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Summary 

One important promoter of cardiovascular and especially pulmonary diseases is hypoxia, the 

insufficient supply with oxygen. It leads to hypoxic coronary vasodilation and hypoxic pulmonary 

vasoconstriction (HPV). Hypoxic coronary vasodilation is thought to be HIF-mediated; the 

mechanisms regulating HPV are less well understood. As lasting HPV might lead to vascular 

remodelling and the emergence of severe diseases, a deeper understanding of the mechanisms 

regulating HPV might help to gain insight into the emergence of those diseases and thereby provide 

putative therapeutic targets against hypoxia-related disorders. 

The L-arginine-ADMA-NO pathway plays an important role in the regional adaption of the blood 

flow. A differential hypoxic regulation of this pathway within coronary and pulmonary circuit might 

explain hypoxic coronary vasodilation and HPV. We therefore aimed to compare gene expression, 

protein expression and protein activity between normoxic and hypoxic human coronary and 

pulmonary artery endothelial cells. We found hypoxic regulation of genes involved in the 

L-arginine-ADMA-NO pathway, e.g. decreased NOS3 mRNA expression and increased DDAH2 mRNA 

expression in both cell lines after exposure to hypoxia. Interestingly, DDAH1 mRNA expression in 

HPAEC changed after short periods of hypoxia while it remained on normoxic level in HCAEC. 

However, those changes did not result in altered protein expression and ADMA concentrations 

remained unchanged. We further evaluated gene expression, protein expression and protein 

activity between normoxic and hypoxic alveolar epithelial A549 cells. Alveolar epithelial cells are 

the first layer of cells in contact to inhaled air, suggesting a putative role in oxygen sensing. 

Interestingly, we found decreased DDAH1 mRNA expression after exposure to hypoxia 

accompanied by increased SDMA and ADMA concentrations, the latter one being a well-known 

inhibitor of NO-synthesis. Thus, we propose a cellular cross talk between pulmonary endothelial 

and epithelial cells responsible for the mechanism of HPV. 

We further aimed to evaluate whether HIF is the responsible transcription factor regulating 

expression of genes involved in the L-arginine-ADMA-NO pathway within coronary and pulmonary 

artery endothelial as well as alveolar epithelial cell. We were able to show that hypoxic regulation 

of gene expression of the L-arginine-ADMA-NO pathway within those cells is not strictly 

HIF-dependent and that other transcription factors appear to be involved in hypoxic regulation of 

gene expression. 
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Zusammenfassung 

Ein wichtiger Faktor in der Entstehung von Herzkreislauferkrankungen und besonders von 

Lungenerkrankungen ist Hypoxie, die unzureichende Versorgung mit Sauerstoff. Hypoxie führt zu 

koronarer Vasodilatation und pulmonaler Vasokonstriktion (HPV). Hypoxische koronare 

Vasodilatation scheint HIF-reguliert zu sein; die Mechanismen hinter der pulmonalen 

Vasokonstriktion sind weniger gut verstanden. Da andauernde HPV zu vaskulärem Remodelling und 

der Entstehung von Krankheiten führen kann, könnte ein besseres Verständnis der zugrunde 

liegenden Mechanismen der HPV helfen, neue Therapiemöglichkeiten gegen Hypoxie-assoziierte 

Erkrankungen zu finden. 

Der L-Arginin-ADMA-NO Signalweg spielt eine wichtige Rolle in der regionalen Adaption des 

Blutflusses. Eine unterschiedliche hypoxische Regulation dieses Signalweges in Koronar- und 

Pulmonalkreislauf könnte eine Erklärung für hypoxische koronare Vasodilatation und HPV bieten. 

Unser Ziel war es daher, die Genexpression, Proteinexpression und Proteinaktivität zwischen 

normoxischen und hypoxischen Endothelzellen aus humanen koronaren und pulmonalen Arterien 

zu vergleichen. Wir konnten eine hypoxische Regulation der Genexpression von Genen des 

L-Arginin-ADMA-NO Signalweges zeigen und fanden beispielsweise verringerte NOS3 

mRNA-Expression und erhöhte DDAH2 mRNA-Expression in beiden Zelllinien nach Exposition 

gegenüber Hypoxie. Interessanterweise war die mRNA-Expression von DDAH1 in HPAEC nach 

kurzen Hypoxieperioden verringert, während sie in HCAEC auf Normoxieniveau blieb. Diese 

beobachteten Regulationen führten jedoch nicht zu veränderter Proteinexpression und gemessene 

ADMA-Konzentrationen blieben nach Hypoxieexposition unverändert. Des Weiteren haben wir 

Gen- und Proteinexpression sowie Proteinaktivität zwischen normoxischen und hypoxischen 

A549-Alveolarepithelzellen verglichen. Alveolarepithelzellen bilden die primäre Zellschicht, die in 

Kontakt mit der Atemluft kommt und könnten daher am Sauerstoffsensing beteiligt sein. 

Interessanterweise konnten wir eine verringerte DDAH1 mRNA-Expression nach Hypoxieexposition 

sowie erhöhte ADMA- und SDMA-Konzentrationen nachweisen. Wir vermuten daher einen 

zellulären Cross-Talk zwischen pulmonalen Endothel- und Epithelzellen als zugrundeliegenden 

Mechanismus der HPV. 

Wir haben außerdem untersucht, ob HIF als Transkriptionsfaktor an der Regulation der 

Genexpression von Genen des L-Arginin-ADMA-NO Signalweges in koronaren und pulmonalen 

arteriellen Endothelzellen und Alveolarepithelzellen beteiligt ist. Wir konnten zeigen, dass die 

hypoxische Regulation der Expression von Genen des L-Arginin-ADMA-NO Signalweges innerhalb 

dieser Zellen nicht streng HIF-abhängig ist und demnach andere Transkriptionsfaktoren an der 

hypoxischen Regulation der Genexpression beteiligt zu sein scheinen. 
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1 Introduction 

 

1.1 The significance of hypoxia 

Oxygen plays important roles in various metabolic and physiological processes; thus, it is evident 

that hypoxia, an insufficient supply of oxygen is a life-threatening danger. Oxygen acts as the final 

electron acceptor at the end of the electron transport chain [1, 2]. About 90 % of the total body O2 

consumption occurs within the mitochondria where oxygen is mainly used during oxidative 

phosphorylation [3], underlining its important role in energy metabolism. As cytochrome c oxidase 

needs oxygen as final electron acceptor, hypoxia leads to an insufficient electron transfer through 

the electron transport chain and therefore to the formation of reactive oxygen species (ROS). 

