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1 Introduction 

1.1 Pulmonary Hypertension 

1.1.1 Definition 

Pulmonary hypertension (PH) compromises all circumstances leading to an elevated 

pressure in the pulmonary circulation [51]. The pressure threshold is based on the mean 

pulmonary arterial pressure (mPAP). The latest “world symposium on pulmonary 

hypertension” from 2018 defined the upper limit of normal at 20 mmHg, based on 

scientific work of normal mPAP values in healthy individuals [213]. Normal values of 

mPAP are about 14 ± 3 mmHg and independent of sex or ethnicity [124–126]. This is 

considered in the current guidelines, defining PH whenever the mPAP increases above 

20 mmHg [106]. Elevated pressure in the pulmonary circulation results in an increased 

right ventricular (RV) afterload, ultimately leading to life-threatening RV failure 

[51,221,232]. Hence, life expectancy is drastically reduced for any patient suffering from 

PH [102,136,144]. Worldwide 50 – 70 million individuals are affected by PH, 

emphasizing the relevance of the disease [101,102]. 

According to the definition, mPAP must be determined at rest [106]. However, an 

abnormal elevated mPAP during exercise can be useful to detect mild forms of pulmonary 

vascular disease [93]. A definition of exercise induced PH has been re-introduced in the 

current guidelines (mPAP/cardiac output (CO) slope >3 mmHg/L/min between rest and 

exercise) [106]. 

Another, clinically relevant, hemodynamic definition of PH addresses the distinction 

between pre- and postcapillary PH (table 1). This differentiation enables the delimitation 

of the underlying cause of elevated mPAP. Precapillary PH arises from pulmonary 

vasculopathy, whereas postcapillary PH is a consequence of  pulmonary venous 

congestion [148,162]. The two entities can be distinguished by measuring the pulmonary 

arterial wedge pressure (PAWP)  and pulmonary vascular resistance (PVR) during right 

heart catheterization (RHC) [106]. In healthy individuals the PAWP is about 8 ± 3 mmHg 

[124,126]. In postcapillary forms, the PAWP is elevated due to venous congestion. The 

PVR is about 0,9 ± 0,4 WU in healthy subjects [124,126].  In the guidelines the thresholds 

are set to 15 mmHg for PAWP and 2 Wood Units (WU) for PVR [106]. 
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Table 1 Hemodynamic definition of PH, adapted from [106] 

1.1.2 Classification 

The reasons leading to elevated mPAP are various, which is reflected in the classification 

of the disease into 5 different groups (table 2) [106,125,212]. Assessment of the PH group 

is important, as it has direct impact on the available therapeutic possibilities (see 1.4) 

[60,106]. The different forms are classified according to their etiology or a 

pathophysiological overlap. The current classification refers to the recommendation of 

the „world symposium on pulmonary hypertension 2018“ [213].  

Group 1, also referred to as pulmonary arterial hypertension (PAH), is a rare disease with 

a prevalence of 15 to 50 per million adult inhabitants, depending on the registry 

[108,136,169]. Patients with PAH have a poor life expectancy. If untreated, the median 

survival is considered to be only 2,8 years [42,136]. According to the Giessen PH registry 

the overall 5 year survival of PAH patients is only 52,7% [62].  The hemodynamic 

definition of PAH implies, besides mPAP and PAWP, an elevated PVR of more than 2 

WU [106]. The subgroup idiopathic pulmonary arterial hypertension (IPAH) is to be seen 

as an exclusion diagnosis by the lack of known reasons for other forms of PAH [100]. 

Left heart diseases are the most common causes for PH (PH-LHD) and they are referred 

to as group 2. In 50 to 80% of the cases, LHD account for PH [102,196–198]. Any type 

of LHD can result in increased mPAP [153,198]. If patients with an underlying LHD 

disease develop PH, their prognosis is drastically hampered [53,196]. 

Patients with PH associated to ventilation disorders or exposure to chronic hypoxia, like 

in high altitude, are summed up in Group 3. The most frequent lung diseases include 

chronic obstructive pulmonary disease (COPD), interstitial lung disease (ILD) and 

Definition Hemodynamics Clinical groups 

PH mPAP > 20 mmHg All 

Pre-capillary PH mPAP > 20 mmHg 

PAWP ≤ 15 mmHg 

PVR ≥ 2 WU 

1, 3, 4, 5 

Isolated post-capillary PH mPAP > 20 mmHg 

PAWP > 15 mmHg 

PVR < 2 WU 

2, 5 

Combined pre- and post-capillary PH mPAP > 20 mmHg 

PAWP > 15 mmHg 

 PVR ≥ 2 WU 

2, 5 
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combined pulmonary fibrosis and emphysema (CPFE) [160]. Interestingly, 47 to 90% of 

CPFE patients develop PH [159]. Lung disease patients who acquire PH have a higher 

mortality. According to the Swiss PH registry even the worst prognosis of all the PH 

groups [144,160,163].  

Patients are classified as group 4, if the elevated mPAP is caused by an obstruction in 

pulmonary arterial vessels. Chronic thromboembolic pulmonary hypertension (CTEPH) 

is attached to this group. CTEPH is commonly initiated by single or recurrent pulmonary 

embolism, mostly derived from deep vein thrombosis [61,104,168,236]. About 3,8% of 

patients with an acute episode of pulmonary embolism develop CTEPH [170]. It is still 

unknown why some of the patients develop PH, although some risk factors have been 

identified [21]. Among all the PH subgroups, CTEPH is the only potentially curable form 

(see 1.4.2) [122].  

Group 5 consists of all forms of PH with unclear mechanisms.  

Table 2 Detailed clinical classification of PH, adapted from [213] 

Detailed clinical classification of PH 

1 Pulmonary arterial hypertension 

 Idiopathic  

 Heritable  

 Drugs/toxins induced 

 Associated with: 

o Connective tissue disease 

o HIV infection 

o Portal hypertension 

o Congenital heart disease 

o Schistosomiasis 

 long-term responders to CCB 
 overt features of venous/capillaries involvement 

 persistent PH of the newborn 

3 PH due to lung diseases and/or hypoxia 

 Obstructive lung disease 

 Restrictive lung disease 

 Other pulmonary diseases with mixed 

restrictive and obstructive pattern 

 Hypoxia without lung disease 

 Developmental lung disorders 

 

4 PH due to pulmonary artery 

obstructions 
 Chronic thromboembolic PH  

 Other pulmonary artery obstructions 

 

2 PH due to left heart disease 

 Left ventricular systolic dysfunction (HFrEF) 

 Left ventricular diastolic dysfunction (HFpEF) 

 Valvular disease 

 Congenital/acquired cardiovascular conditions 

leading to post-capillary PH 

 

5 PH with unclear and/or multifactorial 

mechanisms 
 Hematological disorders 

 Systemic and metabolic disorders  

 Others 

 Complex congenital heart disease 
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1.1.3 Pathophysiology 

As PH is a heterogenous disease, it is difficult to address all specific pathological features 

of each group. Most of our knowledge about PH pathophysiology, pathobiology and 

pathology have originated from studying PAH and hypoxia induced PH [39,219]. 

Although there are some key differences, especially regarding the pathogenesis of the 

disease, there are important similarities at molecular and histological level 

[39,49,72,104,122,143,196]. Therefore, the following sections will give an overview of 

the general changes observed in PH, focusing on the knowledge that was generated from 

PAH and hypoxia induced PH. 

The pulmonary circulation is a high-flow, low-pressure and low-resistance system 

[72,110]. Even with increasing cardiac output (CO), PVR and pressure remains almost 

constant [146]. This is achieved by a pronounced compliance of the thin walled 

precapillary arterioles and the recruitment of non-perfused vessels [110,146,147]. The 

RV is adapted to these circumstances and a thin walled flow generator [146].  

Pathophysiological changes observed in PH consists of vasoconstriction, vascular 

remodeling and in situ thrombosis [51,104]. Initially, vasoconstriction was believed to be 

a major feature of PH [104,154]. Although vasoconstriction is one of the driving forces, 

it is only the predominant cause in a small subset of PAH patients. The ones responding 

to CCB treatment, which accounts for less than 10% of the PAH patients [109]. The 

current understanding considers pulmonary vasoconstriction as an early event of the PH 

process. This is followed by obstructive remodeling of the pulmonary vasculature, 

causing reduced cross-sectional area of the pulmonary circulation, alongside with pruning 

and increased stiffness of the vessels, associated with high shear stress, pulse intensity 

and disturbed flow [105,218]. High shear stress has direct impact on endothelial cell 

function by inducing further proliferative signaling, promoting inflammation and pro-

thrombotic environment, ultimately leading to an increased PVR and pressure [90,107].  

The RV needs to adapt to the altered conditions. Initially with concentric hypertrophy and 

eventually with maladaptive eccentric hypertrophy, accompanied by decreased systolic 

and diastolic function resulting in RV failure [99,232].  
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1.1.4 Histological changes 

Pulmonary arteries (PA) accompany air-conducting structures in pulmonary parenchyma. 

Near the hilus, PA are of an elastic type and have approximately the same size as bronchi. 

Peripheral, starting at the transition from bronchus to bronchiole, elastic arteries become 

muscularized. In the alveolar region, PA lose their medial smooth muscle and internal 

elastic layer. Pulmonary veins are found in interlobular septs and have a characteristic 

thin-walled structure [26,116,224]. As a hallmark of PH, vascular remodeling of each 

caliber is described, involving all 3 layers of pulmonary vasculature. Endothelial cells 

(EC), pulmonary arterial smooth muscle cells (PASMC) and fibroblasts are affected 

[72,116]. The cells acquire an antiapoptotic and hyperproliferative phenotype [5,85,207]. 

Already in 1958 Heath and Edwards described the histological changes in pulmonary 

vascular disease and introduced a classification into 6 grades (table 3) [88]. Still, this 

morphologic graduation can be used to get an overview of the pathologic changes 

occurring in PH. 

Table 3 Histological classification of PH by Heath and Edwards, adapted from [116] 

Classification by Heath and Edwards  

Grade 1 Medial hypertrophy and neo-muscularization 

Grade 2 Cellular intimal proliferation 

Grade 3 Fibrous vascular occlusion 

Grade 4 Arterial dilatation with focal formation of plexiform lesion 

Grade 5 Chronic arterial dilatation with numerous plexiform lesions 

Grade 6 Necrotizing arteritis 

 

Medial hypertrophy is an early onset of the disease and may be reversible [72,107]. It is 

found in all types of PH [26,37]. Histologically it is defined if the medial layer exceeds 

10% of the cross-sectional diameter [72]. Thickening of the medial layer is correlating 

with hemodynamic parameters in PAH patients [49]. Neo-muscularization of formally 

non-muscularized arterioles is another early seen characteristic [26,107]. With ongoing 

disease, intimal proliferation occurs as a result of chronic pressure overload [26,72]. 

Followed by recruitment of subendothelial cells like fibroblasts and an “onion-like” 

concentric fibrosis of the intima, leading to an occlusion of the vessels [72,116]. 

Arteriolar dilatation, neointima formation, plexiform lesions and necrotizing arteritis are 
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terminal and irreversible pathologies [37,115,191]. Grade 4 – 6 are only found in really 

severe forms of PH [116]. 

1.1.5 Pathobiology 

The exact molecular mechanisms leading to the PH phenotype are not completely 

understood yet. Various altered pathways are known to promote the disease 

[72,158,222,228]. Imbalance of vasoactive mediators, mainly derived from EC, is a well 

described feature. Impaired production of vasodilating agents like nitric oxide (NO) 

[66,131,241] and  prostacyclin [33,200] alongside with increased release of 

vasoconstricting agents like thromboxane A2 [33], endothelin [67,210] and serotonin [94] 

sustain pulmonary vasoconstriction. This mediator imbalance generates a 

hyperproliferative and pro-thrombotic condition [73,114,141]. Besides vasoactive 

mediators, several growth factors are involved in pulmonary vasculopathy. Vascular 

endothelial growth factor (VEGF), platelet-derived growth factor (PDGF), epidermal 

growth factor (EGF), tumor necrosis factor α (TNFα), transforming growth factor β 

(TGFβ) and fibroblast growth factor (FGF) are all known to be upregulated in PH 

[87,105,209,222]. Additionally, changed transcription factor activity, like reduced p53 

[234] and upregulated hypoxia inducible factor 1α (HIF-1α) [54,211],  nuclear factor of 

activated T-cells (NFAT) [22] and nuclear factor kappa-light-chain-enhancer of activated 

B-cells (NF-κB) [166,204], just to name a few of the known, promote cell proliferation, 

migration, apoptosis resistance and inflammation. K+ and Ca2+ channels are affected, as 

well. Downregulation of voltage-gated potassium channels (Kv) and high Ca2+ currents 

drive to membrane depolarization, inducing increased vasotonus and again, activation of 

transcription factors. Hyperpolarization of the mitochondria, further inhibits apoptosis 

signaling [85,244]. Inflammatory processes are considered as a trigger for the progression 

of PH [49,185]. Signs of inflammation are commonly found in PH lung vessels. 

Monocytes, macrophages, T lymphocytes and dendritic cells are especially found in 

plexiform lesions [90,158,224]. Higher concentrations of cytokines synthesized by 

inflammatory cells, like interleukin 6 (IL-6) and IL-1ß, are found in IPAH patients and 

animal models of PAH [191,206]. Just by touching a few selected players of the disease, 

the complexity of PH pathobiology is obvious. Collectively, altered vasoactive mediators, 

growth factors, transcription factors, inflammation and mitochondrial function are 

synergistically promoting the PH vasculopathy. 
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Figure 1 Scheme of vascular remodeling in PH, adapted from [206] 

1.1.6 Metabolic background 

In normal conditions cells cover up to 70% of their energy demand using oxidative 

phosphorylation [247]. In response to hypoxia, every mammalian cell changes from 

predominantly oxidative phosphorylation to glycolysis and lactate fermentation to cover 

their adenosine triphosphate (ATP) demand. The hypoxia induced metabolic shift is 

known as “Pasteur effect” [192]. Already in 1920s Otto Warburg described this metabolic 

shift to take place in tumor cells, even under normoxic conditions. Therefore it is called 

Warburg effect [184,235]. Initially it seems contradictory as glycolysis only generates a 

minority of the energy, with 2 ATP, compared to oxidative phosphorylation, with 36 ATP 

[247]. Though, this metabolic shift is reasonable for highly proliferative cells as the 

generated metabolites are used to fuel anabolic pathways, like synthesis of DNA or amino 

acids. Additionally, it is faster, in case there is enough glucose supply [6,13,84,103]. A 

similar metabolic phenotype, with enhanced cytosolic glycolysis, is well described for 

PAH and highly investigated recently [6,39,167,203,220]. An increased glucose 

consumption of pulmonary vasculature has been shown, using 18F-fluordeoxyglucose 

(FDG) uptake, in PAH patients and monocrotaline induced PH [135,245]. Gene 

expression studies of PAH lungs showed significant upregulation of various glycolytic 

genes [246]. A closer look at the cellular level revealed, that the metabolic change takes 

place in all PH affected cells. Namely EC [28,54,242], PASMC [240], fibroblasts 

[41,180] and immune cells [41]. The RV usually generates 60 to 90% of energy from 

fatty acid oxidation and is more flexible regarding its energy source compared to 
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pulmonary vasculature. Affected by PH the RV adapts towards an increased glycolysis 

[89,175]. Dysregulated cellular metabolism is seen as a contributor to PH progress [6]. 

Consequently, targeting the metabolic pathways became a promising therapeutic 

approach. Dichloroacetate (DCA) is one of the used compounds. It restores oxidative 

phosphorylation by inhibiting pyruvate dehydrogenase kinase (PDK). DCA showed great 

potential in monocrotaline induced animal models of PH and pulmonary arterial banding 

induced RV failure [138,174].  

Many different pathways and stimuli are identified to induce the metabolic change in PH. 

One of the key players is HIF-1α. As hypoxia dependent transcription factor, HIF-1α 

primes the cells to glycolysis by upregulating various glycolytic enzymes [117,120]. In 

PAH HIF-1α is even active under normoxic conditions [54,74]. Further less known 

factors are the downregulation of p53, activation of NFAT via the Ca/calcineurin axis or 

activation of the myc-c pathway. Direct disturbances of the mitochondria and its enzymes 

are described as well, like downregulation of the superoxide dismutase (SOD2), miRNA 

derived inhibition of glycolytic enzymes, disturbed iron homeostasis and disrupted 

endoplasmic reticulum – mitochondria interaction [4,6,85,167,203,215,220].  

Down the road comes lactate, the end-product of glycolysis. But it is much more than 

merely an end-product [45]. Lactate induces the expression of various genes, as it was 

shown in L6 myocytes [86]. There is evidence that lactate induces VEGF expression by 

mimicking hypoxia signaling [10,47,216]. In glioblastoma cells lactate was found to 

induce TGFβ expression [9]. Studies of the central nervous system showed that lactate 

modifies prostaglandin derived vascular regulation [14]. Additionally, lactate has strong 

impact on the immune cells. Lactate inhibits the differentiation of immune cells and 

prevents cytokine release, which contributes to the immune escape in cancer cells [69,96]. 

Via induction of IL-8 and NF-κB in EC, lactate supports cell migration and angiogenesis 

[50,133]. Not surprisingly, high intratumoral lactate concentrations correlate with poor 

prognosis of the patients in various cancer entities [20,165,217,233,243,248]. On the 

other hand, lactate is a health hazard for the cell itself. Intracellular accumulation of 

lactate drops the cytosolic pH, which results in inhibition of further glycolysis, leading 

into an energy crisis and eventually cell death [45,50,80]. Obviously, the cells need to 

possess possibilities to maintain pH and lactate homeostasis. Little is known how PH 

affected cells escape the energy crisis. But these metabolic alterations were initially 

described in cancer cells and have been extensively studied in this field. Cancer cells 
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induce different members of their pH regulation system, like Na+ - H+ exchanger, carbonic 

anhydrases or Na+ - HCO3
- co-transporter [29,119]. Among these pH regulators, only one 

family of transporters regulate lactate homeostasis, namely monocarboxylate 

transporters. 

A simplified scheme of the metabolic background of PAH is displayed in figure 2. 

 

Figure 2 Simplified scheme of the metabolic background of PAH. LDH – Lactate dehydrogenase, 

OXPHOS – Oxidative phosphorylation, MCT – Monocarboxylate Transporter 

1.2 Monocarboxylate Transporters 

In cellular metabolism, monocarboxylic acids, such as pyruvate, ketone bodies and 

lactate, play a major role. The importance of lactate was previously described. Originally, 

lactate was thought to cross the plasma membrane by free diffusion. It was just when 

Halestrap and Denton chemically inhibited lactate and pyruvate transport in human 

erythrocytes in 1974, that a specific monocarboxylate transporter was discovered [78]. 

Monocarboxylate transporters (MCT), also known by their gene family “solute carrier 

16” (SLC16A), is a heterogenous group of transporters. 14 proteins are currently attached 

to the MCT family. Only MCT1 (SLC16A1), MCT2 (SLC16A7), MCT3 (SLC16A8) and 

MCT4 (SLC16A3) facilitate the transport of monocarboxylates [81]. By far, the 

predominant role of MCT1-4 is the transport of lactate [24,80]. Other members whose 

substrates have been characterized are MCT8 (SLC16A2), which transports thyroid 

hormone [56,231] and MCT10 (SLC16A10) also known as t-type amino acid transporter 
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(TAT1) shuttling aromatic amino acids [134]. The substrates and the function of the 

remaining MCTs are still unknown [77]. 

The topology of all MCTs is comparable. All of them have a structure of 12 

transmembrane (TM) domains, intracellular N and C terminal end and a large cytosolic 

loop between TM domain 6 and 7. The TM regions have a conserved structure, 

differences are mainly found at the N- and C-terminal end and the loop between TM 

domain 6 and 7 [77,80,186]. For their proper expression and attachment to the plasma 

membrane the MCTs require interaction with ancillary protein, mainly basigin (CD147). 

Basigin consists of a single TM domain, a short intracellular C-terminal end and a large 

glycosylated extracellular domain, whereas MCTs have no reported posttranslational 

modifications [77,79,123,239]. The transport is mediated as a proton linked symport of 

monocarboxylates in a 1:1 stoichiometry. Driving force is the concentration gradient of 

the substrates, making it ATP independent [14,75,182]. Thus, they are not only important 

for lactate export, but also for pH homeostasis. Studies from skeletal muscles showed that 

MCT activity is responsible for 40% of the pH regulation [29]. The transport mechanism 

has been extensively studied for MCT1. First, the proton binds to a lysine residue (K38) 

at the suspected substrate binding site to provide a binding site for lactate anion. Then, 

MCT1 performs a rearrangement to a “closed” state that exposes substrates to the outer 

surface, where first lactate and then the proton is released. Rate limiting step is the return 

to the “open” conformation [75,76,238].  

