

are recommended for defining the pre-capillary PH. Furthermore, patients are haemodynamically 

characterized as PAH in the absence of other causes of pre-capillary PH, such as chronic 

thromboembolic pulmonary hypertension (CTEPH) and PH associated with lung diseases. Post-

capillary PH is defined as PAWP higher than 15 mmHg, while PVR delineates between patients 

with notable pre-capillary component3. 

 

Despite intensive research unravelling the pathogenesis of PH, the precise mechanisms underlying 

the disease remain elusive, highlighting the ongoing need for successful therapeutic strategies. 

Pharmacotherapy remains the cornerstone of PH management, with various classes of medications 
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targeting different pathways implicated in disease pathogenesis13, 15, 16. Over the years, numerous 

therapeutic options with vasodilatory properties have been explored, including prostacyclin 

analogues (treprostinil and iloprost), endothelin-receptor antagonists (bosentan and macitentan), 

calcium channel blockers (nifedipine and diltiazem), phosphodiesterase (PDE)-5 inhibitors 

(sildenafil and tadalafil) and soluble guanylate cyclase (sGC) stimulators (riociguat)3, 16. 

Combination therapies involving these agents have emerged as an effective strategy for patients 

with advanced disease or inadequate response to monotherapy. 

 

Although progress in PH therapeutics leads to significantly enhanced quality of life and extended 

survival for patients with PH, challenges persist, including the need for early detection, 

individualized treatment algorithms, and novel therapeutic targets. Ongoing research endeavors 

continue to unravel the complex pathobiology of PH, driving the development of innovative 

therapies aimed at reversing progressive pulmonary vascular remodeling and right ventricular 

hypertrophy3, 15. 

 
1.2. Pulmonary arterial hypertension  

1.2.1. Pathophysiology and pathohistology of PAH 

At its essence, Group 1 of pulmonary hypertension represents a subset of this complex disease, 

characterized by elevated blood pressure within the pulmonary arteries due to a plethora of 

underlying causes2, 3. Ranging from idiopathic origins (historically labelled ‘primary’ PH) to 

connective tissue diseases, and from heritable (familial) manifestations, congenital heart defects 

to complications induced by medication, the spectrum of conditions contributing to Group 1 PH 

underscores its diverse nature and clinical importance (Table 1)3. PAH involves a multitude of 

various pathophysiological, molecular and histopathological events and, in many aspects, can be 

described as a cancer-like disease17. That encompasses a combination of pulmonary vascular 

remodeling, genetic mutations, imbalance of vasoconstrictors and vasodilators, growth factors, 

proinflammatory mediators, alterations of mitochondrial function, in situ thrombosis and the 

development of complex histopathological features, including neointima and plexiform lesions17-

22. 
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Most patients with heritable PAH and some forms of IPAH were heterozygous for a mutation in 

bone morphogenetic protein receptor type 2 (BMPR2), a member of the transforming growth 

factor (TGF)-β superfamily. Mutations in another member of the TGF-β superfamily, the activin-

receptor-like kinase (ALK) 1 gene, can also trigger PH development associated with hereditary 

hemorrhagic telangiectasia17, 19, 22. Peroxisome proliferator-activated receptor gamma (PPARγ) is 

a transcription factor and a downstream member of the BMPR2 signaling pathway with 

vasodilatory, pro-apoptotic, anti-proliferative and anti-inflammatory properties and it has been 

shown that disrupted PPARγ signaling may play a role in the development of pulmonary 

hypertension23. Additionally, activation of various transcription factors has been described in PAH 

pathology, such as hypoxia-inducible factor (HIF)-1α24, 25, HIF-2α26-28, forkhead box protein O1 

(FOXO1)29, 30 and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB)31. 

Furthermore, the disruption of homeostasis between vasodilators and vasoconstrictors is 

extensively documented in the pathophysiology of pulmonary arterial hypertension17. PAH 

patients exhibit elevated production of vasoconstrictors, such as endothelin-1, angiotensin II and 

thromboxane, while concurrently experiencing reduced levels of vasodilators and anti-

proliferative agents, such as nitric oxide (NO) and prostacyclin17, 32, 33. 

 

Beyond vasoconstriction, PAH is characterized by intricate and progressive morphological 

transformations across all structural layers of the pulmonary arteries, highlighting pulmonary 

vascular remodeling as a major hallmark of PAH pathology17, 18, 21, 34. Dysregulated proliferation 

(hyperplasia), migration and resistance to apoptosis within all three layers of pulmonary vascular 

cells, including endothelial, smooth muscle cells and fibroblasts, contribute to this remodeling 

process. Furthermore, it has been reported that remodeling is characterized by elevated cell growth 

(hypertrophy) of vascular cells as well as recruitment and differentiation of pericytes and 

mononuclear cells21. In addition to the remodeling process primarily affecting the muscularization 

of normally non-muscularized peripheral arteries and arterioles, the pathogenesis of PAH involves 

the proliferation and hypertrophy of medial smooth muscle cells of the proximal muscular 

arteries34, 35. Furthermore, there is a proliferation of fibroblasts in the adventitia, accompanied by 

collagen deposition36. The remodeling effects of different vascular cells in pulmonary 

hypertension depend on factors such as the type, severity, and stage of the condition. Numerous 

growth factors are implicated in vascular remodeling in PAH, including platelet-derived growth 
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factor (PDGF), vascular endothelial growth factor (VEGF), epidermal growth factor (EGF), basic 

fibroblast growth factor (bFGF), and insulin-like growth factor (IGF)-117, 18. For instance, in 

patients with idiopathic pulmonary arterial hypertension (IPAH), PDGF and its receptors 

(PDGFRs) are upregulated in the pulmonary vasculature17, 37, 38. Experimental studies have shown 

that the administration of tyrosine kinase inhibitors can reverse the remodeling observed in chronic 

hypoxia-induced PH and monocrotaline-induced PH in rats37. 

 

 
Figure 1. Pulmonary vascular remodeling in PAH. 

In addition to chronic vasoconstriction, pulmonary vascular remodeling is a crucial 
event in the development of PAH and includes progressive morphological 
transformations in all structural layers of the pulmonary arteries, the intima, media and 
adventitia, and results in narrowing or complete obstruction of the vascular lumen and 
raising the blood pressure and load on the right ventricle17, 19, 21, 34. In PAH, pulmonary 
vascular cells show cancer-like features such as increased proliferation or hyperplasia, 
migration and resistance to apoptosis18. Remodeling is, besides hyperplasia, 
characterized by elevated cell growth or hypertrophy of vascular cells. Furthermore, 
genetic mutations, extracellular matrix protein synthesis, infiltration of various 
inflammatory cells and increased levels of proinflammatory cytokines and chemokines, 
activation of numerous transcription and growth factors, disturbed mitochondria 
metabolism and in situ thrombosis are contributing to the remodeling process17, 19, 21, 39. 
Abbreviations: PA - pulmonary artery; ECM - extracellular matrix. 

 
In PAH patients, neointima formation serves as a pivotal pathological feature, indicative of 

vascular remodeling and disease progression34, 40. Neointima is a newly developed structural layer 
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within the pulmonary arteries, between the vascular endothelium and the lamina elastica interna. 

This layer comprises a complex interplay of vascular cells and extracellular matrix components. 

Research suggests that neointima formation arises from the migration and proliferation of vascular 

smooth muscle cells originating primarily from the media and adventitia of the arteries. Notably, 

the presence of α-smooth muscle actin-positive cells within the neointima highlights the 

involvement of specialized smooth muscle cell subpopulations in this process41. Although the 

exact cellular origins of neointima constituents remain elusive, ongoing investigations aim to 

decipher the intricate molecular mechanisms driving its development. 

 

Plexiform lesions represent a significant morphologic hallmark in the pathology of pulmonary 

hypertension, present in approximately 80% of PAH cases17, 40. These lesions emerge from the 

dysregulated proliferation of endothelial cells in the pulmonary vasculature. Characterized by the 

emergence of small neovessels originating from the arteries, plexiform lesions involve a complex 

interplay of cellular components40. Besides endothelial cells, which play a central role, stroma rich 

in matrix proteins, apoptosis-resistant myofibroblasts and smooth muscle cells contribute to the 

structural integrity of plexiform lesions42. 

 

Emerging evidence implicates inflammation in the pathogenesis of pulmonary arterial 

hypertension17, 19, 21, 39. Increased circulating levels of monocyte chemoattractant protein (MCP)-

1, tumor necrosis factor (TNF)-α, interleukin (IL)-1 and IL-6, as well as increased levels of 

inflammatory cell infiltrates, spanning from macrophages, dendritic and mast cells to T and B 

lymphocytes in remodeled pulmonary vessels, were reported in PAH patients19, 39. When 

stimulated by pathological cues, these diverse cell types release a spectrum of mediators, such as 

cytokines and chemokines, potentially exacerbating pulmonary vascular remodeling. This intricate 

interplay between inflammatory cells and their released mediators underscores the multifaceted 

role of inflammation in driving the progression of pulmonary hypertension. 

 

1.2.2. The monocrotaline animal model of PAH  

The monocrotaline (MCT) model is considered the classical model of group 1 PH43, 44. Derived 

from the seeds and vegetation of Crotalaria spectabilis, MCT, a pyrrolizidine alkaloid, has served 

as a fundamental tool in inducing experimental PH since its introduction in 1961 by Lalich and 
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Merkow45. The preferred and mainly used species for the study of MCT-induced PH is rat. Upon 

a single injection, MCT prompts the onset of severe pulmonary vascular disease in experimental 

animals. Despite its extensive utilization, the precise underlying mechanism driving MCT-induced 

PH remains elusive. Cytochrome P450 activates MCT in the liver and becomes reactive MCT 

pyrrole (MCTP), triggering endothelial cell death in small arterioles, a critical early event mirrored 

in human pulmonary hypertension46, 47. The lungs experience interstitial edema within hours post-

injection, accompanied by extravascular protease leakage, matrix degradation, and early 

inflammatory response44. Remarkably, animals exhibit normal behavior during the initial two 

weeks, with no overt clinical signs. This phase precedes an escalation in reactivity to 

vasoconstrictors and progressive thickening of the pulmonary artery media, noticeable within 2-4 

weeks post-injection. Subsequently, after 5-6 weeks, animals manifest severe PH, marked by 

elevated pulmonary vascular resistance and right ventricular systolic pressures, culminating in 

right ventricular hypertrophy43. In the ensuing weeks, these animals succumb to right heart failure. 

 

Despite not fully recapitulating every aspect of human PH pathology, the MCT animal model 

demonstrates critical shared features, including initial endothelial injury, augmented perivascular 

inflammation, and the development of de novo muscularization in small pulmonary arteries43, 48. 

These parallels highlight the model's value for unravelling disease mechanisms and exploring and 

assessing novel therapeutic strategies to treat this severe and life-threatening condition. 

 

1.3. PH associated with lung diseases and/or hypoxia  

1.3.1. Pathophysiology of group 3 PH  

Pulmonary hypertension associated with lung diseases and/or hypoxia constitutes the third group 

in the classification of PH (Table 1)3. Its characterization was initially established in the 2008 Dana 

Point classification for PH during the fourth WSPH49. This group encompasses numerous diseases 

or pathological conditions related to persistent or recurrent hypoxia, whether globally or localized 

within specific lung regions50, 51. Group 3 is the second most common form of PH, and it is 

characterized by elevated morbidity and mortality52. However, it is still not known if the developed 

PH is the cause of increased mortality or if it is a consequence of the severe stage of lung disease. 

The most common lung diseases leading to the development of PH are chronic obstructive 

pulmonary disease (COPD), interstitial lung disease (ILD) and obstructive sleep apnea (OSA)50. 
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Additionally, it is linked to exposure to chronic hypoxia at high altitudes53. Pulmonary 

hypertension can develop in approximately 50.2% of individuals with severe COPD54, a condition 

that impacts around 6% of the total population in the USA55. Furthermore, up to 90% of patients 

with Global Initiative for COPD stage IV have mPAP higher than 20 mmHg51.  

 

PH can occur in the healthy lung in response to low atmospheric oxygen, most commonly seen in 

populations who live at high altitudes50, 53. At an altitude of 3000m, the inspired partial pressure 

of oxygen (pO2) is approximately 70% of that at sea level, while at an altitude of 5000m, the 

highest altitude where humans can live, the inspired pO2 drops to around 50% of that at sea level56. 

Low alveolar oxygen (PAO2) triggers hypoxic pulmonary vasoconstriction (HPV), redistributing 

pulmonary blood flow from poorly ventilated to better-ventilated lung areas to maintain the 

ventilation-perfusion ratio57. Unlike pulmonary vessels, systemic arteries dilate to enhance blood 

flow to hypoxic organs, thereby increasing oxygen delivery. However, a notable exception is the 

fetal vasculature in the placenta58. This process may be reversible during the initial phases by 

elevating oxygen concentration. In the case of chronic hypoxia, in addition to vasoconstriction, an 

increase in vascular endothelial growth factors, a decrease of apoptosis and activation of HIF-1α 

leads to pulmonary vascular remodeling and, ultimately, PH development, which is only partially 

reversible with oxygen57. Response to hypoxia varies significantly both among individuals and 

across different species. 

 

1.3.2. Chronic hypoxia animal model of PH  

Hypoxic exposure of mice and rats is a well-established experimental model representing group 3 

of PH43, 44, 50, 51. Chronic hypoxia is induced either by normal air at hypobaric pressure of 

approximately 400 mmHg atmospheric pressure (hypobaric hypoxia) or oxygen-poor air at normal 

pressure with a reduction of pO2 at sea level to approximately 10% (normobaric hypoxia). The 

most common pathological findings of hypoxia-induced PH in rats and mice are de novo 

muscularization of previously nonmuscularized vessels, elevation of pulmonary arterial pressure 

and development of RV hypertrophy44, 59. Hypoxia exposure triggers increased proliferation of 

pulmonary smooth muscle cells and adventitial fibroblasts. Although the alterations caused by 

hypoxia are similar in both species, the remodeling process and hemodynamic changes in rats are 

more severe than in mice60, 61. These features are reversible after the return of animals to normoxic 
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conditions, which is a limitation of this model in contrast to human situations where the patients 

do not respond to oxygen therapy.  

 

Understanding the molecular mechanisms of hypoxic pulmonary vasculature remodeling remains 

a challenge. Hypoxia-inducible transcription factors play a critical role in this process50, 62. 

Investigation into the hypoxic mouse model has explored the nitric NO pathway, reactive oxygen 

species (ROS) and cytoskeletal architecture in PH development63-65. NO, a critical vasodilator and 

signaling molecule, acts via sGC, which shows upregulation in the remodeled smooth muscle layer 

of chronically hypoxic mice lungs64. Treatment with sGC activators significantly ameliorated PH 

symptoms in mice. Conversely, expression of phosphodiesterase (PDE) 1A, an endogenous 

inhibitor of the NO pathway, was elevated in pulmonary arterial smooth muscle cells of hypoxic 

mice, and its inhibition reversed PH65. Furthermore, reactive oxygen species are associated with 

increased NADPH oxidase (NOX) 4 gene expression in hypoxic lung tissue and silencing of 

NOX4 reduced PASMC proliferation and ROS generation63. 

 

1.4. The metabolic theory of pulmonary hypertension  

1.4.1. The metabolic basis of PAH 

When PAH was initially described in 195166, the pulmonary vascular bed, an entity with unique 

physiology and embryology compared to the systemic circulation, was considered as an exclusive 

organ with abnormalities in the disease pathology. Over the years, accumulating evidence has 

demonstrated that numerous extrapulmonary tissues and cell types are also disrupted67, 68. This 

includes immune cells, right heart cardiomyocytes and fibroblasts, skeletal muscle and bone-

marrow-derived precursor cells. Based on the fact that there is a shared metabolic fingerprint 

among these various abnormalities in the form of mitochondrial suppression, the metabolic theory 

of PAH was proposed68. The theory suggests that we should comprehend PAH as a syndrome with 

multiorgan involvement and mitochondria placed at the center stage, characterized by suppressing 

glucose oxidation and secondary enhancement of glycolysis. Mitochondria suppression, along 

with its upstream and downstream signaling in PAH, shares a plethora of features with cancer 

pathophysiology and provides new therapeutic strategies in pulmonary hypertension69, 70. 
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Figure 2. The multiorgan nature of pulmonary arterial hypertension. 

In PAH patients, several organs are involved in disease pathophysiology, in addition to 
remodeling small pulmonary arteries in the lung. This gave the basis for the metabolic 
theory of pulmonary hypertension, which describes PAH as a syndrome with 
multiorgan involvement67, 68. Additional extrapulmonary tissues involved in disease 
development include remodeled RV and cardiomyocytes, skeletal muscle and activated 
immune cells with similar abnormalities in the form of mitochondria oxidative 
phosphorylation suppression and secondary increase of glycolysis. PAH patients have 
shared features with metabolic syndrome, such as insulin resistance71, 72 and lipid 
depositions in skeletal muscle of PH mice have been described73. PAH is characterized 
by various activated immune cells and increased proinflammatory cytokines 
contributing to pulmonary vascular remodeling. Activated T cells are characterized by 
mitochondrial suppression74. Furthermore, bone-marrow-derived precursor cells, 
specifically dysfunctional endothelial progenitor cells, could contribute to pulmonary 
artery endothelial cells with described suppressed mitochondria75. 
Abbreviations: PA - pulmonary artery; RV - right ventricle. 

 
PASMC mitochondria is a well-described oxygen sensor responsible for producing mitochondria-

derived reactive oxygen species (mROS)57, 76. mROS can diffuse to the cytoplasm and cell 
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membrane and influence redox-sensitive targets, such as Kv channels and components of the HIF-

1α pathway, leading to PASMC contraction76. Regulation of mitochondria function is downstream 

from various molecular signaling pathways, from oncogenes and tumor suppressor proteins to 

hypoxia, inflammation and endoplasmatic reticulum (ER) stress77-79. Conversely, mROS, such as 

α ketoglutarate (αKG), regulates nuclear factor of activated T cells (NFAT) and HIF-1α 

transcription factors, known molecular hallmarks of the pulmonary vascular remodeling process80. 

In addition, αKG and citrate have an important role in epigenetic mechanisms, such as histone 

methylation and acetylation, known features of PAH. Finally, mitochondria represents one of the 

critical regulators of apoptosis, and it has been demonstrated that mitochondria-induced apoptosis 

in PAH is decreased80.  

 

Pyruvate dehydrogenase (PDH) is crucial in regulating glucose oxidation in mitochondria81, 82. 

PDH catalyzes the conversion of pyruvate into acetyl coenzyme A (acetyl-CoA) in the 

mitochondria, a necessary step for starting the citric acid (TCA, Krebs) cycle. PDH kinase (PDK) 

inhibits PDH, leading to attenuation of the pyruvate metabolism into the mitochondria and, 

consequently, inhibition of TCA cycle and electron transport chain (ETC) complexes. HIF-1α, on 

the other hand, is responsible for activating PDK83-85. PDK inhibition by dichloroacetate 

diminished PH development in vivo and normalized PASMC phenotype86, 87. In addition, PDH is 

a calcium-dependent enzyme, and recent research demonstrated that ER stress, a well-described 

feature in PAH, can decrease mitochondrial calcium and, consequently, PDH inhibition88, 89.  

 

PAH patients have shared features with type 2 diabetes patients, reflected in similar insulin 

resistance71, 72. In PAH patients, this metabolic dysfunction comes in lack of obesity or diabetes 

and is associated with a worse prognosis. Recent studies have shown that insulin resistance 

precedes pulmonary vascular remodeling in mice and that insulin resistance is associated with 

skeletal muscle pathology73. Therefore, the role of skeletal muscle would explain insulin resistance 

in PAH patients. In addition, characteristic lipid deposition of the classic metabolic syndrome is 

also observed in PH mice skeletal muscle73. Interestingly, patients with type 2 diabetes have some 

features of the metabolic shift in skeletal muscle90. Moreover, increasing evidence suggests impact 

of ER stress on insulin signaling, which results in insulin resistance91. 

 



Introduction 14 

The hypertrophied RV is another extrapulmonary organ characterized by metabolic shift and 

glycolytic phenotype in PAH92, 93. PDK inhibition by dichloroacetate enhanced RV function in 

pulmonary artery banding (PAB) experimental model, excluding the drug's effect on the 

pulmonary vasculature92, 94. Even though there was a beneficial effect of activating mitochondrial 

oxidation, it is still unclear if the metabolic shift is a sustained feature of the compensating and the 

transition to the decompensating phase of RV remodeling. Further research is necessary to answer 

these questions and provide new biomarkers of the RV function in the future. Moreover, immune 

cells involved in PAH pathophysiology are also characterized by glycolytic phenotype upon 

activation95, 96. Activated T cells are characterized by mitochondrial suppression and enhanced 

glycolysis74 while circulating immune cells have reported ER stress accompanied by elevated 

cytokines production97. Finally, pulmonary artery endothelial cells also exhibit glycolytic 

phenotype98. Some PH hypotheses proposed that these cells originate from bone marrow-derived 

endothelial progenitor cells. In diabetes, mitochondria disrupted progenitor endothelial cells have 

been described75. 

 

1.4.2. The Warburg effect 

Approximately a hundred years ago, Otto Warburg demonstrated that cultured cancer tissues are 

characterized by high glucose uptake and lactate extraction, even in the presence of oxygen99. 