Moreover, hypoxia reversibly suppresses Na+/K+-ATPase activity, inhibits mRNA translation through 

multiple mechanisms and can induce the expression of inflammatory cytokines [1, 4, 5]. 

Hypoxia may result from a reduced amount of oxygen and decreased perfusion (hypoxemia), 

impaired oxygen delivery, or impaired cellular uptake of oxygen [6]. To avoid or overcome hypoxia, 

complex regulative mechanisms evolved that ensure structural and functional integrity during 

hypoxic periods [7]. If the arterial amount of oxygen within the coronary circuit is reduced, an 

increase in local blood flow occurs in order to restore oxygen supply. This effect is known as hypoxic 

coronary vasodilation [1, 8]. Within the lung, hypoxia leads to hypoxic pulmonary vasoconstriction 

(HPV) and thereby to a redistribution of deoxygenated blood from areas with poor ventilation into 

areas with high availability of oxygen [8, 9]. This mechanism was first described by Euler and 

Liljestrand in 1946 [10] and is nowadays known as Euler-Liljestrand-Mechanism. Hypoxic coronary 

vasodilation and hypoxic pulmonary vasoconstriction are tightly controlled by the oxygen tension.  

Nevertheless, what are the molecular mechanisms leading to these opposing effects in the coronary 

and pulmonary systems?  
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1.2 L-arginine – NO signalling pathway 

There are various regulators of vascular perfusion, including adenosine, ATP-sensitive potassium 

channels, prostaglandins and nitric oxide (NO), whereby the latter has been shown to play the major 

role in regulating vascular perfusion [8, 11, 12]. 

NO is a highly lipophilic, freely diffusible messenger that has various functions. NO has been shown 

to decrease leukocyte and monocyte adhesion and to inhibit platelet aggregation [13-17]. It acts as 

direct inhibitor of the superoxide anion and is known to be released during immunological reactions 

and defence against pathogens [13, 18]. Disorders in the synthesis, release, or effect of NO within 

the vascular system are called endothelial dysfunction [14]. A disruption in formation or function 

of NO seems to be an important pathogenic factor in the emergence of conditions like 

hypertension, atherosclerosis, cancer, diabetic angiopathy, and various others [15]. However, the 

overproduction of NO has been shown to participate in loss of arterial resistance in septic shock 

[19], which clearly illustrates the importance of NO homeostasis.  

NO regulates vascular tone and regional adaption of the blood flow. It negatively mediates 

proliferation of vascular smooth muscle cells by activating the guanylyl cyclase [13, 18]. The 

subsequent increase in cGMP results in activation of cGMP-dependent protein kinase (PKG) and 

thereby regulates calcium balance, which leads to vascular relaxation [20, 21]. Moreover, NO is 

capable of inducing vasodilation through the inhibition of the potent vasoconstrictor endothelin 

[22] and by stimulating the production of a vasodilatory prostacyclin [23]. Acetylcholine-induced 

vasodilation was also shown to be NO-dependent [24], underlining the versatile roles of NO in 

vasodilation and vasoconstriction. 

As NO is a free radical, it reacts rapidly and therefore cannot be stored but needs to be synthesized 

de novo from L-arginine by the NO synthases [13, 18, 24]. There are three NOS isoenzymes 

represented by the genes NOS1-NOS3 encoding for neuronal NOS (NOS1), inducible NOS (NOS2) 

and endothelial NOS (NOS3), respectively [18]. Those isoforms seem to vary in subcellular 

localisation and amino acid sequence. NOS1 and NOS2 are located within the cytoplasm, while 

NOS3 was thought to be mostly membrane-bound due to its myristylation site, although nowadays 

there are conflicting reports on localisation of NOS subtypes [25-27]. The NO synthases function as 

dimers, consisting of two identical monomers that can be divided into a C-terminal reductase 

domain and an N-terminal oxygenase domain. The reductase domain contains binding sites for 

NAPDH, FAD and FMN. The oxygenase domain can bind heme, tetrahydrobiopterin (BH4) and the 

NOS substrate L-arginine [28-30]. Other important key-substrates and co-factors of NOS include 

iron and ROS, regulatory proteins are caveolin, calmodulin and heat shock protein 90 (HSP90) 

(Figure 2) [16, 27, 29, 31, 32].  



5 
 

Depending on the specific isoform, the regulation of NO synthesis occurs by different mechanisms 

of transcriptional and post-transcriptional regulation and by factors regulating the enzymatic 

activity. Moreover, ROS rapidly react with NO and thereby influence the cellular NO concentration 

[33]. Inducible NOS (NOS2) is induced by bacterial endotoxins and inflammatory cytokines that lead 

to permanent activity. This in turn leads to an elevated NO production that contributes to pathogen 

elimination and helps to protect organs. Once induced, NOS2 remains active until the protein is 

degraded. It acts independently of intracellular calcium concentration [18, 27, 34]. The 

constitutively expressed NOS1 and NOS3 enzymes are dynamically regulated by calcium-calmodulin 