Despite their similarities, MCT1 – 4 differ in their substrate affinity (table 4) and tissue 

distribution, explaining their individual physiological functions [55,81]. 

Table 4 Substrate affinity of MCT isoforms 

Substrate MCT1 MCT2 MCT3 MCT4 Plasma Cytosolic 

 Km [mM] [mM] 

Lactate 3,5 0,74 6 28 1,0 <1  
(up to 30x fold increase) 

Pyruvate 1,0 0,08 - 153 0,1 - 

MCT1, 2 and 4 measured in Xenopus oocytes, MCT3 in Yeast. Values taken from [148]. Pyruvate and lactate 

concentrations taken from [150] 
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MCT1 has the broadest tissue distribution and is nearly ubiquitous expressed. The 

medium high affinity for L-lactate enables uptake and efflux, taking plasma and cytosolic 

lactate concentrations into account. It can be described as the universal lactate transporter 

[75]. MCT2 is a high affinity lactate transporter and has been mainly studied in the brain, 

where it enables the uptake of lactate at postsynaptic membranes. Furthermore, it 

mediates lactate uptake in specialized cells facilitating lactate as energy fuel. For example 

in liver cells in the context of Cori-cycle or astrocytes, where Brooks proposed a 

metabolic symbiosis with surrounding cells [24,25]. Making MCT2 a specialized 

transporter for lactate uptake with restricted tissue distribution [14,24]. MCT3 is only 

found in retinal pigment epithelium (RPE) and choroid plexus epithelium, where lactate 

efflux is mediated [79,152]. The physiological role of MCT4 is the lactate export in highly 

glycolytic tissues, such as white skeletal muscle, astrocytes or white blood cells. The low 

affinity for pyruvate prevents its loss from the cell and ensures that it can be used for the 

conversion into lactate. Comparing to the other lactate transporter the affinity for  

L-lactate is rather low [77,79]. 

The only other known lactate transporters are sodium-coupled monocarboxylate 

transporter (SMCT). SMCT1 (SLC5A8) and SMCT2 (SLC5A12) shuttle 

monocarboxylic acids together with sodium across the plasma membrane. They are 

mainly found in the intestine, kidney, or brain, where they ensure substrate uptake. In 

cancer they are seen as tumor suppressors and therefore downregulated in the disease 

state, as they are also responsible for the uptake of pro-apoptotic mediators like butyrate 

and propionate [64].  

Among the lactate transporters, MCT1 and 4 are the only ones theoretically capable to 

maintain lactate homeostasis in pulmonary vasculature. In cancer research their 

importance is well examined (see 1.2.2). Therefore, this study and the next sections will 

focus on MCT1 and 4. 
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Figure 3 Overview of known lactate transporters [39,55,64,80,186]. RPE – Retinal pigment epithelium, 

MCT – Monocarboxylate Transporter, SMCT – Sodium-coupled Monocarboxylate Transporter 

1.2.1 Regulation 

Having an universal promoter, MCT1 is expressed in nearly every tissue. Some cells, like 

β cells of the pancreas, do not express MCT1 at all [80]. The 5’ untranslated region of the 

promoter contains multiple CpG sequences. Methylation of these sequences leads to 

tissue specific silencing of MCT1 [81]. The first insight into transcriptional regulation 

originated from numerous studies in skeletal muscle. Showing that MCT1 expression is 

upregulated in response to stimulation, whereas denervation causes reduced MCT1 

expression. This promoted the hypothesis that MCT1 expression is regulated in an  

AMP-activated protein kinase (AMPK) and calcium-dependent pathway [75,95]. Indeed, 

following studies proved that AMPK and NFAT (downstream of calcium/calcineurin) 

induces MCT1 expression [77,145,171]. Studies in several cancer entities with myc gain 

of function mutations revealed a myc dependent upregulation of MCT1 [35,48]. Hypoxia 

as a stimulus for cytosolic glycolysis is known to induce MCT4 expression. Ullah et al. 

found that MCT4 to be a direct target of HIF-1α, but not MCT1 [227]. Although MCT1 

mRNA is reported to increase in hypoxic conditions, the protein expression is not changed 

or even reduced, pointing to post-transcriptional regulation. P53 was shown to alter 

MCT1 mRNA stabilization and thus suppress MCT1 protein expression under hypoxic 

conditions. The loss of p53 in hypoxia resulted in an increased MCT1 expression, which 

was induced by NF-κB [19]. Interestingly, lactate induced NF-κB activation also resulted 

in an increased MCT1 expression [193]. In contrast, an opposite effect was described by 

other authors, showing an increased MCT1 protein expression under hypoxic condition 

[31].  
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1.2.2 Monocarboxylate Transporter 1 and 4 in PH and cancer 

The knowledge about the role of MCT1 and 4 in PH pathobiology is still very limited. 

Caruso et al. found that MCT1 mRNA is significantly upregulated in endothelial cells 

derived from BMPR2 mutant patients and in the lungs of sugen-hypoxia rats [28]. While 

focusing on miRNA in PH, they only investigated MCT1 mRNA as an indicator for a 

highly glycolytic phenotype and did therefore not further investigate the expression 

profile, like protein expression.  

In contrast there are a lot of publications dealing with the role of MCT1 and 4 in cancer 

and as previously described the altered metabolism observed in PH is similar to that seen 

in many cancer entities. In general, PH is considered as a cancer like disease, sharing 

many of the so called “hallmarks of cancer”, like sustaining proliferative signaling, 

evading growth suppressors, resisting cell death, enabling replicative immortality, 

angiogenesis, genome instability and mutation [41,84,189,202]. Therapeutic approaches 

derived from cancer therapy like tyrosine kinase inhibitor imatinib showed promising 

potential [65,206]. Therefore, a glance at the knowledge derived from cancer research is 

reasonable. 

About 70% of all cancer entities have an overexpression of glycolytic enzymes [1]. 

Pinheiro et al. published a review about the role of MCTs in cancer [177]. He and other 

investigators found MCTs to be upregulated in many different cancer entities. MCT1 

expression is upregulated and associated with a poor prognosis in breast [19,176], lung 

[52,181], ovarian [30], intestinal [178,179] and endometrial cancer [127]. The same 

accounts for MCT4, its expression is associated with poor prognosis in pancreatic [7], 

prostate [32,172], colorectal [151] and lung cancer [199]. Interestingly, some entities only 

express one of the isoforms, some express both [46,133,177].  

The current theory propose a metabolic symbiosis between hypoxic or glycolytic tumor 

cells and oxidative tumor cells. In this concept MCT4 is expressed in the glycolytic cells, 

mainly found in the tumor stroma in distance to oxygen supplying vessels, mediating the 

export of lactate. Extracellular lactate is then taken up by oxidative cells via MCT1 and 

serving as respiratory fuel. Keeping the mediatory effects of lactate in mind, this 

microenvironment, maintained by MCT1 and 4, supports proliferation, migration and 

angiogenesis and further ensures glucose supply for glycolytic cells [45,47,50,55]. 



 
14 

1.2.3 Inhibitors 

First insight into the efficacy of MCT inhibition was generated using small molecules like 

α-cyano-4-hydroxycinnamate (CHC). This compound inhibits MCT1 and was 

successfully used in different in vitro and in vivo cancer models [20,133,216]. However, 

the disadvantage of these early described inhibitors for clinical use were their  

non-specificity for MCTs. The next generation of MCT1 inhibitors was developed by 

AstraZeneca. The first one, AR-C155858, initially conceived as an immunosuppressive 

agent, showed potential in preclinical cancer treatment [128,164]. This new generation is 

highly specific and potent in inhibiting MCT1 and 2 with Ki values in the nmol/l range. 

A second developed MCT1 inhibitor, AZD3965, is even more potent [40]. It showed great 

anticancer efficacy in a variety of cancer cell lines and in vivo models [20,40,157,181]. 

Furthermore, AZD3965 was tested in a phase I/II clinical trial for the treatment of patients 

with prostate cancer and diffuse large B-cell lymphoma (NCT01791595). MCT1 

inhibitors are ineffective in cells and cancer entities expressing MCT4 [7,20,181]. 

Diseased cells escape the MCT1 inhibition and become treatment resistant by 

upregulating MCT4 to maintain lactate efflux. Unfortunately, no specific MCT4 inhibitor 

is available, yet. Although it is reported that AstraZeneca succeeded in developing one 

(AZ93), it is still not commercially available [133]. MCT4 is an attractive anti-cancer 

target. In a head and neck squamous cell carcinoma and pancreatic cancer mouse model 

MCT4 knockout showed less severe disease burden [7,17]. Just recently, Benjamin et. al 

found an already approved anti-hypertensive drug, syrosingopine, to inhibit MCT1 and 

4. Syrosingopine has higher potency for MCT4 over MCT1 [11,12]. Besides MCT1 and 

4, syrosingopine inhibits the vesicular monoamine transporter (VMAT), which is 

responsible for anti-hypertensive treatment. Benjamin et. al showed that the  

anti-cancerous effect is independent of VMAT inhibition and due to the MCT1 and 4 

inhibition. Oxidative phosphorylation and glycolysis are tightly coupled, if glycolysis is 

inhibited by blocking lactate export the cells can survive by inducing oxidative 

phosphorylation [7,247]. The current hypothesis is that in order to drive the abnormal 

cells into metabolic crisis and death oxidative phosphorylation needs to be slowed down 

as well. This approach was already tried by different investigators, mainly using 

metformin to inhibit mitochondrial complex I [7,48,132]. Therefore, combination of 

metformin and MCT inhibitors can be a promising future therapeutic approach. 
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Table 5 Overview and characterization of MCT inhibitors, adapted from [171] 

Molecule Target Ki Off target References 

DIDS MCT1 434 µM Aquaporin, Cl-

/HCO3
- exchanger 

[27,238] 

CHC MCT1 

MCT2 

MCT4 

155 µM 

24 µM 

991 µM 

Mitochondrial 

pyruvate 

exchanger 

[27,34,140,216] 

AR-C155858 MCT1 

MCT2 

1,2 nM 

<10 nM* 

 [128,164] 

AZD3965 MCT1 

MCT2 

1,6 nM 

9,6 nM 

 [20,40,157] 

Bindarit MCT1 

MCT4 

>450 µM 

30,2 µM 

 [58] 

Syrosingopine MCT1 

MCT4 

IC50 2,5 µM 

IC50 40 nM 

VMAT [11,12] 

DIDS – diisothiocyanostilbene-2.2’-disulphonate, CHC – α-cyano-4-hydroxycinnamate, VMAT – Vesicular 

Monoamine Transporter 

* No inhibitory effect when MCT2 is associated with embigin instead of basigin 

1.3 Diagnosis of Pulmonary Hypertension 

A diagnostic algorithm is provided in figure 4 [153]. Every patient with otherwise 

unexplained dyspnea on exertion, syncope or signs of right ventricular dysfunction should 

be considered suspicious for PH [100]. An early diagnosis improves the prognosis of the 

patients [57,101,125]. Tragically, due to the unspecific symptoms, it is still lately 

diagnosed [125].  

The most important diagnostic tools, besides mandatory RHC, to detect PH are clinical 

appearance, echocardiography and ventilation/perfusion scanning. Although further 

clinical alterations in electrocardiogram [8,125,153,161] or radiograph of the chest 

[8,44,125,153] are frequently observed, they are non-specific for PH. 
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Figure 4 Simplified PH diagnostic algorithm, adapted from [153] 

1.3.1 Clinical appearance 

Clinical appearance of PH patients is non-specific, mostly conform to progressive right 

heart failure [106,153]. Initially dyspnea, fatigue, dry cough, nausea, syncope or angina 

pectoris complaints are described [8,57,125]. With deterioration of right heart function 

peripheral and central oedema, ascites and engorgement of the neck veins can arise. 

Exertional intolerance is quantitated with the World Health Organization (WHO) 

functional class (FC) [8]. 

1.3.2 Ventilation/Perfusion scanning 

Ventilation/Perfusion Scanning (V/Q) is the commonly recommended tool to detect 

CTEPH [121,122,237]. V/Q mismatch of at least one segment or two subsegments is 

typical for embolic obstruction. With high sensitivity (96-97%) and specificity (90-95%) 

CTEPH can be barred with an inconspicuous V/Q scan [225]. Following the diagnostic 

Treat underlying 

disease 

Yes 

No 

Refer to PH expert 

center 

Symptoms, signs, history suggestive for PH 

Echocardiography, probability of PH 

Consider other causes and/or follow-up Consider LHD and lung diseases. 

Diagnosis of lung disease or LHD confirmed? 

Low High or intermediate 

Signs of severe PH/RV dysfunction? 

No 
Yes 

Yes No 

V/Q scan 

Mismatched perfusion defects? 

Refer to PH expert center 

No 

RHC 

mPAP ≥ 20 mmHg, PAWP <15 mmHg, 

PVR ≥ 2 WU 

CTEPH possible: 

CT, pulmonary angiography, RHC 

Yes 

Consider other causes PAH likely 

Perform specific diagnostic tests 
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algorithm, V/Q scan should be performed in each PH patient before performing RHC 

[125]. 

1.3.3 Echocardiography 

Transthoracic echocardiography (TTE) is an important, non-invasive method to judge the 

probability of PH. TTE is not used to confirm diagnosis of PH, but to decide the need for 

further investigations, most importantly RHC [57,106]. In TTE systolic pulmonary 

arterial pressure (sPAP)  is estimated based on the peak tricuspid regurgitation velocity 

(TRV) and right atrial pressure (RAP) [43]. TRV can be measured using Doppler, RAP 

needs to be estimated by inferior vena cava respiratory index [201]. Estimated sPAP is 

highly associated with invasive measured values when performed by experienced 

investigators [44,70,155]. Further values, such as tricuspid annular plane systolic 

excursion (TAPSE), RV and right atrial (RA) size, should be measured to evaluate right 

heart function. 

European guidelines recommend a graduation by probability of PH primarily based on 

TRV and other “PH signs” in TTE. Based on TTE derived PH probability and further 

clinical findings, the decision to perform RHC is made [125,153]. 

1.3.4 Right heart catheterization 

To confirm PH diagnosis, RHC is mandatory and determined in the definition of PH 

[8,57,125]. Collected data helps to identify PH group, delivers prognostic information 

and is essential for therapy planning [153]. The pressure measurements are performed in 

PA, PA wedge position, RV and RA, at the end of normal expiration [100]. CO is 

measured in triplets using thermodilution or the direct Fick method. Blood samples for 

oximetry from defined spots (inferior and superior vena cava and PA) are performed to 

detect shunts. Derived from these data, PVR, transpulmonary pressure gradient (TPG) 

and diastolic pressure gradient (DPG) are calculated [100,125]. PVR, TPG and DPG can 

be used to identify presence of pulmonary vasculopathy in PH-LHD patients [106,149]. 

To prevent false high values, patients underlying diseases should be mastered before RHC 

[106]. 

Additionally, pulmonary vasoreactivity testing is recommended for IPAH, heritable PAH 

and drug induced PH. It is performed to detect patients eligible for high-dose calcium 

channel blocker (CCB) treatment [60,125]. Inhaled NO is usually used for vasoreactivity 
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testing [98]. The testing is successful if mPAP decreases by more than 10 mmHg and 

absolute mPAP is under or equal 40 mmHg with stable or increased CO [8]. These 

patients are referred to as “responder” and have a much better prognosis than “non-

responder” [194,214]. 

1.4 Therapy 

The therapy aims to improve patient’s quality of life, prognosis and time to clinical 

worsening [153]. Risk stratification is performed to steer treatment and verify treatment 

success. Depending on patient’s baseline following goals should be achieved by therapy: 

WHO FC I or II, near-normal RV size and function, normalization of hemodynamic 

parameters (RAP <8mmHg and CI >2,5 to 3,0 l/min/m²), 6MWD of >380 to 440 m, 

normal BNP levels and near-normal exercise testing results [60,137].  

The current drug treatment is only approved for PAH patients in Germany, with two 

exceptions being approved for CTEPH [59]. CTEPH is the only form of PH that can 

potentially be cured using pulmonary endarterectomy (PEA) [237]. Although the 

prognosis of the PH improved with the developed drugs, there is still no curative medical 

treatment [60,136]. In all secondary forms of PH, therapy of the underlying disease should 

be in focus, as they are not eligible for PH specific therapy [101,198]. 

1.4.1 Supportive therapy 

Oral anticoagulants: Abnormalities in coagulation are described in some PH groups [61]. 

Post-mortem examination of IPAH patients showed high prevalence of vascular 

thrombotic lesions [26]. Evidence for oral anticoagulation is only confined to IPAH, 

heritable PAH, PAH due to anorexigens and CTEPH. Anticoagulation can be reasonable 

depending on patient’s comorbidities or therapy associated (i.e. catheter associated 

thrombosis) [71].  

Diuretics: PH eventually leads to decompensated right heart failure with fluid retention 

[57]. Diuretics are recommended to control fluid balance, if necessary [71]. 

Oxygen: Substitution of O2 is not generally indicated, as oxygen saturation is typically at 

normal level in PH patients. In case arterial oxygen pressure is consistently below 60 

mmHg (arterial O2 saturation < 91%), the patients should achieve O2 therapy, in analogue 

to the recommendations from COPD [60,71].  
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1.4.2 Specific therapy 

The specific therapy includes different drug treatments, PEA for CTEPH patients and as 

ultima ratio lung transplantation [51,59,98]. The currently approved drugs for PAH 

treatment are comprehensively reviewed by Galiè et al. and are just briefly described [60]. 

CCB: As mentioned before, “responder” benefit from long term therapy with CCBs and 

have a better outcome than “non-responder”. By inhibiting calcium channels, PA 

vasotonus is decreasing, leading to reduced PVR. But less than 10% of PAH patients are 

suitable for CCB therapy [214]. 

Endothelin pathway: Endothelin levels are elevated in PAH patients [67]. Endothelin 

exerts via binding to endothelin receptors (type A, B), forcing vasoconstriction and 

proliferation [210]. Endothelin receptor antagonists (ERA) promote vasodilatation and 

have antiproliferative effects. (ERA: Ambrisentan, Bosentan, Macitentan) 

NO pathway: NO is released by endothelial cells. The endothelial NO synthase (eNOS) 

is induced by shear stress. NO activates soluble guanylate cyclase (sGC), which in turn 

produces cyclic guanosine monophosphate (cGMP) and mediates vasodilatation. 

Decomposition of cGMP is proceeded by phosphodiesterase-5 (PDE-5) [142]. NO/cGMP 

pathway is disturbed in PH [66,131,241]. Some available drugs either induce the pathway 

by stimulating sGC or inhibition of PDE-5. Additionally, PDE-5 inhibitors have 

antiproliferative effects. (PDE-5 inhibitors: Sildenafil, Tadalafil. sGC stimulator: 

Riociguat). 

Prostacyclin pathway: Prostacyclin mediates vasodilatation, inhibits platelet aggregation 

and has antiproliferative effects [114,141]. In PH prostacyclin synthesis is reduced [33]. 

As PAH approved drugs, prostacyclin receptor agonists and prostacyclin analogues 

(PRA) are in use (Analogues: Epoprostenol, Iloprost, Treprostinil, PRA: Selexipag). 

A combination therapy of the mentioned drugs can be performed depending on severity 

of the disease or missing therapy success [60]. 

Pulmonary endarterectomy: PEA is the treatment of choice for CTEPH, if patients are 

eligible for operation [101,121,237]. In case PEA is not successful or possible, CTEPH 

patients can benefit from PAH medication. Riociguat and Treprostinil are the only 

approved drugs for CTEPH in Germany [122]. 
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1.5 Biomarker 

The „Biomarker Definitions Working Group“ from the National Institute of Health 

defined a biomarker in 2001 as “a characteristic that is objectively measured and 

evaluated as an indicator of normal biological processes, pathogenic processes, or 

pharmacologic responses to a therapeutic intervention“ [16].  

This definition implies different features of a biomarker. It might be used as a tool for 

diagnosis, classification, prognostic information, risk stratification or progression of a 

disease. On the other hand, the nature of a biomarker is not limited by this definition. 

Meaning a biomarker can originate from laboratory values derived from body liquids 

(urine, blood, ascites, liquor), functional data (6MWD, NYHA class) or hemodynamic 

measures (mPAP, PVR, CI) [68,91].  