Those three features, termed aerobic glycolysis, define the Warburg effect. Long ahead of 

Warburg, Pasteur showed that hypoxia leads to glucose conversion to lactate100. Even though this 

can be applied to hypoxic tumors, Warburg proved that the metabolic shift to glycolysis in tumor 

tissues will occur even in the presence of sufficient oxygen necessary to convert glucose to carbon 

dioxide in oxidative phosphorylation. 
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Figure 3. The Warburg effect in tumor cells. 

In 1924, Otto Warburg demonstrated a metabolic shift in glucose metabolism from 
oxidative phosphorylation to glycolysis as a primary source of energy production in the 
form of adenosine triphosphate (ATP) in highly proliferative cancer cells, even in the 
presence of oxygen99. Warburg suggested that impaired mitochondria function is the 
cause of malignant transformation. Pyruvate, the end-product of glycolysis, is 
fermented into lactic acid by lactate dehydrogenase, producing lactate and protons in 
cancer cells. As a primary source of ATP production, glycolysis has a few advantages 
for proliferative cancer cells101. Despite yielding only 2 ATP molecules per glucose 
molecule, compared to 32 ATP molecules in oxidative phosphorylation, glycolysis is 
favorable due to its speed rate, which allows cancer cells to increase glucose 
consumption. In addition, increased glycolysis produces an abundance of non-
mitochondria metabolites, which are necessary for macromolecule synthesis and, 
subsequently, cell proliferation, such as Glucose-6P for the pentose-phosphate 
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pathway, Fructose-6P for the hexosamines pathway, 3PG for the serine-glycine-one 
carbon pathways and DHAP for the glycerol synthesis102, 103. 
Abbreviations: GLUT - glucose transporter; MCT 1/4 - monocarboxylate transporter 
1 and 4; Glucose-6P - glucose-6-phosphate; Fructose-6P - fructose-6-phosphate; 
Fructose-1,6.biP - fructose-1,6-biphosphate; DHAP - dihydroxyacetone phosphate; 
GA3P - glyceraldehyde 3-phosphate; 3PG - 3-phosphoglycerate; LDH - lactate 
dehydrogenase; NAD+ - oxidized form of NAD (nicotinamide adenine dinucleotide), 
NADH/H+ - reduced form of NAD plus hydrogen proton; TCA Cycle - tricarboxylic 
acid cycle (Krebs, the citric acid cycle). 

 
Today, we know that besides tumor cells, the Warburg effect is the main hallmark of various highly 

proliferating cells because upregulated glycolysis brings several advantages to these cells104, 105. 

Even though glycolysis will produce noticeably fewer ATP molecules than oxidative 

phosphorylation (2 versus 32 ATP molecules), it occurs at a much higher speed rate, allowing 

rapid glucose uptake of the proliferating cells. Furthermore, increased glycolysis provides the cells 

with several non-mitochondrial metabolites crucial for macromolecular synthesis102, 103. These 

include glycerol synthesis, pentose-phosphate (PPT), hexosamine and serine-glycine-one carbon 

(SGOC) pathways. Glycerol is building block of complex lipids, while PPT produces ribose, 

necessary for nucleotide synthesis, and nicotinamide adenine dinucleotide phosphate (NADPH), 

which is crucial for cholesterol and fatty acid synthesis. The hexosamine pathway is required for 

protein glycosylation, while SGOC feeds glutathione, nucleotides and methylation reactions.  

 

1.5. Carbonic anhydrases  

1.5.1. Structure and function of carbonic anhydrases  

Carbonic anhydrases (CAs) are a family of metalloenzymes that catalyze the reversible carbon 

dioxide (CO2) hydration to bicarbonate (HCO3-) and protons (H+) (Figure 4)106. Carbonic 

anhydrase was discovered in 1933 by two independent groups, Meldrum and Roughton in 

Cambridge and Stadie and O’Brien from the University of Pennsylvania, in an effort to find a 

catalyst that rescues the body’s carbon dioxide from bicarbonate in the blood107. After decades of 

research, today we know that CAs are assorted into eight genetically distinct classes: α-, β-, γ-, δ-

, ζ-, η-, θ- and ι-CAs with different metal ions preferences used as cofactors within the active site 

of the enzyme108. The α-CA class, characterized by zinc ion (Zn2+) at the catalytic site, is found 

mainly in vertebrates and represents the only CA class in mammals. CAs have ancient origins, as 
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evident by their diverse presence in the evolution tree. The β-CA class is characteristic for higher 

plants and prokaryotes, γ-CA class is exclusive for archaebacteria, η-CA class is identified in 

Plasmodium, while δ-, ζ- and θ-CA classes are found in phytoplanktons.  

 

 
Figure 4. Carbonic anhydrase catalysis of carbon dioxide hydration. 

Except for three acatalytic α-CA isoforms (CA8, 10 and 11), α-CAs actively catalyze 
the reversible hydration of carbon dioxide to bicarbonate ion and a proton in a two-step 
reaction process109. CAs also catalyze many other reactions, including the conversion 
of aldehydes to alcohols, cyanamide to urea and cyanate to carbamic acid108. At the 
bottom of the CAs active site cavity, the catalytic zinc ion (Zn2+) is coordinated in a 
tetrahedral manner, binding to three conserved histidine residues (His 94, 96 and 119) 
and one water molecule110. 

 
Accumulating discoveries over the years have implicated CAs essential roles in a broad range of 

physiological processes, such as ion transport, acid-base regulation, gas exchange, secretion of 

electrolytes, bone resorption and calcification, signal transduction, photosynthesis and CO2 

fixation, among many others110, 111. CAs can be involved in a diverse array of functions due to the 

existence of specific CA isoforms with different molecular features, tissue distribution and 

responses to inhibitors. In the α-CA class, sixteen isoforms have been described. Based on their 

cellular localization, they are divided into cytosolic (CA1, 2, 3, 7, 8, 10, 11 and 13), mitochondrial 

(CA5A and B), secreted (CA6), transmembrane (CA9, 12 and 14) and 

glycosylphosphatidylinositol (GPI)-anchored (CA 4 and 15). Three of the cytosolic CA isoforms 

(CA8, 10 and 11) do not have catalytic activity due to the absence of histidine residues, which are 

responsible for the coordination of zinc ions to the enzyme’s catalytic pocket108.  
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1.5.2. Role of carbonic anhydrase 9 and 12 in cancer pathophysiology  

CAs, especially transmembrane isoforms CA9 and 12, have recently become one of the highly 

intriguing topics in the cancer research field due to the fact that they are overexpressed in many 

types of tumors and often associated with disease progression112-117. Extensive research has 

depicted the role of CA9 and 12 in various functional properties of cancer cells, such as cancer 

cell adhesion, migration, invasion and metastasis118. In addition, CA9 and 12 are the essential part 

of the cancer cell’s pH regulation system112, 119-122. Furthermore, the main feature of CA9 and 12, 

which makes them promising therapeutic targets, is their rare expression in non-cancerous 

tissues123-125. CA9 expression is limited to epithelia of the stomach, gallbladder, pancreas and 

intestine, while CA12 expression is present in the kidney, intestine, reproductive epithelia and eye. 

CA9-deficient mice have only mild phenotypic changes, most prominently gastric hyperplasia, 

where CA9 protects gastric epithelia from acid load126, 127. 

 

CA9 gene is located in the p12-p13 region of chromosome 9 and consists of 11 exons, covering 

approximately 11 kb of DNA128, 129. The highly inducible CA9 gene is transcribed into a single 1.5 

kb mRNA, which is further translated into two transmembrane proteins with 54 and 58 kDa 

molecular weights. CA9 protein structural domains include N-terminal proteoglycan-like region 

(PG) encoded by exon 1, catalytic domain (CA) encoded by exons 2-8, transmembrane region 

(TM) and intracellular tail (IC) encoded by exon 10 and 11, respectively110, 130. CA12 gene is 

located in the q22 region of chromosome 15 and comprises 13 exons131. CA12 protein has 44 kDa 

molecular weight and does not possess a PG structural domain. CA9 and 12 are dimeric composed 

of two monomeric proteins, with CA9 disulfide bonds and CA12 hydrogen bonds mediating the 

dimerization110. Transcription of the CA9 gene, one of the most sensitive sensors of HIF-1α 

activity, is much better described than the CA12 gene132. 

 

CA9 gene transcription is a complex action predominantly driven by the binding of HIF-1α to the 

hypoxia responsive element (HRE), localized just in front of the transcription initiation site in the 

CA9 promoter133, 134. In addition to HRE, the CA9 core promoter contains five cis-acting elements 

(PR1-5)133, 135. Constitutive binding of SP1 and SP3 transcription factors to PR1 and PR5 elements 

is crucial for the HIF-1α transcriptional activation of CA9136, 137. In addition, PR2, an AP1-binding 

site, and PR3 act as CA9 transcription amplifiers, while PR4 regulatory element has a negative 
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effect on CA9 transcription135, 137. Even though it has been demonstrated by chromatin 

immunoprecipitation that both HIF-1α and HIF-2α bind to the CA9 HRE138, in all the cell types 

investigated so far, CA9 is exclusively responsive to HIF-1α132. Numerous studies have 

investigated the effects of various stimuli on CA9 transcription, and the overwhelming evidence 

points to the critical role of the HIF-1α pathway in regulating CA9 transcription. Besides known 

oncogenes such as phosphoinositide 3-kinase (PI3K) and extracellular signal-regulated kinase 

(ERK)139, 140, some inflammatory and growth factor stimuli, such as IL-1, IL-6, TNF-α and TGF-

β also positively influence CA 9 transcription141-144. Some of these stimuli show a hypoxia-

independent induction and stabilization of HIF-1α. In addition, several post-translational 

modifications have been described, such as protein kinase A phosphorylation of the cytoplasmic 

tail145, 146, N-glycosylation in the catalytic domain and O-glycosylation in the PG domain147, 148. 

The role of this modifications on the functional properties of CA9 remains to be investigated149. 

 

Besides expression in tumor tissues, soluble CA9 is detectable in cancer patients’ plasma and is 

often a sign of poor prognosis. Almost twenty years ago, Zatovicova et al. showed that the 

extracellular domain of CA9 is shed in tumor cells by a disintegrin and metalloprotease (ADAM) 

17150. A more recent study demonstrated additional involvement of ADAM 10 in CA9 ectodomain 

shedding151. Circulating CA9 has been thoroughly investigated in various types of cancer, and 

some of these studies are summarized in Table 2152-167. In more detail, in patients with clear cell 

renal cell carcinoma (CCRCC) soluble CA9 levels correlated with tumor size and stage166, 167. 

Studies performed in gastric cancer patients showed that circulating CA9 levels were higher in the 

metastatic compared to the non-metastatic group163. Furthermore, in patients with hepatocellular 

carcinoma (HCC) and liver cirrhosis, serum CA9 levels significantly correlated with different 

stages of HCC, and patients with CA9 levels above 400 pg/ml had an increased mortality risk162. 

High CA9 circulating levels were associated with shorter overall survival in non-small cell lung 

cancer152, head and neck cancer156 and castration-resistant prostate cancer patients165. 
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Table 2. Circulating levels of CA9 in various types of cancer152-167. 

 
Abbreviations: CRT - chemoradiotherapy; CRPC - Castration-resistant prostate cancer; HRLPC 
- High-risk localized prostate cancer; LABC - locally advanced breast cancer; MBC - metastatic 
breast cancer; NACT - neoadjuvant chemotherapy; NS - non-significant.  
 
Since the discovery of CA9 and 12 as potential therapeutic targets in cancer pathobiology, much 

effort has been put into developing targeted therapies, including monoclonal antibodies and small 

molecular inhibitors (CAIs) for the catalytic activity of CA9 and 12108, 125, 130, 168. Girentuximab 

(G250) is an anti-CA9 monoclonal antibody and the first drug to enter the clinical trial for treating 
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renal cell carcinoma (RCC) patients169-171. G250 has shown initial clinical success, but in the phase 

3 trial (ARISER), nonmetastatic RCC patients showed no overall or disease-free survival 

improvement169. One of the biggest challenges in designing CAIs has been selectivity for tumor-

related extracellular CAs without inhibiting intracellular CAs115, 125. CAIs, such as sulfonamides, 

benzene sulfonamides or cyclic sulfonamides attached to saccharide tails, are characterized by 

membrane impermeability due to high molecular weight and inclusion of sugar moiety. SLC-0111 

is a ureido-benzenesulfonamide CA9 and 12 inhibitor which showed promising anti-proliferative 

effects in vitro and in vivo models172, 173 and has successfully completed a phase I clinical trial for 

the treatment of CA9 overexpressing solid tumors174. Another promising CAI is S4175, 176, a 

ureidosulfamate with a high affinity for CA9 and 12 and a low affinity for CA1 and 2177. S4 

inhibited the proliferation and migration of MDA-MB-231 cells in vitro, and treatment with S4 

significantly reduced the metastatic tumor burden in the lungs of mice bearing orthotropic eGFP-

MDA-MB-231 tumors175. 

 

1.5.3. Role of CA9 and 12 in the pH regulation system 

Among many functions, CAs are an essential part of cancer cell’s intracellular pH regulation 

system112, 119-122. Besides CAs, this system consists of Na+/H+ exchanger (NHE)-1, 

monocarboxylate transporter (MCT) 1 and 4, H+-pump (V-ATPase), aquaporin (AQP) 1 and 

bicarbonate transporters such as Cl-/HCO3- anion exchanger (AE) and Na+-dependent HCO3- 

cotransporter (NBC) (Figure 5)112. The metabolic shift towards glycolysis in highly proliferative 

cancer cells leads to abnormally increased production of lactate and protons, the end-products of 

glycolysis. Proton accumulation inside the cell would result in a decrease of intracellular pH value 

below the optimal range and, subsequently, the inability of the cell to continue to proliferate178. It 

has been reported that a decrease of intracellular pH below the optimum range can affect a variety 

of proteins and enzymes and, through proposed conformational changes, interfere with their 

normal functional properties, such as phosphorylation and, finally, their activation or 

inactivation178-180. pH-sensitive targets affect a plethora of cellular functions, such as ion 

homeostasis, signal transduction, cell shape, contractility and, interestingly, metabolism178. 

Several studies have demonstrated that the activity of hexokinase and phosphofructokinase, two 

crucial enzymes for glycolysis initiation, is pH-dependent181, 182. 
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Figure 5. CA9 and 12 role in the pH regulation system in cancer cells. 

The metabolic shift from oxidative phosphorylation to glycolysis is a hallmark of 
malignant cell transformation and results in an abnormal production of lactate and 
protons, the end products of glycolysis. Proton accumulation would challenge 
intracellular pH homeostasis, and cancer cells respond by activating their pH regulation 
system112, 119-122. HIF-1α mediated upregulation of CA9 and 12 have a crucial role in 
this process. CA9 and 12, through the bicarbonate-carbon dioxide buffer system, 
extrude protons outside the cell, leading to extracellular acidification, favoring cancer 
cell invasiveness and spreading. Additionally, lactate is extruded together with protons 
through monocarboxylate transporters 1 and 4. As a result, cancer cells maintain 
intracellular pH homeostasis, increased glucose consumption and glycolysis and highly 
proliferative phenotype. 
Abbreviations: GLUT - glucose transporter; MCT 1/4 - monocarboxylate transporter 
1 and 4; NBC - Na+-dependent HCO3- cotransporter; AE - Cl-/HCO3- anion exchanger; 
pHe - extracellular pH; pHi - intracellular pH. 

 
Cancer cells adapt to this challenge by activating their pH regulation system112, 119-122. In more 

detail, intracellular ubiquitously expressed CA2 initially catalyze the conversion of protons and 

bicarbonate to CO2, which passes the cell membrane freely or through the AQP1 channels and is 

immediately converted to H+ and HCO3- by membrane-bound CA9 and 12, CA isoforms with 

extracellular catalytic domain. Bicarbonate is rapidly transferred back into the cell through AE or 

NBC bicarbonate transporters. At the same time, the accumulation of extruded protons eventually 

results in acidification of the extracellular milieu, favoring cancer cell invasiveness and spreading. 

CAs can form structural and functional complexes with bicarbonate transporters, termed ‘transport 
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metabolon’183. Essentially, CA9 and 12, through a carbon dioxide-bicarbonate buffer system, play 

a role in maintaining intracellular pH homeostasis, which has several biological implications. 

 

1.5.4. Carbonic anhydrases in pulmonary hypertension 

Even though elevated CA9 protein expression as a marker of activated HIF1-α has been reported 

in pulmonary hypertensive endothelial cells184, no studies investigated the specific role of CA9 

and 12 in pulmonary hypertension. On the other hand, several publications depict the effect of 

acetazolamide (ACZ), a non-selective CA inhibitor, on the pathophysiology of PH185-190. ACZ is 

a drug used to treat acute mountain sickness, glaucoma, epilepsy and idiopathic intracranial 

hypertension191. 

 

It has been demonstrated that treatment with ACZ reduces hypoxic pulmonary vasoconstriction in 

isolated perfused rabbit lungs186 and conscious, spontaneously breathing dogs187. In another study, 

the effect of preventive and curative ACZ treatment was investigated in rats exposed to chronic 

hypoxia188. Acetazolamide ameliorated the effects of chronic hypoxia on PVR and CO, but it did 

not affect the hemodynamic properties of the investigated animals. In addition, recently, it has 

been shown that ACZ ameliorates inflammation and experimental PH in the Sugen 5416/hypoxia 

model in rats185. In this study, Hudalla et al. focused on the importance of CA2 isoform in alveolar 

macrophages. However, when interpreting the results of CA inhibition with ACZ, we have to 

consider studies which demonstrated that the effects of ACZ on vasodilatation during hypoxia and 

inhibition of hypoxia-induced calcium responses are independent of CA enzymatic activity189, 190. 
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1.6. Aims of the study 

Pulmonary vascular remodeling as a hallmark of pulmonary hypertension (PH) has been 

characterized by several cancer-like features, including dysregulated proliferation and migration 

of pulmonary vascular cells and suppression of glucose oxidation accompanied by the secondary 

enhancement of glycolysis. Elevated expressions of membrane-bound carbonic anhydrases 9 and 

12 isoforms have been reported in various types of cancer. CA9 and 12 are the critical pH 

regulators responsible for maintaining the proliferative state of cancer cells. Therefore, we 

hypothesize that CA9 and 12 play an essential role in the pathogenesis of hypoxia and non-hypoxia 

induced PH and may subsequently represent novel therapeutic targets. 

 
In light of the background provided, the following investigations were conducted to address the 

research questions: 

1) mRNA and protein expression profile of CAs in IPAH patients, mouse PASMCs after 

hypoxia exposure and human PASMCs upon hypoxia and non-hypoxia stimulation 

2) role of HIF-1α and HIF-2α transcription factors on expression profile of CA9 and 12 in 

human PASMCs after hypoxia stimulation 

3) effect of CA9 and 12 inhibition or silencing on the proliferation of mouse and human 

PASMCs upon hypoxia and non-hypoxia stimulation 

4) effect of CA9 and 12 inhibition on the migration of human PASMCs upon hypoxia and 

non-hypoxia stimulation 

5) effect of CA9 and 12 inhibition on the pH homeostasis of human PASMCs 

6) effect of CA9 and 12 inhibition on the activation of human PASMCs protein kinases after 

hypoxia exposure 

7) effect of CA9 and 12 inhibition on hemodynamics, RV hypertrophy, structure and function 

and pulmonary vascular remodeling in experimental PH induced by MCT injection in rats 

and chronic hypoxia exposure in mice 

8) CA9 circulating levels in PH patients 
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Figure 6. Aims of the study. 