(CaM), and their enzymatic activity is highly calcium dependent [18, 27, 35]. The calmodulin binding 

domain was shown to be located between the reductase and oxygenase domain [29]. NOS1 was 

further shown to be phosphorylated by e.g. calmodulin-dependent kinases, protein kinase A and 

protein kinase C [36, 37]. The endothelial nitric oxide synthase (NOS3) is the NOS isoform that 

catalyses the NO release by the endothelium under physiological conditions e.g. in response to 

mechanical stimulation by shear stress. It thereby regulates the homeostasis of vascular tone and 

vascular structure [16, 18, 38-40]. NOS3 activity is regulated by chemical as well as by mechanical 

factors that can alter the enzyme’s production, activity and localisation within a cell [18]. Its activity 

can be further modulated in a calcium dependent manner or calcium-independently via vascular 

endothelial growth factor (VEGF) and protein kinase B (AKT) (Figure 1) [41]. These stimuli activate 

the phosphoinositide 3-kinase (PI3K) via different receptors. PI3K further phosphorylates its 

downstream kinase protein kinase B (AKT) that activates NOS3 [32, 42].  
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Figure 1: Calcium-dependent and calcium-independent regulation of NO synthesis. The left side shows calcium dependent 
stimulation of NOS, mediated by acetylcholine and bradykinin. Acetylcholine and/or bradykinin bind to a G protein (Gq-P) 
coupled receptor within the endothelial cell membrane, which leads to increased generation of inositol triphosphate (IP3) 
by activation of phospholipase C (PLC). Increased IP3 further leads to Ca2+ release from the endoplasmic reticulum (ER), 
which in turn increases NOS activity. The right side displays calcium-independent activation of NOS, which is stimulated 
by the vascular endothelial growth factor (VEGF) and protein kinase B (AKT). Increased NOS activity leads to increased 
NO synthesis. NO diffuses into vascular smooth muscle cells and leads to increased cGMP levels by activating the guanylyl 
cyclase (GC) thereby causing relaxation. Created in BioRender.com. 

 

HSP90 acts as a physiological binding partner and regulator of NOS3 presumably by inducing a 

conformational change in the enzyme or by stabilizing the dimeric form. Agonists that stimulate the 

production of nitric oxide lead to the recruitment of HSP90 to the NOS3 complex and thereby to 

the activation of the protein. Those agonists include vascular endothelial growth factor (VEGF), 

histamine and fluid shear stress [24]. An overexpression of HSP90 increases the amount of 

NOS3-bound HSP90 and was shown to result in greater NOS activity [24], underlining the 

importance of HSP90 in NOS3 regulation.  

Activation of NOS3 is achieved by binding of calcium-calmodulin (CaM), depalmitoylation, 

dissociation of caveolin-1 and the release of NOS3 from caveolae into the cytoplasm [43, 44]. 

Caveolin acts hereby as effector molecule for NOS3. The loss of caveolin results in a permanent 

activity of NOS3 underlining the important role of caveolin as negative regulator of NOS3 activity 

[16]. The resulting higher amount of NO reacts with superoxide to form reactive nitrogen species 
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(RNS) that interfere with proteins through tyrosine nitration. These RNS lead thereby for example 

to a tyrosine nitration-dependent impairment of protein kinase G (PKG) activity [16]. NOS3 

dissociation from caveolae and binding of the CaM complex is achieved by receptor-mediated 

agonist stimulation as well as an increased amount of calcium [45]. The binding of HSP90 promotes 

the strong binding of CaM, the release of the inhibitory caveolin, and enhances catalytic activity by 

facilitating AKT-dependent phosphorylation of NOS3 [31, 32, 46]. The recruitment of NOS3 to 

calmodulin binding appears to be dependent on phosphorylation at Ser 617 by PKA or AKT. AKT is 

phosphorylated by PI3K, which is in turn activated via different receptors by physiological stimuli 

as VEGF or laminar shear stress (Figure 2) [32, 47, 48]. AKT can phosphorylate NOS3 on Ser 1179 

and activate the enzyme, thereby leading to NO production. This phosphorylation of NOS3 by AKT 

is sufficient to regulate NO production at resting levels of calcium [31, 45]. 

 

Figure 2: Co-factors, binding partners and phosphorylation of NOS3. NOS3 is associated with caveolin-1 and thereby to 

the membrane. The increase of free intracellular calcium or receptor-mediated agonist stimulation lead to NOS3 

dissociation from caveolae and binding to the calcium–calmodulin (CaM) complex. The recruitment of HSP90 facilitates 

this binding to CaM. NOS3 is further phosphorylated (mediated by protein-kinases, PK, red arrows) and deacetylated 

(mediated by SIRT1, pink arrows). Depending on the phosphorylation site, NOS activity increases or decreases. 

Phosphorylation at Ser1177 by PKA, AKT (protein kinase B), PKC, and adenosine monophosphate kinase (AMPK) lead to 

an increased activity, while phosphorylation at Ser116 and Thr495 inhibit NOS3 activity. Active NOS3 catalyses the 

synthesis of NO, using L-arginine as substrate and nitrogen donor (green arrows). From: [32]. 
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1.3 Asymmetric dimethylarginine (ADMA) 

One important mechanism in the regulation of NOS activity is the inhibition of NOS3 by 

methylarginines, mainly asymmetric dimethylarginine (ADMA). ADMA is a dimethylated derivate of 

L-arginine that acts as competitive inhibitor of NOS and competes for catalytic substrate 

conversion [49]. Symmetric dimethylarginine (SDMA) on the other hand is not a direct inhibitor of 

NOS activity, but it was shown to reduce availability of L-arginine, probably by competing for 

transport by the cationic amino acid transporters (CAT) [50], as also shown for ADMA. However, 

the IC50 values are above the estimated endogenous ADMA and SDMA concentrations, indicating 

that this mechanism does not occur under physiological condition [51]. 

ADMA and its stereoisomer SDMA are released into the cytoplasm during physiological protein 

turnover via the degradation of methylated proteins [52, 53]. The posttranslational protein 

methylation is catalysed by protein arginine methyltransferases (PRMTs) which utilize 

S-adenosylmethionine as a methyl group donor [54]. During protein methylation, one or two methyl 

groups are added in different ways (depending on the PRMT type) to a nitrogen of the guanidine 

group of arginine residues. PRMTs thereby regulate protein function, activity, subcellular 

localisation and interactions with binding partners [55, 56]. So far, eleven PRMTs are characterised. 