For PH patients, a diagnostic biomarker would be a big relief, as diagnosis of PH requires 

invasive diagnostics, which is emphasizing the benefit of a disease indicating biomarker 

[15,91]. On the other hand, survival or mortality are ideal clinical endpoints for treatment 

success but are challenging to assess in rare diseases like PH and ethically questionable 

[91]. Therefore, a surrogate biomarker is desirable. A surrogate biomarker is defined as 

“a biomarker that is intended to substitute for a clinical endpoint” [16].  

Accordingly, PH biomarkers should be eligible as diagnostic biomarker and surrogate 

parameter for treatment success, prognosis, progression of the disease and identify 

pulmonary vascular remodeling [16,97,129]. Different pathways have been covered 

during the search for a PH biomarker, including endothelial dysfunction, in situ 

thrombosis, oxidative stress, end-organ failure, cardiac function or metabolism [3,208]. 

The already investigated pathways and biomarkers are extensively discussed by Anwar, 

Ruffenbach et al. [3] and Pezzuto et al. [173]. Some of the investigated biomarkers 

showed significant correlation with hemodynamic data or prognosis. Still, there is no 

existing biomarker or surrogate biomarker for PH with the previously defined 

requirements [91]. 

Currently, the only frequently used biomarker in PH is brain-natriuretic peptide (BNP) or 

its inactive signal peptide N-terminal pro-brain-natriuretic peptide (NT-proBNP) [125]. 

Because of the relevance in PH, the peptides will be described in more detail. 
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1.5.1 BNP and NT-proBNP 

In clinical daily routine NT-proBNP and BNP are commonly used at PH patients. The 

evaluation of BNP in PH is even addressed in the European guidelines [106]. Human 

BNP is a polypeptide acting as a hormone, regulating cardiovascular homeostasis. BNP 

is dominantly secreted from heart ventricles. It gets synthesized as a preprohormone of 

134 amino acids. ProBNP (108 amino acids) is generated by cleaving the C-terminal 

signal sequence. When secreted, the initially synthesized precursor proBNP gets cleaved 

in the biological active 32 amino acid long BNP and the N-terminal rest called  

NT-proBNP, which has 76 residue amino acids. Secretion stimulus is a volume overload 

of the myocytes resulting in stretch strain [15,23,118]. After secretion into the circulation, 

BNP binds to membrane bound guanylate cyclase inducing an increase of intracellular 

cGMP concentration, mediating vasodilatation and diuretic effects [83]. BNP and  

NT-proBNP are approved prognostic markers for heart failure, correlating with severity 

of the disease [156,188]. In PAH circulating BNP levels correlate with mPAP and PVR 

values, if the pressure is high enough to cause right heart strain, which occurs in most of 

the patients with progression of the disease [15,18,150]. High NT-proBNP values 

identifies the presence of PH with a sensitivity and specificity of about 90% [15]. High 

BNP or NT-proBNP levels are associated with higher mortality and predicts a poor 

prognosis [91,150]. Therefore, BNP is part of the recommended risk stratification. 

Normal natriuretic peptide concentrations are one of the goals to achieve in PH treatment 

[98,129]. However, BNP only indicates myocardial stress, no matter if left or right. It 

does not reflect pulmonary vascular disease itself and is therefore not seen as specific PH 

biomarker [91]. 
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1.6 Research questions 

Up to date nothing is published specifically about the role of MCT1 or 4 in PH, although 

altered metabolism with increased lactate concentrations in pulmonary vascular cells is 

well known. On the other hand, there is good scientific evidence about the importance of 

MCT1 and 4 in different cancer entities. As PH is a cancer like disease, we hypothesize 

that lactate transporters play an important role in PH. Objective of this study is to 

investigate the role of MCT1 and 4 in pulmonary hypertension with the following 

approaches: 

 Examine the expression of MCT1 and 4 in the lungs of IPAH patients compared 

to healthy donor lungs. 

 Investigate the expression profile of MCT1 and 4 in human pulmonary arterial 

smooth muscle cells after hypoxic and non-hypoxic stimulation, such as PDGF, 

TNFα or TGFβ. 

 Evaluate the effect of MCT1 and 4 inhibition or silencing on functional 

characteristics of human pulmonary arterial smooth muscle cells. 

 Examine the potential of MCT1 and 4 as a biomarker for pulmonary hypertension. 
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2 Materials and Methods 

2.1 Cell culture 

The in vitro experiments were performed using human pulmonary arterial smooth muscle 

cells (hPASMC) purchased from Lonza (PASMC-Pulmon.Art.SM Cells, SmGM-2, cryo 

amp, cat. no. CC-2581). Until usage the cells were stored in liquid nitrogen. For the 

experiments, the cells have been unfrozen, dissolved in 12 ml of growth medium and 

seeded in 60 mm plates in 3 ml per plate. The growth medium (Lonza, SmGM-2 Smooth 

Muscle Growth Medium-2, cat. no. CC-3182) consists of an addition of growth factors. 

In specific, recombinant human fibroblast growth factor-B (rhFGF-B), recombinant 

human epidermal growth factor (rhEGF), as well as insulin and antibiotic mixture of 

gentamicin and amphotericin. The cells were cultured at 37°C and 5% CO2. The medium 

was changed the following day and from then on, every second day. Cell growth was 

tracked using microscope until cells covered approximately 80% of the plate in a 

monolayer. Usually, this was achieved after 6 to 7 days. All the in vitro experiments were 

performed in passage 7. 

2.1.1 Cell splitting 

For cell splitting the medium was removed and the cells were washed one time with 3 ml 

of prewarmed phosphate buffered saline solution (PBS, Pan Biotech, DPBS, cat. no. P04-

36500). Then 1,5 ml of warm trypsin (dissolved to 1x in PBS) was added to the cells and 

incubated for 1 min at 37°C. Following the trypsinization, 1,5 ml of growth medium was 

added and the detached cells were transferred into a 50 ml falcon. To ensure complete 

harvest of the cells, additional 3 ml of PBS was rinsed over the plate and transferred to 

the falcon as well. The falcons were centrifuged at 1200 rpm for 5 min at 20°C to collect 

the cells in a pellet. The supernatant was removed and the cell pellet was dissolved in  

1 ml of growth medium. Using counting chambers, total number of cells was determined. 

For the calculation, the medium of 2 counts have been used. The appropriate volume of 

cells for the specific experimental design was transferred to the appropriate plates. 

2.1.2 Hypoxic and non-hypoxic stimulation 

To generate hypoxic stimulation, the cells were grown for 3 days in hypoxic conditions 

at 1% O2 at 37°C. An appropriate control in normoxic conditions was used. As  
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non-hypoxic stimulus PDGF, TNFα and TGFβ treatment was used. Depending on the 

experimental setup, cells were either exposed to PDGF (R&D Systems, Recombinant 

Human PDGF-BB Protein, cat. no. 220-BB-010) at a concentration of 40 ng/ml, TNFα 

(R&D Systems, Recombinant Human TNF-alpha Protein, cat. no. 210-TA-005/CF) at a 

concentration of 20 ng/ml or TGFβ (R&D Systems, Recombinant Human TGF-beta 1 

Protein, cat. no. 7754-BH-005/CF) at a concentration of 10 ng/ml for 2 days. Each of the 

stimulators was dissolved in basal medium (Lonza, SmBM Smooth Muscle Cell Growth 

Basal Medium, cat. no. CC-3181). Control hPASMCs were incubated without any of the 

mentioned stimulators in basal medium for corresponding period of time. Cells were 

grown in normoxic conditions at 37°C. 

2.1.3 Cell lysis and preparation of western blot samples 

To create western blot samples, 40.000 cells were seeded in 2 ml per well in 6 well plates. 

Following the experimental conditions, the plates were placed on ice immediately. The 

medium was removed and the cells were washed one time with 2 ml of ice-cold PBS. 

Then 150 µl of lysis buffer was added to each well. The lysis buffer consists of 

Radioimmunoprecipitation assay (RIPA) buffer, 1% v/v Vanadat, 1% v/v 

Phenylmethylsulfonylfluorid (PMSF) and 2% v/v protease inhibitor. After mechanical 

scratching of the cells, the mixture was added to a new 1,5 ml tube and placed on ice. 

Homogenization was performed by aspirating the cells using 1 ml syringe and 20G 

needle. The homogenized mixture was centrifuged at full speed for 15 min at 4°C. The 

supernatant was transferred into a new tube and the protein amount was determined using 

Biorad DC protein assay (cat. no. 5000111). Depending on to the protein amount, the cell 

samples were diluted in lysis buffer, laemmli sample buffer (1:5, Biorad, cat. no. 

1610747) and ß-mercaptoethanol (1:20, Roth, cat. no. 4227.3). The final amount of 

protein used for western blot samples was between 12 and 20 µg per well. Eventually, the 

samples were boiled at 99°C for 10 min and a spin-down centrifugation was performed. 

2.1.4 siRNA transfection 

HPASMCs were transfected with siRNA to knockdown MCT1 and 4 expression. After  

1 day of recovery from splitting, the cells were starved for 16 h in basal medium, 

containing 1% penicillin and streptomycin. After 16 h starvation, the basal medium was 

removed and replaced by basal medium without antibiotics. Transfection was performed 

using lipofectamine 2000 (invitrogen, cat. no. 11668-019), diluted in Opti-MEM (gibco, 
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cat. no. 31985-047) to 0,5% v/v. siRNA against MCT1 and 4 and scramble siRNA 

(scRNA) were diluted in Opti-MEM as well and a final concentration of 100 nM was 

created. scRNA (cat. no. D-001810-01-20) and siRNA (MCT1 cat. no. L-007402-00-

0005, MCT4 cat. no. L-005126-02-0020) were purchased from dharmacon. The mixture 

of lipofectamine, siRNA and Opti-MEM was added to the basal medium in each well and 

incubated for 8 h at 37°C. Upon the incubation the mixture was replaced with growth 

medium and the experimental conditions were started. scRNA was used as a control at 

the same concentrations as the siRNA. Successful knockdown of MCT1 and 4 was 

confirmed using western blot analysis. 

2.1.5 Pharmaceutical treatments 

AZD3965 (selleckchem, cat. no. 1448671-31-5) and syrosingopine (sigma aldrich, cat. 

no. SML1908-25MG) were used to inhibit MCT1 and 4 pharmacologically. The 

inhibitors were dissolved in Dimethylsulfoxid (DMSO, sigma aldrich, cat. no. D4540-

100-1) to create a stock solution of 50 mM for both AZD3965 and syrosingopine. 

Aliquots of the stock solutions were stored at -80°C. The same amount of DMSO as the 

highest used concentration of AZD3965 or syrosingopine was added to the cell culture 

medium and represented the treatment control. 

2.1.6 BrdU assay 

Bromdesoxyuridin (BrdU) incorporation assay was used to determine the proliferative 

capacity of the cells. BrdU is thymidine analogue and gets integrated into the DNA during 

cell replication. The amount of integrated BrdU reflects the proliferative capacity of the 

cells. BrdU assay was purchased from roche (Cell Proliferation ELISA, cat. no. 

11647229001). For the BrdU assay, 5000 cells were seeded in a 24 well plate and 

following 2 days of recovery, the cells went through starvation period of 24 hours prior 

the addition of appropriate compound or DMSO control, dissolved in cell culture 

medium. Chronic hypoxic incubation for 3 days or PDGF stimulation for 2 days were 

used to induce a hyperproliferative phenotype of the cells (see 2.1.2).  18 h prior to the 

assay read-out, BrdU labelling reagent was added to cell culture medium. 50 µl of 20x 

BrdU labelling reagent was added to each well for a total volume of 1 ml. After the 

incubation time the cell medium was removed by inverting and tapping on paper towels 

and 450 µl of fixation solution was added into each well and incubated for 30 min at room 

temperature. Next, fixation solution was replaced with 450 µl of anti-BrdU diluted in 



 
26 

antibody dilution solution and incubated for 1,5 h at room temperature. Finally, the plates 

were washed 3 times with 450 µl washing buffer and 450 µl of substrate solution was 

added to each well. Optical density at 370 nm with a reference wavelength of 492 nm was 

determined after 5, 10, 15 and 20 min using tecan infinite M2000 plate reader. The 

background control was subtracted from the values to generate the final relative BrdU 

incorporation. 

2.1.7 Cell viability assay 

The amount of viable cells was determined using alamarBlue Cell Viability reagent 

purchased from invitrogen (Cat no. DAL1100). The assay is based on a non-fluorescent 

resazurin solution. Resazurin is a non-toxic and cell permeable substrate. When entering 

the cell plasma, it is reduced via reducing enzymes in living cells to resorufin. Resorufin 

is highly fluorescent. The fluorescent intensity in turn is used to quantitively measure cell 

viability. In the absence of reducing enzymes from living cells, no fluorescent resorufin 

is generated. Otherwise, the generated fluorescent signal is proportional to the number of 

viable cells.  

For the assay 10.000 hPASMCs were seeded in growth medium into a black-walled 96 

well plate. After 1 day of recovery the experimental conditions were started for 24 h. 

Untreated control, background control and positive control were included. As positive 

control staurosporine (SSP, cayman, cat. no. 84590) was added at a final concentration of 

1 µM 3 h prior to the assay quantification. 1/10th volume of alamarBlue cell viability 

reagent was added to each well, followed by an incubation of 4 h at 37°C in darkness. 

The fluorescent signal was detected using tecan infinite M2000 plate reader. Excitation 

wavelength was set to 550 nm and emission wavelength to 600 nm. Multiple reads per 

well were performed. Results were subtracted with fluorescence values of the background 

control. 

2.1.8 Cell migration assay 

Cell migration was quantified using Culture-inserts 2 well for self-insertion purchased 

from ibidi (cat. no. 80209). In this assay a physical gap is generated in between cell 

monolayers and the process of cell migration into this gap is monitored by live cell 

imaging. Live cell imaging was performed by IncuCyte ZOOM Live-Cell microscopy 

imaging system.  
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For the assay, 7500 hPASMCs were seeded in each of the 2 defined wells in a 96 well 

plate. After cell recovery and attachment for 24 hours, the culture-insert was removed and 

the physical gap was thereby created. After 1 time of washing with warm PBS, the 

respective experimental conditions were started by adding syrosingopine or DMSO to 

growth medium. As mentioned above, the cell migration was then monitored using 

IncuCyte ZOOM Live-Cell microscopy imaging system. An image was taken every 20 

minutes for a period of 12 hours. The images were analysed by IncuCyte ZOOM software 

and the results shown as the percentage of gap coverage by migrated cells. A scheme of 

the assay principle is provided by ibidi company, see figure 5 [111]. 

 

Figure 5 Scheme of cell migration assay, with courtesy of ibidi GmbH [111] 

2.1.9 Apoptosis assay 

Apoptosis of hPASMCs was assessed using Kinetic Apoptosis Kit purchased from abcam 

(cat. no. ab129817).  The assay uses Annexin XII based probes, known as pSIVA 

(Polarity Sensitive Indicator of Viability and Apoptosis). The probe binds to 

phosphatidylserine when it gets exposed to the outer cell membrane, a phenomenon 

occurring in apoptotic cells. To visualize the binding, the probe is conjugated to a 

fluorescent dye (IANBD) that fluoresces only when bound to the cell membrane. 

For the assay, 7500 hPASMCs were seeded in a black-walled 96 well plate. After cell 

recovery for 24 hours in 37°C, the cells were exposed to syrosingopine or DMSO control 

together with pSIVA-IANBD probe. The cells were exposed for 12 hours in hypoxic 

conditions (1% O2, 5% CO2, 37°C). The generated fluorescent signal is proportional to 

cell apoptosis. Fluorescence was detected using IncuCyte ZOOM Live-Cell imaging 

system. The images were analyzed by IncuCyte ZOOM software and the results are 

presented as fluorescent-green positive cells normalized to cell surface confluence. 
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2.1.10  Extracellular lactate measurements 

Extracellular lactate measurements were performed using Lactate-Glo Assay purchased 

from Promega (cat. no. J5021). This assay uses enzymatical coupling of lactate 

dehydrogenase (LDH) and a reductase to produce luciferin. A simplified scheme of the 

underlying reactions is shown in figure 6 [38]. The luciferin signal is detected by 

measuring luminescence.  

 

Figure 6 Schematic diagram of the Lactate-Glo assay principle, with courtesy of Promega Corp.  [38]  

7500 hPASMCs were seeded in 96 well plate in growth medium. The cells were exposed 

to the experimental conditions for 2 days in normoxic or hypoxic conditions (1% O2) at 

37°C. To measure extracellular lactate concentration, the cell culture medium was diluted 

100 times in PBS. 30 µl of the diluted medium was added into a new 96 well plate together 

with 30 µl of lactate detection reagent and mixed by shaking for 60 sec. The plate was 

incubated for 60 min and luminescence was recorded using tecan infinite M2000 plate 

reader. Lactate standards at given concentrations, diluted in PBS, were added. Every well 

was measured in doublets. Lactate concentration of the samples were calculated using the 

inverse formula of plotted luminescence signal of the known lactate standards in a linear 

function. 

2.2 Lung tissue samples 

Lung tissue samples have been provided by the Giessen Biobank. The Ethics Committee 

of the Justus-Liebig-University School of Medicine approved all the studies involving 

human lung samples (AZ 58/15). In total, 9 samples of IPAH patient lungs and 8 of donors 

lungs were available to investigate the expression profile of MCT1 and MCT4. No further 

clinical data about the patients were available. 
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2.2.1 Tissue homogenization 

Lung tissue samples were stored in liquid nitrogen. For the homogenization, a maximum 

of 30 mg of sample was used. If necessary, the lung tissue was chopped using mortar and 

pistil. The tissue was placed in 2ml tubes with 10 – 15 homogenization beads and 200 µl 

lysis buffer. The lysis buffer consists of 20% RIPA buffer, 80% distilled aqua and 0,1% 

PMSF. The tubes were placed in precellys tissue homogenizer. After homogenization, the 

samples were placed on ice for 10 min and then centrifuged at 4°C for 10 min at full 

speed. The supernatant was transferred into a new tube. Polymerize chain reaction (PCR) 

or western blot samples of the lung tissue homogenates were made as described in the 

according sections.  

2.3 Reverse-transcription quantitative PCR 

For preparation of cell culture samples, the cell culture plates were placed on ice and 

washed one time with 2 ml of ice-cold PBS. The cells were then detached by adding 

300 µl lysis buffer and mechanical scratching. The lysis buffer derived from purchased 

RNA purification kit (Qiagen, RNeasy Mini Kit, cat. no. 74104). Cell lysates were 

homogenized using syringe and needle. Tissue samples were disrupted and homogenized 

with the supplied lysis buffer and rotor-stator homogenizer (precellys). The RNA was 

isolated according to the manufacturers protocol. The amount of RNA per sample was 

measured using nanodrop ND-1000 and all samples were diluted using RNAse free H2O. 

In the next step the isolated RNA was reverse transcribed into cDNA using iScript cDNA 

synthesis kit (Biorad, cat. no. 170-8890). For the final PCR reaction 1 µl of cDNA sample 

was added to 9 µl master mix. The master mix consists of iTaq universal SYBR Green 

Supermix (Biorad Laboratories Inc., cat. no. 172-5124), RNAse free water and forward 

and reverse primer. Real-time PCR quantification was performed by using Biorad CFX 

connect. Cycling conditions were as follows: 95°C for 10 min, 40 cycles of 95°C for 10 

sec, 59°C for 20 sec, 72°C for 10 sec. To confirm specific amplification of the target 

sequence melting curve analysis was performed, in addition to gel electrophoresis. Each 

sample was measured in doublets and 2 negative controls for each primer were included. 

Quantification cycle (Cq) values were determined and cycle of threshold (Ct) levels were 

set at the same level for gene of interest and reference gene at the exponential phase of 

the qPCR. Relative quantitative evaluation was performed using ΔCt and 2-ΔΔCt to 

compare the expression levels. 
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Primers were designed using Primer-BLAST (NCBI) and ordered from metabion 

international AG. Following primer sequences were used:  

Table 6 Primer sequences used for qPCR 

Target Sequence 

MCT1 
Forward 3’ TCT TTG CGG CTT CCG TTG TT 5’ 

Reverse 3’ AAT ACG GAG CTG AGC CAC CC 5’ 

MCT4 
Forward 3’ ACG AAG CGG AGG TCT GAA GG 5’ 

Reverse 3’ ATG ACG AAA CAG CCG AAG AG 5’ 

PBGD 
Forward 3’ CCC ACG CGA ATC CTC AT 5’ 

Reverse 3’ TGT CTG GTA ACG GCA ATG CG 5’ 

β-actin 
Forward 3’ CTG GGA CGA CAT GGA GAA AA 5’ 

Reverse 3’ AGG GAT AGC ACA GCC TGG AT 5’ 

 

Porphobilinogen deaminase (PBGD) was used as reference gene for IPAH / donor lung 

tissue samples and β-actin for cell culture samples.  