Are CA9 and 12 expression profiles upregulated in IPAH patients? Will hypoxia and 
non-hypoxia stimuli affect the expression of CA9 and 12 in PASMCs? If so, is it driven 
by HIF-1α or HIF-2α transcription factor? Do CA9 and 12 have a role in the increased 
proliferation and migration of PASMCs upon hypoxia and non-hypoxia stimulation? If 
so, which isoform has a higher impact? Are CA9 and 12 involved in intracellular pH 
homeostasis and extracellular acidification of highly proliferative human PASMCs? 
Do CA9 and 12 inhibition affect the activation of protein kinases in human PASMCs 
upon hypoxia stimulation? Will CA9 and 12 pharmacological inhibition have a 
beneficial therapeutic effect in experimental models of PH induced by MCT injection 
in rats and chronic hypoxia exposure in mice? Can CA9 become a prognostic 
circulating biomarker in PH patients? 
Abbreviations: GLUT - glucose transporter; HIF-1α - hypoxia-inducible factor 1 
alpha; NBC - Na+-dependent HCO3- cotransporter; AE - Cl-/HCO3- anion exchanger; 
pHe - extracellular pH; pHi - intracellular pH. 
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2.1. Material 

2.1.1. Equipment 

 
Equipment 
 

 
Company 
 

Automated microtome (Leica RM 2165) Leica Microsystems GmbH, Wetzlar, 
Germany 

Balance for substances (Mettler Toledo PB303 
Delta Range®) 

Mettler Toledo GmbH, Greifensee, 
Switzerland 

Cell incubator HERAcell 150 Thermo Fisher Scientific Inc., Waltham, 
MA, USA 

Centrifuge Mikro 200R Andreas Hettich GmbH & Co. KG, 
Tuttlingen, Germany 

ChemiDocTM Touch Imaging System Bio-Rad Laboratories GmbH, Hercules, 
CA, USA 

ChemiDocTM XRS+ Bio-Rad Laboratories GmbH, Hercules, 
CA, USA 

Culture Hood Heraeus GmbH, Hanau, Germany 
Flattening bath for paraffin sections (Leica HI 
1210) 

Leica Microsystems GmbH, Wetzlar, 
Germany  

Heating Block VWR, Bruchsal, Germany 
Heating chamber Memmert GmbH & Co. KG, Schwabach, 

Germany 
Heating Plate Hi 1220   Leica Microsystems GmbH, Wetzlar, 

Germany 
Hotplate/Stirrer (371) VWR International GmbH, Bruchsal, 

Germany 
Ice flake machine (Icematic F100 Compact)   Castelmac SPA, Castelfranco, Italy  
IncuCyte ZOOM   Essen BioScience Ltd., Ann Arbor, MI, 

USA 
InnoScan is900 Innopsys Inc., Chicago, IL, USA  
Ismatec® roller-pump Cole-Parmer GmbH, Wertheim Germany 
Light microscope (DMLA)    Leica Microsystems GmbH, Wetzlar, 

Germany 
Low Voltage Power Supplies Power pack 
P25T 

Biometra GmbH, Jena, Germany 

Microplate reader Infinite M200 Tecan Trading AG, Männedorf, 
Switzerland  
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Mini-PROTEAN® electrophoresis cells Bio-Rad Laboratories GmbH, Hercules, 
CA, USA 

Mx3000 qPCR System Agilent Stratagene, Santa Clara, CA, USA 
NanoDrop (ND-1000) Kisker-Biotech, Steinfurt, Germany 
Oxy Cycler A84 XOV BioSpherix, Parish, NY, USA 
Paraffin cooling station Leica EG 1150C Leica Microsystems GmbH, Wetzlar, 

Germany 
Paraffin embedding station Leica EG 1140H Leica Microsystems GmbH, Wetzlar, 

Germany 
PCR Plate sealer PX1 Bio-Rad Laboratories GmbH, Hercules, 

CA, USA 
766 Laboratory pH Meter, Calimatic Knick Elektronische Messgeraete GmbH & 

Co. KG, Berlin, Germany  
PowerLab system   AD Instruments GmbH, Spechbach, 

Germany 
Precelly® 24 Homogenizer PeqLab Biotechnologie GmbH, Erlangen, 

Germany 
QIAxcel Advanced System Qiagen GmbH, Hilden, Germany 
PamStation®12 platform PamGene International, s-Hertogenbosch, 

Netherlands 
Real-time polymerase chain reaction (PCR) 
Detection System (CFX Connect™)   

Bio-Rad Laboratories GmbH, Hercules, 
CA, USA 

Rectal thermometer Indus Instruments, Houston, TX, USA 
Roller mixer LLG - uniROLLER 10   Lab Logistics Group GmbH, Meckenheim, 

Germany 
Rotary microtome cryostat (CM1520) Leica Microsystems GmbH, Wetzlar, 

Germany 
Shaking table Swip   Edmund Bühler GmbH, Bodelshausen, 

Germany 
SPR - 671 Mikro-Tip® mouse pressure 
catheter, REF 8406719 

Millar Instruments Inc., Houston, TX, USA 

SPR - 320 Mikro-Tip® rat pressure catheter, 
REF 8408160 

Millar Instruments Inc., Houston, TX, USA 

Table Centrifuge Mikro 200R Andreas Hettich GmbH & Co. KG, 
Tuttlingen, Germany  

Thermocycler, T3000   Biometra GmbH, Jena, Germany 
Thermoregulation plate TCAT-2LV controller Physitemp Instruments Inc., Clifton, NJ, 

USA 
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Trans-Blot® SD Semi -dry Cell Bio-Rad Laboratories GmbH, Hercules, 
CA, USA 

Trans-Blot® Turbo Semi -dry Cell Bio-Rad Laboratories GmbH, Hercules, 
CA, USA 

Ultrapure Milli-Q® Merck KGaA, Darmstadt, Germany 
Vevo® 2100 high-resolution Imaging System FUJIFILM VisualSonics Inc., Toronto, 

Canada 
Vortexer MS1 Minishaker IKA GmbH, Staufen, Germany 
Water bath Memmert GmbH & Co. KG, Schwabach, 

Germany 
 

2.1.2. Chemicals and consumables 

 
Chemicals and consumables 
 

 
Company 
 

25 Culture-Inserts 2 Well for self-insertion 
(80209) 

Ibidi, Gräfelfing, Germany 

Acetone (32201) Merck KGaA, Darmstadt, Germany 
Adenosine (A9251)   Merck KGaA, Darmstadt, Germany 
Agarose (11406)   SERVA Electrophoresis GmbH, Heidelberg, 

Germany 
Agarose, low-gelling temperature (6351) Carl Roth GmbH & Co. KG, Karlsruhe, 

Germany 
Alkaline Phosphatase (AP) Polymer System 
(POLAP-100) 

Zytomed Systems GmbH, Berlin, Germany 

Amersham ECL Plus Western Blotting 
Detections System (29018903) 

GE Healthcare, Little Chalfont, UK 

Ammonium persulfate (APS, A3678) Promega GmbH, Madison, WI, USA 
Ampuwa® water (3478.1)   Carl Roth GmbH & Co. KG, Karlsruhe, 

Germany 
Antibody Diluent (ZUC025-100) Zytomed Systems GmbH, Berlin, Germany 
Automatic pipettes (100-1000 µl, 10-100 µl, 
1-10 µl) 

Eppendorf AG, Hamburg, Germany 

Background punisher (BP974) Biocare Medical LLC, Pacheco, CA, USA 
Bovine serum albumin (BSA, A7030) Merck KGaA, Darmstadt, Germany 
Bradford assay (5000114) Bio- Rad Laboratories GmbH, Hercules, 

CA, USA 
Buffer RLT (79216) Qiagen GmbH, Hilden, Germany 
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Human Carbonic Anhydrase IX Quantikine 
ELISA Kit (DCA900) 

R&D systems, Minneapolis, MN, USA 

Cannulas (16G, 18G) BD Microlance, Franklin Lakes, NJ, USA 
Carboxy SNARF-1 Thermo Fisher Scientific Inc., Waltham, 

MA, USA 
CAT Hematoxylin (CATHE-M) Biocare Medical LLC, Pacheco, CA, USA 
Cell culture dishes (35er, 60er, 100er) Sarstedt AG & Co. KG, Nümbrecht, 

Germany 
Cell culture plates (6, 12, 24, 96 well) Greiner Bio-One GmbH, Frickenhausen, 

Germany 
Cell proliferation ELISA kit, 
Bromodeoxyuridine (BrdU, colorimetric, 
11647229001) 

Sigma Aldrich, St. Louis, MO, USA 

Cell scrapers Greiner Bio-One GmbH, Frickenhausen, 
Germany 

Collagenase type IV Sigma Aldrich, St. Louis, MO, USA 
Combtips advanced (5 ml, 10 ml, 25 ml) Eppendorf AG, Hamburg, Germany 
Comp-Beads BD Biosciences, San Jose, CA, USA 
Conical centrifuge tubes (15 ml, 50 ml)   Greiner Bio-One GmbH, Frickenhausen, 

Germany 
Coverslips 24x36 mm Menzel GmbH & Co. KG, Braunschweig, 

Germany 
Cryo Tubes Sarstedt AG & Co. KG, Nümbrecht, 

Germany 
Dimethyl-sulfoxide (DMSO, D4540) Merck KGaA, Darmstadt, Germany 
Disodiumhydrogenphosphate dihydrate  
(Na2HPO4, 106580) 

Merck KGaA, Darmstadt, Germany 

Distilled Water (3478.1)   Carl Roth GmbH & Co. KG, Karlsruhe, 
Germany 

Distilled Water (dH2O, DNAse/RNAse-free, 
10977023) 

InvitrogenTM, Thermo Fisher Scientific Inc., 
Waltham, MA, USA 

DMEM-F12 (11320-033) GIBCOTM, Thermo Fisher Scientific Inc., 
Waltham, MA, USA 

DNAse (04536282001) Roche Diagnostics GmbH, Mannheim, 
Germany 

Dulbecco's Modified Eagle Medium (DMEM, 
31885023) 

GIBCOTM, Thermo Fisher Scientific Inc., 
Waltham, MA, USA 

Embedding cassettes Leica Microsystems GmbH, Wetzlar, 
Germany 
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Enrofloxacine (Baytril 2.5%®) Bayer Vital GmbH, Leverkusen, Germany 
Ethanol (pure) for molecular biology 
(108543) 

Merck KGaA, Darmstadt, Germany 

Ethanol 100% (27694)   Otto Fischar GmbH, Saarbrücken, 
Germany 

Ethanol 70% (ETO-5000-70-1) SAV Liquid Production GmbH, Flintsbach 
am Inn, Germany 

Ethanol 96% (27695) Otto Fischar GmbH, Saarbrücken, 
Germany 

Ethylenediaminetetraacetic acid (EDTA, 
8043) 

Carl Roth GmbH & Co. KG, Karlsruhe, 
Germany 

Fetal bovine serum (FBS, F0804) Merck KGaA, Darmstadt, Germany 
Fe3O4 ( Iron particles) Sigma Aldrich, St. Louis, MO, USA 
Filtered tips (10 µl, 100 µl, 1000 µl) Nerbe plus GmbH & Co. KG, Winsen, 

Germany 
Filtopur S 0.2 µm (83.1826.001) Sarstedt AG & Co. KG, Nümbrecht, 

Germany 
Fluoro Care Anti-Fade Mountant (FP001G10) Biocare Medical LLC, Pacheco, CA, USA 
Formaldehyde (3,5–3,7%, stabilized with 
methanol, 27244) 

Otto Fischar GmbH, Saarbrücken, 
Germany 

GeneRuler™ 100bp DNA Ladder (SM0313) Thermo Fisher Scientific Inc., Waltham, 
MA, USA 

Gibson Assembly® Cloning Kit (E5510S) New England Biolabs, Ipswich, MA, USA 
Glass bottles, beakers, cylinders DURAN Group Holding GmbH, Wertheim, 

Germany 
Glass bottles, beakers, cylinders VWR International LLC, Bruchsal, 

Germany 
Gloves (Nitra-Tex®) Ansell Ltd., Tamworth, UK 
Hand towels Essity Hygiene and Health, Stockholm, 

Sweden 
Hank's Balanced Salt Solution (HBSS, 
14025050) 

GIBCOTM, Thermo Fisher Scientific Inc., 
Waltham, MA, USA 

Heparin (Heparin-Natrium 5000 I.U.) Ratiopharm GmbH, Ulm, Germany 
Histological glass slides 25x75x1 mm 
(SuperFrost UltraPlus®)   

R. Langenbrinck GmbH, Emmendingen, 
Germany 

Recombinant Human IL-1 beta/IL-1F2 
Protein (201-LB) 

R&D systems, Minneapolis, MN, USA 

Recombinant Human IL-6 Protein (206-IL) R&D systems, Minneapolis, MN, USA 
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Recombinant Human PDGF-BB, Biotinylated 
Protein, (BT220) 

R&D systems, Minneapolis, MN, USA 

Recombinant Human TGF-beta 1, 
Biotinylated Protein, CF, (BT7754) 

R&D systems, Minneapolis, MN, USA 

Recombinant Human TNF-alpha, 
Biotinylated Protein (BT210) 

R&D systems, Minneapolis, MN, USA 

Hydrochloride (HCl, 37%, 4625.1) Carl Roth GmbH & Co. KG, Karlsruhe, 
Germany 

Hydrogen-peroxide (30%, 107209)   Merck KGaA, Darmstadt, Germany 
Intracellular pH Calibration Buffer Kit 
(P35379) 

Thermo Fisher Scientific Inc., Waltham, 
MA, USA 

iScript complementary DNA (cDNA) 
Synthesis Kit (1708890) 

Bio-Rad Laboratories GmbH, Hercules, 
CA, USA 

Isoflurane (HDG9623) Baxter Deutschland GmbH, 
Unterschleissheim, Germany 

Isopropyl-alcohol (99.8%, 190764) Merck KGaA, Darmstadt, Germany 
iTaq Universal SYBR® Green Supermix 
(1725124) 

Bio-Rad Laboratories GmbH, Hercules, 
CA, USA   

Ketamine (Ursotamin®) Serumwerk Bernburg AG, Bernburg, 
Germany 

Laemmli protein sample buffer (4x) for SDS -
PAGE (4x, 1610747) 

Bio-Rad Laboratories GmbH, Hercules, 
CA, USA 

L-Glutamine (P04-80100) GIBCOTM, Thermo Fisher Scientific Inc., 
Waltham, MA, USA 

Lipofectamine™ 2000 Thermo Fisher Scientific Inc., Waltham, 
MA, USA 

Lipofectamine™ 3000 Thermo Fisher Scientific Inc., Waltham, 
MA, USA 

Live Cell Imaging Solution (A59688DJ) Thermo Fisher Scientific Inc., Waltham, 
MA, USA 

lumox® multiwell, 96-well Sarstedt AG & Co. KG, Nümbrecht, 
Germany 

Medical adhesive bands 3M Health Care, St.Paul, MN, USA 
Medium 199 (M199, 31150022) GIBCOTM, Thermo Fisher Scientific Inc., 

Waltham, MA, USA 
Methanol (99.8%, 32213) Merck KGaA, Darmstadt, Germany 
Micro tubes (0.5 ml, 1.5 ml, 2.0 ml) Sarstedt AG & Co. KG, Nümbrecht, 

Germany 
Microfil® (MV122 Yellow) Flow Tech Inc., Carver, MA, USA   
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Microtome blades (MX35 Premier) Thermo Fisher Scientific Inc., Waltham, 
MA, USA 

Monocrotaline (Crotaline®) Sigma Aldrich, St. Louis, MO, USA 
M-PER lysis buffer (78501) Thermo Fisher Scientific Inc., Waltham, 

MA, USA 
Multipette E3x Eppendorf AG, Hamburg, Germany 
MultiplateTM PCR Plate 96-Well, clear Bio-Rad Laboratories GmbH, Hercules, 

CA, USA 
Nano-Glo® Dual-Luciferase® Reporter 
Assay System 

Promega GmbH, Madison, WI, USA 

Needles (BD Microlance 3®) (18G/1.2 mm x 
40 mm, 20G/0.9 mm x 40 mm, 26G/0.45 mm 
x 13 mm) 

Becton Dickinson GmbH, Heidelberg, 
Germany 

Neubauer counting chamber Paul Marienfeld GmbH & Co. KG, Lauda-
Königshofen, Germany 

Non-tissue culture treated Petri dishes Sarstedt AG & Co. KG, Nümbrecht, 
Germany 

Nuclear Fast Red (Kernechtrot 
Aluminiumsulfat, 2E-012) 

Waldeck GmbH & Co. KG, Münster, 
Germany 

Opti-MEM™, Reduced Serum Medium 
(31985062) 

GIBCOTM, Thermo Fisher Scientific Inc., 
Waltham, MA, USA 

Parafilm® Merck KGaA, Darmstadt, Germany 
Paraformaldehyde (PFA, sc-281692) Santa Cruz Biotechnology Inc., Dallas, TX, 

USA 
Paraplast Plus® for tissue embedding (P3683) Merck KGaA, Darmstadt, Germany 
Penicillin/Streptomycin (15070-063)   GIBCOTM, Thermo Fisher Scientific Inc., 

Waltham, MA, USA 
pGL3 Luciferase Reporter Vectors (E1751) Promega GmbH, Madison, WI, USA 
Phenylmethansulfonylfluorid (PMSF, P7626) Merck KGaA, Darmstadt, Germany 
Phenylmethylsulfonyl Fluoride (PVDF) -
membrane 

Pall Deutschland Holding GmbH & Co. 
KG, Dreieich, Germany 

Phosphate-buffered saline (D-PBS, P04-
53500) 

PAN-Biotech GmbH, Aidenbach, Germany 

Picrosirius red staining kit (ab150681) Abcam, Cambridge, UK 
Pierce™ BCA Protein Assay Kits (23225) Thermo Fisher Scientific Inc., Waltham, 

MA, USA 
Pierce Protease and Phosphatase Inhibitor 
Mini Tablets (A32959) 

Thermo Fisher Scientific Inc., Waltham, 
MA, USA 
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Polyethylenglycol 400 (PEG, B21992.30) Thermo Fisher Scientific Inc., Waltham, 
MA, USA 

Potassium chloride (KCl, 6781.1) Merck KGaA, Darmstadt, Germany 
Potassiumdihydrogenphosphate (KH2PO4, 
104873) 

Merck KGaA, Darmstadt, Germany 

Precision Plus Protein Dual Color Standards 
(1610374) 

Bio-Rad Laboratories GmbH, Hercules, 
CA, USA 

Primers (listed below) Metabion International AG, Planegg, 
Germany 

Promoter-Driven Control NanoLuc® 
Luciferase Vectors, CMV (N1091) 

Promega GmbH, Madison, WI, USA 

Protease-Inhibitor-Cocktail cOmplete™ Mini 
EDTA-free 

Roche Diagnostics GmbH, Mannheim, 
Germany 

RIPA Lysis Buffer System (sc-24948A) Santa Cruz Biotechnology Inc., Dallas, TX, 
USA 

RNeasy Micro Kit (74004) Qiagen GmbH, Hilden, Germany 
RNeasy Mini Kit (74106) Qiagen GmbH, Hilden, Germany   
RPMI medium 1640 (P04-16500) PAN-Biotech GmbH, Aidenbach, Germany   
S4 (5577) Tocris Bioscience, Bristol, UK 
Saline solution (0,9% NaCl, 3570160) B.Braun Melsungen AG, Melsungen, 

Germany 
Serological pipette (5 ml, 10 ml, 25 ml, 50 
ml) 

BD Falcon, Heidelberg, Germany 

Skimmed milk powder (T145.3) Carl Roth GmbH & Co. KG, Karlsruhe, 
Germany 

SmBM™ Smooth Muscle Cell Growth Basal 
Medium, (CC-3181) 

Lonza, Basel, Switzerland 

SmGM™-2 Smooth Muscle Cell Growth 
Medium-2 BulletKit™ (CC-3182) 

Lonza, Basel, Switzerland 

SmGM™-2 Smooth Muscle Cell Growth 
Medium-2 SingleQuots™ Supplements and 
Growth Factors (CC-4149) 

Lonza, Basel, Switzerland 

Smooth Muscle Cell Growth Medium 2 (C-
22062) 

PromoCell GmbH, Heidelberg, Germany 

Sodium dodecyl sulfate (SDS, AM9820)   InvitrogenTM, Thermo Fisher Scientific Inc., 
Waltham, MA, USA 

SureTag DNA Labelling Kit (5190-3400) Agilent Technologies Inc. Santa Clara, CA, 
USA   
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Surgical instruments Fine Science Tools GmbH, Heidelberg, 
Germany 

SYBR® Safe DNA gel stain (S33102) InvitrogenTM, Thermo Fisher Scientific Inc., 
Waltham, MA, USA 

Syringes (Injekt®-F) (1 ml, 2 ml, 5 ml, 20 ml) Carl Roth GmbH & Co. KG, Karlsruhe, 
Germany 

Tetramethylethylenediamine (TEMED, 
2367.3) 

Carl Roth GmbH & Co. KG, Karlsruhe, 
Germany 

Thiazolyl Blue Tetrazolium Blue (MTT), 
(M5655-1G) 

Sigma Aldrich, St. Louis, MO, USA 

Thread, black no.16 Coats GmbH, Kenzingen, Germany 
Tips for automatic pipettes (200 µl, 1000 µl, 
10 µl) 

Sarstedt AG & Co. KG, Nümbrecht, 
Germany 

TRIS (4855.2) Carl Roth GmbH & Co. KG, Karlsruhe, 
Germany 

Tris-buffered saline 20x (TBS, ZUC052-500) Zytomed Systems GmbH, Berlin, Germany 
TRIS-HCl (9090.2) Carl Roth GmbH & Co. KG, Karlsruhe, 

Germany 
TritonX-100 (X100) Merck KGaA, Darmstadt, Germany    
Trypsin/EDTA (10x, P10-024100) PAN-Biotech GmbH, Aidenbach, Germany 
Tween® 20 (P1379) Merck KGaA, Darmstadt, Germany 
Water, sterile (00088992) B.Braun Melsungen AG, Melsungen, 

Germany 
Whatman Gel Blotting Paper GE Healthcare, Little Chalfont, UK 
Xylazine 20 mg/ml Serumwerk, Bernburg, Germany 
Xylol (9713.2) Carl Roth GmbH & Co. KG, Karlsruhe, 

Germany 
β-Mercaptoethanol (4227.3) Carl Roth GmbH & Co. KG, Karlsruhe, 

Germany 
 

2.1.3. Software 
 
Software 
 

 
Company 

Analyze Pro software Mayo Clinic, Rochester, MI, USA 
Adobe Illustrator Adobe Inc., San José, CA, USA 
Adobe Photoshop Adobe Inc., San José, CA, USA 
Bionavigator PamGene International, s-Hertogenbosch, 

Netherlands 
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CFX Manager™ Software Bio-Rad Laboratories GmbH, Hercules, 
CA, USA 