In humans, PRMTs are classified into type I and type II PRMTs, depending on their specific catalytic 

activity. Both types of enzymes first catalyse the formation of monomethyl arginine (MMA) as an 

intermediate. In a following step, type I enzymes (PRMT1, PRMT2, PRMT3, CARM1/PRMT4, PRMT6 

and PRMT8) lead to the formation of asymmetric dimethyl arginine (ADMA), whereas the 

type II enzymes (PRMT5 and PRMT9) produce symmetric dimethyl arginine (SDMA) [55, 57, 58]. 

Each PRMT is responsible for a specific substrate-dependent protein methylation and has a distinct 

subcellular localisation [55]. PRMT1 contributes to about 85% of cellular PRMT activity [59] and 

represents the major asymmetric arginine methyl transferase. As NO deficiency was shown to 

promote cardiovascular diseases, a dysregulation of PRMT1 activity is thereby likely to participate 

in their emergence [54, 56].  

Reduced availability of nitric oxide (NO) in patients suffering from pulmonary hypertension (PH) is 

one of the most important alterations and further associated with increased plasma concentrations 

of ADMA [57, 60-62]. The concentration of ADMA in pulmonary disorders and pre-eclampsia [63] 

was shown to be elevated and can be seen as a predictive marker of morbidity and mortality in 

cardiovascular diseases [49, 52, 64]. Experimental evidence support the role of ADMA in the 

emergence of cardiovascular diseases: The supplementation of endothelial cells with ADMA was 

shown to cause a reduction in NO synthesis and elevated production of superoxide together with 

monocyte adhesion to endothelial cells [65]. The inhibition of NOS by ADMA could in turn be 
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prevented by addition of L-arginine [66] as also seen by dietary L-arginine in cholesterol-fed rabbits, 

where L-arginine supplementation led to reduced progression of atherosclerosis [67]. 

ADMA does not only affect NOS activity but was shown to induce the activation of signal transducer 

and activator of transcription 3 (STAT3) and stabilisation of hypoxia inducible factor 1A (HIF1A), 

thereby altering normal cellular functions (e.g., NO production, cell proliferation/Ca2+ 

concentration, production of pro-inflammatory mediators, and expression of NOS3, DDAH1, and 

ICAM-1) [60]. ADMA also enhances production of ROS significantly by uncoupling NOS3 and thereby 

reducing NO production [60].  

 

1.4 ADMA degradation 

Enzymes of the dimethylarginine dimethylaminohydrolase (DDAH) family metabolize the 

competitive NOS inhibitor ADMA to L-citrulline and dimethylamine and thereby play a key function 

in maintaining NO homeostasis [17, 56]. Alanine-glyoxylate aminotransferase 2 (AGXT2) was also 

shown to participate in ADMA and SDMA metabolism by transaminating the dimethylated arginines 

into asymmetric dimethylguanidinovaleric acid or symmetric dimethylguanidinovaleric acid, 

respectively [17]. However, this mechanism was only observed when AGXT2 was experimentally 

overexpressed [68]. Another mechanism of ADMA clearance is the export via cationic amino acid 

transporters (CAT) [69]. As about 70 % of ADMA is thought to be metabolized by the two members 

of the DDAH family, namely DDAH1 and DDAH2, this appears to be the major degradation route 

[17, 70]. 

DDAH1 appears to play the main role in ADMA metabolism, the role of DDAH2 remains unclear 

[17, 71]. Recent experiments in rats generated a siRNA-mediated DDAH2 knockdown and showed 

impaired acetylcholine-dependent vasodilatation, indicating a putative regulation by DDAH2 [71]. 

The localisation of the two DDAH isoforms remains controversial [61, 62, 72], although DDAH1 

seems to be the major isoform in kidneys and liver and DDAH2 appears to be the main isoform 

expressed within the vasculature [73]. 

The crystal structure of purified bovine DDAH1 showed a single inhibitory zinc ion bound to the 

active site cysteine (Cys273) of the holoenzyme. The removal of zinc by either imidazole or 

phosphate resulted in increased DDAH activity [74]. As about 95 % of total DDAH1 purified protein 

was shown to exist as the zinc-bound form, DDAH1 appears to exist predominantly in its inhibited 

conformation [75]. To date, there is no evidence of specific cofactors that are required for DDAH 

enzymatic activity [73]. DDAH1 protein expression  can be activated by estradiol [76], insulin [77] 

and vitamin E [78], while TNF-α [79]; glucose [80] and erythropoietin [74] inhibit DDAH activity [17].  
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Figure 3: ADMA metabolism. Physiological protein turnover of methylated proteins leads to release of ADMA, which in 

turn inhibits NOS synthases and leads to reduction in NO production. About 70 % of ADMA are degraded by DDAH1 and 

DDAH2 to L-citrulline and dimethylamine. Small amounts of ADMA escape degradation and leaves the cell via cationic 

amino acid transporters (CAT). Transcriptional regulation of DDAH involves angiotensin, post-transcriptional regulation 

occurs via ROS. From:  [73]. 