2.4 PCR amplicon gel electrophoresis 

PCR amplicons and negative controls were run on gel electrophoresis to confirm the 

specificity of the amplification. The amplicons were separated using a 1,5% agarose gel, 

which consists of 1,5% m/v of agarose diluted in TRIS-Acetate-EDTA (TAE) buffer and 

1:25.000 SYBR safe DNA gel stain (Invitrogen, Cat.no. S33102). 5 µl of sample or 

negative control were mixed with 1 µl of 6x DNA loading dye (thermofisher, cat. no. 

R0611) and 5 µl of the mixture was added to the gel, as well as 3 µl of a 100 bp gene 

ruler (thermofisher, cat. no. SM0241). Electrophoresis was performed with 120V, 150mA 

and 100W for 30min. Finally, the nucleotide signal was visualized using Biorad chemidoc 

XRS+. 

2.5 Western Blot 

Protein expression was investigated using Western Blot from lung tissue samples and 

hPASMCs. The preparation of western blot samples is described in section 2.1.3. The 

protein mixture was separated using sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS PAGE). 12% gels were self-made using 3,4 ml distilled H2O, 4 ml 

30% Acrylamide (Roth, cat. no. 3029.1), 2,5 ml of 1,5 mol Tris Buffer and 0,1 ml 10% 
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SDS (invitrogen, cat. no. 24730-020). 25 µl of sample and 3 µl of protein size marker 

(Biorad, precision plus protein dual color standard, cat. no. 161-0374) were loaded per 

well. Electrophoresis settings were as follows: 120 V, 400 mA, 150 W for approximately 

1 h and 50 min. After electrophoresis the proteins were blotted on a polyvinylidene 

difluoride (PVDF) membrane, which was activated for a few seconds in methanol, using 

following settings: 100 V, 115 mA, 150 W for 1 h and 15 min. Unspecific bindings were 

blocked by incubating the membrane at room temperature for 1 h in 6% m/v milk buffer. 

Primary antibodies were incubated overnight at 4°C on a rolling shaker. After 4 times 

washing for 10min each, the membranes were incubated with secondary antibody for 1h 

at room temperature on a rolling shaker. As secondary antibodies horseradish peroxidase 

conjugated anti-rabbit or anti-mouse antibodies were used. After another 4 times of 

washing the bands were visualized using Amersham ECL Prime Western Blotting 

Detection Reagent (gehealthcare cat. no. RPN2232) and developed on Biorad chemidoc 

touch. Following antibodies have been used: anti-MCT1 (dilution 1:500 in milk buffer, 

rabbit, Merck Millipore, cat. no. AB3538P), anti-MCT4 (dilution 1:1000 in milk buffer, 

rabbit, proteintech cat. no. 22787-1-AP), anti-HIF-1α (dilution 1:1000 in milk buffer, 

rabbit, cayman, cat. no. 10006421), anti-β-actin (dilution 1:50000 in milk buffer, mouse, 

abcam, cat. no. ab8226), anti-mouse IgG (goat, Promega, cat. no. W4011) and anti-rabbit 

IgG (goat, Promega, cat. no. W4021). 

β-actin was used as loading control. Incubation of β-actin was performed for 30 min at 

room temperature on a rolling shaker. In this case, secondary antibody incubation was 

performed for 30 min at room temperature.  

The band intensity was quantified using Image Lab software (Biorad). 

2.6 Biomarker studies 

2.6.1 Collection of blood samples 

Positive ethics committee vote was granted from Justus-Liebig-University Giessen for 

blood sample collection and further processing (see 12.1). The patients gave their written 

informed consent to use their clinical samples and data for scientific research (see 12.3). 

Blood samples were exclusively collected during RHC examination at pulmological 

ambulance of university hospital Giessen. With the written permission of the patients, 

central venous blood was drawn from inserted Swan-Ganz catheter, 2 EDTA tubes per 
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patient. Right after blood draw, the samples were centrifuged at 3000 rpm for 10 min and 

supernatant plasma was transferred in 1,5 ml Eppendorf-tubes. Until usage, the tubes 

were stored at -80°C. Collected data of RHC examination and further clinical data like 

VQ scan was used to assign samples to non-PH, IPAH and CTEPH group. Classification 

of the patients was performed by physicians from pulmological ambulance. The plasma 

samples were used to determine circulating MCT1 and 4 levels, using Enzyme-linked 

Immunosorbent Assay (ELISA). The investigated blood samples were collected from 

23.04.2008 to 26.10.2017. Blood samples of patients were included, if PH was not 

diagnosed before to make sure patients did not receive any PH specific drugs, to avoid 

any interference with MCT1 or 4 levels. Besides hemodynamic data derived from RHC, 

additional data like WHO-FC, 6MWD and BNP was collected, if possible, from the same 

hospital visit, as well as survival data. The clinical data derived from Giessen PH 

database. 

2.6.2 Enzyme-linked Immunosorbent Assay 

ELISA was used to determine plasma concentration of MCT1 and 4. For this purpose 

ELISA kits were purchased from mybiosource (MCT1 cat. no. MBS9392446, MCT4 cat. 

no. MBS9335997). Undiluted samples were transferred to provided 96 wells and each 

sample was measured in doublets. Negative controls were included. Assigned kits are one 

step kits, which means samples or standards (50 µl) and HRP conjugated antibody (100 

µl) are transferred to the wells in the same step. After 1 h of incubation at 37°C chromogen 

solution (50 µl) was added and another 15 min incubated at 37°C, before the chromogen 

reaction was stopped by adding stop solution (50 µl). Optical density was measured at 

450 nm with tecan infinite M2000 plate reader. The detection range of MCT1 was 0,625 

ng/ml – 20 ng/ml (Standards: 0,625, 1,25, 2,5, 5, 10, 20 all ng/ml) and of MCT4 1,56 

ng/ml – 50 ng/ml (Standards: 1,56, 3,12, 6,25, 12,5, 25, 50 all ng/ml). Sensitivity of both 

kits is given with 0,1 ng/ml. To determine the concentrations of the samples, 

concentration and optical density of the standards were plotted on a 4-parameter logistic 

curve and the corresponding regression graph was created. Using inverse formula final 

concentrations were calculated. Values that were out of detection range were excluded. 
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2.7 Statistical analysis 

Statistical analysis of the biomarker experiments was performed using SPSS version 27 

(IBM, NY, USA). Descriptive statistics of nominally and ordinally scaled values are 

stated as absolute and relative frequencies. Metric variables were tested for normal 

distribution using Shapiro-Wilk test and descriptive statistics of normally distributed 

variables are presented as mean ± standard deviation (SD). Non-normally distributed 

variables are described with median and interquartile range [IQR]. The measured 

biomarkers showed a right skewed distribution. For further statistical analysis the natural 

logarithmic values were calculated to generate normally distributed variables 

(“logarithmic transformation”). Homogeneity of variance was controlled using Levene-

test. Normally distributed variables with variance homogeneity were compared using 

independent t-test or ANOVA test followed by Turkey HSD post-hoc test, depending on 

the number of groups that have been compared. Welch’s t-test was used to compare two 

groups with normally distributed variables but unequal variances. In all other cases the 

mean comparisons were performed using non-parametric tests. Mann-Whitney U test was 

used to compare 2 groups and Kruskal-Wallis test, followed by Dunn-Bonferroni post-

hoc test, for larger group comparisons. Association of the normally distributed variables 

were investigated by calculating Pearson correlation, all other associations were 

investigated using Spearman correlation. Correlation coefficient r is calculated in each 

case, with r value from 0,1 to 0,3 indicating weak, from 0,3 to 0,5 medium and above 0,5 

strong correlations. For survival analyses, the survival time is defined as time from date 

of RHC until date of event. All other patients were censored at the day of last contact. 

Patients that were lost to follow-up were censored at the day of last contact, as well. 

Survival time was visualized using Kaplan-Meier curves and the groups were compared 

by Log-Rank test. Whenever differences of the survival time were observed, multivariate 

Cox-regression was performed. For multivariate analysis the variables age, PVR and 

WHO-FC were investigated.  

All other statistics, in particular the molecular biology part, was analyzed using GraphPad 

Prism version 7 (GraphPad Software, CA, USA). Mean comparisons were performed 

using independent t test or ANOVA, followed by Turkey HSD post-hoc test.  

In general, p values <0,05 were considered as significant results. In the generated charts 

significant results are indicated by stars (*). * = p<0,05, ** = p<0,01, *** = p<0,001, 

**** = p<0,0001. 
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3 Results 

3.1 Expression profile of MCT1 and 4  

3.1.1 In the lungs of IPAH patients 

The expression profile of MCT1 and 4 was investigated in IPAH and donor  lung 

homogenates. 

The mRNA expression of MCT1 and MCT4 was significantly increased in IPAH lung 

homogenates compared to donor lung samples by independent t-test. MCT1 mRNA 

expression was increased by 2,69 (±0,26) fold and MCT4 by 3,05 (±0,44) fold. The data 

is shown in figure 7A using 2-ΔΔCq values, together with gel electrophoresis control in 

figure 7B.  

 

 

 

 

 

 

 

Figure 7 A mRNA expression of MCT1 and 4 in IPAH and donor lung homogenates; dotted line 

corresponds to donor expression, Donor n=8, IPAH n=9, independent t-test ** p<0,01, *** p<0,001  

B Gel electrophoresis control of PCR amplicons; MCT1 127bp, MCT4 145bp 

+ - -  - + + 
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MCT1 

MCT4 

The protein expression of MCT1 and MCT4 was significantly increased in IPAH lung 

homogenates compared to donor lung homogenates by independent t-test. The respective 

blots and the quantification charts are shown in figure 8. 

 

 

 

 

 

 

 

 

  

 

 

Figure 8 A Protein expression of MCT1 in IPAH and donor lung homogenates B Protein expression of 

MCT4 in IPAH and donor lung homogenates; Donor n=6, IPAH n=8, independent t-test, ** p<0,01,  

*** p<0,001 
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3.1.2 In hPASMCs after hypoxic and non-hypoxic stimulation 

Besides lung tissue samples, the expression profile was investigated in vitro, focusing on 

hPASMCs. Therefore, hPASMCs isolated from healthy donors were exposed to hypoxic 

and non-hypoxic stimuli. After stimulation the mRNA and protein expression of MCT1 

and 4 was determined.  

3.1.2.1 Chronic hypoxic stimulation 

After 3 days of chronic hypoxic incubation (Hox) MCT1 mRNA did not significantly 

change. Whereas a significant upregulation of MCT4 mRNA by 1,57 (±0,22) fold was 

observed when compared to appropriate normoxic (Nox) control by independent t-test. 

The mRNA expression is shown in figure 9. 

 

Figure 9 mRNA expression of MCT1 and 4 in hPASMCs after 3 days of chronic hypoxic stimulation; 

dotted line corresponds to Nox, each condition n=4, independent t-test, * p<0,05 

On protein level, successful hypoxic stimulation was confirmed by significant HIF-1α 

upregulation in hypoxic conditions (figure 10A, D). MCT1 protein expression did not 

significantly change in hypoxic conditions compared to normoxic conditions (figure 10 

A, B). MCT4 protein expression was significantly upregulated upon hypoxic stimulation 

for 3 days compared to normoxic control by independent t-test (figure 10 A, C).  
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Figure 10 A Protein expression of MCT1, 4 and HIF-1α in hPASMCs after 3 days of chronic hypoxic 

stimulation B Quantification chart of MCT1 expression C Quantification chart of MCT4 expression D 

Quantification chart of HIF-1α expression; each condition n=4, independent t-test, * p<0,05, ** p<0,01 
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3.1.2.2 PDGF stimulation 

HPASMCs were stimulated with PDGF for 2 days. Upon PDGF stimulation, MCT1 

mRNA and protein expression did not significantly change in hPASMCs (figure 11, 12A). 

MCT4 mRNA was significantly downregulated by 0,66 (±0,08) fold when compared to 

basal medium treated cells by independent t-test (figure 11). In contrast, MCT4 protein 

expression was significantly upregulated compared to unstimulated control by 

independent t-test (figure 12B). 

 

 

Figure 11 mRNA expression of MCT1 and 4 in hPASMCs upon PDGF treatment for 2 days; dotted line 

corresponds to basal medium control, each condition n=3, independent t-test, * p<0,05 
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Figure 12 Protein expression of MCT1 and 4 in hPASMCs after 2 days of PDGF stimulation A Western 

Blot and quantification chart of MCT1 B Western Blot and quantification chart of MCT4; each condition 

n=3, independent t-test, * p<0,05 
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3.1.2.3 TNFα stimulation 

MCT1 and 4 expression profile was not significantly influenced on protein and mRNA 

level by TNFα stimulation in hPASMCs for 2 days. The mRNA expression is shown in 

figure 13 and the protein expression in figure 14. 

 

Figure 13 mRNA expression of MCT1 and 4 in hPASMCs upon TNFα treatment for 2 days; dotted line 

corresponds to basal medium control, each condition n=3 

 

 

 

 

 

 

 

  

 

 

 

Figure 14 Protein expression of MCT1 and 4 in hPASMCs after 2 days of TNFα stimulation A Western 

Blot and quantification chart of MCT1 B Western Blot and quantification chart of MCT4; each condition 

n=3 
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3.1.2.4 TGFβ stimulation 

After TGFβ stimulation for 2 days, MCT1 mRNA and protein levels did not significantly 

change in hPASMCs (figure 15, 16A). MCT4 mRNA and protein expression were 

significantly upregulated when compared to basal medium treated cells by independent 

t-test (figure 15, 16B). The mRNA expression was elevated by 1,62 (±0,19) fold. 

 

Figure 15 mRNA expression of MCT1 and 4 in hPASMCs upon TGFβ treatment for 2 days; dotted line 

corresponds to basal medium control, each condition n=3, independent t-test, * p<0,05 

 

 

 

 

 

 

 

 

 

Figure 16 Protein expression of MCT1 and 4 in hPASMCs after 2 days of TGFβ stimulation A Western 

Blot and quantification chart of MCT1 B Western Blot and quantification chart of MCT4; each condition 

n=3, independent t-test, * p<0,05 
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3.2 Effect of MCT1 and 4 inhibition or silencing in hPASMCs 

3.2.1 MCT1 and 4 silencing 

The effect of MCT1 or 4 silencing on functional characteristics was investigated in 

hPASMCs. Silencing was achieved by siRNA transfection. The successful knockdown 

of MCT1 or 4 was controlled by immunoblot, which is shown in figure 17.  

 

 

Figure 17 Successful knockdown of MCT1 and 4 shown by immunoblot 

Pathological hyperproliferation was induced in hPASMCs by two different in vitro 

disease models, chronic hypoxic incubation for 3 days and PDGF stimulation for 2 days. 

Afterwards, the proliferation capacity of the hPASMCs was measured using BrdU 

incorporation assay and the effect of MCT1 or 4 silencing was investigated. 

Chronic hypoxic incubation of hPASMCs for 3 days significantly induced cell 

proliferation, indicated by increased BrdU incorporation, in scRNA treated control cells 

when compared to normoxic control cells. Knockdown of MCT1 or MCT4 significantly 

reduced or even prevented the hypoxia induced proliferation in hPASMCs. The groups 

were compared by one-way ANOVA followed by post-hoc Turkey HSD test. The results 

are shown in figure 18.  
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Figure 18 Effect of MCT1 and 4 silencing on hPASMC proliferation after 3 days of chronic hypoxic 

conditions; each condition n=4, one-way ANOVA followed by post-hoc Turkey HSD test, $$ p<0,01, * 

p<0,05, * compared to scRNA hypoxia 

Upon PDGF treatment for 2 days, scRNA treated control hPASMCs developed a 

significantly increased proliferation when compared to control cells, grown in basal 

medium. Silencing of MCT1 or 4 did not significantly reduce the PDGF mediated 

hyperproliferation. The groups were compared by one-way ANOVA followed by post-

hoc Turkey HSD test. The results are shown in figure 19. 

 

Figure 19 Effect of MCT1 and 4 silencing on hPASMC proliferation after 2 days of PDGF stimulation; 

each condition n=4, one-way ANOVA followed by post-hoc Turkey HSD test, $$$$ p<0,0001 
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3.2.2 Effect of pharmaceutical MCT1 inhibition by AZD3965 

Besides silencing, the effect of pharmaceutical MCT inhibition on functional 

characteristics was investigated. Pharmacological MCT1 inhibition was achieved by 

AZD3965, a potent MCT1 inhibitor (see 1.2.3) [20].  

Cell viability of hPASMCs upon AZD3965 treatment was performed to discriminate 

possible functional effects from toxic side-effects. Different concentrations, up to 50µM, 

were used. HPASMC viability was not influenced by AZD3965 treatment, when 

compared to DMSO treated control group by one-way ANOVA followed by post-hoc 

Turkey HSD test. The results are shown in figure 20. 

 

Figure 20 Dose dependent effect of AZD3965 treatment on cell viability in hPASMCs; each condition 

n=4 

The same approach as for silencing experiments was used to investigate the effect of 

pharmaceutical MCT1 inhibition on induced hPASMC proliferation.  

Upon chronic hypoxic conditions for 3 days hPASMC proliferation was significantly 

induced in the DMSO treated group when compared to normoxic control cells. AZD3965 

mediated pharmaceutical inhibition of MCT1 did not significantly influence the hypoxia 

mediated hyperproliferation of hPASMCs at any tested concentration. The groups were 

compared by one-way ANOVA followed by post-hoc Turkey HSD test. The results are 

shown in figure 21. 
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Figure 21 Effect of pharmaceutical MCT1 inhibition on hPASMCs proliferation upon 3 days of hypoxic 

conditions; each condition n=4, one-way ANOVA followed by post-hoc Turkey HSD test, $$ p<0,01 

Treatment of hPASMCs with PDGF for 2 days significantly induced proliferation in 

hPASMC DMSO treated cells when compared to DMSO treated control grown in basal 

medium. MCT1 inhibition by AZD3965 did not decrease PDGF induced proliferation. 

Instead, a significantly increased proliferation was observed starting from 1 µM of 

AZD3965 compound, when compared to PDGF treated DMSO control. The groups were 

compared by one-way ANOVA followed by post-hoc Turkey HSD test. The results are 

shown in figure 22. 

 

Figure 22 Effect of pharmaceutical MCT1 and 4 inhibition on hPASMC proliferation after PDGF 

treatment for 2 days; each condition n=4, one-way ANOVA followed by post-hoc Turkey HSD test, $$$$ 

p<0,0001, ** p<0,01, **** p<0,0001, * compared to DMSO treated and PDGF stimulated control 
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3.2.3 Effect of pharmaceutical MCT1 and 4 inhibition by syrosingopine 

Syrosingopine is a compound effectively inhibiting MCT4 at low concentrations and with 

increasing concentrations MCT1 as well (see 1.2.3). According to the literature the IC50 

is about 2,5 µM for MCT1 and 40 nM for MCT4 [12]. Meaning that a single MCT4 or 

double MCT1 and 4 inhibition can be achieved, depending on the used concentration. 

Cell viability upon drug treatment was investigated to test for cytotoxic side-effects. 

Concentrations of up to 20 µM of syrosingopine did not significantly reduce cell viability 

when compared to DMSO treated cells. Staurosporine was added as a positive control 

and significantly diminished cell viability compared to DMSO control. The groups were 

compared by one-way ANOVA followed by post-hoc Turkey HSD test. The results are 

shown in figure 23. 

 

 

Figure 23 Dose dependent effect of syrosingopine treatment on cell viability in hPASMCs; each 

condition n=4, one-way ANOVA followed by post-hoc Turkey HSD test, $$ p<0,01, SSP=staurosporine 
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The effect of syrosingopine treatment in hPASMCs on hypoxia and PDGF induced 

proliferative capacity was investigated. In chronic hypoxic conditions the DMSO treated 

control cells acquired a significantly increased proliferative capacity compared to 

normoxic conditions. Syrosingopine treatment, at a concentration of 5 and 10µM, 

significantly reduced or even prevented the hypoxia induced proliferation in hPASMCs 

compared to DMSO treated control cells. The highest tested concentration of 10 µM also 

significantly reduced proliferative capacity in normoxic conditions compared to DMSO 

treated control. The results are shown in figure 24.  