Evolve 12 PamGene International, s-Hertogenbosch, 
Netherlands 

GraphPad Prism Version 8 GraphPad Software Inc., La Jolla, CA, 
USA 

IncuCyte Software Essen BioScience Ltd., Ann Arbor, MI, USA 
Image Lab Version 4.1 Bio-Rad Laboratories GmbH, Hercules, 

CA, USA 
Tecan i-control™ Microplate Reader 
Software 

Tecan Trading AG, Männedorf, Switzerland 

Microsoft Office 2016 Microsoft Corporation, Redmond, WA, USA   
Qwin software Leica Microsystems GmbH, Wetzlar, 

Germany 
VisualSonics Vevo LAB  FUJIFILM VisualSonics Inc., Toronto, 

Canada 
 

2.1.4. Primer sequences 
 
Gene abbreviation 
 

 
Sequence 

Human CA1 Forward: 5’ TGTTCCATCCTGTAGGCTGATCC 3’ 
Reverse: 5’ TGCTCCATTGTTCAGGACCATTTT 3’ 

Human CA2 Forward: 5’ ATGCTGCAGAACTTCACTTGGTT 3’ 
Reverse: 5’ ACAACTTTCTGAAGGCCCGGT 3’ 

Human CA3 Forward: 5’ GCAGCGGAGCTTCATTTGGT 3’ 
Reverse: 5’ GGAACTCGCCATTCTCATGTCC 3’ 

Human CA4 Forward: 5’ TTTGCTGTCCCGCAAGATGC 3’ 
Reverse: 5’ AGGACTCGGCTTGAACCTCG 3’ 

Human CA5 Forward: 5’ GTTTTTAAAGCTCGGGGCCCAT 3’ 
Reverse: 5’ GCAGAGTGGAGGGGTCGAAG 3’ 

Human CA6 Forward: 5’ TGTCAAGCTCTCCAGGACACA 3’ 
Reverse: 5’ TGGCCCTTGCCCTGATTCG 3’ 

Human CA7 Forward: 5’ GCCGGCACTACTGGACCTAC 3’ 
Reverse: 5’ TCCCCATCTGCCTTTCAGAGATG 3’ 

Human CA8 Forward: 5’ CGCCATCATTGCTCTGTTTGTTC 3’ 
Reverse: 5’ CGCAGCAGAGGGTCTGGTAA 3’ 

Human CA9 Forward: 5’ CACCGCCTTTGCCAGAGTTG 3’ 
Reverse: 5’ CTCTGAGCCTTCCTCAGCGA 3’ 
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Human CA10 Forward: 5’ TCGTCTGCATATCAGCTCAACAGA 3’ 
Reverse: 5’ CCGTTTCCCCACAGAGCAAAG 3’ 

Human CA11 Forward: 5’ CACATCGGACCAGCACCTGA 3’ 
Reverse: 5’ ACACAGACTCCACGCTGCAT 3’ 

Human CA12 Forward: 5’ GCCCCAGTGAACGGTTCCAA 3’ 
Reverse: 5’ GCAGGTCTATGGGGGACTGC 3’ 

Human CA13 Forward: 5’ CGAGGCTCAGCTGGGGATAC 3’ 
Reverse: 5’ AGTGGTCGGAGGGAAGAGTCA 3’ 

Human CA14 Forward: 5’ GCTGCAGATGGGGGTCAACA 3’ 
Reverse: 5’ TGGGCGACTGGGCATTGTTT 3’ 

Human PBGD Forward: 5’ CAGCTTGCTCGCATACA 3’ 
Reverse: 5’ GAATCTTGTCCCCTGTGGTG 3’ 

Mouse CA2 Forward: 5’ GCAACCGGATGGATTGGCTG 3’ 
Reverse: 5’ CGCACGCTTCCCCTTTGTTT 3’ 

Mouse CA3 Forward: 5’ GCACACCGTGGACGGAGTAAA 3’ 
Reverse: 5’ CCTTTCTCCCGTCCTATCTTCAGG 3’ 

Mouse CA4 Forward: 5’ GGCAGCGTCTTTCCCCTCAA 3’ 
Reverse: 5’ CTTCTCAGGCCCCAAGCAACT 3’ 

Mouse CA5A Forward: 5’ GTGGACGGCCATACCTACCC 3’ 
Reverse: 5’ GATGCGCCCCGAGCTTCA 3’ 

Mouse CA9 Forward: 5’ CCTTTCTGCAGGAGAGCCCA 3’ 
Reverse: 5’ GTAGTAGCGGCTGAGGTCCG 3’ 

Mouse CA12 Forward: 5’ TCGCCAGGACAAAGATGCCT 3’ 
Reverse: 5’ TTTCCCCAGCAGGACCAACA 3’ 

Mouse β2M Forward: 5’ CGGTGACCGTGATCTTTCTG 3’ 
Reverse: 5’ AGGAAGTTGGGCTTCCCATT 3’ 

 
2.1.5. siRNAs 

 
siRNA 
 

 
Catalog ID 

 
Company 

ON-TARGETplus Non-targeting 
siRNA Control#1 

D-001810-01-20 Dharmacon, Lafayette, CO, 
USA 

SMARTpool: ON-TARGETplus 
Human CA9 siRNA 

L-005244-00-0010 Dharmacon, Lafayette, CO, 
USA 

SMARTpool: ON-TARGETplus 
Human CA12 siRNA 

L-003634-00-0010 Dharmacon, Lafayette, CO, 
USA 

SMARTpool: ON-TARGETplus 
Human EPAS1 siRNA 

L-004814-00-0010 Dharmacon, Lafayette, CO, 
USA 
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SMARTpool: ON-TARGETplus 
Human HIF1A siRNA 

L-004018-00-0010 Dharmacon, Lafayette, CO, 
USA 

 
2.1.6. Carbonic anhydrase 9 promoter sequences 

 
CA9 promoter 
 

 
Sequence 

WT CCCCGATAACCTTCTGCCTGTGCACACACCTGCCCCTCA
CTCCACCCCCATCCTAGCTTTGGTATGGGGGAGAGGGC
ACAGGGCCAGACAAACCTGTGAGACTTTGGCTCCATCT
CTGCAAAAGGGCGCTCTGTGAGTCAGCCTGCTCCCCTCC
AGGCTTGCTCCTCCCCCACCCAGCTCTCGTTTCCAATGC
ACGTACAGCCCGTACACACCGTGTGCTGGGACACCCC 

HRE-mut CCCCGATAACCTTCTGCCTGTGCACACACCTGCCCCTCA
CTCCACCCCCATCCTAGCTTTGGTATGGGGGAGAGGGC
ACAGGGCCAGACAAACCTGTGAGACTTTGGCTCCATCT
CTGCAAAAGGGCGCTCTGTGAGTCAGCCTGCTCCCCTCC
AGGCTTGCTCCTCCCCCACCCAGCTCTCGTTTCCAATGC
TTTTACAGCCCGTACACACCGTGTGCTGGGACACCCC 

 
2.1.7. Antibodies 

 
Antibody 
 

 
Host species 

 
Company 

Anti-α-smooth muscle actin antibody, 
clone 1A4 (A5228)  

Mouse Sigma Aldrich, St. Louis, MO, 
USA 

Anti-beta-actin antibody (ab8226) Mouse Abcam, Cambridge, UK 
Anti-CA9 antibody (11071-1-AP)  Rabbit Proteintech, Sankt Leon-Rot, 

Germany 
Anti-CA12 antibody (15180-1-AP) Rabbit Proteintech, Sankt Leon-Rot, 

Germany 
Anti-HIF-1α (10006421) Rabbit Cayman Chemical Company, 

MI, USA 
Anti-HIF-2α (AF2997-SP) Rabbit R&D systems, Minneapolis, 

MN, USA 
Anti-Mouse IgG, horseradish-
peroxidase-labelled (secondary) antibody 
(W4011) 

Goat Promega GmbH, Madison, WI, 
USA 

Anti-Rabbit IgG, horseradish-peroxidase-
labelled (secondary) antibody (W4021) 

Goat Promega GmbH, Madison, WI, 
USA 
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Anti-von Willebrand factor (vWF) 
antibody (A0082) 

Rabbit Dako Deutschland GmbH, 
Hamburg, Germany 

 
2.2. Methods 

2.2.1 Experimental animals and human samples 

We have used the following animal species obtained from Charles River Laboratories, Sulzfeld, 

Germany for this study: adult male 1) Sprague-Dawley rats (Species: Rattus norvegicus) (300-

350g of body weight (BW)) and 2) C57BL/6 J mice (Species: Mus musculus) (20-22g BW). Rats 

and mice were maintained under controlled temperature conditions (22 ± 2ºC), day and night cycle 

(14/10 hours), relative humidity (55 ± 10%) and food and water was provided ad libitum. All in 

vivo studies were performed according to the guidelines of the University of Giessen and were 

approved by the local ethical authorities (Regierungspräsidium Giessen, reference number - GI 

20/10 Nr. G35/2017). All human lung tissue and plasma samples investigated in this study were 

provided by the UGMLC Giessen Biobank. From each subject informed consent was obtained in 

a written form. The study complied with the Declaration of Helsinki, and the protocol was 

approved by the Ethics Committee of the faculty of medicine at Justus-Liebig University of 

Giessen, Germany, for lung tissue (No. 111/08 and 58/15) and plasma (No. 100/2013) samples.  

 

2.2.2. Monocrotaline (MCT)-induced pulmonary hypertension in rats 

A pyrrolizidine alkaloid monocrotaline (MCT) is the main toxic substance isolated from the plant 

Crotalaria spectabilis. MCT is frequently used to induce experimental pulmonary hypertension, 

as we have previously published37, 192, 193. Basically, the experimental PH in this study was induced 

in adult male Sprague-Dawley rats (300-350g BW) via single subcutaneous (s.c.) administration 

of MCT at the dose of 60mg/kg in the area of animal neck. Fully established pulmonary vascular 

disease usually develops 5 weeks after the MCT injection. According to our developed protocol, 

MCT solution was freshly prepared by dissolving this alkaloid in 1N HCl and 1N NaOH. In details, 

250mg of MCT was dissolved in 3ml of 1N HCl and 2ml of 1N NaOH with final adjustment of 

pH at 7.4. An s.c. injection was administered at day 0, while the healthy control rats received only 

the vehicle (HCl and NaOH) according to BW. In order to avoid possible infections, animals were 

receiving an antibiotic solution (2.5% baytril) from day 1 to 15 after the MCT injection. This 

antibiotic was dissolved in the drinking water, at a concentration of 2ml of baytril in 500ml of 

water. 
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2.2.3. Chronic hypoxia-induced pulmonary hypertension in mice 

C57BL/6 J mice were exposed to chronic hypoxic (Hox) conditions (10% O2) in duration of 5 

weeks in order to develop PH, as we have previously described37, 192-195. In general, the mice were 

kept in ventilated hypoxic chambers under the temperature range from 22-24°C and the constant 

level of hypoxia was held by an autoregulatory control unit (Oxy Cycler A84 XOV). Mice exposed 

to normoxic (Nox) conditions (21% O2) in a ventilated chamber served as a healthy control. 

 

2.2.4. In vivo studies: experimental design 

In order to investigate the effects of CA9 and 12 inhibition on development of experimental PH, 

we have used S4 inhibitor at the doses of 10 mg/kg (Figure 7a) and 100 mg/kg BW (Figure 7b) for 

rats and mice, respectively. In general, 3 weeks upon the MCT injection or chronic hypoxia 

exposure, animals started receiving the S4 inhibitor (Tocris Bioscience, Bristol, UK) via the i.p. 

application once per day for the next 2 weeks. Placebo groups received only the vehicles (PEG 

400 (37,5%), Ethanol (12,5%), NaCl 0,9% (50%)). Echocardiographic assessment of the right 

ventricular structure and function was performed 2 times, as indicated in the scheme below (Figure 

7). At the end of experiments (5 weeks), both rats and mice underwent the hemodynamic 

measurements, followed by determination of right ventricular hypertrophy (Fulton´s index), 

pulmonary vascular morphometry and tissue harvesting. 
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Figure 7. Experimental design of the S4 treatment study.  

Schematic representation of the experimental design for investigation of CA9 and 12 
inhibitor (S4) in a) monocrotaline-induced pulmonary hypertension in rats and b) 
chronic hypoxia-induced pulmonary hypertension in mice. 
Abbreviations: Nox - normoxia; Hox - hypoxia; MCT - monocrotaline; i.p. - 
intraperitoneal administration. 

 

2.2.5. Non-invasive echocardiography  

We have performed the echocardiography as the leading non-invasive diagnostic imaging 

technique to obtain data on function and morphology of the right heart, as we have previously 

reported in the literature196-199. In this project, the images were acquired with a VEVO2100 high 

resolution imaging system (VisualSonics, Toronto, Canada) using the MicroScan linear array 

transducer MS250 (13-24 Mhz) for MCT rat and the MS550D (22-55 Mhz) for chronic Hox mice 

models of PH. Calculations were performed offline with the according software Vevo LAB 

provided by VisualSonics. The following parameters were assessed in our study: right ventricular 

internal diameter (RVID), right ventricular wall thickness (RVWT), tricuspid annular plane 
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systolic excursion (TAPSE), Pulsed tissue Doppler-derived right ventricular annular systolic 

excursion velocity (S´RV) and cardiac index (CI). 

 

 
Figure 8. Echocardiography diagnostic imaging. 

a) VEVO2100 high resolution imaging system, b) heating platform with 
electrocardiogram electrodes, c) isoflurane anesthesia system, d) example of 
echocardiography imaging in small animal rodents. 

 

2.2.6. Hemodynamic and right ventricular hypertrophy (RVH) measurements  

At the end of 5 weeks upon the MCT injection in rats and chronic hypoxia exposure in mice, we 

have used the Millar catheters for the invasive measurements of the systemic arterial pressure 

(SAP) and right ventricular systolic pressure (RVSP), similarly as we have described previously196-

199. Briefly, during inhaled anesthesia and introduction of the mechanical ventilation, the right 

jugular vein was exposed, and the Millar catheter was forwarded through this vessel to the right 

ventricle for the measurement of RVSP. In the case of SAP measurement, we have used the left 

carotid artery.  

 

Upon the completion of hemodynamics, the hearts of both animal models were extracted and 

dissected to separate right ventricle (RV) from the left ventricle and septum (LV+S).The weight 

ratio of these two components (RV/(LV+S)) was calculated as a measure of right ventricular 

hypertrophy (RVH), as we have previously described196, 198, 199. 
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2.2.7. Lung tissue processing 

After the completion of the hemodynamic measurements, the abdomen and thoracic cavity of 

animals were opened and both heart ventricles were incised in order to allow the removal of blood. 

Briefly, the right ventricle was initially incised at approximately 5mm below the base of pulmonary 

artery and the lungs were flushed out of blood by a cannula connected to a reservoir with saline 

solution, which was inserted into the pulmonary artery through the right ventricle. Once the 

flushing was finalized, the right lung lobes were snap frozen in liquid nitrogen and stored for 

further analyses, while the left lungs were prepared for histology using a cannula inserted into the 

pulmonary artery and connected to a reservoir filled with 3.5-3.7% formalin solution. After the 

formalin fixation, the lungs were later placed in histological cassettes, dehydrated in an automatic 

dehydration machine and then embedded in paraffin. For different staining procedures, the sections 

of 3µm in diameter were cut from the paraffin blocks using a microtome. 

 

 
Figure 9. Immunohistochemistry: lung tissue processing and morphometry. 

a) Dehydration machine, b) embedding machine and microtome, c) immunostaining 
procedure, d) histological morphometry. 

 

2.2.8. Histological assessment of the pulmonary vascular remodeling: degree of 

muscularization 

The assessment of pulmonary vascular remodeling was performed by the morphometric 

determination of the degree of muscularization of the rats and mice small peripheral pulmonary 

vessels, as we have published before200-202. Initially, the sections of formalin-fixed and paraffin 

embedded lung tissues were obtained as mentioned above, and double immunostaining was 

performed with an anti-α-smooth muscle actin (αSMA) and anti-von Willebrand factor antibodies. 
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The degree of muscularization was analyzed by categorizing the small pulmonary vessels (20-

50µm in size for MCT rat model and 20-70µm in size for chronic Hox mice model) into 3 groups: 

fully muscularized, partially muscularized and non-muscularized. All morphometric analyses were 

done in a blinded fashion manner. 

 

2.2.9. Isolation of mouse pulmonary artery smooth muscle cells (PASMCs) 

Mouse PASMCs were isolated from pulmonary precapillary arteries as previously described203. In 

detail, the pulmonary artery was cannulated and 3 ml of Medium 199 (M199) containing 5mg/ml 

Fe3O4, 5mg/ml low melting point agarose, 1% penicillin and 1% streptomycin was injected into 

mice. Because iron particles do not pass through capillaries, only precapillary arteries were filled 

with the rapidly solidifying agarose and iron. Next, lung tissue was minced with scissors in 1ml 

phosphate buffered saline (PBS) and mixture was suspended in 10ml PBS in a magnetic holder, 

attracting the pulmonary arteries containing the iron particles and agarose. The supernatant was 

aspirated and the arteries, after washing 3 times with PBS, were moved into Petri dishes containing 

10ml of M199 with 80U/ml collagenase. and incubated at 37°C for one hour. Upon incubation, 

tissue mixture was disrupted by drawing it through 15- and 18-gauge needles. The resulting 

suspension was washed 3 times with M199 containing 10% fetal bovine serum (FBS) in the 

magnetic holder. Pulmonary artery medial layer was resuspended in medium, transferred to culture 

flasks and incubated at 37°C in the cell incubator for approximately 5 days. Cells were split upon 

reaching 80% confluence and cultured for two passages in human medium for SMC (PromoCell, 

Heidelberg, Germany) with 15% FBS. For this study, experimental procedures included PASMCs 

exposure to hypoxic (1% O2) or normoxic (21% O2) conditions for different duration of time (6 

hours, 1, 3 and 5 days), and subsequently analysis for CAs mRNA and protein expression. In 

addition, mouse PASMCs were treated with either S4 inhibitor or dimethyl sulfoxide (DMSO) and 

exposed to hypoxic (1% O2) or normoxic (21% O2) conditions for 72 hours, followed by 

proliferation measurements. 
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2.2.10. Human pulmonary artery smooth muscle cell in vitro culture, RNA isolation and real-

time polymerase chain reaction (PCR) 

Donor human PASMCs were purchased from Lonza, Basel, Switzerland and cultured in Smooth 

Muscle Growth Medium-2 (Lonza, Basel, Switzerland) containing supplement-mix. Supplements 

include recombinant human fibroblast growth factor-B (rhFGF-B), recombinant human epidermal 

growth factor (rhEGF), insulin and antibiotics gentamicin and amphotericin. Human PASMCs 

passage 7 were incubated at 37°C in a humidified atmosphere of 5% CO2 in either normoxic (21% 

O2) or hypoxic (1% O2) conditions for a period of 24 and 48 hours. In experiments investigating 

non-hypoxia stimuli hPASMC were cultured in Smooth Muscle Cell Basal Medium in the presence 

of antibiotics, which served as unstimulated control. Furthermore, cells were stimulated with either 

30 ng/ml of human transforming growth factor beta (TGF-β), 30 ng/ml of human tumor necrosis 

factor alpha (TNF-α) or 50 ng/ml of human platelet-derived growth factor (PDGF-BB) for a period 

of 24, 48 and 72 hours. In both experimental designs, after the incubation period cell lysates were 

prepared for the qPCR measurement. Briefly, cells were washed once with 500 µl of ice-cold PBS 

before adding 300 µl/well of RLT lysis buffer (Qiagen GmbH, Hilden, Germany) completed with 

10µl/ml of mercaptoethanol.  

 

Total RNA (1µg) was extracted from isolated PASMCs or lung homogenates from human IPAH 

patients and donors using RNeasy Mini Kit (Qiagen GmbH). Complementary DNA (cDNA) was 

produced by reverse transcriptase polymerase chain reaction via iScript cDNA Synthesis Kit (Bio-

Rad, Hercules, CA, USA). Real-time PCR was performed in Mx3000P (Agilent Stratagene, Santa 

Clara, CA, USA) or CFX Connect™ (Bio-Rad) qPCR system using the iTaq Universal SYBR 

Green Supermix (Bio-Rad). List of primers used is listed above (2.1.4. Primer sequences). 

Porphobilinogen deaminase (PBGD) served as a housekeeping gene. The cycling protocol was 

1x(95°C, 10 min) and 45x(95°C, 5s; 62°C, 5s, 72°C, 10s). Each gene was measured in duplicate. 

In order to confirm specific amplification of the expected PCR product, melting curve analysis and 

agarose gel electrophoresis with SYBR® Safe DNA gel stain (Invitrogen, Waltham, MA, USA) 

were performed. The ΔCt values were calculated by subtracting the Ct values of the target gene 

from the endogenous control (ΔCt = Ct [endogenous control] - Ct [target]) and the fold change 

2ΔΔCt was calculated as described previously204. 
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2.2.11. RNA interference by synthetic siRNA 

Selective targeting of HIF-1α, HIF-2α, CA9 and 12 was performed using a pool of specific small 

interfering RNA (siRNA). Scrambled siRNA sequence (SCR siRNA) which does not target any 

gene was used as a control. SiRNAs used are listed above (2.1.5. siRNAs). Transfection was 

performed in Smooth Muscle Cell Basal Medium without antibiotics when PASMCs have reached 

approximately 60 % confluence. The medium was changed four hours prior to transfection 

performed using a Lipofectamine™ 2000 Transfection Reagent (Thermo Fisher Scientific Inc., 

Waltham, MA, USA). SiRNA was used at concentration of 100 nM and both siRNA and 

transfection reagent were diluted in Opti-MEM™ medium (GIBCOTM, Waltham, MA, USA). 