 

In humans, single-nucleotide polymorphisms in genes encoding for DDAH1 and DDAH2 have been 

shown to be associated with elevated blood ADMA concentrations [81], underlining the importance 

of DDAHs in ADMA metabolism. Experimental evidence of several studies targeting DDAH in cell 

culture as well as in animal models underline the important role of DDAH in ADMA clearance and 

NO homeostasis. Leiper and colleagues showed that heterozygous deletion of DDAH1 in mice 

increased ADMA concentrations in plasma, brain, and lung by 20 % [82]. By pharmacologically 

inhibiting DDAH in vascular endothelial cells, Ghebremariam and colleagues were able to achieve 

reduced ADMA degradation, resulting in reduced NO production [83]. In other studies, the 

overexpression of DDAH in endothelial cells increased NOS activity and NO production. DDAH1 and 

DDAH2 overexpression in transgenic mice led to reduced ADMA plasma concentration and higher 

NOS activity together with elevated NO concentration and was shown to protect against 

ADMA-induced endothelial dysfunction [84, 85]. Increased NO production in endothelial cells was 

also achieved by treatment with the combined PDE-3/4 inhibitor tolafentrine. These cAMP 

phosphodiesterase inhibitors appear to induce DDAH2 expression in a cAMP-dependent manner 

and thereby result in decreased ADMA concentrations [86]. NO in turn can directly inhibit DDAH, 

which is thought to provide a homeostatic mechanism inhibiting further NO synthesis if NO 

concentration is already increased. This reversible inhibition occurs through S-nitrosylation of the 

active site cysteine residue of DDAH (Cys273 in bovine DDAH1, Cys274 in human DDAH1, Cys249 in 
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human DDAH2). This inhibitory activity is typically associated with increased NOS2 expression and 

therefore elevated NO synthesis but does not occur under basal conditions [87]. Disorders in DDAH 

activity lead to an increased concentration of ADMA and thus to a reduction of endothelial NO 

production and thereby promote the emergence of diseases [62, 88]. DDAH1 for example was 

shown to be associated with coronary heart disease [89] and endothelial dysfunction in pulmonary 

hypertension [60]. Hypoxia-induced impairment of DDAH1 activity/expression in human pulmonary 

endothelial cells is responsible for ADMA accumulation during endothelial dysfunction [60]. This 

clarifies the crucial role of DDAH in ADMA degradation and NO homeostasis and the complex 

interplay of proteins involved in the L-arginine-ADMA-NO pathway. However, the mechanisms 

controlling gene expression in chronic hypoxia remain to be elucidated.  

 

1.5 Oxygen sensing and cellular adaption to low amounts of oxygen 

To react to changes in oxygen availability, cells obviously need a mechanism for oxygen sensing. 

There are various putative mechanisms regulating the response to decreased oxygen supply, 

underlining the importance of oxygen to ensure cellular function. Cellular responses to hypoxia 

include the release of neurotransmitters by the glomus cells of the carotid body, the release of 

erythropoietin, and the release of vascular growth factors [90]. But how is an altered amount of 

oxygen detected?  

It was suggested that changes in the available amount of oxygen can be sensed by heme-based 

proteins, O2-sensitive ion channels, AMP kinase, NADPH oxidase and mitochondria [1, 90, 91], 

although the underlying mechanisms are not fully understood. It is known that cysteine residues 

on the haemoglobin β-chain react with NO to form a nitroso-adduct, whereby the affinity of 

haemoglobin for NO is similar to that for O2. Erythrocytes may thereby act as O2 sensors to control 

regional blood flow [1]. Ion channels are able to adjust their conductance in response to an altered 

level of O2, but it remains unclear whether they are responsive themselves or whether these 

changes occur as a secondary response activated by a separate O2 sensor [8, 90]. Hypoxia was 

shown to increase the AMP:ATP ratio, activating AMP-activated protein kinases (AMPK) via 

phosphorylation. This in turn modulates cellular metabolism e.g. via an increase in intracellular Ca2+ 

concentration [1, 91]. A decreased O2 tension was shown to reduce the capacity of 

cytochrome c oxidase to metabolize NO. This alters the redox state of more proximal complexes in 

the electron transport chain, which may allow the cytochrome c oxidase to function as 

mitochondrial oxygen sensor and to signal by generating ROS [1, 90, 92]. 

One of the most important oxygen sensors and regulators of adaption to varying oxygen supply is 

hypoxia-inducible factor (HIF). Just recently, the investigation of the role of HIF was awarded with 
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a Nobel Prize [93]. HIF is a transcription factor that is involved in a variety of key physiological and 

pathophysiological processes, like angiogenesis, energy metabolism, cell proliferation, pulmonary 

hypertension and cancer [94]. HIF is composed of one of three different α-subunits (HIF1A – HIF3A) 

and a β-subunit [8, 95]. HIF1 - composed of HIF1A and HIF1B-subunit - plays a major role in the 

cellular adaption to low amounts of oxygen [6, 94]. This heterodimer induces expression of multiple 

genes that promote adaptation to hypoxia and survival. The HIF1B-subunit (also known as 

Aryl-Hydrocarbon-Receptor Nuclear Translocator (ARNT)) is constitutively expressed, while the 

α-subunit expression is tightly regulated by local oxygen tension via prolyl hydroxylase (PHD) 

[8, 94-96]. In normoxia, PHDs hydroxylate HIF1A at two proline residues. Hydroxylated HIF1A can 

be recognized by the von-Hippel-Lindau Protein (pVHL), which ubiquitinates the alpha subunit 

leading to HIF1A degradation by the proteasome [97, 98]. The Factor Inhibiting HIF (FIH) suppresses 

HIF1 transcriptional activity in an oxygen-dependent manner, thereby preventing co-activator 

recruitment in normoxia (Figure 4) [95]. Other known target genes are erythropoietin, endothelin, 

and VEGF, which play a role in various signalling pathways regulating oxygen supply [94]. HIF1 

promotes the expression of NOS2 and thereby increases NO production [1, 99].  

Gene expression under systemic hypoxia appears to be regulated by the transcription factor HIF. 