Upon PDGF treatment for 2 days, DMSO treated control hPASMCs acquired a 

hyperproliferative phenotype, shown by significantly increased BrdU incorporation in the 

DMSO control. HPASMCs treated with lower concentrations of syrosingopine developed 

a significantly increased proliferative capacity when compared to DMSO treated control 

cells. Whereas the highest used concentration of 10 µM significantly reduced PDGF 

induced proliferation.  The results are shown in figure 25. In both experiments, all groups 

were compared by one-way ANOVA followed by post-hoc Turkey HSD test. 

 

 

Figure 24 Effect of syrosingopine treatment on hPASMC proliferation after chronic hypoxic incubation 

for 3 days; each condition n=4, one-way ANOVA followed by post-hoc Turkey HSD test, $ p<0,05, **** 

p<0,0001, * compared to DMSO treated hypoxic control 
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Figure 25 Effect of syrosingopine treatment on hPASMC proliferation after PDGF treatment for 2 days; 

each condition n=4, one-way ANOVA followed by post-hoc Turkey HSD test, $$$$ p<0,0001, *** 

p<0,001, **** p<0,0001, * compared to DMSO treated and PDGF stimulated control 
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In addition to proliferation assays, the effect of pharmacological MCT1 and 4 inhibition 

by syrosingopine on hPASMC migration in hypoxic conditions was investigated using a 

wound confluence assay. In this case a concentration of 10 µM of the compound was 

used. The chosen concentration is based on the reduced proliferation at this concentration 

from the previous experiments. In hypoxic conditions the cell migration of hPASMCs 

was significantly reduced after 12 hours of treatment by syrosingopine when compared 

to DMSO treated control cells by independent t-test. The results are shown in figure 26. 

 

 

Figure 26 Effect of syrosingopine treatment in hPASMCs on cell migration in hypoxic conditions;  

independent t-test, * p<0,05 
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To examine whether the treatment by syrosingopine influences cell fate of hPASMCs, 

apoptotic cells were stained using an annexin XII based fluorescent dye. Apoptotic cells 

were identified at different concentrations of the compound and compared to DMSO 

treated hPASMCs in hypoxic conditions. In hPASMCs treated with 10 µM of 

syrosingopine significantly more apoptosis positive cells were found compared to DMSO 

treated cells by one-way ANOVA followed by post-hoc Turkey HSD test. The result is 

shown in figure 27. 

  

 

Figure 27 Effect of syrosingopine treatment on hPASMC apoptosis rate after hypoxic incubation for 12 

hours; each condition n=4, one-way ANOVA followed by post-hoc Turkey HSD test, *** p<0,001, * 

compared to DMSO treated control 
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Extracellular lactate measurements were performed to associate the findings of impeded 

proliferation and migration and induced apoptosis rate with successful lactate transport 

inhibition. Therefore, hPASMCs were exposed to normoxic and hypoxic conditions for 2 

days. According to the Pasteur effect, extracellular lactate concentrations were 

significantly increased in hypoxic conditions compared to normoxia [192]. Upon 

syrosingopine treatment the extracellular lactate concentration was significantly reduced 

at normoxic and hypoxic conditions compared to DMSO treated cells by one-way 

ANOVA followed by post-hoc Turkey HSD test. The results are shown in figure 28.  

 

Figure 28 Effect of syrosingopine treatment in hPASMCs on extracellular lactate concentrations at 

normoxic and hypoxic conditions for 2 days; each condition n=4, one-way ANOVA followed by post-hoc 

Turkey HSD test, $$$ p<0,001, * p<0,05, * compared to respective normoxic or hypoxic DMSO control 
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3.3 Circulating MCT1 and 4 as a PH biomarker 

3.3.1 Characterization of the patient collective 

MCT1 and 4 plasma concentrations were measured in PA blood samples derived from 

PH and non-PH patients to investigate their suitability as disease biomarkers. The patient 

collective of the MCT1 and 4 biomarker study consisted of 200 patients. Of these patients 

75 (37,5%) were diagnosed with IPAH, 75 (37,5%) with CTEPH and 50 (25%) patients 

did not suffer from pulmonary hypertension and therefore served as control group, 

referred to as non-PH. 

Demographic (age, gender), functional (6MWD) and hemodynamic (mPAP, PVR, CI and 

BNP) data of these patients, derived from same hospital stay as the blood withdrawal, 

were collected for further analysis. An overview of the collected data is given in table 7.  

Table 7 Hemodynamic and exercise data of the whole patient collective 

 

Mean (±SD),  

Median [IQR] or Count 

Age [years] 65 [21]  

Gender 
female 116  

male 84  

mPAP [mmHg] 37 [21]  

PVR [dyn*s/cm5] 545,00 [630]  

CI [(l/min)/m²] 2,4 [0,7]  

6MWD [m] 340 (±120)  

BNP [ng/l] 176 [352]  

WHO-FC 

1 1  

2 29  

3 105  

4 21  

The patients served as control group suffered from different underlying diseases. In 

specific, 23 (46%) from respiratory disorders, 9 (18%) from cardiac diseases, 7 (14%) 

had a reported thromboembolic event and 5 (10%) a connective tissue disease. As 

previously defined as exclusion criteria, none of the patients had an increased mPAP or 

an underlying cancerous disease.  

Naturally, significant differences of mPAP, PVR, CI and BNP were observed comparing 

non-PH to PH affected subgroups. On the other hand, 6MWD did not differ from PH 
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patients and the control group. Remarkably more female patients were found in IPAH 

subgroup. 

Detailed hemodynamic and exercise data of the subgroups is displayed in table 8. 

Table 8 Hemodynamic and exercise data divided by subgroups 

 
Group 

 
non-PH PH IPAH CTEPH 

 
Mean (±SD), Median [IQR] or Count 

Age [years] 65 [22] 64,5 [23] 58 [31] 69 [23] 

Gender [f:m] 1,17:1 1,46:1 2:1 1,08:1 

mPAP [mmHg] 15 [4] 43 [16] 45 [21] 39 [12] 

PVR [dyn*s/cm5] 121 [96] 671 [571] 822 [609] 583 [457] 

CI [(l/min)/m²] 2,9 [1,2] 2,2 [0,8] 2,1 [0,8] 2,3 [0,7] 

6MWD [m] 381 (± 118) 331,44 (±119) 320,61 (±123) 343,91 (±114) 

BNP [ng/l] 39 [76] 227 [427] 228 [387] 225 [333] 

WHO-FC 3 / 4 8 / 3 97 / 18 41 / 11 41 / 11 

Survival 
Cens. n.a. 55 25 25 

Death n.a. 60 26 26 

MCT1 [ng/ml] 4,04 [3,33] 4,87 [4,83] 5,19 [4,75] 4,81 [5,01] 

MCT4 [ng/ml] 19,71 [6,62] 17,98 [7,81] 19,23 [8,16] 17,23 [7,80] 

 

3.3.2 Cumulative survival of PH patients 

Survival data of the PH patients was collected whenever possible. Only PH patients were 

included, resulting in a collective of 150 patients. In total 60 (40%) events occurred and 

90 (60%) patients were censored at the day of last contact alive. The cumulative survival 

of the PH patients is shown using a Kaplan-Meier curve in figure 29. In the investigated 

PH collective the median survival is 7,3 (88 months) years. After 1 year 89,1%, after 3 

years 72,3 % and after 5 years 62,8% were alive. 

In the IPAH subgroup, 34 events occurred and 41 patients were censored. The median 

survival of the IPAH patients was 7,3 years (88 months). After 1 year 87,7% of the IPAH 

patients were still alive, after 3 years 70,5% and after 5 years 61,8%. 

In the CTEPH subgroup, 26 events occurred and 49 patients were censored. The median 

survival was 7,1 years (85 months). The 1 year survival was 90,8%, the 3 year survival 

74,6% and the 5 year survival 64,1%. 
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Kaplan-Meier curves of the survival of IPAH and CTEPH patients are shown in the 

attachment (see 7.1.1). 

 

Figure 29 Cumulative survival of overall PH patients; n=150, events=60, censored=90 
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3.3.3 MCT1 as a PH biomarker 

3.3.3.1 Distribution of MCT1 plasma concentration 

The distribution of MCT1 plasma concentration within the whole collective had a median 

concentration of 4,80 [4,16] ng/ml. The measured concentration ranged from 0,37 ng/ml 

up to 19,48 ng/ml. In total 15 (7,5%) values had to be excluded, as 2 (1%) were not 

detectable and 13 (6,5%) were out of the detection range. The distribution is displayed in 

figure 30 and detailed descriptive statistics are shown in table 9.  

The distribution presented right skewed. As the distribution was right skewed further 

statistical analyses were performed using the respective logarithmic values as described 

in the methods, although in this case it did not generate normally distributed data. The 

related descriptive data of ln_MCT1 is shown in table 9 and the distribution of ln_MCT1 

within the whole collective is displayed in figure 31. 

Table 9 Descriptive statistics of MCT1 and ln_MCT1 distribution 

 MCT1 [ng/ml] ln_MCT1 

N Valid 185 185 

Missing 15 15 

Mean 5,5664 1,4769 

Median 4,8002 1,5687 

Std. Deviation 3,86388 ,73196 

Interquartile Range 4,16 ,92 

Maximum 19,85 2,99 

Minimum ,37 -1,01 

Kurtosis 1,894 ,438 

Skewness 1,373 -,473 

Shapiro Wilk test     Sig. ,00 ,04 
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Figure 30 Histogram of MCT1 distribution 

 

 

Figure 31 Histogram of ln_MCT1 distribution 

3.3.3.2 MCT1 as a diagnostic biomarker 

Measured plasma concentrations of MCT1 were compared from non-PH to PH patients 

and among the subgroups, IPAH and CTEPH. Non-PH patients had a median circulating 

MCT1 concentration of 4,04 [3,33] ng/ml and PH patients of 4,87 [4,83] ng/ml, which 

did not result in a statistically significant difference. The results are shown in figure 32. 

IPAH patients had a median circulating MCT1 concentration of 5,19 [4,75] ng/ml and 

CTEPH patients a median of 4,81 [5,01] ng/ml. Comparing the MCT1 concentrations 
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between non-PH, IPAH and CTEPH patients did not reveal a significant difference. The 

results are shown in figure 33. 

 

 

Figure 32 MCT1 plasma concentration in non-PH and PH patients; non-PH n=45, PH n=140, Mann-

Whitney U test of ln_MCT1 p=0,265 

 

 

Figure 33 MCT1 plasma concentration in non-PH, IPAH and CTEPH patients; non-PH n=45, IPAH 

n=70, CTEPH n=70, Kruskal-Wallis test of ln_MCT1 p=0,534 
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3.3.3.3 MCT1 as a biomarker for severity of the disease, age and gender 

It was tested whether gender or age influence circulating MCT1 concentration. Therefore, 

MCT1 concentration was compared in male to female patients. No difference of 

circulating MCT1 concentration was found in male compared to female patients. The 

results are shown in table 10. 

The association of age and MCT1 concentration was tested by calculating Spearman 

correlation. No significant association was found between age and MCT1 concentration. 

The respective scatter plot is shown in figure 34.  

Moreover, MCT1 plasma level was tested as a biomarker for the severity of the disease. 

Therefore, non-PH patients were excluded and the analysis was performed in PH patients 

only. First, the plasma concentration was compared depending on WHO-FC. No 

significant difference of MCT1 concentration was observed comparing the different 

WHO-FC in PH patients. The related results are shown in table 10.  

Table 10 MCT1 concentration by gender and WHO-FC 

  MCT1 
  Median [IQR] Significance 

Gender 
female 4,81 [3,80] 

p=0,686 
male 4,75 [4,92] 

WHO-FC 

1 3,64 [0] 

p=0,938 
2 4,41 [3,73] 

3 5,33 [4,91] 

4 4,83 [6,06] 

 

 

Gender: male n=80, female n=105, Mann-Whitney U test of ln_MCT1,  

WHO-FC: I n=1, II n=26, III n=90, IV n=16, Kruskal-Wallis Test of ln_MCT1 
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Figure 34 Spearman correlation of ln_MCT1 and age; n=185, p=0,468, r=-0,05 

Different hemodynamic and functional data of the patients were available. In particular 

mPAP, PVR, CI, 6MWD and BNP. The association of these parameters with circulating 

MCT1 concentration in PH patients was calculated and in addition, compared to the only 

currently established biomarker in PH, BNP. 

None of the parameters showed a significant association with MCT1 plasma level. On the 

other hand, BNP showed significant, weak to medium strong correlations with mPAP, 

PVR and CI. The detailed correlations and statistics are displayed in table 11. 

Same analyses were performed within IPAH and CTEPH subgroup. In the subgroup 

analyses no significant correlations were found either. Detailed results are summarized in 

the attachments (see 7.1). 
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Table 11 Correlation of ln_MCT1 with hemodynamic data 

 ln_MCT1 BNP [ng/l] 

mPAP [mmHg] Spearman Correlation -,046 ,334 

Sig. (2-tailed) ,587 ,001* 

N 140 100 

PVR [dyn*s/cm5] Spearman Correlation ,031 ,408 

Sig. (2-tailed) ,719 ,000* 

N 140 100 

CI [(l/min)/m²] Spearman Correlation -,024 -,479 

Sig. (2-tailed) ,777 ,000* 

N 140 100 

6MWD [m] Spearman Correlation ,02 -,226 

Sig. (2-tailed) ,837 ,050 

N 107 76 

BNP [ng/l] Spearman Correlation ,012 1 

Sig. (2-tailed) ,906  

N 93 100 

 

3.3.3.4 MCT1 as a prognostic biomarker 

Plasma concentration of MCT1 was investigated as a prognostic biomarker in PH 

patients. Therefore, the PH patients were divided into 2 or 4 different groups according 

to the percentiles of their ln_MCT1 values. The generated groups were then compared by 

their survival time. No significant difference of the survival time was observed when 

compared between the different groups. The respective Kaplan-Meier plots are shown in 

figure 35 and 36.  

Subgroup analyses were performed in IPAH and CTEPH group without any significant 

difference. Results are shown in the attachments (see 7.1). 

. 

 

* indicates significance 
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Figure 35 Survival of PH patients by dichotom ln_MCT1 separation; ln_MCT1-low: n=69, events=33, 

ln_MCT1-high: n=70, events=22, Log-Rank test p=0,431 

 

Figure 36 Survival of PH patients by quartile ln_MCT1 separation; ln_MCT1-low: n=34, events=18, 

ln_MCT1-intermediate-low: n=35, events=15, ln_MCT1-intermediate-high: n35, events=12, ln_MCT1-

high: n=35, events=10, Log-Rank test p=0,818 
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3.3.4 MCT4 as a PH biomarker 

3.3.4.1 Distribution of MCT4 plasma concentration 

MCT4 plasma concentration within the whole collective had a median concentration of 

19,61 [7,34] ng/ml. The measured concentration ranged from 7,74 ng/ml up to 40,94 

ng/ml. In total 4 (2%) values were excluded, as they were out of the detection range. The 

distribution is displayed in figure 37 and detailed descriptive statistics are shown in table 

12.  

The distribution presented right skewed. Again, further statistical analyses were 

performed using the normally distributed, logarithmic values, as described in the 

methods. The descriptive data of ln_MCT4 is listed in table 12 and the histogram is shown 

in figure 38. 

Table 12 Descriptive statistics of MCT4 and ln_MCT4 distribution 

 MCT4 [ng/ml] ln_MCT4 

N Valid 196 196 

Missing 4 4 

Mean 19,6127 2,9279 

Median 18,2579 2,9046 

Std. Deviation 6,22804 ,31166 

Interquartile Range 7,34 ,39 

Maximum 40,94 3,71 

Minimum 7,74 2,05 

Skewness ,842 ,000 

Kurtosis ,622 -,085 

Shapiro Wilk test      Sig. ,00 ,90 
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Figure 37 Histogram of MCT4 distribution 

 

Figure 38 Histogram of ln_MCT4 distribution 

3.3.4.2 MCT4 as a diagnostic biomarker 

Just as for MCT1, the measured MCT4 concentration was compared among the different 

subgroups. 

Non-PH patients had a median MCT4 concentration of 19,71 [6,62] ng/ml and PH 

patients a median concentration of 17,98 [7,81] ng/ml, which did not result in a 

statistically significant difference. The results are shown in figure 39.  

IPAH patients had a median circulating MCT4 concentration of 19,27 [8,16] ng/ml and 

the CTEPH patients a median of 17,23 [7,80] ng/ml. There was no significant difference 
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in the MCT4 plasma concentrations among the different subgroups. The results are shown 

in figure 40. 

 

Figure 39 MCT4 plasma concentration in non-PH and PH patients; non-PH n=50, PH n=146, 

independent t-test of ln_MCT4 p=0,099 

 

 

Figure 40 MCT4 plasma concentration in non-PH, IPAH and CTEPH patients; non-PH n=50, IPAH 

n=74, CTEPH n=72, Kruskal-Wallis test of ln_MCT4 p=0,233 
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3.3.4.3 MCT4 as a biomarker for severity of the disease, age and gender 

It was tested whether MCT4 plasma concentration are influenced by gender or age. 

Therefore, MCT4 concentration was compared among the entities. No significant 

difference of MCT4 plasma level was found between male and female patients. 

The association of age and MCT4 plasma level was evaluated by calculating Spearman 

correlation. No significant association could be found between age and MCT4. The 

respective scatter plot is shown in figure 41. 

Moreover, MCT4 concentration was compared depending on WHO-FC in PH patients. 

Among the different WHO-FC, no significant difference of MCT4 concentration was 

found. The results are shown in table 13. 

Table 13 MCT4 concentration by gender and WHO-FC 

  MCT4 
  Median [IQR] significance 

Gender 
female 19,35 [7,69] 

p=0,094 
male 17,31 [8,10] 

WHO-FC 

1 22,49 [0] 

p=0,181 
2 20,49 [9,55] 

3 17,33 [7,71] 

4 17,54 [13,20] 

 

 

 

Figure 41 Spearman correlation of ln_MCT4 and age; n=196, p=0,585, r=-0,41 

Gender: male n=82, female n=114, Mann-Whitney U test of ln_MCT4,  

WHO-FC: I n=1, II n=25, III n=96, IV n=17, Kruskal-Wallis Test of ln_MCT4 
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Spearman or Pearson correlation of MCT4 plasma level with functional and 

hemodynamic data was calculated to test whether the potential biomarker is associated 

with the severity of the disease in PH patients. Therefore, MCT4 was associated with 

mPAP, PVR, CI, 6MWD and BNP. Again, the correlations of BNP with the 

hemodynamic and functional data were calculated as a comparison. No significant 

association of MCT4 plasma level with any of the hemodynamic or functional data was 

found. Detailed correlations and statistics are shown in table 14. 

Subgroup analyses within IPAH and CTEPH subgroups are shown in the attachments 

(see 7.1). 

Table 14 Correlation of ln_MCT4 with hemodynamic data 

 ln_MCT4 BNP [ng/l] 

mPAP [mmHg] Spearman Correlation -,043 ,334 

Sig. (2-tailed) ,605 ,000* 

N 146 100 

PVR [dyn*s/cm5] Spearman Correlation -,004 ,408 

Sig. (2-tailed) ,964 ,000* 

N 146 100 

CI [(l/min)/m²] Spearman Correlation ,006 -,479 

Sig. (2-tailed) ,945 ,000* 

N 146 100 

6MWD [m] Pearson Correlation ,163 -,226 

Sig. (2-tailed) ,057 ,050 

N 112 76 

BNP [ng/l] Spearman Correlation -,000 1 

Sig. (2-tailed) ,998  

N 97 100 

 

3.3.4.4 MCT4 as a prognostic biomarker 

The concentration of MCT4 was investigated regarding its prognostic use in PH patients. 

Therefore, PH patients were divided into 2 or 4 different groups based on the percentiles 

of ln_MCT4.  

No significant difference in the survival time among the different MCT4 groups were 

found in PH patients. The respective Kaplan-Meier plots are shown in figure 42 and 43.  

* indicates significance 
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Figure 42 Survival of PH patients by dichotom ln_MCT4 separation; ln_MCT4-low: n=72, events=32, 

ln_MCT4-high: n=73, events=25, Log-Rank test p=0,330 

 

Figure 43 Survival of PH patients by quartile ln_MCT4 separation; ln_MCT4-low: n=35, events=16, 

ln_MCT4-intermediate-low: n=37, events=16, ln_MCT4-intermediate-high: n37, events=16, ln_MCT4-

high: n=36, events=9, Log-Rank test p=0,519 
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Subgroup analyses were performed again. In IPAH patients there was a trend, close to 

significance when comparing the survival time of dichotom ln_MCT4 separation by Log 

Rank test. IPAH patients assigned to the group with low ln_MCT4 values had a tendency 

of an impeded outcome when compared to patients with higher ln_MCT4 values. 