Following five hours upon transfection, the medium was changed to Smooth Muscle Growth 

Medium-2 containing antibiotics. 

 

2.2.12. Dual-luciferase reporter assay 

Human lung epithelial cell line (A549) were co-transfected with either wild-type (WT) or hypoxia 

responsive element (HRE) mutated (HRE-mut) CA9 promoter cloned into pGL3 firefly luciferase 

reporter vector and promoter driven pNL1.1.CMV[Nluc/CMV] NanoLuc® control vector 

(Promega GmbH, Madison, WI, USA). Cloning was accomplished by Gibson Assembly® Cloning 

Kit (New England Biolabs, Ipswich, MA, USA). WT and HRE-mut CA9 promoter sequences are 

listed above (2.1.6. Carbonic anhydrase 9 promoter sequences). Co-transfection was performed 

by Lipofectamine™ 3000 (Thermo Fisher Scientific Inc., Waltham, MA, USA) with 1.5 µg of 

total DNA (1485 ng of firefly and 15 ng of NanoLuc DNA) following the manufacturer’s 

instructions. Following the transfection, A549 cells were exposed to normoxia (21% O2) or 

hypoxia (1% O2) conditions for 24 hours. Subsequently, Nano-Glo® Dual-Luciferase® Reporter 

Assay System (Promega GmbH) was performed following the manufacturer’s instructions. Firefly 

and NanoLuc luciferase luminescence were measured by Infinite M200 microplate reader (Tecan 

Trading AG, Männedorf, Switzerland) and the results were calculated as a Firefly/NanoLuc RLU 

ratio. 

 

2.2.13. Western blot analysis 

Human donor PASMCs passage 7 were incubated at 37°C in a humidified atmosphere of 5% CO2 

in either normoxic (21% O2) or hypoxic (1% O2) conditions for a period 48 hours. In experiments 
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investigating stimulation with non-hypoxia stimuli, including TGF-β, TNF-α, PDGF-BB, IL-1 and 

IL-6, hPASMC were cultured in Smooth Muscle Cell Basal Medium in the presence of antibiotics 

for a period of 48 hours. Used concentration of non-hypoxia stimuli were described above, except 

IL-1 and IL-6 which were used at 10 ng/ml.  

 

Proteins from PASMCs were extracted using a cell scraper. Proteins from lung tissue samples of 

chronic hypoxia-induced PH mice were extracted by Precelly®24 Homogeniser (PeqLab 

Biotechnologie GmbH, Erlangen, Germany). RIPA lysis buffer (Santa Cruz Biotechnology Inc., 

Dallas, TX, USA) completed with phenylmethylsulfonyl fluoride (PMSF), sodium orthovanadate 

and protease inhibitor cocktail was added to the PASMCs or homogenized tissue. Following 

incubation on ice, samples were centrifuged (20,000xg, 15 minutes, 4°C) and Pierce™ BCA 

Protein Assay (Thermo Fisher Scientific Inc., Waltham, MA, USA) was used to determine protein 

concentration in the supernatant. Protein quantity of 20µg/µL was used for Western blotting. 

Protein extracts were separated on a 12% or 15% sodium dodecyl sulfate (SDS) polyacrylamide 

gel, followed by electrotransfer to a 0.45 µm polyvinylidene fluoride membrane (PVDF, Pall 

Corporation, Dreieich, Germany). Next, membrane was blocked with 5% non-fat dry milk in TBS-

T buffer (Tris Buffer Saline + 0.1% Tween 20) for one hour and subsequently incubated overnight 

at 4°C with anti-CA9 (1:1000 dilution), CA12 (1:1000 dilution), HIF-1α (1:1000 dilution), HIF-

2α (1:1000 dilution) or anti-β-actin (1:50000 dilution) antibodies. Details of all the antibodies used 

are listed above (2.1.7. Antibodies). Following membrane washing in TBS-T buffer three times 

for 10 min, specific immunoreactive signals were detected by enhanced chemiluminescence (GE 

Healthcare, Little Chalfont, UK) using an appropriate secondary antibody coupled to horseradish-

peroxidase. 

 

2.2.14. Measurement of PASMCs proliferation and cell viability 

Proliferation of human and mouse PASMCs was assessed by 5-bromo-2′-deoxyuridine (BrdU) 

assay (Sigma Aldrich, St. Louis, MO, USA). In more details, 5000/well of human PASMCs were 

seeded into 24-well plates and following the 24 hours starvation period PASMCs were incubated 

at 37°C in a humidified atmosphere of 5% CO2 in either normoxic (21% O2) or hypoxic (1% O2) 

conditions for 72 hours. PASMCs were cultured in Smooth Muscle Growth Medium-2 and treated 

with different concentrations of S4 (10 and 50µM). BrdU labeling reagent was added 18 hours 
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towards the end of the incubation period. The absorbance of the substrate reaction was measured 

at 370nm (reference wavelength 492nm) by Infinite M200 microplate reader. Same conditions 

were applied for mouse PASMCs. In case of the experiments investigating non-hypoxia stimuli, 

human PASMCs were cultured in Smooth Muscle Cell Basal Medium containing antibiotics and 

stimulated with 50 ng/ml of PDGF-BB. In addition, same experimental design (hypoxia and 

PDGF-BB induced proliferation) was coupled with siRNA-driven specific knockdown of CA9 and 

12. 

 

Assessment of human and mouse PASMCs cell viability was performed by Thiazolyl Blue 

Tetrazolium Blue (MTT) assay (Sigma Aldrich, St. Louis, MO, USA). Briefly, 5000/well of mouse 

or human PASMCs were seeded into 96-well plates and following the recovery period PASMCs 

were incubated at 37°C in a growth medium containing various concentration of S4 for 24 hours. 

Subsequently, growth medium was changed with 0.5 mg/ml of MTT dissolved in RPMI 1640 

medium (PAN-Biotech GmbH, Aidenbach, Germany) in darkness for four hours. Next, MTT was 

replaced with acidic isopropanol and following 15 minutes of room temperature incubation on 

shaker, MTT conversion to MTT formazan absorbance was measured at 570 nm (reference 

wavelength 690 nm) by Infinite M200 microplate reader.  

 

2.2.15. Measurement of PASMCs migration 

Human PASMCs were seeded in a 2 well silicone inserts with a defined cell-free gap (Ibidi, 

Gräfelfing, Germany) placed in a 24-well plate at a density of 7500 cells per insert well. Following 

the recovery period the inserts were removed from the plates. After washing one time with warm 

PBS, cells were treated with medium containing either 50µM S4 or DMSO control and transferred 

to IncuCyte ZOOM Live-Cell microscopy imaging system (Essen BioScience Ltd., Ann Arbor, 

MI, USA). PASMCs were incubated for a period of 12 hours under hypoxia conditions (1% O2, 

5% CO2) or 24 hours upon PDGF-BB stimulation (21% O2, 5% CO2), at 37° in water saturated 

incubator. Images were taken every 10 (hypoxia) or 15 (PDGF-BB) minutes and analysed by 

IncuCyte Software (Essen BioScience Ltd). Results are presented as percent of initial wound 

surface covered by migrated cells (wound confluence %). 
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Figure 10. IncuCyte ZOOM Live-Cell microscopy imaging system. 

Representative images of a) initial wound surface and b) wound surface covered with 
migrated PASMCs analyzed by IncuCyte Software. Scale bars=300µm. 

 
2.2.16. PASMCs intracellular and extracellular pH measurements 

For assessment of intracellular pH, 5-(and-6)-Carboxy SNARF-1 Acetoxymethyl Ester, Acetate 

(Thermo Fisher Scientific Inc., Waltham, MA, USA) was used. Carboxy SNARF-1 is a long-

wavelength fluorescent dye with pH-dependent emission. In more details, passage 7 of human 

PASMCs were cultured at 37°C in a humidified atmosphere of 5% CO2 in either normoxic (21% 

O2) or hypoxic conditions (1% O2) for a period of 48 hours and stimulated with 50µM S4 inhibitor 

or DMSO. Upon 48 hours cells were washed with Live Cell Imaging Solution (LCIS, Thermo 

Fisher Scientific Inc., Waltham, MA, USA) and incubated with 5 µM Carboxy SNARF-1 at 37°C 

for 30 minutes. Following two more washings with LCIS, cells were incubated at 37°C for 10 

minutes in either LCIS or cell loading solution. In order to quantify intracellular pH, Intracellular 

pH Calibration Buffer Kit was used (Thermo Fisher Scientific Inc., Waltham, MA, USA) for 

preparation of cell loading solutions. In details, three different calibration buffers with fixed pH of 

5.5, 6.5 and 7.5 were used with addition of 10µM Nigericin and 10 µM Valinomycin. Carboxy 

SNARF-1 fluorescence was measured with 514nm excitation and 580nm and 640nm emission 

wavelengths by Infinite M200 microplate reader. 

 

In order to estimate changes of human PASMCs extracellular pH, cell culture medium was 

collected after incubation and pH measurements were immediately performed by 766 Calimatic 

pH meter (Knick Elektronische Messgeraete GmbH & Co. KG, Berlin, Germany). In details, 

human PASMCs passage 7 were cultured in normoxic and hypoxic or basal and PDGF-BB 
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stimulated conditions in the presence of 50µM S4 inhibitor or DMSO control for a period of 72 

hours. 

 

2.2.17. Measurement of PASMCs tyrosine and serine/threonine protein kinase activity 

Human PASMCs were cultured at 37°C in a humidified atmosphere of 5% CO2 in normoxia (21% 

O2) or hypoxia (1% O2) conditions for 72 hours. In hypoxia conditions, cells were treated with 

either 50µM S4 inhibitor or DMSO control. Upon incubation cells were placed on ice, washed 

twice with ice-cold PBS and scraped from the dishes in 200 µl of M-PER lysis buffer (Thermo 

Fisher Scientific Inc., Waltham, MA, USA) containing Pierce protease and phosphatase inhibitor 

cocktails. The cell lysate was incubated for one hour at 4°C, followed by centrifugation at 16,000g 

for 15 min at 4°C. Supernatant was immediately frozen and stored at -80°C in aliquots for 

subsequent peptide-based kinase activity assay by PamStation®12 platform (PamGene 

International, s-Hertogenbosch, Netherlands) with Evolve 12 software, as previously described200.  

 

1 µg of protein lysate was dissolved in protein kinase buffer and placed on the array of the PamChip 

PTK (protein tyrosine kinase) and STK (serine/threonine kinase). Bionavigator software 

(PamGene) performed analysis of the obtained data and prediction of upstream activated kinases, 

based on the phosphorylation of their distinct substrates placed on the peptide array chip. Data are 

visualized on the log-transformed y-axis in a heat map depicting the degree of phosphorylation for 

each peptide. 

 

2.2.18. Enzyme-linked immunosorbent assay (ELISA) 

EDTA plasma samples were obtained from pulmonary artery during the conductance right heart 

catheterization, for assessing of RV-arterial coupling in PH patients. Based on the ratio of end-

systolic to arterial elastance (Ees/Ea), subjects were affiliated with the coupled (Ees/Ea>0.8) or 

uncoupled (Ees/Ea<0.8) group, as previously described205, 206. Demographic and clinical data of 

PH patients are presented in Table 4. In order to analyze circulating CA9 levels in described 

subjects, CA9 ELISA assay (R&D systems, Minneapolis, MN, USA) was performed following 

the manufacturer’s instructions. Calculation of the results was achieved by using the five parameter 

logistic curve. Results are presented as pg per ml of plasma. 
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2.2.19. Statistical analysis 

Values are presented as means ± SEM. The statistical significance of the data was assessed using 

Student's t test with Welsh's correction or analysis of variance (one-way ANOVA) with Tukey or 

Dunnett post-hoc test, as appropriate. For multiple comparisons involving more than four groups, 

a two-way ANOVA with Sidak post-hoc test was conducted. In cases of variables association, 

linear regression analysis with Spearman correlation was performed. A p-value below 0.05 was 

considered as statistically significant. 
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3. RESULTS 
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3.1. Carbonic anhydrases (CAs) mRNA expression profile 

3.1.1. IPAH patients' CAs gene analysis 

Lung tissue samples obtained from IPAH patients and donors were analyzed for mRNA expression 

for all members of the CA family of enzymes, as described above. Our data showed a significant 

increase of CA1, 9 and 12 mRNA expression in lung tissue samples of IPAH patients compared 

to donors (Figure 11).  

 

 
Figure 11. CAs gene expression profile in IPAH patients compared to donors. 

mRNA expression of 14 carbonic anhydrase family isoforms in IPAH patients 
compared to donors is shown. Data are given as a fold change of IPAH patients' CAs 
mRNA expression compared to donors (depicted by the red dotted line in the figure). 
Data are presented as mean ± SEM (n=7-9). *p<0.05 compared to donor. 

 

Demographic and clinical characteristics of involved human subjects, such as age, gender ratio 

and mPAP are depicted in Table 3. The mean pulmonary arterial pressure for the IPAH patients 

group measured by right heart catheterization was 49.7 ± 4.2 mmHg. 

 

Table 3. Demographic and clinical data of IPAH patients and donors. 

 
Abbreviations: f – female; m – male; mPAP – mean pulmonary arterial pressure; SAP – systolic 
arterial pressure; 6MWD – six-minute walk distance. Data are presented as mean ± SEM (n=8 
(Donor), 9 (IPAH), 4 (mPAP, SAP), 6 (6MWD)). 



Results 54 

 

3.1.2. CAs mRNA expression in mouse PASMCs after chronic hypoxic incubation 

Mouse PASMCs were exposed to hypoxia conditions for five days, and gene expression levels for 

different CA isoforms were analyzed, as mentioned in the methods section. Our results showed 

that there was a visible tendency in increased mRNA levels for CA3 and 12 (Figure 12a).  

 

 
Figure 12. CAs gene expression profile in mouse PASMCs after hypoxia exposure. 

a) mRNA expression of CAs in mPASMCs after five days of 1% O2 chronic hypoxia 
and b) CA9 mRNA expression in mPASMC after 6 hours (6h), one (1d), three (3d) and 
five (5d) days of 1% O2 hypoxia incubation are shown. Data are given as fold change 
compared to appropriate normoxia (Nox) control (portrayed by a red dotted line). Data 
are presented as mean ± SEM (n=3-4). *p<0.05 compared to appropriate normoxia 
control. 

 

Notably, there was a significant, time-dependent enhancement in the mRNA expression of CA9 in 

mPASMCs exposed to different durations of hypoxia (Figure 12b).  

 

3.1.3. CA9 and 12 mRNA expression in human PASMCs after chronic hypoxic incubation 

As described in the methods paragraph, human PASMCs were cultured in hypoxia conditions for 

different durations of time and analyzed for CA9 and 12 mRNA expression levels.  
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Figure 13. CA9 and 12 gene expression in hPASMCs after hypoxia exposure. 

a) CA9 and b) CA12 mRNA expression in hPASMCs after 24 (24h) and 48 (48h) hours 
of hypoxia (1% O2) incubation (Hox) are shown. Data are given as fold change 
compared to appropriate normoxia (Nox) control (depicted by the red dotted line in the 
figure). Data are presented as mean ± SEM (n=4). *p<0.05 compared to appropriate 
normoxia control. 

 

Our investigation revealed a significant increase of both CA9 (Figure 13a) and 12 (Figure 13b) 

mRNA expression levels in hPASMCs after hypoxia exposure. In both cases, the most prominent 

increase was observed after 24 hours of hypoxia incubation. 

 

3.1.4. Human PASMCs CA9 and 12 mRNA expression after TNF-α, PDGF-BB and TGF-β 

stimulation 

Human PASMCs were stimulated with various inflammatory stimuli and growth factors, such as 

TNF-α, PDGF-BB and TGF-β for 24, 48 and 72 hours and subsequently investigated for CA9 and 

12 mRNA expression levels, as described previously.  
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Figure 14. CA9 and 12 gene expression profile in human PASMCs after PDGF-BB 

stimulation. 
a) CA9 and b) 12 mRNA expression in hPASMCs after 24 (24h), 48 (48h) and 72 (72h) 
hours of platelet-derived growth factor-BB (PDGF-BB) stimulation are shown. Data 
are given as fold change compared to control (depicted by the red dotted line in the 
figure) and presented as mean ± SEM (n=3). *p<0.05 compared to control. 

 

Our results revealed that all investigated stimuli led to a significant increase of mRNA expression 

levels of both CA9 and 12 (Figures 14-16). In more detail, PDGF-BB stimulation resulted in 

significant CA9 and 12 gene level increases after all investigated time points, with the most 

prominent change observed in CA12 mRNA levels after PDGF-BB stimulation for 72 hours 

(Figure 14a-b). 

 

 
Figure 15. mRNA expression of CA9 and 12 in human PASMCs after TGF-β stimulation. 
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a) CA9 and b) 12 mRNA expression in hPASMCs after 24 (24h), 48 (48h) and 72 (72h) 
hours of transforming growth factor beta (TGF-β) stimulation are shown. Data are 
given as fold change compared to control (portrayed by the red dotted line in the figure) 
and presented as mean ± SEM (n=3). *p<0.05 compared to control.  

 

Similarly, TGF-β stimulation of hPASMCs led to a significant increase of CA9 mRNA after all 

experimental conditions (Figure 15a). In the case of CA12 mRNA levels, the effect was observed 

after 48 and 72 hours of TGF-β stimulation (Figure 15b). Furthermore, TNF-α stimulation of 

hPASMCs significantly increased CA9 and 12 mRNA expression after 48 and 72 hours (Figure 

16a-b). 

 

 
Figure 16. CA9 and 12 gene expression profile in human PASMCs after TNF-α stimulation. 

a) CA9 and b) 12 mRNA expression in hPASMCs after 24 (24h), 48 (48h) and 72 (72h) 
hours of tumor necrosis factor-alpha (TNF-α) stimulation are shown. Data are given as 
fold change compared to control (portrayed by the red dotted line in the figure) and 
presented as mean ± SEM (n=3). *p<0.05 compared to control.  

 

3.2. CA9 and 12 protein expression profile 

3.2.1. CA9 and 12 protein expression in the lungs of mice with chronic hypoxia-induced PH  

Lung tissue samples obtained from chronic hypoxia-induced PH mice and respective normoxia 

control were analyzed for CA9 and 12 protein expression, as described in the methods section.  
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Figure 17. The protein expression of CA9 and 12 in the lungs of mice with chronic hypoxia-

induced pulmonary hypertension. 
a) Representative blots of CA9 and 12 protein expression in lung tissue (homogenate) 
of mice exposed to 5 weeks of 10% O2 chronic hypoxia (Hox) compared to normoxia 
control (Nox) and respective densitometric analysis of b) CA9 and c) 12 protein 
expression are shown. Data are given as the ratio of CA9 or 12 to β-actin expression 
and presented as mean ± SEM (n=3). *p<0.05 compared to Nox. 

 

The obtained data showed a significant augmentation of CA12 protein expression in the lungs of 

mice with chronic hypoxia-induced PH compared to normoxia control (Figure 17c) and a 

noticeable trend in augmented CA9 levels (Figure 17b). 

 

3.2.2. Mouse PASMCs CA9 and 12 protein expression under chronic hypoxia 

As previously described, precapillary PASMCs isolated from healthy mice were exposed to 

different durations of hypoxia, and subsequently, protein expression levels for CA9 and 12 were 

investigated. 
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Figure 18. CA9 and 12 protein expression profile in mPASMCs after hypoxia exposure. 

Densitometric analysis of a) CA9 and b) 12 protein expression in mPASMCs after one, 
three and five days of 1% O2 hypoxia incubation (Hox) or respective normoxia control 
(Nox) are shown. c) Representative blots of CA9 and 12 protein expression in 
mPASMCs after five days (5d) of 1% O2 hypoxia incubation are presented. Data are 
given as the ratio of CA9 or 12 to β-actin expression and displayed as mean ± SEM 
(n=3-4). *p<0.05 compared to Nox. 

 

Our results showed a significant increase of CA12 protein expression after three and five days of 

hypoxia exposure (Figure 18b), while the rise in CA9 protein expression was approaching 

significance after five days of hypoxia exposure (Figure 18a). 

 

3.2.3. CA9 and 12 protein expression in human PASMCs after chronic hypoxic incubation 

PASMCs isolated from healthy donors were cultured in hypoxia for 48 hours and, as described 

above, analyzed for CA9 and 12 protein expression levels. Our data showed a significant increase 

of both CA9 and 12 protein expression profiles after hypoxia exposure, compared to normoxia 

control (Figure 19b-c).  
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Figure 19. The protein expression of CA9 and 12 in hPASMCs after hypoxia exposure. 

a) Representative blots of CA9 and 12 protein expression in hPASMCs after 48 hours 
of 1% O2 chronic hypoxia incubation (Hox) compared to normoxia control (Nox) and 
densitometric analysis of b) CA9 and c) 12 protein expression are shown. Data are 
given as the ratio of CA9 or 12 to β-actin expression and presented as mean ± SEM 
(n=4). *p<0.05 compared to Nox. 