However, the regulative mechanism controlling gene expression in pulmonary hypoxia remains 

elusive. 
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Figure 4: The transcription factor HIF. In normoxia, PHDs hydroxylate HIFA at two proline residues. The von-Hippel-Lindau 

Protein (pVHL) can then recognize HIFA and polyubiquitinate the subunit. The ubiquitinated subunit gets then 

proteosomally degraded. The Factor Inhibiting HIF (FIH) suppresses HIF1 transcriptional activity in an oxygen-dependent 

manner, thereby preventing co-activator recruitment in normoxia. Under hypoxia, PHDs are inhibited, leading to a HIFA 

stabilisation. The stabilised alpha-subunit can translocate into the nucleus and bind to the constitutively expressed HIF1B, 

resulting in activity of the HIF-transcription factor. From: [100]. 
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1.6 Aim of work 

Cardiovascular diseases are the leading cause of death in Germany as well as worldwide. With a 

proportion of about 40 % of all deaths and severe individual sequelae they still represent a great 

burden to humankind [101, 102]. Hypoxia is one important promoter of cardiovascular diseases. If 

humans are exposed to chronic pulmonary hypoxia, e.g. in high altitude or during respiratory 

disease, pathologic consequences like higher pulmonary blood pressure and higher shear at the 

vascular endothelium, acute altitude sickness and acute pulmonary oedema may develop [103]. 

Vascular endothelial cells express NOS3 and play thereby a crucial role in regulating NO 

homeostasis, which is necessary for vasodilation [104]. To date, there is strong evidence for the 

important role of DDAH in ADMA degradation and NO homeostasis. A disruption in NO homeostasis 

by impaired DDAH activity is therefore likely to be responsible for the emergence of cardiovascular 

disorders. However, the regulatory mechanisms of NO homeostasis are complex (Figure 5) and 

hypoxic regulation is not fully understood. 

 

 

Figure 5: L-arginine-ADMA-NO metabolism: Enzymes of the NOS family generate NO and L-citrulline out of L-arginine. A 

large amount of L-arginine is metabolized by arginase and excreted via the urea cycle, limiting substrate availability for 

NOS. NOS is inhibited by ADMA, a metabolite that is released during physiological turnover of methylated proteins. 

Therefore, PRMTs play a role in NO-homeostasis, as well as DDAHs, the two isoforms of ADMA metabolizing enzymes. 

Degradation by AGXT2 depicts another ADMA metabolizing mechanism. ADMA: asymmetric dimethylarginine, 

AGXT2: alanine-glyoxylate aminotransferase 2, ASL: argininosuccinate lyase, ASS: argininosuccinate synthase, 

DDAH: dimethylarginine dimethylaminohydrolase, DMGV: dimethylguanidino valeric acid, GMP: guanosine 

monophosphate, OTC: ornithine transcarbamylase, PRMTs: protein arginine methyltransferases, SDMS: symmetric 

dimethylarginine. SGC: soluble guanylyl cyclase. 
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In patients suffering from cardiovascular diseases, an elevated ADMA concentration was shown to 

be predictive for morbidity and mortality [49, 52, 64]. Reduced availability of NO in patients with 

pulmonary hypertension is one of the most important alterations and further associated with 

increased plasma concentration of ADMA [57, 60-62, 105].  

Preliminary work of our group gave insights into effects of chronic hypoxia and chronic intermittent 

hypoxia (CIH) on the regulation of the L-arginine-ADMA-NO pathway. The group of Hannemann and 

colleagues showed that ADMA concentration is increased in CIH and chronic hypobaric hypoxia, 

suggesting a predictive role in the emergence of PAH [106-109]. Furthermore, it has been shown 

that elevated serum concentrations of ADMA and SDMA can aid in identifying COVID-19 patients 

at high risk of in-hospital mortality [110]. Hannemann et al. could also show multiple associations 

of genes of the L-arginine-ADMA-NO pathway with high-altitude pulmonary hypertension [110], 

underlining the importance of this pathway in the development of pulmonary diseases. A deeper 

understanding of the molecular mechanisms responsible for the hypoxic regulation of the 

L-arginine-ADMA-NO pathway could provide valuable insights into potential new therapeutic 

targets for the treatment of pulmonary disorders in the future. 
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The aims of this thesis were:  

1. To compare normoxic and hypoxic expression of genes involved in the L-arginine-ADMA-NO 

pathway in endothelial cells of systemic (HCAEC) and pulmonary circulation (HPAEC) and 

alveolar epithelial cells (A549). The specific questions were: 

- Are there differences in gene expression between normoxia and hypoxia in HCAEC, 

HPAEC and/or A549 cells? 

- Are there differences in hypoxic gene expression between HCAEC, HPAEC and A549 

cells? 

 

2. To compare normoxic and hypoxic expression and activity of proteins involved in the 

L-arginine-ADMA-NO pathway endothelial cells of systemic (HCAEC) and pulmonary 

circulation (HPAEC) and alveolar epithelial cells (A549). The specific questions were: 

- Are there differences in protein expression and activity between normoxia and 

hypoxia in each cell line? 

- Are there differences in hypoxic protein expression and activity between the cell 

lines? 

 

3. To evaluate HIF as a putative transcription factor regulating DDAH1, DDAH2 and NOS3 

expression in HCAEC, HPAEC and A549.  
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2 Materials 

 

2.1 Equipment and devices 

Electronic devices and equipment used in this work are presented in the following table (Table 1). 

Table 1: List of electronic devices and equipment. 

Device Model Company 

Analytical scale CP225D Sartorius AG (Göttingen, DE) 

Benchtop centrifuge MC6 
SARSTEDT AG & Co. KG 
(Nümbrecht, DE) 

Block heater 
Thermomixer compact 
Thermomixer comfort 

Eppendorf AG (Hamburg, DE) 

Centrifuges 
5415 D 
5415 R 
5424 R 

Eppendorf AG (Hamburg, DE) 

Centrifuge for conical tubes Rotina 35 R 
Andreas Hettich GmbH & Co. KG 
(Tuttlingen, DE) 

Centrifuge for 96-Well 
plates 

RVC 2-25 
Martin Christ 
Gefriertrocknungsanlagen GmbH 
(Osterode am Harz, DE) 

Freezer -20°C   

Freezer -80°C   

Gel caster and tray (agarose 
gel electrophoresis) 

(Wide) Mini Sub- 
Cell GT 

Bio-Rad Laboratories, Inc. 
(Hercules, US) 

Gel caster and tray 
(SDS-PAGE) 