Ln_MCT4-low had a median survival of 5,8 years (70 months) and ln_MCT4-high a 

median survival of 7,3 years (88 months). The result is shown in figure 44. Further 

subgroup analysis did not deliver any significant results and are shown in the attachment 

(see 7.1). 

 

Figure 44 Survival of IPAH patients by dichotom ln_MCT4 separation; ln_MCT4-low: n=37, events=21, 

ln_MCT4-high: n=37, events=12, Log-Rank test p=0,052 
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Within the IPAH subgroup ln_MCT4 values were compared in dependance of age, PVR 

and WHO-FC. Performing multivariate Cox regression analysis, a significant result was 

found for ln_MCT4 dichotom separation. The Hazard Ratio was 2,274 (95% CI 1,105-

4,678) with a p-value of 0,026. The result is shown in figure 45. Further details of the 

variables used in the multivariate approach are shown in the attachments (see 7.1.4). As 

there were no survival differences observed within the other subgroups, no further Cox 

regression analyses were performed.   

 

 

Figure 45 Cox regression of ln_MCT4, age, PVR and WHO-FC; ln_MCT4-low: n=37, events=21, 

ln_MCT4-high: n=37, events=12, Cox regression p=0,026, HR 2,274 
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3.3.5 Correlation of MCT1 and 4 plasma levels 

It was investigated whether both tested potential biomarkers, MCT1 and 4, were 

associated with each other. Analyzed by Spearman correlation, ln_MCT1 and ln_MCT4 

values were highly significant and strongly correlating with each other in PH patients. 

The correlation is visualized in a scatter plot in figure 46.  

 

Figure 46 Spearman correlation of ln_MCT1 and ln_MCT4 in PH patients; n=137, p<0,001, r=-0,571 

  



 
71 

4 Discussion 

PH affected vascular cells favor cytosolic glycolysis, instead of oxidative 

phosphorylation to cover their ATP demand [6,220]. A phenomena that is also known as 

Warburg effect [39]. Consequently resulting in an increased lactate production and 

release [41,54,242]. However, the knowledge about lactate transporters in PH is poor. 

This study is the first to target the relevance and practical use of lactate transporters in the 

context of PH. Different lactate transporters are described, based on theoretical 

considerations and knowledge originated from cancer research this study focuses on 

MCT1 and 4 (see 1.2.2) [50].   

The aim of this study is to investigate the expression profile of MCT1 and 4 in IPAH 

patient lungs and in hPASMCs upon different stimulatory factors. Moreover, the 

therapeutic potential of MCT1 and 4 inhibition in hPASMCs is addressed and circulating 

MCT1 and 4 and their substrate, lactate, are investigated as a disease biomarker. 

4.1 Expression profile of MCT1 and 4 

So far, no comprehensive investigation of MCT1 or 4 expression in PH patients was 

performed. We found the expression of MCT1 and 4 is significantly increased in lung 

homogenates of IPAH patients (figure 7, p. 34; figure 8, p. 35). This finding is consistent 

on mRNA and protein level. Caruso et al. investigated the mRNA expression of MCT1 

in blood outgrowth endothelial cells (BOEC) harvested from BMPR2 mutant PH and 

IPAH patients [28]. BOEC derive from circulating progenitor cells and further 

differentiate into endothelial cells in vitro. They are seen representative for endothelial 

cells [28]. Caruso et al. found MCT1 mRNA is upregulated in BOEC from BMPR2 

mutant PH patients by about 2,5 fold, which is comparable to our results. But in contrast, 

they found MCT1 mRNA is not upregulated in BOEC derived from IPAH patients. Still, 

a trend towards an increased MCT1 mRNA expression was visible. As they were only 

analyzing 5 samples (n=7 for BMPR2 mutant) the trend might become significant with a 

higher number. In their study MCT1 mRNA expression was examined as an indicator for 

a highly glycolytic phenotype. Protein expression or the expression of MCT4 was not 

further pursued.  Valérie et al. investigated the metabolic fingerprint of EC harvested from 

CTEPH patients (n=9) [229]. They found that MCT1 and 4 mRNA expression is not 

changed in EC derived from CTEPH patients. Indicating that the expression of MCT1 

and 4 may depend on the respective PH group. Halestrap et al. stated that EC generally 
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only express MCT1 but no MCT4 [75]. On the other hand, MCT4 is specifically 

upregulated in highly glycolytic tissues (see 1.2) [80]. Therefore, it needs to be 

investigated whether the assertion from Halestrap is true in diseased ECs, which acquire 

a glycolytic phenotype [105]. Caruso et al. also found MCT1 mRNA is increased in the 

lungs of SUGEN-hypoxia treated rats. Suggesting a promising animal model to study the 

relevance of MCT1 in an in vivo disease model. In numerous cancer entities MCT1 and 

4 are upregulated to maintain pH and lactate homeostasis [177]. PH is considered a cancer 

like disease, having the same metabolic changes [39]. Reviews by D’Allesandro et al. and 

Ruffenach et al. address the overlap of PH and cancer pathobiology [189,202]. As found 

in cancer research, we confirm that the expression of MCT1 and 4 is increased in IPAH 

patients. Thus, suggests that they are important to maintain lactate and pH homeostasis 

in PH and further underline the similarity of PAH and cancer pathobiology. It is reported, 

that some cancer entities exclusively or majorly express a single isoform of MCT1 or 

MCT4 [177]. We found that in IPAH patients both transporters are expressed and 

upregulated in disease conditions. Since we analyzed the expression profile in lung 

homogenates, the result is not cell specific. Future studies will have to clarify which cells 

are participating to the increased MCT1 and 4 expression and whether PAH EC express 

MCT4. As lactate production is increased in all 3 cell layers of pulmonary vasculature in 

PH and PH affected vasculature has significantly altered metabolomic gene profile, we 

assume that all cell layers rely on an increased MCT1 and 4 expression to survive [41]. 

The underlying factors, inducing MCT1 and 4 expression in pulmonary vasculature, were 

further investigated. Focusing on hPASMCs, we investigated the expression profile of 

MCT1 and 4 upon hypoxic and non-hypoxic stimuli. In hPASMCs, chronic hypoxic 

incubation significantly upregulates MCT4 mRNA and protein expression (figure 9, p. 

36; figure 10, p. 37). Hypoxia mediated induction confirms previous findings showing 

HIF-1α dependent induction of MCT4 expression by Ullah et al. [227]. HIF-1α is a major 

transcription factor physiologically activated in hypoxic conditions [74]. In PH affected 

cells HIF-1α is even activated under normoxic conditions and one of the driving forces 

promoting the glycolytic shift [39]. Hypoxia mediated upregulation of MCT4 in 

hPASMCs suggest that hypoxic signaling, for example HIF-1α, supports the increased 

expression of MCT4 in IPAH lung homogenates. MCT1 expression, on the other hand, 

is not influenced by hypoxic stimulation (figure 9, p. 36; figure 10, p. 37). The published 

data about the hypoxic influence on MCT1 expression is inconsistent. Bergersen et al. 
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claimed MCT1 expression is induced by hypoxia. Contrary Boidot et al. showed the 

opposite [14,19]. They found p53 suppresses MCT1 mRNA induction by hypoxic 

signaling. This might explain the findings from Bergersen et al., as they worked with p53 

mutant breast cancer and glioblastoma cell lines [130,230]. Our results support the 

findings from Boidot et al. that MCT1 is not influenced by hypoxic stimulation. To be 

comprehensive, divergent p53 changes and downregulation of p53 are described in PAH 

[105,234]. At some degree, in vitro experiments are limited and cannot reflect the 

complexity of a living organism. As we were working with p53 wildtype hPASMCs our 

findings are limited at this point. A possible solution to target this issue is to work with 

hPASMCs harvested from PAH patients. Besides HIF-1α dependent hypoxic signaling, 

Rattigan et al. found that high lactate concentrations induce MCT1 expression, in a  

NF-κB  dependent manner [193]. They were working with mesenchymal cells. Although 

we show that lactate release in hPASMCs is significantly increased in hypoxic conditions 

(figure 28, p. 51), we found MCT1 expression is not influenced. In contrast to Rattigan 

et al. our results do not proof an interference of high lactate concentrations and MCT1 

expression in hPASMCs. 

As non-hypoxic stimuli, hPASMCs were stimulated with PDGF, TNFα and TGFβ. These 

factors are upregulated and relevant factors in PH pathobiology [107,209,222].  PDGF 

and TGFβ even promote the Warburg effect in PH [92,240]. Consequently, we assumed 

that they influence the expression of lactate transporters. However, we found MCT1 

expression in hPASMCs is not influenced by PDGF, TNFα or TGFβ (figure 11-16, p. 38-

41). These findings are unexpected, especially upon TGFβ stimulation. Uddin et al. 

previously found MCT1 mRNA and protein expression is induced upon TGFβ 

stimulation in a lung cancer cell line (A549 cells) [226]. Here, we cannot confirm TGFβ 

induction of MCT1 expression in hPASMCs. Again, wildtype hPASMCs lack mutations 

found in PAH and cancer. The non-hypoxic stimulating factors were selected based on 

their relevance in PAH pathobiology, especially for their influence on glycolytic shift. 

Further studies on MCT1 regulation in PH might focus on known stimulating factors of 

MCT1 expression. The first insight into MCT1 regulation generated from studies 

performed in skeletal muscle. In skeletal muscle, MCT1 expression is induced upon 

physical exercise [75]. This raised the idea that AMPK or calcium dependent pathways 

influence MCT1 expression, as they are induced in skeletal muscle upon physical exercise 

[22,195]. There is evidence that AMPK, induces MCT1 expression [14,81]. Halestrap et 
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al. showed using MCT1 promoter luciferase construct that MCT1 promoter activity is 

stimulated in presence of an AMPK activator [81]. But we assume AMPK is unlikely to 

induce MCT1 in IPAH lungs as it is downregulated in PAH patients and is rather 

protective for PH development [187]. Promoter sequence analyses revealed that MCT1 

promoter has several NFAT binding sites and Murray et al. found that MCT1 is 

significantly upregulated in activated T-lymphocytes [77,145]. NFAT in turn is an 

important transcription factor in PAH and already has been therapeutically targeted 

[22,39]. High myc expression was associated with MCT1 expression in cancer cells 

[47,48]. Myc is a transcription factor inducing various genes that are involved in 

proliferation of the cells and promotes the Warburg effect in cancer [13,84]. Induced myc 

activity is described in PAH [36,189]. Doherty et al. found that upon stimulation of myc 

transcription factor in lymphoma cells, MCT1 mRNA and protein expression is 

significantly induced. Using chromatin immunoprecipitation (ChIP) they showed, that 

myc is binding to MCT1 promoter region in normal and tumor cells [48]. Limited by the 

use of wildtype hPASMCs, our results indicate that TNFα, TGFβ and PDGF are not 

influencing MCT1 expression in hPASMCs. As explained, we consider NFAT, myc and 

p53 as promising candidates inducing MCT1 expression in hPASMCs. However, it needs 

to be confirmed that MCT1 is upregulated in hPASMCs at all, as we were unable to 

induce MCT1 expression in hPASMCs. It is conceivable that hPASMCs primarily rely 

on MCT4. Nonetheless, MCT1 remains a relevant transporter at least in PAH 

pathophysiology, indicated by the significant overexpression of MCT1 in IPAH lung 

homogenates. The participating cells of MCT1 overexpression in IPAH lungs and the 

expression of MCT1 in hPASMCs need to be addressed in further studies. 

MCT4 protein expression is significantly upregulated upon PDGF treatment in hPASMCs 

(figure 12, p. 39). Xia et al. showed that PDGF stimulation in PASMCs derived from rat 

induce a glycolytic phenotype. Accordingly, they found MCT4 protein expression is 

significantly increased upon PDGF stimulation [240]. They did not further investigate 

MCT1 expression. Working with PASMCs derived from human, we can confirm the 

findings from Xia et al. that MCT4 protein expression is significantly induced by PDGF 

stimulation. Additionally, they found that upon PDGF treatment HIF-1α protein 

expression is increased. HIF-1α induction by PDGF stimulation is a possible mechanism 

of MCT4 upregulation in hPASMCs. Interestingly, we found MCT4 mRNA is 

downregulated by PDGF treatment (figure 11, p. 38). Unfortunately, MCT4 mRNA 
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expression was not investigated by Xia et al. Decreased mRNA does not preclude 

upregulation of MCT4 protein expression. Post-transcriptional mechanisms of MCT4 

mRNA might influence MCT4 protein expression. Halestrap et al. already suggested that 

this phenomena occurs with MCT1 and 2 mRNA [77]. For MCT4 mRNA this has not 

been confirmed yet and is an interesting issue to pursue.  

TGFβ stimulation of hPASMCs clearly induces MCT4 expression. The effect was 

consistently visible on mRNA and protein level (figure 15, 16, p. 41).  The cellular effects 

of TGFβ stimulation are heterogenous, depending on the effected cells. TGFβ signaling 

may induce inflammation, cell cycle arrest and inhibit proliferation [87]. Especially in 

heritable forms of PAH mutations of TGFβ signaling receptors (BMPR2) are commonly 

found [51]. Selimovic et al. found that plasma concentrations of TGFβ are significantly 

elevated in PAH patients (PAH 26,42 ng/ml, Control 7 ng/ml) [209]. As already 

mentioned, TGFβ influences the metabolic program in PAH and cancer cells. 

Accordingly, MCT4 expression was suspected to be TGFβ dependent in a review about 

the role of TGFβ in cancer [2]. We are able to proof that TGFβ stimulation affects MCT4 

mRNA and protein expression. The underlying mechanisms remain unknown and besides 

our study further evidence is missing. 

 

Figure 47 Summarizing scheme of the main findings. LDH – Lactate dehydrogenase, OXPHOS – 

Oxidative phosphorylation, MCT – Monocarboxylate Transporter, Hox – Hypoxia, TGFβ – Transforming 

Growth Factor β, Syro = Syrosingopine 

Taken together we found MCT1 and 4 is upregulated in IPAH lung homogenates, 

emphasizing their relevance in the pathogenesis of the disease. MCT4 expression in 
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hPASMCs is influenced by hypoxia, PDGF and TGFβ dependent stimulatory pathways. 

Mechanisms influencing MCT1 expression could not be identified. Probably direct p53 

alterations, NFAT and myc induction in PH affect MCT1 expression [22,105,234]. 

4.2 Therapeutic potential of MCT1 and 4 inhibition 

PH is still an incurable disease, so there is an obvious demand for novel, potentially 

curable, therapeutic approaches [85]. Not surprisingly, metabolic alterations have been 

successfully targeted to treat PH, already [85,189,223]. Reports from cancer research 

encourage the potential use of MCT1 and 4 inhibitors as novel therapeutic targets 

[50,55,177]. We analyzed the functional effects of MCT1 and 4 inhibition in hPASMCs 

stimulated by chronic hypoxic incubation or PDGF. As PH pathobiology is complex, 

chronic hypoxic or PDGF stimulation obviously cannot reflect the entirety of pathological 

changes. By promoting the Warburg effect and inducing a hyperproliferative phenotype, 

both stimulators reflect common features of PAH pathophysiology [207,240]. Recently, 

Hernandez-Saavedra et al. published TGFβ stimulation recapitulates PH metabolic 

alterations, as well [92]. Additionally, we found MCT4 expression is induced by TGFβ 

stimulation. Thus, TGFβ stimulation, combined approaches or in vivo studies present 

possible approaches for future studies. 

Using siRNA, we found that knockdown of MCT1 and knockdown of MCT4 successfully 

prevents hypoxia induced proliferation of hPASMCs (figure 18, p. 43). Although MCT1 

expression is not influenced by hypoxic conditions, knockdown of MCT1 had a 

significant effect. This suggests that MCT1 function is important for hypoxia induced cell 

proliferation, even though it is not upregulated. The other investigated proliferation 

stimulus was PDGF. We found PDGF mediated proliferation is not influenced by MCT1 

or 4 silencing (figure 19, p. 43). Silencing of MCT4 has no influence on PDGF induced 

cell proliferation although MCT4 protein expression is significantly increased upon 

PDGF stimulation (figure 12, p. 39). Which is contrary to the observations of MCT1 

function in hypoxic conditions. The results indicate that lactate transporter function is 

essential for hypoxia induced cell proliferation but not necessary for PDGF induced cell 

proliferation. The independence of PDGF induced proliferation from lactate transporter 

function is unexpected, as Xiao et al. showed that PDGF promotes Warburg effect in rat 

PASMCs [240]. We confirmed an increased lactate release upon hypoxic stimulation but 

did not evaluate lactate release upon PDGF stimulation. Presumably, PDGF acts 
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differently in PASMCs derived from human than in rat PASMCs. This would explain 

their independence of lactate transporters. But as there is contrary evidence, it is more 

likely that the still functional lactate transporters can compensate the loss of the other 

isoform. Marchiq et al. state in a review about the therapeutic effect of lactate transporters 

in cancer, that in cells co-expressing MCT1 and 4, single inhibition is not effective due 

to functional redundancy [133]. Simultaneous silencing of MCT1 and 4 need to be 

performed to target this issue. On the other hand, the distinct visible effects in hypoxic 

conditions upon single MCT silencing cannot be explained by that fact and need to be 

confirmed by other investigators. Nevertheless, silencing of MCT1 or MCT4 has been 

used in cancer research already. Choi et al. found that MCT4 knockdown by siRNA 

inhibits cell proliferation in prostate cancer cell line [32]. Moreover, they associated a 

decrease in MCT4 protein expression with a decrease in tumor growth using prostate 

xenograft in mice. Baek et al. investigated the effect of MCT4 depletion in pancreatic 

adenocarcinoma [7]. They found that silencing of MCT4 resulted in intracellular lactate 

accumulation, leading to decreased glycolysis and restoring oxidative phosphorylation. 

Altered metabolism was accompanied with a compromised cell viability and reduced cell 

growth. As a side effect they observed increased MCT1 protein expression upon MCT4 

knockdown. In our experiment, we found MCT1 protein expression is not altered by 

MCT4 knockdown in hPASMCs (figure 17, p. 42). Additionally, Baek et al. developed a 

xenograft model of pancreatic adenocarcinoma in mice. Xenografts with silenced MCT4 

were significantly smaller, presented lower proliferative capacity and induced apoptosis 

of the tumor cells. In a breast cancer model Gallagher et al. found that silencing of MCT4 

reduces cell migration [63]. Having potential and specific pharmacological inhibitors of 

MCT1, silencing experiments are not that common as for MCT4 (see 1.2.3) [77]. In 

glioblastoma patients, high MCT1 expression of the tumor is associated with an impeded 

survival [139]. Miranda-Gonçalves et al. were able to show that knockdown of MCT1 

significantly decreases cell grow in vitro and improved survival of glioblastoma xenograft 

mice [139]. We can confirm a reduced cell proliferation by silencing of MCT1 and 4 in 

accordance with the reports from cancer research. Consistent with our finding, Miranda-

Gonçalves et al. did not observe induced MCT4 protein expression upon silencing of 

MCT1 (figure 17, p. 42). However, functional effects cannot be completely derived by 

analyzing the expression only. Silencing of MCT1 in glioblastoma cells was associated 

with a decreased glucose uptake and lactate release [139]. Suggesting that the effects are 

due to restoration of cell metabolism. This finding is consistent with the findings of Baek 
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et al. that knockdown of MCT4 effects cell metabolism. If having enough glucose fuel, 

an advantage of the Warburg effect is, that substrates for biosynthetic pathways are 

abundant [103]. Impeded Warburg effect by knockdown of MCT1 or MCT4 assumably 

decelerate cell growth by reducing the availability of building substrates. This effect is 

not exclusive for knockdown experiments, it was also shown for pharmacological 

treatment [128,157]. 

Different pharmacological compounds are described to inhibit MCT1 and 4 separately or 

collectively (see 1.2.3). AZD3965, developed by AstraZeneca, is a compound potently 

inhibiting MCT1 [40]. This compound showed great potential in various in vitro and in 

vivo cancer studies [133]. A phase I/II trial (NCT01791595) in patients suffering from 

diffuse large B-cell lymphoma (DLBCL) and Burkitt lymphoma additionally highlights 

the potential therapeutic benefit of MCT1 inhibition [55]. First results of the trial showed 

promising efficacy in late state DLBCL patients and a good tolerability [82]. Encouraged 

by the particularly good data, we treated hPASMCs with AZD3965 to inhibit MCT1. 