 

3.2.4. Human PASMCs CA9 and 12 protein expression after TNF-α, PDGF-BB, TGF-β, IL-

1 or IL-6 stimulation 

As mentioned above, human PASMCs were stimulated with various inflammatory stimuli and 

growth factors, such as TNF-α, PDGF-BB, TGF-β, IL-1 and IL-6 for 48 hours and subsequently 

investigated for CA9 and 12 protein expression levels. CA9 expression analysis showed a 

significant increase upon TGF-β stimulation and a notable trend in augmentation after TNF-α and 

PDGF-BB stimulation (Figure 20a). Additionally, our results demonstrated a significant increase 

of CA9 protein expression upon IL-1 and IL-6 stimulation (Figure 21a, d). 
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Figure 20. CA9 and 12 protein expression in human PASMCs after TNF-α, PDGF-BB and 

TGF-β stimulation. 
Densitometric analysis of a) CA9 and b) 12 protein expression in hPASMCs after 48 
hours of tumor necrosis factor-alpha (TNF-α), platelet-derived growth factor-BB 
(PDGF-BB) and transforming growth factor beta (TGF-β) stimulation compared to 
unstimulated control (Control) and c) respective representative pictures are shown. 
Data are given as the ratio of CA9 or 12 to β-actin expression and presented as mean ± 
SEM (n=3). *p<0.05 compared to Control. 

 

Regarding the CA12 protein expression profile, our investigation showed significant augmentation 

upon PDGF-BB and TNF-α stimulation and a visible tendency in increased levels after TGF-β 

stimulation (Figure 20b). In addition, IL-1 and IL-6 stimulation of hPASMCs led to a prominent 

effect and significantly increased CA12 protein expression (Figure 21c, e). 
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Figure 21. The protein expression of CA9 and 12 in hPASMCs after IL-1 and IL-6 

stimulation. 
Densitometric analysis of a) CA9 and c) 12 protein expression in hPASMCs after 48 
hours of interleukin-1 (IL-1) or d, e) interleukin-6 (IL-6) stimulation compared to 
unstimulated control (Control) and b) respective representative blots are shown. Data 
are given as the ratio of CA9 or 12 to β-actin expression and presented as mean ± SEM 
(n=3). *p<0.05 compared to Control. 

 

3.3. Role of HIF-1α and HIF-2α on CA9 and 12 expression profile in PASMCs 

3.3.1. Importance of HIF-1α binding to the HRE in CA9 promoter region 

In order to investigate the role of HIF-1α in CA9 transcriptional activation via binding to the 

hypoxia-responsive element (HRE) in the CA9 promoter, we have transfected a human lung 

epithelial cell line (A549) with a plasmid vector containing either wild-type or HRE-mutated 

promoter region of the CA9 gene, as previously described (Figure 22a). Subsequently, A549 

transfected cells were exposed to normoxia or hypoxia conditions for 24 hours. CA9 promoter 

activity was assessed by dual-luciferase assay, and our results demonstrated that mutation in HRE 
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significantly decreased CA9 promoter activity in hypoxia compared to wild-type control (Figure 

22b).  

 

 
Figure 22. CA9 promoter activity in the A549 cell line exposed to hypoxia. 

a) Schematic representation of luciferase promoter plasmids co-transfected into A549 
cell line as described in the methods section, followed by 24 hours of 1% O2 hypoxia 
exposure (Hox), compared to normoxia control (Nox) and b) dual-luciferase 
measurement of wild-type (WT) and hypoxia-responsive element mutation construct 
(HRE-mut) CA9 promoter activity are shown. Data are given as firefly and NanoLuc 
relative luciferase unit (RLU) ratio and presented as mean ± SEM (n=3). §p<0.05 
compared to Nox WT, *p<0.05 compared to Hox WT. 

 

3.3.2. Impact of HIF-1α knockdown on the increased CA12 protein expression in human 

PASMCs under chronic hypoxia incubation 

Furthermore, to examine the role of the HIF-1α transcription factor in the upregulation of 

hPASMCs CA12 in hypoxia, we have performed siRNA-based silencing of HIF-1α and examined 

the effects on CA12 protein expression in human PASMCs after hypoxia exposure (Figure 23). 

Silencing of HIF-1α success was evident by significantly decreased protein expression of HIF-1α 

in normoxia and hypoxia conditions (Figure 23a). Hypoxia resulted in significant upregulation of 

CA12 protein expression compared to normoxia control. Notably, our results showed a significant 

decrease in CA12 protein expression upon HIF-1α knockdown in both normoxia and hypoxia 

conditions (Figure 23b). 
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Figure 23. Effects of HIF-1α silencing on CA12 protein expression in human PASMCs after 

hypoxia exposure. 
Densitometric analysis of a) HIF-1α and b) CA12 protein expression in hPASMCs 
treated with scramble siRNA (SCR siRNA) or siRNA against HIF-1α (HIF-1α siRNA) 
after 72 hours of 1% O2 chronic hypoxia incubation (Hox) compared to normoxia 
control (Nox) and c) respective representative blots are shown. Data are given as the 
ratio of HIF-1α or CA12 to β-actin expression and presented as mean ± SEM (n=3). 
§p<0.05 compared to Nox SCR siRNA, *p<0.05 compared to appropriate SCR siRNA 
control. 

 

3.3.3. Effect of HIF-2α knockdown on the increased CA9 and 12 protein expression in human 

PASMCs under chronic hypoxia incubation 

In order to investigate the potential role of HIF-2α transcription factor in CA9 and 12 elevated 

protein expression in hPASMCs, we have performed siRNA-based knockdown of HIF-2α in 

human PASMCs. Transfected cells were exposed to normoxia or hypoxia conditions for 72 hours 

and subsequently investigated for CA9 and 12 protein expression. Silencing of HIF-1α success 

was evident by Western Blot analysis (Figure 24c). Hypoxia led to the significant upregulation of 

CA9 and 12 protein expression, compared to normoxia control (Figure 24a,b). In contrast to HIF-
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1α, our investigation showed that HIF-2α knockdown did not affect CA9 and 12 increased protein 

expression after hypoxia exposure (Figure 24a,b). 

 

 
Figure 24. HIF-2α silencing effect on CA9 and 12 protein expression in human PASMCs 

after hypoxia exposure. 
Densitometric analysis of a) CA9 and b) 12 protein expression in hPASMCs treated 
with scramble siRNA (SCR siRNA) or siRNA against HIF-2α (HIF-2α siRNA) after 
72 hours of 1% O2 chronic hypoxia incubation (Hox) compared to normoxia control 
(Nox) and c) respective representative blots are shown. Data are given as the ratio of 
CA9 or 12 to β-actin expression and presented as mean ± SEM (n=3). §p<0.05 
compared to Nox SCR siRNA. 

 

3.4. Role of CA9 and 12 in the proliferation and migration of PASMCs 

3.4.1. Impact of CA9 and 12 inhibition on mouse PASMCs proliferation under chronic 

hypoxia 

Precapillary PASMCs isolated from healthy mice, as described in the methods section, were 

exposed to hypoxia for 72 hours, resulting in a significant increase in proliferation compared to 

normoxia control (Figure 25a). Our results demonstrated a significant decrease of mPASMCs 

proliferation in hypoxia conditions upon CA9 and 12 inhibition with 50µM of S4 inhibitor (Figure 
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25a). Importantly, cell viability assay has revealed non-toxicity of S4 inhibitor at all doses except 

for 100µM (Figure 25b). 

 

 
Figure 25. Effects of CA9 and 12 inhibition on the proliferation of mouse PASMCs after 

hypoxia exposure. 
a) Proliferation of mPASMCs after 72 hours of 1% O2 chronic hypoxia incubation 
(Hox) compared to normoxia control (Nox), measured by 5-bromo-2’-deoxyuridine 
(BrdU) incorporation assay. mPASMCs were treated with either S4 inhibitor or 
dimethyl sulfoxide (DMSO). b) Cell viability of mPASMCs treated with different 
concentrations of S4 inhibitor compared to DMSO control and measured by tetrazolium 
dye (MTT) assay. Data are given as relative absorbance measured at (a) 370 nm 
(reference wavelength 492 nm) or (b) 570 nm (reference wavelength 690 nm) and 
presented as mean ± SEM (n=4). §p<0.05 compared to Nox DMSO control, *p<0.05 
compared to the appropriate DMSO control. 
 

3.4.2. CA9 and 12 inhibition influence on the proliferation of human PASMCs after chronic 

hypoxic incubation 

Exposure of healthy human donor PASMCs to hypoxia for three days led to a significant increase 

in proliferation compared to normoxia control (Figure 26a,c). Our data showed that treatment with 

50µM of S4 inhibitor significantly decreased hPASMCs proliferation in both normoxia and 

hypoxia conditions. Interestingly, hPASMCs proliferation in hypoxia upon S4 treatment was 

reduced to the level of normoxia control (Figure 26a).  
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Figure 26. Effects of CA9 and 12 inhibition or silencing on the proliferation of human 

PASMCs after hypoxia exposure. 
a) Proliferation of hPASMCs after 72 hours of 1% O2 chronic hypoxia incubation 
(Hox) compared to normoxia control (Nox) was measured by 5-bromo-2’-deoxyuridine 
(BrdU) incorporation assay. hPASMCs were treated with S4 inhibitor or dimethyl 
sulfoxide (DMSO) or c) transfected with scramble siRNA (SCR siRNA), siRNA 
against CA9 (CA9 siRNA) and CA12 (CA12 siRNA). b) Cell viability of hPASMCs 
treated with different concentrations of S4 inhibitor was measured by tetrazolium dye 
(MTT) assay. d) Representative blots of CA9 and 12 gene silencing are shown. Data 
are given as relative absorbance measured at (a,c) 370 nm (reference wavelength 492 
nm) or (b) 570 nm (reference wavelength 690 nm) and presented as mean ± SEM (n=4). 
§p<0.05 compared to Nox (a) DMSO or (c) SCR siRNA control, *p<0.05 compared to 
the appropriate DMSO or SCR siRNA control. 
 

In addition, cell viability assay has demonstrated S4 non-toxicity at all doses except for 100µM 

(Figure 26b). Finally, the specific role in the proliferation of both CA9 and 12 was investigated by 

the siRNA knockdown approach (Figure 26d). Our results demonstrated a significant decrease in 
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hPASMCs proliferation upon CA9 gene silencing in both normoxia and hypoxia conditions 

(Figure 26c). 

 

3.4.3. CA9 and 12 inhibition influence on the proliferation of human PASMCs after PDGF-

BB stimulation 

Human PASMCs stimulation with PDGF-BB for 72 hours led to a significant increase in 

proliferation, compared to the unstimulated control (Figure 27a-b). Our results have demonstrated 

that treatment with an S4 inhibitor significantly reduced PDGF-BB-induced hPAMSCs 

proliferation in a dose-dependent manner (Figure 27a).   

 

 
Figure 27. The impact of inhibition or silencing CA9 and 12 on the proliferation of human 

PASMCs following PDGF-BB stimulation. 
a) Proliferation of hPASMCs after 72 hours of platelet-derived growth factor-BB 
(PDGF-BB) stimulation compared to unstimulated control was measured by 5-bromo-
2’-deoxyuridine (BrdU) incorporation assay. hPASMCs were treated with S4 inhibitor 
or dimethyl sulfoxide (DMSO) or b) transfected with scramble siRNA (SCR siRNA), 
siRNA against CA9 (CA9 siRNA) or CA12 (CA12 siRNA). Data are given as relative 
absorbance measured at 370 nm (reference wavelength 492 nm) and presented as mean 
± SEM (n=4-6). §p<0.05 compared to the unstimulated (a) DMSO or (b) SCR siRNA 
control, *p<0.05 compared to the appropriate DMSO or SCR siRNA control. 

 

Additionally, we have investigated the independent role of CA9 and 12 in hPASMCs PDGF-BB-

induced proliferation. Our data revealed that both CA9 and 12 gene silencing attenuated the 
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proliferation of hPASMCs. CA9 knockdown had a more prominent effect and reached significance 

(Figure 27b).  

 

3.4.4. Impact of CA9 and 12 inhibition on human PASMCs migration under hypoxia or 

PDGF-BB stimulation 

As described previously, the role of CA9 and 12 in the migration of hPASMCs exposed to hypoxia 

or PDGF-BB stimulation was investigated. Our results demonstrated that S4 treatment 

significantly reduced hPASMCs migration after hypoxia exposure for 12 hours (Figure 28a). 

Furthermore, one day of PDGF-BB stimulation led to a significant increase in hPASMCs 

migration (Figure 28b). Our data revealed that S4 treatment significantly reduced PDGF-BB-

induced hPASMCs migration (Figure 28b). 

 

 
Figure 28. Effects of CA9 and 12 inhibition on the migration of human PASMCs after 

hypoxia or PDGF-BB stimulation. 
a) Migration of hPASMCs after 12 hours of 1% O2 hypoxia exposure (Hox) or b) 24 
hours of platelet-derived growth factor-BB (PDGF-BB) stimulation, measured by 
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wound healing assay on IncuCyte live cell imaging system and c) respective 
representative pictures of PDGF-BB stimulation are presented. hPASMCs were treated 
with either 50 µM of S4 inhibitor or dimethyl sulfoxide (DMSO). Results are given as 
a percentage of wound area occupied with migrated hPASMCs (Wound Confluence 
(%)) at indicated time points compared to the initial wound surface and calculated by 
the IncuCyte ZOOM software. Live cell images were taken every 10 (a) or 15 (b) 
minutes. Results are given as mean ± SEM (n=4). Scale bars=300µm. §p<0.05 
compared to the unstimulated DMSO control, *p<0.05 compared to (a) Hox-DMSO or 
(b) PDGF-BB DMSO. 

 

3.5. Role of CA9 and 12 in PASMCs pH homeostasis 

3.5.1. Effects of CA9 and 12 inhibition on the extracellular pH of human PASMCs after 

chronic hypoxic or PDGF-BB stimulation 

The role of CA9 and 12 in the acidification of the extracellular milieu of human PASMCs after 

hypoxia exposure or PDGF-BB stimulation was examined as described in the methods section. 

Three days of hypoxia exposure resulted in a significant decrease of the hPASMCs’ extracellular 

pH (epH), compared to normoxia control (Figure 29a). Our data showed that S4 treatment 

significantly elevated epH values in both normoxia and hypoxia conditions (Figure 29a).  

 

 
Figure 29. Impact of CA9 and 12 inhibition on the extracellular pH of human PASMCs after 

hypoxia exposure or PDGF-BB stimulation. 
pH values of hPASMCs cell culture medium after 72 hours of a) 1% O2 chronic 
hypoxia incubation (Hox) compared to normoxia control (Nox) or b) platelet-derived 
growth factor-BB (PDGF-BB) stimulation compared to unstimulated control are 
shown. pH was measured immediately upon incubation with the 766 Calimatic pH 
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meter. hPASMCs were treated with either 50 µM of S4 inhibitor or dimethyl sulfoxide 
(DMSO). Results are given as mean ± SEM (n=4). §p<0.05 compared to (a) Nox or (b) 
unstimulated DMSO control, *p<0.05 compared to appropriate DMSO control. 
 

Furthermore, hPAMSCs stimulation with PDGF-BB for 72 hours significantly decreased epH 

values compared to unstimulated control (Figure 29b). Our investigation revealed that S4 treatment 

significantly reversed the PDGF-BB-induced hPASMCs extracellular acidification (Figure 29b).  

 

3.5.2. Effects of CA9 and 12 inhibition on the intracellular pH of human PASMCs after 

chronic hypoxic incubation 

As previously indicated, intracellular pH values (ipH) were assessed in human PASMCs. After 

two days of hypoxia incubation, there was a decrease in hPASMCs’ ipH values, although it did 

not reach statistical significance (Figure 30). Importantly, treatment with the S4 inhibitor during 

hypoxia exposure resulted in a significant decrease of hPASMCs’ ipH values compared to the 

hypoxia control (Figure 30). 

 

 
Figure 30. Impact of CA9 and 12 inhibition on the intracellular pH of human PASMCs after 

hypoxia exposure.  
hPASMCs intracellular pH values are shown after 48 hours of 1% O2 chronic hypoxia 
incubation (Hox) compared to normoxia control (Nox). Intracellular pH was measured 
using the pH-dependent fluorescent dye Carboxy-SNARF-1, as described in the 
methods section. hPASMCs were treated with either 50 µM of S4 inhibitor or dimethyl 
sulfoxide (DMSO). Data are given as relative fluorescence ratio of two emission 
wavelengths (580/640 nm) and presented as mean ± SEM (n=4). *p<0.05 compared to 
Hox DMSO control. 
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3.6. Role of CA9 and 12 in the activation of PASMCs protein kinases during chronic hypoxia 

3.6.1. CA9 and 12 inhibition impact on tyrosine and serine/threonine kinome profile of 

human PASMCs under chronic hypoxia 

Furthermore, we investigated the effect of CA9 and 12 inhibition on the kinome profile of human 

PASMCs after chronic hypoxia incubation as described in the methods section. In more detail, 

human PASMCs were exposed to normoxia or hypoxia stimulation for 72 hours, and in hypoxia 

conditions cells were treated either with 50 µM of S4 inhibitor or DMSO control. Finally, cell 

lysates were analyzed for tyrosine and serine/threonine kinase activity using the PamStation12 

platform. 

 

Heat maps of tyrosine substrate phosphorylation and a complete list of predicted upstream tyrosine 

kinase activity are represented in Figure 31. Our investigation showed that chronic hypoxia 

exposure in human PASMCs significantly increased the activity of various tyrosine kinases 

(Figure 31b). The highest increase of activity was detected in the following tyrosine kinases: 

insulin receptor (InsR) kinase, insulin like growth factor 1 receptor (IGF1R) kinase, insulin 

receptor-related receptor (IRR) kinase, member of TAM family of receptor tyrosine kinase 

(Tyro3/Sky) and member of TEC family of non-receptor tyrosine kinases (TXK). Furthermore, 

treatment with S4 inhibitor resulted in a significant decrease in the activity of various protein 

tyrosine kinases in hPASMCs after hypoxia exposure (Figure 31c). Highest decrease of activity 

was observed in human epidermal growth factor receptor 4 (HER4) kinase, c-Met receptor tyrosine 

kinase, Hematopoietic cell kinase (HCK), colony-stimulating factor 1 receptor (FmS/CSFR) 

kinase and tropomyosin receptor kinase B (TRKB). 
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Figure 31. Effects of CA9 and 12 inhibition on hPASMCs protein tyrosine kinases after 
chronic hypoxic incubation. 
Human PASMCs were exposed to 1% O2 chronic hypoxia incubation (Hox) for 72 
hours, compared to normoxia control (Nox). Cells were treated with 50 µM of S4 
inhibitor (Hox-S4) or dimethyl sulfoxide (Nox, Hox), followed by an assessment of the 
peptide-based tyrosine kinase activity by using the PamStation12 platform with Evolve 
12 software as described in the methods section. a) A heat map displaying log-
transformed fluorescence signals for substrate tyrosine phosphorylation, used for 
upstream kinase analysis and b) prediction of protein tyrosine kinases activity in Hox, 
compared to Nox or c) Hox-S4, compared to Hox group are shown. Normalized kinase 
statistics estimate relative kinase activity, while the specificity score measures 
prediction reliability and accuracy. 

 

Complete list of predicted upstream serine/threonine kinase activity and heat maps of 

serine/threonine substrate phosphorylation are depicted in Figure 32. Our results demonstrated that 

chronic hypoxia exposure in human PASMCs significantly increased the activity of various 

serine/threonine protein kinases (Figure 32b). The highest increase of activity was detected in the 

following serine/threonine protein kinases: mitogen-activated protein kinase (HGK/ZC1), 

ribosomal protein S6 kinase like 1 (RSKL2), TRAF2 and NCK-interacting kinase (TNIK/ZC2), 

ribosomal protein S6 kinases (RSK3) and rapidly accelerated fibrosarcoma (RAF1) kinase. In 

addition, treatment with S4 inhibitor led to a significant decrease in the activity of various 

serine/threonine protein kinases in hPASMCs after hypoxia exposure (Figure 32c). Most 

prominent decrease of activity was observed in glycogen synthase kinase three beta (GSK-3β), 

GSK-3α, protein kinase C-related kinase 1 (PKN1/PRK1), protein kinase C beta (PKCβ) and 

PKCζ. 
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Figure 32. Effects of CA9 and 12 inhibition on hPASMCs protein serine/threonine kinases 
after chronic hypoxic incubation. 
Human PASMCs underwent 72-hour 1% O2 chronic hypoxia incubation (Hox) in 
comparison to normoxia control (Nox). Cells were subjected to either 50 µM of the S4 
inhibitor (Hox-S4) or dimethyl sulfoxide (Nox, Hox) treatment. Subsequently, we 
assessed peptide-based serine/threonine kinase activity using the PamStation12 
platform with Evolve 12 software as described in the methods section. Presented is a) 
heat map displaying log-transformed fluorescence signals related to substrate 
serine/threonine phosphorylation, utilized for upstream kinase analysis and b) the 
prediction of protein serine/threonine kinase activity in Hox, compared to Nox or c) 
Hox-S4 in comparison to the Hox group. Normalized kinase statistics estimate relative 
kinase activity, while the specificity score evaluates the reliability and accuracy of 
predictions. 