Mini Trans-Blot® 
Cell 

Bio-Rad Laboratories, Inc. 
(Hercules, US) 

Horizontal 
electrophoresis cell 

(Wide) Mini-Sub 
Cell GT, Mini SubTM 
DNA Cell 

Bio-Rad Laboratories, Inc. 
(Hercules, US) 

Horizontal plate shaker Titramax 101 
Heidolph Instruments GmbH & Co. 
KG (Schwabach, DE) 

Incubator 

MCO-18AC-PE 
 
HERACELL VIOS 
160i 

PHCbi; PHC Holdings Corporation 
(Tokyo, JP) 
 
Heracell, Thermo Fisher Scientific, 
Inc. (Waltham, US) 

LC-MS/MS Column 2.1x50 
mm 

Acquity UPLC® 
BEH C18 1.7 μm 
186002350 

Waters Corporation (Milford, US) 

LC-MS/MS: Column 
Manager 

Acquity UPLC® 
186015043 

Waters Corporation (Milford, US) 

LC-MS/MS: Quarternary 
Solvent Manager 

Acquity UPLC® H 
class plus 186015080 

Waters Corporation (Milford, US) 

LC-MS/MS: Sample 
Manager FTN-H 

Acquity UPLC® H class 
plus 186015085 

Waters Corporation (Milford, US) 

LC-MS/MS: Triple 
Quadrupole 

Xevo TQ-S cronos Waters Corporation (Milford, US) 
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Magnetic stirrer 
MR Hei-Tec, 
IKAMAG REO 

Heidolph Instruments GmbH & Co. 
KG (Schwabach, DE), Janke & 
Kunkel KG IKA-WERK (Staufen, DE) 

Micro 
spectrophotometer 

N60 Implen (München, DE) 

Microwave 
Micromat 15 
G715MA 

AEG; Electrolux Hausgeräte 
GmbH (Nürnberg, DE) 

Molecular Imager ChemiDoc XRS+ 
Bio-Rad Laboratories, Inc. 
(Hercules, US) 

PCR-Mastercycler epgradient Eppendorf AG (Hamburg, DE) 

pH meter FiveEasy 
Mettler-Toledo, LLC (Columbus, 
US) 

Pipette controller PIPETBOY acu 2 
INTEGRA Biosciences AG (Zizers, 
CH) 

Platform shaker Duomax 1030 
Heidolph Instruments GmbH & Co. 
KG (Schwabach, DE) 

Power supply, agarose gels 
Biometra® Standard 
Power pack P25 

Analytik Jena AG (Jena, DE) 

Power supply, SDS-PAGE PowerPac™ Basic 
Bio-Rad Laboratories, Inc. 
(Hercules, US) 

Real-time PCR cycler QuantStudioTM 5 
Thermo Fisher Scientific, Inc. 
(Waltham, US) 

Roller shaker RM5 V-30 
Ingenieurbüro CAT, M. Zipperer 
GmbH (Ballrechten-Dottingen, DE) 

Scale BP 3100 S Sartorius AG (Göttingen, DE) 

Ultra-Pure water 
system 

Milli-Q Plus Millipore GmbH (Schwalbach, DE) 

Ultrasonification water 
bath 

RK 100 
BANDELIN electronic GmbH & 
Co. KG (Berlin, DE) 

Vacuum pump BVC control 
VACUUBRAND GmbH & Co. KG 
(Wertheim, DE) 

Water bath 1003 
Memmert GmbH & Co. KG 
(Schwabach, DE) 
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2.2 General Buffer and antibodies 

The reagents and solutions used in this thesis for SDS-Gel electrophoresis, Western blot and gel 

electrophoresis are listed in Table 2. 

Table 2: List of reagents and solutions for SDS-gel electrophoresis, Western blot and gel electrophoresis. 

Solution Composition  

10 % ammonium 
persulfate (APS) 

10 % (w/v) in ddH2O 
100 mg APS 
ad 1000 µl ddH2O 

Blocking solution 
5 % (w/v) non-fat dry milk 
TBS-T 

1 g non-fat dry milk powder 
20 ml TBS-T 

4x buffer running gel  
(Lower Tris-Buffer)  

1.5 M Tris-HCl 
0.4 % SDS (w/v) 
pH 8.8 

18.17 g Tris-Base (MW 121.14 
g/mol) in 60 ml ddH2O 
     pH 8.8 with 6N HCl 
+2 ml 20 % SDS 
ad 100 ml ddH2O 

4x buffer stacking gel 
(Upper Tris-Buffer) 

0.5 M Tris-HCl 
0.4 % SDS (w/v) 
pH 6.8 

6.06 g Tris-Base (MW 121.1 
g/mol) 
In 60 ml ddH2O 
     pH 6.8-6.87 with HCl if 
necessary 
+ 2 ml 20 % SDS 
ad 100 ml ddH2O 

ddH2O/glycerol  
50 % ddH2O 
50 % Glycerol 

50 ml ddH2O 
50 ml Glycerol 

EDTA 0.5 M  

9.035 g EDTA 
+ 40 ml ddH2O 
     pH 8.0 with 2 M NaOH 
ad 50 ml ddH2O 

Ponceau S solution 
0.1 % Ponceau S (w/v) 
5 % acetic acid (v/v) 

1 g Ponceau S 
5 ml acetic acid 
ad 100 ml ddH2O 

1x running buffer 

25 mM Tris-Base 
192 mM Glycine 
1 % SDS 
pH 8.3 

100 ml 10x Tris-Glycine buffer 
ad 1000 ml ddH2O 
+ 5 ml 20 % SDS 

6x sample buffer  

187.5 mM Tris-HCl, pH 6.8 
60 % Glycerol 
6 % SDS (v/v) 
0,01 % Bromophenol 
Blue(w/v) 
15 % β-Mercaptoethanol 

6.25 ml 1.5 M Tris-HCl Stock 
+ 30 ml Glycerol 
+ 3 g SDS 
+ 0.003 g Bromophenol Blue 
ad 42.5 ml ddH2O;  
Add β-Mercaptoethanol always 
directly before use! 