However, pharmacological inhibition of MCT1 in hPASMC did not reduce hypoxia or 

PDGF induced proliferation (figure 21, 22, p. 45). Based on the silencing experiments, 

we expected absent inhibitory potential in PDGF treated hPASMCs. Regarding chronic 

hypoxia induced proliferation this result is contrary to our results from knockdown 

experiments. Raising the demand for an explanation of the contrary results. Le Floch et 

al. found, while working with another specific MCT1 inhibitor (AR-C155858) in 

fibroblasts, that cells co-expressing MCT4 are resistant to pharmacological MCT1 

inhibition, just as previously described for silencing experiments [128]. Another study by 

Quanz et al. screened 246 cancer cell lines for the efficacy of a different MCT1 inhibitor 

(BAY-8002) [190]. Likewise, they found, as a marker for sensitivity of treatment, a lack 

of MCT4 expression. Curtis et al. confirmed this finding for AZD3965 using different 

cancer cell lines [40]. The resistance to AZD3965 treatment by functional redundancy is 

even supported by an upregulation of MCT4 expression upon AZD3965 treatment as Bola 

et al. and Doherty et al. observed [20,48]. In this work, we did not control MCT4 

expression upon AZD3965 treatment. Coming back to the study, published from 

Miranda-Gonçalves et al., about silencing of MCT1 in glioblastoma cells, the investigated 

glioblastoma cells were expressing MCT4 protein, confirmed by immunoblot [139]. Still, 

the tumor growth was significantly reduced by MCT1 knockdown. It begs the question 

whether MCT4 expression is a resistance factor to pharmacological MCT1 inhibition but 
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not to knockdown approaches. This hypothesis is supported by our results. However, the 

underlying mechanisms remain unknown. In consequence of MCT1 and 4 co-expression 

in hPASMCs we conclude that single pharmacological inhibition of MCT1 represent no 

promising therapeutic approach. Whether this finding can be expanded to the other 

affected cell types in PAH depends on the cell specific expression of MCT1 and 4. But 

the overall expression profile in IPAH lung homogenates suggests that single 

pharmacological inhibition of MCT1 generally represents no potential therapeutic 

approach for PAH. 

Next, we wanted to investigate the functional effects of pharmacological MCT1 and 4 

inhibition. There is no specific MCT4 inhibitor commercially available. Some authors 

claim AstraZeneca recently developed a specific MCT4 inhibitor but it is not 

commercially available yet [55,133]. A study of Benjamin et al. aroused our interest. 

Screening 1120 compounds in murine 6.5 mast cells for synergistic therapeutic efficacy 

with metformin, they came up with syrosingopine having the best efficacy [11]. This 

compound is derived from a clinically approved antihypertensive drug, reserpin. 

Syrosingopine together with metformin treatment resulted in a reduced cell grow in 35 of 

43 investigated cell lines accompanied by induction of apoptosis. Using an in vivo liver 

cancer xenograft model, syrosingopine and metformin treatment synergistically showed 

great efficacy by reducing tumor growth. Benjamin et al. were able to show that the effect 

of syrosingopine is due to MCT4 and MCT1 inhibition [12]. Syrosingopine blocks MCT4 

with a higher affinity using low concentrations and additionally MCT1 when using high 

concentrations (MCT4 IC50 40 nM, MCT1 IC50 2,5 µM) [12]. Besides MCT inhibition, 

syrosingopine binds to VMAT, the reason why it was used as an antihypertensive drug. 

Benjamin et al. could show that the observed cellular effects are independent of VMAT 

inhibition [11]. Screening different cancer cell lines, they found that dual inhibition of 

MCT1 and 4 is most promising to kill cancer cells, which is consistent with previously 

mentioned data. Encouraged by their findings we investigated the therapeutic efficacy of 

syrosingopine using hPASMCs. We found that syrosingopine treatment significantly 

reduces pathologically induced proliferation by chronic hypoxic stimulation in hPASMCs 

(figure 24, p. 47). Moreover, even PDGF induced proliferation is significantly reduced 

by syrosingopine, in contrast to our previous approaches (figure 25, p. 48). We ensured 

that the used concentrations are not explained by cytotoxic side effects of the compound 

(figure 23, p. 46). Of note, higher concentrations of up to 5-10 µM are necessary to get a 
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profound effect. The effective concentrations indicate a dual inhibition of MCT1 and 4. 

Thus, confirming the finding from Benjamin et al. that dual inhibition of MCT1 and 4 is 

necessary to kill cancer cells. Referring to Benjamin, lower effective concentrations can 

be achieved when combining with one of the existing highly affinitive MCT1 inhibitor. 

However, as there is no previous evidence using syrosingopine in hPASMCs we decided 

to start with sole syrosingopine treatment. Combined pharmacological treatment 

represents a promising approach for future investigators. Another study by Saulle et al. 

showed that syrosingopine treatment in vitro impairs leukemic cell proliferation and is 

additive to chemotherapeutic agents [205]. Our results confirm the antiproliferative 

efficacy of syrosingopine treatment in hPASMCs. When comparing syrosingopine 

treatment with silencing experiments, contrary results were observed. Single knockdown 

of MCT4 effectively reduced cell proliferation in hypoxic conditions. However, low 

concentrations of syrosingopine, indicating single MCT4 inhibition, did not diminish cell 

growth. This observation is consistent with single MCT1 inhibition. Knockdown and 

pharmacological inhibition of MCT1 and 4 have divergent effects in hPASMCs. 

Incomplete inhibition of the lactate transporters or effects that are not depending on 

transport activity may contribute to the differences. 

Besides cell proliferation further functional effects of syrosingopine treatment in 

hPASMCs were investigated. We found that upon syrosingopine treatment cell migration 

is significantly reduced in hypoxic conditions (figure 26, p. 49). Proper MCT4 function 

was previously described to be essential for cancer cell migration [47]. Our results 

confirm findings from Gallagher et al. that knockdown of MCT4 reduces cell migration 

[63]. Heightened concentration of extracellular lactate leads to an increased cell migration 

in various cancer cell lines, as reviewed by Hirschhaeuser et al. [96]. Droui et al. found 

that increased migration is promoted via lactate dependent induction of NF-κB  and 

VEGF [50]. We found syrosingopine treatment leads to a significant reduction of 

extracellular lactate concentrations (figure 28, p. 51). It is important to recognize lactate 

as more than the end-product of glycolysis. The multiple effects of lactate in cancer are 

reviewed by Dhup et al. [45]. Hashimoto et al. found lactate to induce 673 genes in a rat 

myoblast cell lines [86]. Our results indicate that reduced cell migration upon 

syrosingopine treatment is achieved by successful inhibition of lactate transport, further 

supported by impeded paracrine effects of lactate. Additionally, the effect of 

syrosingopine exposure on cell fate was investigated. We found that syrosingopine 
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treatment results in a significantly induced apoptosis of hPASMCs in hypoxic conditions 

(figure 27, p. 50).  Increased apoptosis upon syrosingopine treatment was described in 

cancer cells by Benjamin et al. [11]. Saulle et al. confirmed the increased apoptosis upon 

syrosingopine treatment [205]. In the already cited work from Baek et al., single 

knockdown of MCT4 induced apoptosis in pancreatic cancer cells [7]. In contrast, 

Polański et al. found single MCT1 inhibition by AZD3965 induced cell death in 

AZD3965 sensitive cells, but in a non-apoptotic and non-autophagic manner [181]. They 

assumed a necrotic cell death, whereas Saulle et al. observed autophagic cell death while 

necrosis was absent upon syrosingopine treatment [205]. Previous observations 

consistently attribute an effect on cell fate upon MCT1 or 4 inhibition. We confirm altered 

cell fate by dual inhibition of MCT1 and 4 via induction of apoptosis. Based on the 

cytotoxicity experiments we consider necrotic cell death for unlikely (figure 20, p. 44; 

figure 23, p. 46).  

Benjamin et al. state that mere lactate transport inhibition is only cytostatic [12]. Affected 

cells prevent from intracellular lactate accumulation as a consequence of inhibited lactate 

export by restoring oxidative phosphorylation. The cells thereby can escape from certain 

death. Benjamin et al. confirmed this by inhibiting oxidative phosphorylation using 

metformin or other ETC inhibitors. Inhibition of oxidative phosphorylation significantly 

improves efficacy of syrosingopine treatment [11,12]. The same escape mechanism is 

described by Baek et al. [7]. By no means the syrosingopine treatment is thereby futile, 

but possibly it’s not curative. Indeed, our experiments represent a preventive approach 

and thereby confirm a preventative effect of syrosingopine treatment. To clarify, if 

syrosingopine treatment can reverse pathologic alterations and eventually cure the 

disease, other experimental set-ups are necessary. Anyway, Benjamin et al. already give 

the solution with metformin representing a ready to use combination therapy.  

Taken together we found that at least one functional lactate transporter, MCT1 or 4, is 

essential for hPASMC proliferation in disease mimicking conditions. High 

concentrations of syrosingopine, indicating dual inhibition, effectively reduce pathologic 

cell proliferation and migration via lactate transport inhibition, inducing apoptosis and 

preventing paracrine effects of lactate. Of note, dual inhibition of MCT1 and 4 is essential, 

confirming previous publications claiming, that the isoforms can compensate for the loss 

of the other. Based on our in vitro findings, we conclude that syrosingopine is a promising 

therapeutic compound to treat PAH. 
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4.3 Circulating MCT1 and 4 as a PH biomarker 

Discovery of novel biomarkers with diagnostic or prognostic power is of big clinical 

interest [15,129]. As we found MCT1 and 4 expression is upregulated in the lungs of 

IPAH patients, we measured plasma concentrations of MCT1 and 4 in blood samples 

derived from non-PH and PH patients to investigate their potential use as disease 

biomarkers. In contrast to the increased protein expression of lung homogenates, we 

found circulating plasma concentrations of MCT1 and 4 are not elevated in patients 

suffering from PH (figure 32, p. 57; figure 39, p. 64). The result is consistent comparing 

the PH subgroups. Circulating MCT1 and 4 does not differ among the PH groups (figure 

33, p. 57; figure 40, p. 64). We ensured that age or gender are not influencing MCT1 or 

4 plasma concentration (figure 34, table 10, p. 58; figure 41, table 13, p. 65). The non-PH 

patients, serving as control group, were suffering from different underlying diseases. 

Objectified by WHO-FC and 6MWD, the non-PH patients were obviously not healthy 

(table 8, p. 53). Otherwise, they would not be suspicious for PH and undergo RHC. 

Possibly, a significant difference in circulating MCT1 or 4 is thereby concealed. Although 

there is only limited data about the plasma concentrations of MCT1 and 4, the tissue 

expression in various cancer entities is correlating with the severity of the disease and the 

prognosis of the patients, which is comprehensively reviewed by Pinheiro et al. [177].  

Instead of investigating tissue expression, we consciously decided to evaluate plasma 

concentrations, as our aim was to discover a clinically useful, non-invasive biomarker. 

Iizuka et al. discovered MCT1 in human circulation [113]. They found skeletal muscle to 

release MCT4 into the cell medium upon stimulation [112]. Additionally, studying 

microglia in brain, Potolicchio et al. found MCT1 is secreted in exosomes by microglia 

upon activation [183]. The transition from plasma bound to circulating MCTs is still 

unknown. We assumed that cells from pulmonary vasculature, stimulated by the disease 

conditions, increasingly release MCT into systemic circulation.  

Unfortunately, Iizuka et al. did not determine the concentration of the detected MCT1 and 

in literature there are no published reference values about physiological circulating 

plasma concentrations of MCT1 or 4. The only comparative values are given by the 

supplier of the ELISA kit (mybiosource). They measured circulating MCT1 and 4 in 

peripheral blood samples derived from apparently healthy subjects. No further 

information about their health status is known. The values are shown in table 15. 
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Table 15 MCT1 and 4 plasma concentrations in the studies and supplier collective 

 

study collective mybiosource collective 

non-PH PH Healthy individuals 

Mean Range Mean Range Mean Range 

MCT1 [ng/ml] 4,88 1,0–13,91 5,79 0,37-19,85 3,62 1,34-5,23 

MCT4 [ng/ml] 20,68 12,14-34,88 19,25 7,74-40,94 7,68 3,56-12,13 

 

The reported concentrations from the company are lower than the ones we measured. 

Particularly, we observed a broader range. This suggests that when comparing PH patients 

to a truly healthy control group a significant difference might be found. Even though 

plasma concentrations of healthy patients are interesting, our demand on a diagnostic PH 

biomarker is to distinguish PH patients from patients who are suspicious for PH. 

Therefore, we still consider our result as reliable and conclude that circulating MCT1 and 

4 represent no promising diagnostic biomarker. Further factors might potentially 

influence the measured plasma concentrations. The use of central venous blood samples 

in comparison to peripheral blood samples, as the supplier tested, has to be considered. 

Moreover, erythrocytes express MCT1 [76]. It is essential to prevent hemolysis. We 

cannot exclude presence of hemolysis in the investigated samples. Hemolysis in some 

samples could account for the outliers and the broad range of MCT1 distribution.  

In addition to a diagnostic use, the potential as a biomarker for the severity of the disease 

was investigated. Therefore, MCT1 and 4 plasma levels were analyzed in dependence of 

functional data like (WHO-FC, 6WMD) and hemodynamic data (mPAP, PVR, PAWP, 

CI) derived from the same hospital stay. In none of the cases a significant association 

with MCT1 or 4 plasma concentrations were found (table 11, p. 60; table 14, p. 66). 

Whereas, compared to MCT1 and 4, BNP plasma levels were superiorly associated with 

severity indicating parameters. We found that MCT1 and 4 plasma concentrations are not 

reflecting the severity of the disease. Moreover, our results indicate MCT1 and 4 are 

inferior to the currently used biomarker BNP and do not deliver additional information 

value.  

The prognostic usage of circulating MCT1 and 4 was investigated as well. Therefore, 

survival data of all PH patients were surveyed, whenever possible. In the investigated 

patient collective IPAH patients had a 5 year survival of 61,8% and CTEPH patients of 

64,1% (figure 48, 49, p. 90). Gall et al. report the survival of IPAH and CTEPH patients 
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from the “The Giessen Pulmonary Hypertension Registry” [62]. In IPAH patients they 

observed a 5 year survival of 65,7% and CTEPH patients of 66,7%. We did not observe 

a strikingly different survival. However, the IPAH patients included in our study were 

having a worse outcome. The patient recruitment timepoints differed (Giessen Registry: 

1993 to 2011, our collective: 2008 to 2017). You would rather expect an improved 

outcome in the novel cohort with improving therapeutic possibilities. Obviously, this is 

not the case in our observed cohort. Previous cohorts may include non-IPAH patients 

from today’s point-of-view, as diagnosis and definitions are getting more accurate. On 

the other hand, the published confirms an improved outcome of IPAH patients over time 

[60]. Probably the smaller size of our collective causes the observed survival differences, 

as Gall et al. investigated a bigger population with 294 IPAH and 459 CTEPH patients. 

Therefore, we still consider our survival data as representative. We found the survival of 

the overall PH patients did not differ depending on MCT1 or MCT4 concentration  

(figure 35, 36, p. 61; figure 42, 43, p. 67). Only when evaluating survival depending on 

MCT4 within IPAH subgroup a trend, close to significance, is visible (figure 44, p. 68). 

Indicating that patients with low circulating MCT4 values have an impeded survival, 

which is contrary to our hypothesis of an induced MCT4 secretion by pulmonary 

vasculopathy. This finding should not be overrated, as statistic evaluation is not 

significant and the effect is only visible in one particular analysis (dichotomy MCT4 

separation in IPAH subgroup). Taken together, we do not consider circulating plasma 

concentration of MCT1 and 4 as promising prognostic biomarker. In contrast tissue 

expression of MCT1 and 4, analyzed by immunohistochemistry, is associated with patient 

prognosis as found in various cancer entities. To give some examples, high MCT1 or 4 

expression predicts poor prognosis in pancreatic [7], prostate [32,172] or lung carcinoma 

[52,181,199]. The findings are comprehensively reviewed in the already cited work by 

Pinheiro et al. [177]. Again, the knowledge is based on work derived from cancer 

research, but it seems that high expression of tissue bound MCT1 and 4 is associated with 

a poor prognosis, while circulating concentration is not. Based on the trend of an impeded 

survival of IPAH patients with low circulating MCT4 level (figure 44, p. 68), it is 

conceivable that MCT4 is rather kept at the cell membrane and less released into systemic 

circulation. 

Another explanation for our results are the uncertainties of measuring circulating MCT1 

and 4. A general issue when measuring MCT1 and 4 is the conserved and thereby similar 
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structure of the isoforms [77]. Only the N- and C-terminal ends, as well as the loop region 

between transmembrane domain 6 and 7, notably distinguish [80]. The challenge is that 

the differing structures are found intracellular [80]. According to the supplier, the 

antibodies, used in MCT1 and 4 ELISA kits, recognize an epitope that is localized at the 

C-terminal end. We cannot distinguish at which structure, shredded or membrane bound, 

MCT1 and 4 were measured in systemic circulation. Whether the circulating epitope is 

accessible for the antibodies in circulating MCT1 and 4 is an issue that needs to be 

addressed. We found MCT1 and 4 plasma concentrations are strongly associated with 

each other (figure 46, p. 70). This may indicate the simultaneous expression of MCT1 

and 4 is a consequence of the glycolytic phenotype. The simultaneous upregulation of 

MCT1 and 4 is supported by our finding that MCT1 and 4 are both upregulated in IPAH 

lung homogenates (figure 7, p. 34; figure 8, p. 35) 

Limited by the issue of recognized epitope and the unknown mechanisms leading to the 

release into systemic circulation, a lot more work is necessary to evaluate the usage of 

MCT1 and 4 as biomarker. From our present findings, we conclude that circulating MCT1 

and 4 are no promising diagnostic or prognostic biomarkers for IPAH or CTEPH patients. 

4.4 Limitations 

During the discussion some limitations of the study were already addressed. At this point 

they will be recapitulated. 

Lung homogenates were used to evaluate MCT1 and 4 expression. Working with 

homogenates results in a cell mixture. By qPCR and western blot, the overall expression 

across the entirety of homogenized cells is evaluated. It still needs to be confirmed that 

MCT1 and 4 are upregulated in the pulmonary vasculature, as we assume. For example, 

by using immunohistochemistry. Besides differentiation of pulmonary vessels and lung 

interstitial tissue, a closer look at the vasculature building cells is desirable. It needs to be 

clarified whether all cells have an increased MCT1 and 4 expression. 

Our in vitro studies were focusing on hPASMCs. Certainly, hPASMCs are important in 

PH pathophysiology and one cell type needs to be first being investigated. Further studies 

are needed to address the expression and functional effects of MCT1 and 4 inhibition in 

endothelial cells, fibroblasts and immune cells. Of course, in vitro experiments are always 

limited in reflecting in vivo diseases. The use of wildtype hPASMCs neglects some 
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potentially important alterations, like p53 mutation. More in vitro evidence must be 

generated, especially before heading for in vivo experiments. Additionally, the promising 

effect using syrosingopine in hPASMCs must be confirmed using different stimuli. We 

worked with hypoxic and PDGF stimulation to induce abnormal proliferation and 

metabolic alterations. Other cell types and stimuli will aid to confirm the therapeutic 

principle. Moreover, the changes regarding MCT1 and 4 expression might be time 

dependent. Significant induction of MCT1 or 4 expression was possibly missed, as the 

expression was analyzed at a certain timepoint 

The study design of the biomarker experiments was retrospective and single-center, 

resulting in a relevant limitation of this study. The patients undergoing RHC with 

exclusion of PH served as control group. These patients surely do not represent a healthy 

control group as they were suspicious for PH and suffered from other underlying diseases. 

Probably this is the reason why our measured values are higher than the values measured 

by the supplier in apparently healthy individuals. Including truly healthy individuals as 

control group is a possible approach. Although patients suffering from cancer were 

excluded from the experiment, other currently known or still unknown diseases rely on 

MCT1 and 4 and may influence the results [55]. Presence of hemolysis or insufficient 

separation of blood plasma can also influence the results, as erythrocytes express MCT1 

at their membrane and white blood cells express MCT4 [76,79]. We cannot exclude 

presence of hemolysis in the evaluated samples, for example due to difficult blood 

withdrawal. Ultimately, collection of central venous blood is a limitation. The 

concentrations may differ in peripheral blood samples although this has not been tested. 