 

3.6.2. CA9 and 12 influence on the activation of protein tyrosine and serine/threonine kinases 

during chronic hypoxia  

Our results demonstrated significantly increased activity in 32 tyrosine and serine-threonine 

kinases in hPASMCs after hypoxia stimulation compared to normoxia control (Figures 31b, 32b 

and 33b). Notably, treatment with an S4 inhibitor in hypoxia significantly decreased activity in 39 

tyrosine and serine-threonine kinases compared to hypoxia control (Figures 31c, 32c and 33a,b). 

Finally, 9 of the affected kinases were shared between the two compared conditions, with increased 

activity after hypoxia incubation, compared to normoxia control, and subsequently, decreased 

activity following the S4 treatment (Figure 33b). Affected kinases shared between the two 

compared conditions included protein kinase C iota type (PKCι), insulin receptor-related receptor 

(IRR) kinase, human epidermal growth factor receptor 4 (HER4) kinase, colony-stimulating factor 

1 receptor (FmS/CSFR) kinase, tropomyosin receptor kinase A (TRKA), tropomyosin receptor 

kinase B (TRKB), feline sarcoma-related (Fer) kinase, colon carcinoma kinase 4 (CCK4-PTK7) 

and macrophage stimulating 1 receptor (Ron, MST1R) kinase.  
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Figure 33. Effects of CA9 and 12 inhibition on hPASMCs kinome after chronic hypoxic 

incubation. 
Human PASMCs were exposed to 1% O2 chronic hypoxia incubation (Hox) for 72 
hours, compared to normoxia control (Nox). Cells were treated with 50 µM of S4 
inhibitor (Hox-S4) or dimethyl sulfoxide (Nox, Hox), followed by an assessment of the 
peptide-based tyrosine kinase activity by using the PamStation12 platform with Evolve 
12 software as described in the methods section. a) Kinase three, depicting protein 
tyrosine and serine/threonine kinases with altered activity in hypoxia after treatment 
with an S4 inhibitor (Hox vs Hox-S4), is presented (green colour indicating lower 
kinase activity in the Hox-S4 group). The illustration reproduced courtesy of Cell 
Signaling Technology, Inc. In addition, b) a list of 9 affected kinases shared between 
the two compared conditions (Nox vs Hox and Hox vs Hox-S4) is shown. TK, tyrosine 
kinases; TKL, tyrosine kinase-like kinases; STE, STE family kinases; CK1, casein 
kinase 1; CMGC, CMGC family kinases; AGC, AGC family kinases; CAMK, 
Calmodulin-regulated kinases; PKC[iota], protein kinase C iota type; IRR, insulin 
receptor-related receptor; HER4, human epidermal growth factor receptor 4; 
FmS/CSFR, colony-stimulating factor 1 receptor; TRKA, tropomyosin receptor kinase 
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A; TRKB, tropomyosin receptor kinase B; Fer, feline sarcoma-related tyrosine kinase; 
CCK4-PTK7, colon carcinoma kinase 4; Ron, macrophage stimulating 1 receptor 

 

3.7. CA9 and 12 inhibition effect on the development of MCT-induced pulmonary 

hypertension 

3.7.1. Hemodynamics and RV hypertrophy effects of CA9 and 12 inhibition in MCT-induced 

PH in rats 

Monocrotaline injection led to the development of PH, as evident by significantly increased values 

of RVSP and RV hypertrophy (Fulton index, RV/(LV+S)), as compared to the healthy control 

group (Figure 34a-b). Importantly, the treatment with an S4 inhibitor significantly ameliorated 

both the RVSP and Fulton index in comparison to the MCT placebo group (Figure 34a,b). MCT 

application significantly reduced SAP values in both placebo and S4 treated groups, as compared 

to the healthy control (Figure 34c). However, CAs inhibitor did not affect SAP values in 

comparison to the MCT-placebo group. 

 

 
Figure 34. Effects of S4 on hemodynamics and right ventricular hypertrophy in MCT-

induced pulmonary hypertension in rats. 
As described in the methods section, rats were injected with either saline (Healthy 
control) or monocrotaline (MCT). During weeks 4 and 5 following MCT 
administration animals were treated with either placebo (MCT-placebo) or S4 (MCT-
S4), after which hemodynamic and right ventricular hypertrophy investigation were 
performed. The following parameters were assessed: a) Right ventricular systolic 
pressure (RVSP), b) ratio of right to left ventricular plus septum weight (RV/(LV+S)), 
and c) systemic arterial pressure (SAP). Results are presented as mean ± SEM (n=9-
12). $, §p<0.05 compared to the Healthy control, *p<0.05 compared to the MCT-
placebo. 
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3.7.2. Effects of CA9 and 12 inhibition on right-heart structure and function in MCT-induced 

PH in rats 

Monocrotaline administration affected both right heart structure and function, as evident by 

significantly increased echocardiographic parameters RVID and RVWT and decreased TAPSE, 

S´RV and CI values in comparison to the healthy control (Figure 35a-e). Notably, the treatment 

with S4 inhibitor significantly ameliorated RVID, TAPSE and S´RV in comparison to the MCT-

placebo group (Figure 35a,c,d). 

 

 
Figure 35. S4 effect on right-heart structure and function in MCT-induced pulmonary 

hypertension in rats. 
Rats were injected with either saline (Healthy control) or monocrotaline as described 
in the methods section. After MCT administration, in weeks 4 and 5, rats were treated 
with either placebo (MCT-placebo) or S4 (MCT-S4), followed by echocardiographic 
assessment. The following parameters were measured: a) Right ventricular internal 
diameter (RVID), b) right ventricular wall thickness (RVWT), c) tricuspid annular 
plane systolic excursion (TAPSE), d) Pulsed tissue Doppler-derived right ventricular 
annular systolic excursion velocity (S´RV) and e) cardiac index (CI). Results are 
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presented as mean ± SEM (n=8-12). §p<0.05 compared to the Healthy control, *p<0.05 
compared to the MCT-placebo. 

 

3.7.3. Influence of CA9 and 12 inhibition on pulmonary vascular remodeling in MCT-

induced PH in rats 

Investigated degree of muscularization, a parameter of the pulmonary vascular remodeling 

process, revealed a significant elevation of fully-muscularized and reduction of non-muscularized 

pulmonary vessels in the lungs of the animals administered with MCT, compared to the healthy 

control (Figure 36a). In comparison to the MCT placebo group treatment with S4, a CA9 and 12 

inhibitor, resulted in a significant decrease of fully-muscularized and significant increase of non-

muscularized pulmonary vessels compared (Figure 36a). 

 

 
Figure 36. Effects of S4 on the degree of muscularization in MCT-induced pulmonary 

hypertension in rats.  
As described previously, immunostaining for α-smooth muscle actin and von 
Willebrand factor, and subsequently, pulmonary vascular morphometry for rat lung 
sections was performed. The results include: a) percentages of fully (M), partially (P), 
and non-muscularized (N) vessels of total pulmonary vessel cross-sections, and b) 
representative photomicrographs for healthy control, MCT-injected rats receiving 
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placebo (MCT-placebo), or S4 (MCT-S4). Results are presented as mean ± SEM (n=9-
11). Scale bars=20µm. §p<0.05 compared to the Healthy control, *p<0.05 compared 
to the MCT-placebo. 
 

3.8. CA9 and 12 inhibition impact on the development of chronic hypoxia-induced 

pulmonary hypertension 

3.8.1. Hemodynamics and RV hypertrophy effects of CA9 and 12 inhibition in chronic 

hypoxia-induced PH in mice 

In comparison to the mice exposed to normoxia conditions, chronic hypoxia exposure led to the 

induction of PH in mice, as demonstrated by significantly elevated RVSP and RV hypertrophy 

(assessed by the Fulton index, RV/(LV+S)) (Figure 37a,b). Treatment with S4, a CA9 and 12 

inhibitor, significantly decreased RVSP compared to the hypoxic placebo group (Figure 37a). 

Furthermore, there were no alterations in SAP values between different experimental groups 

(Figure 37c).  

 

 
Figure 37. Effects of S4 on hemodynamics and right ventricular hypertrophy in chronic 

hypoxia-induced pulmonary hypertension in mice. 
As described in the methods section, mice were exposed for five weeks to normoxia 
(Nox) or chronic hypoxia conditions. During weeks 4 and 5, hypoxia-exposed animals 
were treated with either a placebo (Hox-placebo) or S4 (Hox-S4), and subsequently 
hemodynamic and right ventricular hypertrophy investigations were conducted. The 
following parameters were assessed a) right ventricular systolic pressure (RVSP), b) 
right to left ventricular plus septum weight ratio (RV/(LV+S)), and c) systemic arterial 
pressure (SAP). Results are presented as mean ± SEM (n=6-10). §p<0.05 compared to 
Nox, *p<0.05 compared to Hox-placebo. 
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3.8.2. Effects of CA9 and 12 inhibition on right-heart structure and function in chronic 

hypoxia-induced PH in mice 

Furthermore, chronic hypoxic exposure affected the mice right heart structure and function, based 

on significantly elevated RVID and RVWT and decreased TAPSE, S´RV and CI values, compared 

to the normoxia group (Figure 38a-e). Treatment with S4 in hypoxia led to a significant decrease 

of RVID and RVWT compared to the placebo mice group (Figure 38a, b). At the same time, there 

was no improvement in right heart functional parameters (Figure 38c-e).  

 

 
Figure 38. Effects of S4 on right-heart structure and function in chronic hypoxia-induced 

pulmonary hypertension in mice. 
C57BL/6 J mice were exposed for five weeks to either normoxia (Nox) or chronic 
hypoxia conditions, as described previously. Hypoxia-exposed animals were treated 
with either a placebo (Hox-placebo) or S4 (Hox-S4) for two weeks from day 21 after 
the onset of hypoxia exposure, followed by echocardiographic assessment. a) Right 
ventricular internal diameter (RVID), b) right ventricular wall thickness (RVWT), c) 
tricuspid annular plane systolic excursion (TAPSE), d) Pulsed tissue Doppler-derived 
right ventricular annular systolic excursion velocity (S´RV) and e) cardiac index (CI) 
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are shown. Results are presented as mean ± SEM (n=6-10). §p<0.05 compared to Nox, 
*p<0.05 compared to Hox-placebo. 

 

3.8.3. CA9 and 12 inhibition influence on pulmonary vascular remodeling in chronic 

hypoxia-induced PH in mice 

Analysis of the pulmonary vascular remodeling in mice after exposure to chronic hypoxia revealed 

a significant reduction of non-muscularized and augmentation of fully-muscularized pulmonary 

vessels, as compared to the normoxia mice (Figure 39a). Importantly, the S4 treatment in 

chronically hypoxic mice resulted in a significant decrease in fully-muscularized and an increase 

in non-muscularized pulmonary vessels in comparison with the placebo group (Figure 39a). 

 

 
Figure 39. Effects of S4 on the degree of muscularization in chronic hypoxia-induced 

pulmonary hypertension in mice.  
As described above, immunostaining for α-smooth muscle actin and von Willebrand 
factor was conducted, with subsequent pulmonary vascular morphometry performed 
on mice lung sections. The results include: a) percentages of fully- (M), partially- (P) 
and non- (N) muscularized vessels of the total pulmonary vessel cross-section, and b) 
representative photomicrographs for mice exposed to either normoxia (Nox) or chronic 
hypoxia conditions, and treated with either a placebo (Hox-placebo) or S4 (Hox-S4). 
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Results are presented as mean ± SEM (n=9-11). Scale bars=20µm. §p<0.05 compared 
to the Nox, *p<0.05 compared to the Hox-placebo. 

 

3.9. CA9 circulating levels in PH patients 

3.9.1. Characterization of PH patients with coupled and uncoupled right heart function 

In order to investigate potential biomarker properties, circulating levels of CA9 were measured by 

enzyme-linked immunosorbent assay in the plasma samples of PH patients who underwent 

conductance right heart catheterization as described previously. Based on assessed RV-arterial 

coupling, a ratio of end-systolic to arterial elastance (Ees/Ea), subjects were affiliated with the 

coupled (Ees/Ea>0.8) or uncoupled (Ees/Ea<0.8) group. Demographic and clinical characteristics 

of involved human subjects, such as age, gender ratio and mPAP, are presented in Table 4. 

 

Table 4. Demographic and clinical data of PH patients. 

 
Abbreviations: f - female; m - male; BMI – body mass index; Ees - end-systolic elastance; Ea - 
arterial elastance; mPAP - mean pulmonary arterial pressure; PVR - pulmonary vascular 
resistance; TAPSE - tricuspid annular plane systolic excursion; BNP - brain natriuretic peptide. 
Data are presented as mean ± SEM (n=20 (Coupled), 14 (Uncoupled)) *p<0.05 compared to 
Coupled. 
 

3.9.2. CA9 circulating levels in PH patients with coupled and uncoupled right heart function 

CA9 levels were assessed in plasma samples collected from PH patients who went through 

conductance right heart catheterization, following the manufacturer instructions described in the 

methods section. Based on the Ees/Ea ratio, subjects were affiliated with the coupled (Ees/Ea>0.8) 

or uncoupled (Ees/Ea<0.8) group. Our investigation demonstrated an increase in CA9 circulating 

levels in the uncoupled group compared to the coupled group of PH patients, although the change 

did not reach significance (Figure 40). 
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Figure 40. CA9 circulating levels in PH patients. 

Plasma samples were collected from the PH patients who underwent conductance right 
heart catheterization with subsequent pressure-volume measurements. Depending on 
the end-systolic to arterial elastance (Ees/Ea) ratio, subjects were affiliated with the 
Coupled (Ees/Ea>0.8) or Uncoupled (Ees/Ea<0.8) group. CA9 circulating levels in PH 
patients with coupled and uncoupled RV function, evaluated by enzyme-linked 
immunosorbent assay (ELISA), are shown. Ees - end-systolic elastance; Ea - arterial 
elastance. Results are presented as mean ± SEM (n=20 (Coupled), 14 (Uncoupled)).  

 

3.9.3. Correlation of CA9 circulating levels with PH patients’ clinical characteristics 

Finally, correlations of circulating CA9 levels with various clinical parameters were investigated 

(Figure 41). Our results showed a significant correlation between circulating CA9 levels and end-

systolic to arterial elastance ratio (Figure 41a) and between circulating CA9 and BNP levels 

(Figure 41b). In the case of mPAP and PVR parameters of PH patients, there was no significant 

correlation with CA9 circulating levels (Figure 41c, d). 



Results 90 

 
Figure 41. Soluble CA9 levels association with various clinical parameters in PH patients. 

Plasma samples were collected from the PH patients who underwent conductance right 
heart catheterization with subsequent pressure-volume measurements. CA9 circulating 
levels in PH patients were investigated by enzyme-linked immunosorbent assay 
(ELISA). Correlation linear regression analysis of circulating CA9 levels and a) Ees/Ea 
ratio, b) circulating BNP levels, c) mPAP and d) PVR are shown. Ees - end-systolic 
elastance; Ea - arterial elastance; mPAP - mean pulmonary arterial pressure; PVR - 
pulmonary vascular resistance; BNP - brain natriuretic peptide. Data are presented as 
scatter plots showing relationship between CA9 circulating levels and Ees/Ea ratio, 
BNP circulating levels, mPAP and PVR (n=34 (Ees/Ea ratio, mPAP and PVR), 31 
(BNP)), r - correlation coefficient. 
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Pulmonary vascular remodeling, a hallmark of pulmonary hypertension, is characterized by several 

cancer-like features, such as dysregulated proliferation and migration of pulmonary vascular 

cells17, 18, 21. In addition, numerous extrapulmonary tissues and cell types are affected, including 

remodeled right ventricle of the heart and cardiomyocytes, skeletal muscle and immune cells67, 68. 

Interestingly, all of the affected tissues and cell types are depicted by metabolic shift in glucose 

metabolism from oxidative phosphorylation to glycolysis, a hallmark of malignant cell 

transformation70. Therefore, PH is considered as a syndrome with multiorgan involvement, and 

mitochondrial function is central, characterized by suppressed glucose oxidation and activation of 

glycolysis.  

 

Carbonic anhydrases, especially transmembrane isoforms CA9 and 12 have recently become 

highly intriguing topics in cancer research because they are overexpressed in many tumors and 

often are associated with disease progression and response to therapy113, 115, 133. CA9 and 12 play 

a crucial role in cancer cells' pH regulation system allowing cancer cells to maintain pH 

homeostasis and highly proliferative phenotype112, 119, 121. In addition, CA9 and 12 are important 

factors in various functional properties of cancer cells, including adhesion, migration, invasion and 

metastasis118. 

 

Despite the substantial progressions and advances over the last 20 years in PH therapy, there is 

still no successful option for curing the disease and the development of novel therapeutic strategies 

remains desired15, 16, 18. Metabolic-modulating therapies that aim to decrease glycolysis may be 

effective against both proliferative PASMCs and PAECs in the pulmonary artery wall of patients 

with severe pulmonary hypertension. Based on described background, this study aimed to 

investigate the role of CA9 and 12 in hypoxia and non-hypoxia induced PH development and CA9 

and 12 potential as novel therapeutic targets in PH. 
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In general, the major findings of the present study are: 

 

1) CA9 and 12 expression profile was upregulated in IPAH patients, in vivo and in vitro 

models of hypoxia and non-hypoxia induced PH, driven by the HIF-1α transcription factor. 

 

2) CA9 and 12 play important role in the proliferation and migration of PASMCs upon 

hypoxia and non-hypoxia stimuli. 

 

3) CA9 and 12 play a role in human PASMCs intracellular pH homeostasis and subsequently 

activation of the protein kinases upon hypoxia exposure. 

 

4) pharmacological inhibition of CA9 and 12 significantly ameliorated development of PH in 

monocrotaline-induced PH in rats and chronic hypoxia-induced PH in mice experimental 

models. 

 

5) circulating CA9 levels were elevated in PH patients with uncoupled RV-arterial coupling 

compared to the coupled group. 

 

Our study suggests both hypoxia and non-hypoxia driven upregulation of CA9 and 12, and their 

involvement in PASMC intracellular pH homeostasis, migration and highly proliferative 

phenotype in PH. Additionally, CA9 and 12 play a role in animal models of this severe and life-

threatening pulmonary vascular disease. 

 

4.1. CA9 and 12 expression in hypoxia and non-hypoxia induced PH 

Pulmonary hypertension, in several aspects, is described as a cancer-like disease17, 18, 21. Expression 

of transmembrane CA9 and 12 is upregulated in various types of cancer, including those affecting 

the brain, head/neck, breast, lung, bladder, cervix uteri, colon/rectum, and kidney207. Besides 

diagnostic purposes, the detection of CA9 expression carries significant prognostic implications, 

as elevated CA9 expression is associated with poor clinical outcomes in cervical208, rectal209, 

breast210, lung211, and brain212 tumors. Among normal tissues, CA9 and 12 have only limited 

distribution, making them promising therapeutic targets123-125. CA9 expression is exclusive to the 
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epithelia of the stomach, gallbladder, pancreas, and intestine, while CA12 expression in normal 

tissues is limited to the kidney, intestine, reproductive epithelia, and eye. Additionally, CA9-

deficient mice are characterized by mild phenotypic changes, most prominently gastric 

hyperplasia126, 127. In the field of pulmonary hypertension, elevated CA9 protein expression has 

been reported in pulmonary hypertensive endothelial cells, but only as a marker of activated HIF1-

α transcription factor184. No studies investigating the specific roles of CA9 and 12 have been 

performed in pulmonary hypertension. 

 

To investigate CA9 and 12 expression profiles in PH, we began by measuring the mRNA 

expression of all CA isoforms in IPAH patients. Our results revealed significantly increased CA9 

and 12 mRNA expression in IPAH patients compared to donors (Figure 11). Next, we examined 

CA9 and 12 protein expression in an experimental model of PH, chronic hypoxia-induced PH in 

mice. Our analysis demonstrated a significant augmentation of CA12 and a noticeable trend in 

augmented CA9 protein levels in the lungs of mice with chronic hypoxia-induced PH compared 

to normoxia controls (Figure 17). Furthermore, we evaluated CA9 and 12 expression profiles in 

hypoxia and non-hypoxia-induced in vitro models of PH. Hypoxia exposure resulted in elevated 

CA9 and 12 mRNA and protein expression in human (Figures 13 and 19) and mouse (Figures 12 

and 18) PASMCs compared to normoxia controls. Additionally, non-hypoxia stimuli previously 

implicated in PH pathophysiology17, 18, including various growth and inflammatory factors such 

as TNF-α, PDGF, TGF-β, IL-1, and IL-6, also led to an augmented CA9 and 12 expression profile 

(Figures 14-16, 20, and 21). 

 

In contrast to CA12, the transcription of the CA9 gene, as one of the most sensitive HIF-1α activity 

sensors, has been widely investigated132. HIF-1α binding to the hypoxia-responsive element in the 

CA9 promoter drives the complex action of CA9 gene transcription133, 134. The CA9 core promoter 

contains five cis-acting elements in addition to the HRE. Some non-hypoxia stimuli, such as 

inflammatory and growth factor stimuli, also positively influence CA9 transcription through 

hypoxia-independent induction and stabilization of HIF-1α141-144. Although CA9 has been 

exclusively responsive to HIF-1α in all the cell types investigated so far, it has been demonstrated 

that HIF-2α can bind to the CA9 promoter HRE138. In addition to the well-described role of the 

HIF-1α transcription factor in PH, recent studies have suggested an important role for HIF-2α as 
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well in the development of PH26-28. Our study demonstrated the importance of HIF-1α binding to 

the CA9 promoter HRE in the A549 cell line upon hypoxia exposure (Figure 22). Additionally, 

the effect of HIF-1α knockdown on the decrease in CA12 protein expression upon hypoxia 

stimulation was shown (Figure 23). In contrast, our results showed that elevated CA9 and 12 

protein expression upon hypoxia exposure in human PASMCs is HIF-2α independent (Figure 24). 

 

4.2. Role of CA9 and 12 on functional properties of PASMCs 

4.2.1. Effect of CA9 and 12 silencing and inhibition on proliferation and migration of 

PASMCs 

Increased proliferation and migration of PASMCs are crucial events in the pulmonary vascular 

remodeling process and the development of pulmonary hypertension3, 17, 18. In this study, we 

investigated the role of CA9 and 12 in these important functional properties of PASMCs using 

siRNA-based knockdown and pharmacological inhibition approaches. One of the biggest 

challenges in designing CA inhibitors as potential therapeutic drugs in the cancer field has been 

achieving selectivity for tumor-related CA9 and 12 with extracellular catalytic activity without 

inhibiting ubiquitous intracellular CAs115, 125, 130. S4, a ureidosulfamate, is a promising CA 

inhibitor with high affinity for transmembrane CA9 and 12 and low affinity for cytosolic CA1 and 

2 isoforms175-177. Treatment with S4 ameliorated the metastatic tumor burden in the lungs of mice 

bearing orthotropic eGFP-MDA-MB-231 tumors and inhibited the proliferation and migration of 

MDA-MB-231 cells in vitro175.  

 

Our study demonstrated the important role of CA9 and 12 in the proliferation of mouse and human 

PASMCs upon hypoxia and non-hypoxia stimulation. Treatment with S4, a CA9 and 12 small 

molecular inhibitor, led to a significant decrease in PDGF-BB and hypoxia-induced proliferation 

in mouse and human PASMCs and reversed proliferation to the levels of the appropriate controls 

(Figures 25, 26a, and 27a). Additionally, we investigated the specific role of CA9 or CA12 

isoforms in the hypoxia and PDGF-BB-induced proliferation of human PASMCs by means of 

siRNA knockdown targeting against CA9 or CA12. In both hypoxia and non-hypoxia-induced 

proliferation of human PASMCs, silencing of the CA9 isoform had a more prominent effect on 

proliferation (Figures 26c and 27b). Furthermore, our study demonstrated the important role of 

CA9 and 12 in the hypoxia and non-hypoxia induced migration of human PASMCs (Figure 28). 
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Treatment with S4 significantly reduced hypoxia and PDGF-BB-induced migration of human 

PASMCs. 

  

4.2.2. Effect of CA9 and 12 inhibition on human PAMSCs pH homeostasis 

CA9 and 12 play a crucial role in cancer cell pH regulation system112, 119-122. The metabolic shift 

from oxidative phosphorylation to glycolysis, a hallmark of malignant cell transformation, leads 

to the accumulation of lactate and protons, the end-products of glycolysis. Cancer cells activate 

their pH regulation system to maintain intracellular pH homeostasis and a hyperproliferative 

phenotype112. Consequently, protons and lactate are extruded outside of cancer cells, leading to 

the acidification of the extracellular milieu, which favors cancer cell spreading and invasiveness. 

Previous report has indicated that activation of Na+/H+ exchanger-1, another member of the pH 

regulation system, is activated in a chronic hypoxia-induced PH model in mice, and that NHE-1 

inhibition resulted in decreased intracellular pH values in mouse PASMCs213. 

 

In this study, we investigated the role of CA9 and 12 in the intracellular pH homeostasis of human 

PASMCs and the acidification of their extracellular milieu. Our results demonstrated the important 

role of CA9 and 12 in hypoxia and non-hypoxia induced acidification of the extracellular milieu 

of human PASMCs (Figure 29). Treatment with S4 in human PASMCs significantly increased 

extracellular pH values after hypoxia and PDGF-BB-induced acidification. Furthermore, our study 

successfully demonstrated the involvement of CA9 and 12 in intracellular pH homeostasis in 

human PASMCs (Figure 30). Treatment with the S4 inhibitor in human PASMCs upon hypoxia 

exposure resulted in a significant decrease in intracellular pH values below the optimum range 

(pHi=7.2-7.4) necessary for the cells' normal functional properties178. 

 

4.2.3. Role of CA9 and 12 in the activation of the human PASMCs protein kinases in hypoxia 

The importance of pH homeostasis for normal cellular function has been well established178, 180-

182. Decreasing intracellular pH below the optimum range can impact a variety of proteins and 

enzymes, interfering through proposed conformational changes with their functional properties, 

such as phosphorylation, and subsequently, their activation or inactivation. pH-sensitive targets 

affect numerous cellular functions, including ion homeostasis, signal transduction, cell shape, 
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contractility, and metabolism178. The activation of various kinases, such as cyclin-dependent 

kinases200 and PDGF receptor kinases37, plays a crucial role in the development of PH. 

 

In this study, we successfully demonstrated the crucial role of CA9 and 12 in the activation of 

human PASMCs' tyrosine and serine/threonine kinases upon hypoxia stimulation (Figures 31-33). 

Hypoxia exposure led to a significant increase in the activity of 32 kinases compared to normoxia 

control, while treatment with S4 in hypoxia resulted in a significantly decreased activity of 39 

kinases. Nine of the affected tyrosine and serine/threonine kinases were shared between the two 

conditions compared (Figure 33), including protein kinases already described in PH 

pathophysiology, such as protein kinase C iota type (PKCι), human epidermal growth factor 

receptor 4 (HER4), and tropomyosin receptor kinase A (TRKA). Besides PKCι, treatment with S4 

decreased the activity of numerous PKC isoforms, including PKCα, PKCβ, PKCγ, PKCθ, PKCε, 

and PKCδ (Figure 32c). Previously, it has been described that activated PKC causes pulmonary 

vasoconstriction214, 215 and cytokines production216. Additionally, polydatin attenuates PH 

development and reverses remodeling through PKC mechanisms in chronic hypoxia-induced PH 

in rats217. Elevated circulating levels of HER4 have been reported in patients with heart failure and 

related pulmonary hypertension218. HER4 levels were decreased after heart transplantation and 

reflected decreased volume overload and improved cardiac function. Furthermore, the role of 

TRKA has been reported in the chronic hypoxia model of PH in rats, and activated TRKA pathway 

was associated with increased proliferation and migration and decreased apoptosis in rat PASMCs 

upon hypoxia exposure219. Furthermore, our study demonstrated that glycogen synthase kinase 3 

beta (GSK3β) and alpha (GSK3α) were the two serine/threonine protein kinases with the most 

significant decrease in activity upon S4 treatment in hypoxia. Although their activity was increased 

in hypoxia compared to normoxia, it didn’t reach statistical significance. It has been reported that 

activated GSK3β contributes to the proliferation of rat PASMCs in a PDGF-dependent manner220. 
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4.3. CA9 and 12 inhibition in MCT-induced and chronic hypoxia-induced PH 

Several studies have investigated the effect of acetazolamide, a non-selective CA inhibitor, on the 

pathophysiology of PH185-190. Treatment with ACZ reduced hypoxic pulmonary vasoconstriction 

in isolated perfused rabbit lungs186 and conscious, spontaneously breathing dogs187. In another 

study, acetazolamide treatment ameliorated the effects of chronic hypoxia on PVR and CO in rats 

exposed to chronic hypoxia188. Recently, it has been shown that ACZ diminished Sugen 

5416/hypoxia-induced PH in rats185. Importantly, previous studies demonstrated that the effects of 

ACZ on vasodilation during hypoxia and inhibition of hypoxia-induced calcium responses are 

independent of CA enzymatic activity189, 190. To date, the specific role of CA9 and 12 in 

experimental models of PH has not been studied. 

 

To investigate the therapeutic potential of a specific CA9 and 12 inhibitor, independent of the 

cause of the disease, we performed chronic treatment studies in experimental pulmonary 

hypertension induced by MCT injection in rats and chronic hypoxia in mice. We successfully 

demonstrated that S4 improved pulmonary hypertension, right ventricular hypertrophy, structure, 

and function, as well as pulmonary vascular remodeling in MCT-induced pulmonary hypertension 

in rats, as evident from significantly ameliorated RVSP, RV/(LV+S), RVID, TAPSE, S’RV, and 

degree of muscularization of peripheral pulmonary vessels (Figures 34-36). MCT injection 

significantly reduced SAP values in both placebo and S4-treated groups, although S4 treatment 

did not affect SAP values compared to the MCT-placebo group (Figure 34c). Furthermore, we 

demonstrated that S4 treatment ameliorated pulmonary hypertension, right heart structure, and 

pulmonary vascular remodeling in chronic hypoxia-induced pulmonary hypertension in mice, as 

evident from significantly reduced RVSP, RVID, RVWT, and degree of muscularization of 

peripheral pulmonary vessels (Figures 37-39). In addition, the CA inhibitor visibly improved right 

ventricular hypertrophy, although the effect did not reach statistical significance (Figure 37b). Our 

study showed that S4 treatment had a more prominent effect in MCT-induced PH in rats compared 

to chronic hypoxia-induced PH in mice. This can be explained by the difference in the severity of 

the developed disease between the two animal models, with MCT-induced PH being the more 

severe experimental model of PH. Taken together, this study strongly suggests beneficial 

therapeutic effects of CA9 and 12 inhibition in PH, independent of the cause of the disease. 
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4.4. CA9 circulating levels in PH patients 

The extracellular domain of CA9 is shed in tumor cells by ADAM 10 and ADAM 17150, 151. Besides 

its expression in tumor tissues, soluble CA9 is detectable in cancer patients' plasma and has been 

extensively investigated in various types of cancer, including clear cell renal cell carcinoma, 

hepatocellular carcinoma, non-small cell lung, head and neck, gastric, and castration-resistant 

prostate cancer (Table 2)152-167. Elevated circulating CA9 levels are often indicative of a poor 

prognosis in cancer patients. RV-arterial coupling reflects right ventricular adaptation to elevated 

afterload and stands as a significant prognostic factor in PH patients7-9. The biggest challenge in 

assessing RV-arterial coupling is the invasive nature of pressure-volume relationship analysis, and 

new non-invasive methods, including biomarker approaches, are desirable for future 

establishment10-12. 

 

In our previous study, we demonstrated significantly increased circulating levels of CA9 in IPAH 

patients compared to the non-PH control group (unpublished data). Additionally, a significant 

correlation was observed between CA9 circulating levels and several clinical parameters of IPAH 

patients, such as cardiac index, six-minute walking distance, and circulating BNP levels. In this 

study, we investigated plasma samples obtained from patients who underwent conductance right 

heart catheterization and RV-arterial coupling assessment. We demonstrated an elevation in CA9 

circulating levels in the uncoupled group compared to the coupled group of PH patients, although 

the change did not reach significance (Figure 40). Furthermore, soluble CA9 levels were 

significantly correlated with the end-systolic to arterial elastance ratio and circulating BNP levels, 

while there was no significant correlation with mPAP and PVR parameters of PH patients (Figure 

41). Although this study suggests circulating CA9 as a prognostic marker, involvement of a higher 

number of researched subjects is needed to further investigate soluble CA9 biomarker potential 

for RV-arterial coupling in PH patients. 

 

4.5. Conclusion 

This study provides evidence for the role of CA9 and 12 in PASMCs pH homeostasis, leading to 

the development of hypoxia and non-hypoxia-induced pulmonary hypertension and unravels 

possible up- and downstream signaling mechanisms. A short summary of this study is depicted in 

Figure 42. Hypoxia and non-hypoxia stimuli lead to the HIF-1α-driven upregulation of CA9 and 
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12 expression profile in highly proliferative PASMCs, characterized by a metabolic shift from 

oxidative phosphorylation to glycolysis as the main source of energy production (Figure 42a). 

Subsequently, upregulated glucose uptake and glycolysis lead to the cellular accumulation of 

lactate and protons, the end-products of glycolysis. CA9 and 12 play a role in PASMCs' 

intracellular pH regulation system through the carbon dioxide bicarbonate buffer system, resulting 

in extruded protons outside the cell, extracellular milieu acidification, and intracellular pH 

homeostasis. Keeping the intracellular pH values in the optimum range is a crucial event for the 

cell’s normal functions, such as phosphorylation of various enzymes and, subsequently, 

maintenance of the highly proliferative phenotype of PASMCs leading to pulmonary vascular 

remodeling and PH development. CA9 and 12 inhibition disrupted PASMCs' extrusion of protons, 

intracellular pH homeostasis, acidification of the extracellular milieu, and activation of various 

protein kinases, resulting in decreased proliferation and migration (Figure 42b). Additionally, CA9 

and 12 inhibition in two experimental models of PH improved pulmonary hypertension, right 

ventricular hypertrophy, and pulmonary vascular remodeling (Figures 34-39). Finally, circulating 

CA9 showed potential as a prognostic biomarker in PH patients (Figures 40, 41). 
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Figure 42. Proposed role of CA9 and 12 in PASMCs pH homeostasis and pulmonary vascular 

remodeling during PH. 
a) Hypoxia and non-hypoxia stimuli, such as PDGF-BB, TGF-β, TNF-α, IL-1, and IL-
6, elevate PASMCs CA9 and 12 expression profiles in a HIF-1α-dependent manner. 
The metabolic shift towards glycolysis in highly proliferative PH PASMCs results in 
the accumulation of lactate and protons inside the cells. CA9 and 12 play a role in 
PASMCs' pH regulation system, which extrudes protons outside of the cells, leading to 
pHi homeostasis and extracellular acidification. pH homeostasis is necessary for 
PASMCs to maintain functional properties, such as the phosphorylation of various 
protein kinases, resulting in continuous proliferation and migration, and ultimately, 
pulmonary vascular remodeling and the development of pulmonary hypertension. b) 
CA9 and 12 inhibition leads to the disrupted PASMCs' pH regulation system, 
accumulation of protons inside the cells, decrease of extracellular acidification, and 
discontinued intracellular pH homeostasis, resulting in decreased phosphorylation of 
various protein kinases, and subsequently, decreased PASMCs proliferation and 
migration, and ameliorated pulmonary vascular remodeling. 
Abbreviations: GLUT - glucose transporter; HIF-1α - hypoxia-inducible factor 1 
alpha; NBC - Na+-dependent HCO3- cotransporter; AE - Cl-/HCO3- anion exchanger; 
pHe - extracellular pH; pHi - intracellular pH; PDGF-BB - platelet-derived growth 
factor-BB; TNF-α - tumor necrosis factor-alpha; TGF-β - transforming growth factor 
beta; IL-1/6 - interleukin-1/6. 
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5. Summary 

 
Pulmonary hypertension (PH) is a severe and incurable disease characterized by a progressive 

elevation of pulmonary arterial pressure, ultimately resulting in right ventricle failure and death. 

Pulmonary vascular remodeling is a crucial event in the disease development and its portrayed by 

several cancer-like features, such as increased proliferation, migration and resistance to apoptosis 

of pulmonary vascular cells. Additionally, a metabolic shift from oxidative phosphorylation to 

glycolysis, a hallmark of malignant cell transformation, has been described in pulmonary vascular 

cells. Carbonic anhydrases (CAs), especially CA9 and 12, have become intriguing topics in cancer 

research due to their overexpression in various tumors and limited expression in normal tissues. 

Elevated CA9 plasma levels are described in various cancers and often associated with disease 

progression. They play a crucial role in cancer cells' intracellular pH regulation, hyperproliferative 

phenotype, and various functional aspects, such as adhesion, migration, invasion and metastasis. 

Despite significant progress in pulmonary hypertension therapy, new treatment strategies are 

needed. Metabolic-modulating therapies targeting glycolysis could be effective against 

proliferative cells in the pulmonary artery wall. 

 

Our study aimed to investigate the role of CA9 and 12 in hypoxia and non-hypoxia induced PH.  

We have successfully demonstrated an elevated CA9 and 12 expression profile in idiopathic 

pulmonary arterial hypertension (IPAH) patients, in vivo and in vitro models of hypoxia and non-

hypoxia induced PH, driven by the HIF-1α transcription factor. This study strongly indicates the 

important role of CA9 and 12 in hypoxia and non-hypoxia induced proliferation and migration of 

pulmonary arterial smooth muscle cells (PASMCs). Furthermore, CA9 and 12 are involved in 

PASMCs intracellular pH homeostasis and acidification of their extracellular milieu, subsequently 

activating numerous protein kinases upon hypoxia exposure. Additionally, this study demonstrated 

the beneficial therapeutic effect of CA9 and 12 pharmacological inhibition in two experimental 

models of PH, the monocrotaline model in rats and the chronic hypoxia model in mice. Finally, 

this study revealed an increase in circulating CA9 levels in PH patients with uncoupled right 

ventricle-arterial coupling compared to the coupled group. 
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In conclusion, CA9 and 12 play an important role in hypoxia and non-hypoxia induced PH by 

contributing to the pulmonary vascular remodeling and may represent novel therapeutic targets for 

the treatment of pulmonary hypertension in the future. 
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6. Zusammenfassung 

 
Pulmonale Hypertonie (PH) ist eine schwere und unheilbare Krankheit, die durch eine progressive 

Erhöhung des pulmonal arteriellen Drucks gekennzeichnet ist und zu einem Versagen des rechten 

Ventrikels und letztendlich zum Tod führt. Die Umstrukturierung der pulmonalen Gefäße ist ein 

entscheidendes Ereignis in der Entwicklung der Krankheit und wird durch mehrere krebsähnliche 

Merkmale, wie erhöhte Proliferation, Migration und Resistenz gegenüber der Apoptose von 

pulmonalen Gefäßzellen, dargestellt. Zusätzlich wurde ein Wechsel von oxidativer 

Phosphorylierung zur Glykolyse, als ein charakteristisches Merkmal der malignen 

Zelltransformation, in pulmonalen Gefäßzellen beschrieben. Carboanhydrasen (CAs), 

insbesondere CA9 und 12, sind aufgrund ihrer Überexpression in verschiedenen Tumoren und 

ihrer begrenzten Expression in normalen Geweben zu interessanten Themen in der Krebsforschung 

geworden. Erhöhte CA9-Plasmaspiegel werden in verschiedenen Krebsarten beschrieben und sind 

oft mit dem Krankheitsverlauf verbunden. Sie spielen eine entscheidende Rolle bei der 

intrazellulären pH-Regulation von Krebszellen, ihrem hyperproliferativen Phänotyp und 

verschiedenen funktionalen Aspekten wie Adhäsion, Migration, Invasion und Metastasierung. 

Trotz bedeutender Fortschritte in der Therapie der pulmonalen Hypertonie sind neue 

Behandlungsstrategien erforderlich. Stoffwechselmodulierende Therapien, die auf die Glykolyse 

abzielen, könnten gegen proliferative Zellen in der Pulmonalarterienwand wirksam sein. 

 

Unsere Studie hatte zum Ziel, die Rolle von CA9 und 12 bei Hypoxie- und Nicht-Hypoxie-

induzierter PH zu untersuchen. Wir haben erfolgreich ein erhöhtes Expressionsprofil von CA9 und 

12 bei Patienten mit idiopathischer pulmonal arterieller Hypertonie (IPAH) sowie in in vivo- und 

in vitro-Modellen Hypoxie- und Nicht-Hypoxie-induzierter PH nachgewiesen, die durch den 

Transkriptionsfaktor HIF-1α gesteuert werden. Diese Studie deutet stark auf die wichtige Rolle 

von CA9 und 12 bei der Hypoxie- und Nicht-Hypoxie-induzierten Proliferation und Migration 

glatter Muskelzellen in den Pulmonalarterien (PASMCs) hin. Darüber hinaus sind CA9 und 12 an 

der intrazellulären pH-Homöostase von PASMCs und der Azidifizierung ihrer extrazellulären 

Umgebung beteiligt, wodurch bei Hypoxieeinwirkung zahlreiche Proteinkinasen aktiviert werden. 

Darüber hinaus zeigte diese Studie einen vorteilhaften therapeutischen Effekt der 
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pharmakologischen Hemmung von CA9 und 12 in zwei experimentellen Modellen von PH, dem 

Monocrotalin-Modell in Ratten und dem chronischen Hypoxie-Modell in Mäusen. Schließlich 

zeigte diese Studie einen Anstieg des zirkulierenden CA9-Spiegels bei PH-Patienten mit 

entkoppelter rechtsventrikulär-arterieller Kopplung im Vergleich zur gekoppelten Gruppe. 

 

Zusammenfassend spielen CA9 und 12 eine wichtige Rolle bei der Hypoxie- und Nicht-Hypoxie-

induzierten PH, indem sie zur Umstrukturierung der pulmonalen Gefäße beitragen und 

möglicherweise neuartige therapeutische Ziele für die Behandlung der pulmonalen Hypertonie in 

der Zukunft darstellen. 
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