Additionally, collection of central venous blood always relies on an invasive process. 

Practical blood biomarkers should be easily accessible. Beside pre-analytic issues, the 

measurement itself by the ELISA kit can cause difficulties. The recognized epitope of the 

used ELISA antibodies are localized intracellular [80]. It remains unclear in which extend 

these epitopes are accessible or whether the measured MCT1 and 4 protein really 

originates from pulmonary vasculature. Another issue might be that prescribed 

medication influences MCT1 and 4 concentration in the circulation. No presorting of the 

patients according to their home medication happened. To give an example, it is 

conceivable, although not proven, that metformin influences MCT1 and 4 in systemic 

circulation by interacting with oxidative phosphorylation [11,55].   
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5 Summary 

Background: In Pulmonary Hypertension (PH), pulmonary vascular cells favor cytosolic 

glycolysis instead of oxidative phosphorylation, to cover their energy demand. This 

feature is also known as Warburg effect. The metabolic change is accompanied by a 

distinct lactate production. Still, the expression and functional relevance of lactate 

transporters in PH have not yet been investigated. Studies originated from cancer research 

highlighted the relevance of the lactate transporters, Monocarboxylate Transporter 

(MCT) 1 and 4, in disease pathobiology. In this study, the role of MCT1 and 4 in the 

context of PH is addressed. 

Methods: MCT1 and 4 expression was investigated in lung tissue homogenates derived 

from IPAH and donor patients. In vitro experiments were performed in human pulmonary 

arterial smooth muscle cells (hPASMCs). In hPASMCs the expression profile upon 

hypoxic and non-hypoxic stimuli was investigated. The effect of MCT1 and/or 4 

knockdown or pharmaceutical inhibition, using AZD3965 or syrosingopine, on functional 

characteristics in hPASMCs were investigated. For this purpose, proliferative capacity, 

cell migration, apoptosis rate, cell viability and extracellular lactate concentration were 

determined. The potential of MCT1 and 4 as disease biomarkers were evaluated by 

measuring the circulating concentration in plasma samples, derived from non-PH and PH 

patients. 

Results: The mRNA and protein expression of MCT1 and 4 were increased in the lungs 

of IPAH patients compared to donor lungs. Chronic hypoxia, PDGF and TGFβ 

stimulation induced MCT4 expression in hPASMCs, whereas MCT1 was not influenced 

by any of the investigated stimuli. Dual inhibition of MCT1 and 4 by syrosingopine 

reduced lactate export, induced apoptosis and decreased cell proliferation and migration 

with absent cytotoxic side-effects, in hypoxic conditions. Circulating MCT1 and 4 did 

not reveal a diagnostic or prognostic benefit as a disease biomarker.  

Conclusion: MCT1 and 4 play an important role in PH pathobiology. At least one 

functional transporter is necessary for disease progression. Dual inhibition of MCT1 and 

4 represent a promising therapeutic approach. Circulating MCT1 and 4 are no suitable 

PH biomarkers. 
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Figure 47 Summarizing scheme of the main findings. LDH – Lactate dehydrogenase, OXPHOS – 

Oxidative phosphorylation, MCT – Monocarboxylate Transporter, Hox – Hypoxia, TGFβ – Transforming 

Growth Factor β, Syro = Syrosingopine 
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6 Zusammenfassung 

Hintergrund: Im Rahmen der pulmonalen Hypertonie (PH) generieren die pulmonalen 

Gefäßzellen ihre Energie vornehmlich durch anaerobe Glykolyse, anstatt durch oxidative 

Phosphorylierung. Dieses Phänomen ist auch bekannt als Warburg Effekt. Damit geht 

eine vermehrte Laktatproduktion einher. Dennoch wurde die Expression und funktionelle 

Relevanz von Laktatransportern im Kontext der PH bisher nicht untersucht. Aus der 

Krebsforschung ist hingegen die Wichtigkeit der Laktattransporter, Monocarboxylat 

Transporter (MCT) 1 und 4, bekannt. In dieser Arbeit wird die Rolle von MCT1 und 4 im 

Kontext der PH genauer beleuchtet. 

Methoden: Die Expression von MCT1 und 4 wurde in Lungengewebe von IPAH und 

Kontrollpatienten bestimmt. Die in vitro Experimente wurden in humanen glatten 

Muskelzellen aus pulmonalen Arterien (hPASMCs) durchgeführt. Die Expression nach 

hypoxischen und nicht-hypoxischen Stimuli wurde bestimmt. Es erfolgte ein Knockdown 

von MCT1 und/oder 4 oder eine medikamentöse Inhibition, mittels AZD3965 oder 

Syrosingopin und der Effekt auf funktionelle Charakteristika wurde untersucht. Dazu 

wurde die Zellproliferation, -migration, -viabilität, sowie Apoptoserate und die 

extrazelluläre Laktatkonzentration bestimmt. Die Plasmakonzentrationen von MCT1 und 

4 wurden bestimmt, um deren Potential als Biomarker für die Erkrankung zu untersuchen. 

Ergebnisse: Die mRNA- und Proteinexpression war in den Lungengeweben von IPAH 

Patienten erhöht. Chronische Hypoxie, PDGF und TGFβ Stimulation induzierten die 

Expression von MCT4 in hPASMCs. Wohingegen die Expression von MCT1 durch keine 

der Stimuli beeinflusst wurde. Eine duale Hemmung von MCT1 und 4 reduzierte den 

zellulären Laktatexport, steigerte die Apoptoserate und hemmte die Zellproliferation und 

-migration, ohne zytotoxische Effekte, unter hypoxischen Bedingungen. Die Plasmawerte 

von MCT1 und 4 zeigten keinen diagnostischen oder prognostischen Nutzen. 

Fazit: MCT1 und 4 spielen eine entscheidende Rolle in der Pathobiologie von PH. Für 

den Krankheitsprogress ist wenigstens ein funktionierender Transporter notwendig. Die 

duale Hemmung von MCT1 und 4 ist ein vielversprechender Therapieansatz. Die 

Plasmakonzentrationen von MCT1 und 4 sind keine geeigneten PH Biomarker. 
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7 Attachment 

7.1 Circulating MCT1 and 4 as a PH biomarker 

7.1.1 Cumulative survival of IPAH and CTEPH patients 

 

Figure 48 Cumulative survival of IPAH patients; n=75, events=34, censored=41 

 

Figure 49 Cumulative survival of CTEPH patients; n=75, events=26, censored=49 
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7.1.2 MCT1 as a biomarker in IPAH subgroup 

7.1.2.1 MCT1 as a biomarker for severity of the disease, age and gender 

Table 16 MCT1 concentration by gender and WHO-FC in IPAH subgroup 

 IPAH  MCT1 [ng/ml] 
  Median [IQR] Significance 

Gender 
female 4,89 [3,78] 

p=0,536 
male 5,85 [7,42] 

WHO-FC 

2 3,44 [3,18] 

p=0,322 3 5,75 [4,80] 

4 5,59 [6,42] 

 

 

Table 17 Correlation of ln_MCT1 in IPAH subgroup 

IPAH ln_MCT1 BNP [ng/l] 

Age [years] Spearman Correlation ,071 ,205 

Sig. (2-tailed) ,561 ,120 

N 70 59 

mPAP [mmHg] Spearman Correlation -,169 ,290 

Sig. (2-tailed) ,161 ,026* 

N 70 59 

PVR [dyn*s/cm5] Spearman Correlation -,044 ,352 

Sig. (2-tailed) ,715 ,006* 

N 70 59 

CI [l/min)/m²] Spearman Correlation ,026 -,449 

Sig. (2-tailed) ,829 ,000* 

N 70 59 

6MWD [m] Spearman Correlation -,079 -,210 

Sig. (2-tailed) ,560 ,153 

N 57 48 

BNP [ng/l] Spearman Correlation -,070 1 

Sig. (2-tailed) ,607 . 

N 56 59 

 * indicates significance 

Gender: male n=23, female n=47, Mann-Whitney U test of ln_MCT1,  

WHO-FC: II n=12, III n=51, IV n=7, Kruskal-Wallis Test of ln_MCT1 
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7.1.2.2 MCT1 as a prognostic biomarker 

 

Figure 50 Survival of IPAH patients by dichotom ln_MCT1 separation; ln_MCT1-low: n=35, events=18, 

ln_MCT1-high: n=35, events=12, Log-Rank test p=0,795 

 

Figure 51 Survival of IPAH patients by quartile ln_MCT1 separation; ln_MCT1-low 1: n=17, events=11, 

ln_MCT1-intermediate-low: n=18, events=7, ln_MCT1-intermediate-high: n=18, events=6, ln_MCT1-

high: n=17, events=6, Log-Rank test p=0,503 
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7.1.3 MCT1 as a biomarker in CTEPH subgroup 

7.1.3.1 MCT1 as a biomarker for severity of the disease, age and gender 

Table 18 MCT1 concentration by gender and WHO-FC in CTEPH subgroup 

CTEPH   MCT1 [ng/ml] 
  Median [IQR] Significance 

Gender 
female 4,81 [4,86] 

p=0,828 
male 4,8 [5,44] 

WHO-FC 

2 4,85 [6,81] 

p=0,322 3 4,81 [5,57] 

4 4,52 [4,61] 

 

 

Table 19 Correlation of ln_MCT1 in CTEPH subgroup 

CTEPH ln_MCT1 BNP [ng/l] 

Age [years] Spearman Correlation -,262 ,098 

Sig. (2-tailed) ,029* ,540 

N 70 41 

mPAP [mmHg] Spearman Correlation ,065 ,387 

Sig. (2-tailed) ,591 ,012* 

N 70 41 

PVR [dyn*s/cm5] Spearman Correlation ,104 ,516 

Sig. (2-tailed) ,393 ,001* 

N 70 41 

CI [l/min)/m²] Spearman Correlation -,049 -,509 

Sig. (2-tailed) ,688 ,001* 

N 70 41 

6MWD [m] Spearman Correlation ,127 -,265 

Sig. (2-tailed) ,378 ,172 

N 50 28 

BNP [ng/l] Spearman Correlation ,139 1 

Sig. (2-tailed) ,412 . 

N 37 41 

 

  

* indicates significance 

Gender: male n=35, female n=35, Mann-Whitney U test of ln_MCT1,  

WHO-FC: I n=1, II n=14, III n=39, IV n=9, Kruskal-Wallis Test of ln_MCT1 
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7.1.3.2 MCT1 as a prognostic biomarker 

 

Figure 52 Survival of CTEPH patients by dichotom ln_MCT1 separation; ln_MCT1-low: n=35, 

events=13, ln_MCT1-high: n=35, events=12, Log-Rank test p=0,984 

 

Figure 53 Survival of CTEPH patients by quartile ln_MCT1 separation; ln_MCT1-low: n=17, events=6, 

ln_MCT1-intermediate-low: n=18, events=7, ln_MCT1-intermediate-high: n=18, events=7, ln_MCT1-

high: n=17, events=5, Log-Rank test p=0,963 
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7.1.4 MCT4 as a biomarker in IPAH subgroup 

7.1.4.1 MCT4 as a biomarker for severity of the disease and age and 

gender 

Table 20 MCT4 concentration by gender and WHO-FC in IPAH subgroup 

IPAH   MCT4 [ng/ml] 
  Median [IQR] Significance 

Gender 
female 19,57 [8,77] 

p=0,130 
male 16,13 [7,34] 

WHO-FC 

2 19,36 [9,75] 

p=0,253 3 18,15 [8,31] 

4 22,17 [18,67] 

 

 

Table 21 Correlation of ln_MCT4 in IPAH subgroup 

IPAH ln_MCT4 BNP [ng/l] 

Age [years] Spearman Correlation -,023 ,205 

Sig. (2-tailed) ,844 ,120 

N 74 59 

mPAP [mmHg] Spearman Correlation -,139 ,290 

Sig. (2-tailed) ,237 ,026* 

N 74 59 

PVR [dyn*s/cm5] Spearman Correlation -,042 ,352 

Sig. (2-tailed) ,725 ,006* 

N 74 59 

CI [l/min)/m²] Spearman Correlation ,045 -,449 

Sig. (2-tailed) ,703 ,000* 

N 74 59 

6MWD [m] Pearson Correlation ,085 -,210 

Sig. (2-tailed) ,517 ,153 

N 60 48 

BNP [ng/l] Spearman Correlation -,184 1 

Sig. (2-tailed) ,167 . 

N 58 59 

  * indicates significance 

Gender: male n=25, female n=49, Mann-Whitney U test of ln_MCT4,  

WHO-FC: II n=12, III n=55, IV n=7, Kruskal-Wallis Test of ln_MCT4 



 
96 

7.1.4.2 MCT4 as a prognostic biomarker 

 

Figure 54 Survival of IPAH patients by dichotom ln_MCT4 separation; ln_MCT4-low: n=37, events=21, 

ln_MCT4-high: n=37, events=12, Log-Rank test p=0,052 

 

Figure 55 Survival of IPAH patients by quartile ln_MCT4 separation; ln_MCT4-low: n=18, events=11, 

ln_MCT4-intermediate-low: n=19, events=10, ln_MCT4-intermediate-high: n=19, events=8, ln_MCT4-

high: n=18, events=4, Log-Rank test p=0,093 

Table 22 Multivariate Cox Regression within IPAH subgroup 

 Sig. Exp(B) 

95,0% CI for Exp(B) 

Lower Upper 

ln_MCT4_dichotomy ,026 2,274 1,105 4,678 

Age ,016 1,036 1,007 1,065 

PVR ,232 1,001 1,000 1,002 

WHO-FC ,085 1,997 ,909 4,383 
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7.1.5 MCT4 as a biomarker in CTEPH subgroup 

7.1.5.1 MCT4 as a biomarker for severity of the disease and age and 

gender 

Table 23 MCT4 concentration by gender and WHO-FC in CTEPH subgroup 

CTEPH   MCT4 [ng/ml] 
  Median [IQR] Significance 

Gender 
female 16,81 [10,11] 

p=0,457 
male 18,12 [8,25] 

WHO-FC 

2 21,41 [10,11] 

p=0,103 3 16,72 [6,05] 

4 16,33 [9,97] 

 

 

Table 24 Correlation of ln_MCT4 in CTEPH subgroup 

CTEPH ln_MCT4 BNP [ng/l] 

Age [years] Spearman Correlation -,168 ,098 

Sig. (2-tailed) ,158 ,540 

N 72 41 

mPAP [mmHg] Spearman Correlation ,071 ,387 

Sig. (2-tailed) ,551 ,012* 

N 72 41 

PVR [dyn*s/cm5] Spearman Correlation ,029 ,516 

Sig. (2-tailed) ,812 ,001* 

N 72 41 

CI [l/min)/m²] Spearman Correlation -,035 -,509 

Sig. (2-tailed) ,767 ,001* 

N 72 41 

6MWD [m] Pearson Correlation ,229 -,265 

Sig. (2-tailed) ,102 ,172 

N 52 28 

BNP [ng/l] Spearman Correlation ,277 1 

Sig. (2-tailed) ,088 . 

N 39 41 

 

 

 

 

* indicates significance 

Gender: male n=38, female n=34, Mann-Whitney U test of ln_MCT4,  

WHO-FC: I=1,  II n=13, III n=41, IV n=10, Kruskal-Wallis Test of ln_MCT4 
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7.1.5.2 MCT4 as a prognostic biomarker 

 

Figure 56 Survival of CTEPH patients by dichotom ln_MCT4 separation; ln_MCT4-low: n=36, 

events=13, ln_MCT4-high: n=36, events=11, Log-Rank test p=0,601 

 

 

Figure 57 Survival of CTEPH patients by quartile ln_MCT4 separation; ln_MCT4-low: n=18, events=5, 

ln_MCT4-intermediate-low: n=18, events=8, ln_MCT4-intermediate-high: n=18, events=7, ln_MCT4-

high: n=18, events=4, Log-Rank test p=0,149 
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8 List of abbreviations  

6MWD 6 minute walk distance 

AMP Adenosine monophosphat 

AMP-K AMP activated protein kinase 

ATP Adenosine triphosphate 

BMPR2 Bone Morphogenetic Protein Receptor type II 

BNP Brain Natriuretic Peptide 

BOEC Blood Outgrowth Endothelial Cells 

BrdU Bromdesoxyuridin 

CCB Calcium Channel Blocker 

cGMP cyclic Guanosine Monophosphate 

CHC α-cyano-4-hydroxycinnamate 

ChIP Chromatin Immunoprecipitation 

CO Cardiac Output 

COPD Chronic Obstructive Pulmonary Disease 

CPFE Combined Pulmonary Fibrosis and Emphysema 

Ct Cycle of threshold 

CTEPH Chronic Thromboembolic Pulmonary Hypertension 

DCA Dichloroacetate 

DIDS diisothiocyanostilbene-2.2'-disulphonate 

DLBCL Diffuse Large B-cell Lymphoma 

DMSO Dimethylsulfoxid 

DNA deoxyribonucleic acid 

DPG Diastolic Pressure Gradient 

EC Endothelial Cell 

EDTA Ethylendiamintetraacetate 

EGF Epidermal Growth Factor 

ELISA Enzyme-linked Immunosorbent Assay 

eNOS Endothelial Nitric Oxide Synthase 

ERA Endothelin Receptor Antagonists 

ERC European Reseach Council 

ERS European Respiratory Society 

FC Functional Class 

FDG 18F-fluordeoxyglucose 

FGF Fibroblast Growth Factor 

Hb Hemoglobin 

HIF-1α Hypoxia inducible Factor 1α 

Hox Hypoxic incubation 

HPAH Heritable Pulmonary Arterial Hypertension 
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hPASMC human Pulmonary Arterial Smooth Muscle Cells 

HRP Horseradish peroxidase 

IL Interleukin 

ILD Interstitial Lung Disease 

IPAH Idiopathic Pulmonary Arterial Hypertension 

IQR Interquartile Range 

Km michaelis constant 

Kv Voltage-gated potassium channels 

LDH Lactate dehydrogenase 

LHD left heart disease 

MCT Monocarboxylate Transporter 

miRNA microRNA 

mPAP mean Pulmonary Arterial Pressure 

NCBI National Center for Biotechnology Information 

NFAT Nuclear Factor of activated T-cells 

NF-κB Nuclear Factor kappa-light-chain-Enhancer of activated B-cells 

NO Nitric Oxide 

Nox Normoxic incubation 

OXPHOS Oxidative phosphorylation 

PA Pulmonary Artery 

PAH Pulmonary Arterial Hypertension 

PASMC Pulmonary Arterial Smooth Muscle Cell 

PAWP Pulmonary Arterial Wedge Pressure 

PBGD Porphobilinogen deaminase 

PBS Phosphate buffered saline solution 

PCR Polymerize Chain Reaction 

PDE-5 Phosphodiesterase-5 

PDGF Platelet-Derived Growth Factor 

PDK Pyruvate dehydrogenase kinase 

PEA Pulmonary Endarteriectomy 

PH Pulmonary Hypertension 

PH-LHD Pulmonary Hypertension due to Left Heart Disease 

PMSF Phenylmethylsulfonylfluorid 

PRA Prostacyclin Receptor Agonists 

PVDF Polyvinylidene difluoride 

PVR Pulmonary Vascular Resistence 

RA Right Atrium 

RAP Right Atrial Pressure 

RFU Relative Fluorescence Units 

RHC Right Heart Chátheter 
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RIPA Radioimmunoprecipitation assay 

RPE Retinal Pigment Epithelium 

RV Right Ventricle 

scRNA scramble siRNA 

SD Standard deviation 

SDS PAGE Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis 

sGC soluble Guanylate Cyclase 

siRNA small interfering RNA 

SLC16 Solute Carrier 16 

SMCT Sodium coupled Monocarboxylate Transporter 

SOD2 Superoxide dismutase 2 

sPAP systolic Pulmonary Arterial Pressure 

SSP Staurosporine 

TAE TRIS-Acetate-EDTA 

TAPSE Tricuspid Annular Plane Systolic Excursion 

TAT1 t-type amino acid transporter 

TGF-β Transforming Growth Factor-β 

TM Transmembrane 

TNFα Tumor Necrosis Factor α 

TPG Transpulmonary Pressure Gradient 

TRV Tricuspid Regurgitation Velocity 

TTE Transthoracic Echocardiography 

V/Q Ventilation/Perfusion 

VEGF Vascular Endothelial Growth Factor 

VMAT Vesicular Monoamine Transporter 

WHO World Health Organisation 

WU Wood Units 
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12.2 MCT1 and 4 measurement in lung tissue samples 
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12.3 DZL Einverständniserklärung 
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