20 % 
Sodiumdodecylsulfate 
(SDS) 

20 % (w/v) in ddH2O 
20 g SDS 
ad 100 ml ddH2O 

5x TBE buffer  

54 g Tris-Base (MW: 
121.14 g/mol) 
27.5 g boric acid 
20 ml EDTA (0.5 M, pH8) 
ad 1000 ml ddH2O 
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10x TBS  
0.2 M Tris, pH 7.5 
1.4 M NaCl 

48.4 g Tris-Base (MW: 
121.14 g/mol) 
163.6 g NaCl (MW: 58.44 g/mol) 
1.5 l ddH2O 
     pH 7.5 with HCl 
ad 2 l ddH2O 

1x TBS-T 
20 mM Tris, pH 7.5 
140 mM NaCl 
0.1 % Tween-20 

50 ml 10x TBS 
0.5 ml Tween-20 
ad 500 ml ddH2O 

1x transfer buffer 
25 mM Tris-Base 
192 mM Glycine 
20 % methanol (v/v) 

100 ml 10x Tris-Glycine buffer 
200 ml methanol 
ad 1000 ml ddH2O 

10x Tris-Glycine buffer 
250 mM Tris-Base 
1.92 M Glycine 
pH 8.3 

30.3 g Tris-Base (MW 121.14 
g/mol) 
144.1 g Glycine (MW 75.07 g 
/mol) 
ad 1000 ml ddH2O 

 

 

Antibodies used for protein detection via Western blot are listed below (Table 3). 

Table 3: List and description of antibodies. 

Antibody Supplier Description 

DDAH1(ab180599) Abcam Cambridge, UK) Rabbit monoclonal [EPR13922] to DDAH1 

DDAH2 (ab184166) Abcam (Cambridge, UK) 
Rabbit monoclonal [EPR15508(B)] to 
DDAH2 

HIF1A (PA1-16601) 
Thermo Fisher Scientific, 
Inc. (Waltham, US) 

Rabbit polyclonal, Immunogen: fusion 
protein containing amino acids 432-528 of 
human HIF-1alpha 

HIF2A (PA1-16510) 
Thermo Fisher Scientific, 
Inc. (Waltham, US) 

Rabbit polyclonal, Immunogen: A peptide 
derived from the C-terminus of 
mouse/human HIF-2 alpha protein. 

NOS3 (ab76198) Abcam (Cambridge, UK) Mouse monoclonal [M221] to eNOS 

TUBB (ab6046) Abcam (Cambridge, UK) 
Rabbit polyclonal to beta Tubulin - Loading 
Control 
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2.3 Kits   

The kits used in this thesis are listed in Table 4.   

Table 4: List of kits. 

Kit Order Number Supplier 

High-Capacity cDNA Reverse 

Transcription Kit  
4368814 

Applied Biosystems™, Thermo 
Fisher Scientific, Inc. (Waltham, 
US) 

PureLink® RNA Mini Kit 12183018A 
Invitrogen, Thermo Fisher 

Scientific, Inc. (Waltham, US) 

TRIzol™ Plus RNA 

Purification Kit 
A33254 

Invitrogen, Thermo Fisher 

Scientific, Inc. (Waltham, US) 

Mycoplasma PCR Detection Kit Ab289834 Abcam (Cambridge, UK) 

ECL™ Prime Western-Blot-System GERPN2232 
Cytiva, Global Life Sciences 
Solutions (Marlborough, US) 

   

 

2.4 HIF inhibitors and HIF stabiliser 

Table 5 lists the used compounds for HIF inhibition and HIF stabilisation and their respective stock 

solution in DMSO. 

Table 5: List of HIF inhibitors and HIF stabiliser and respective stock solutions. 

Name 
Order 
Number 

Supplier Function 
Molecular 
Weight 

Stock 
solution 

PT2399 
HY-
108697 

MedChemExpress 
(Monomouth Junction, 
US) 

HIF2A 
antagonist 

419,32 
20 mM in 
DMSO 

KC7F2 HY-18777 
MedChemExpress 
(Monomouth Junction, 
US) 

HIF1A 
translation 
inhibitor 

570,38 
20 mM in 
DMSO 

DMOG 400091 
Merck kGaA (Darmstadt, 
DE) 

PHD-
inhibitor/HIF-
stabiliser 

175,14 
200 mM in 
DMSO 
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2.5 Cell lines and cell culture solutions 

Cell lines, cell culture media and cell culture solutions used in this thesis are listed in Table 6.  

Table 6: List of cell lines and cell culture solutions. 

Cell line/Product Order Number Supplier 

EA.hy926 cells CRL-2922 ATCC (Manassas, US) 

A549 lung carcinoma, human cell line CCL-185™ ATCC (Manassas, US) 

Human Coronary Artery Endothelial Cells 
(HCAEC) (cryopreserved) 

C-12221 
PromoCell (Heidelberg, 
DE) 

Human Pulmonary Artery Endothelial 
Cells (HPAEC) (proliferating) 

C-12241 
PromoCell (Heidelberg, 
DE) 

DetachKit C-41220 
PromoCell (Heidelberg, 
DE) 

Freezing Medium Cryo-SFM C-29912 
PromoCell (Heidelberg, 
DE) 

Endothelial Cell Growth  Medium C-22010 
PromoCell (Heidelberg, 
DE) 

Endothelial Cell Growth Medium MV C-22020 
PromoCell (Heidelberg, 
DE) 

Dulbecco’s Phosphate Buffered Saline 
(DPBS) 

14190144 

Gibco, Thermo Fisher 

Scientific, Inc. (Waltham, 
US) 

Dulbecco’s Modified Eagle Medium 
(DMEM) 

21885025 

Gibco, Thermo Fisher 

Scientific, Inc. (Waltham, 
US) 

Trypsin-EDTA T2610-100ML 
Sigma-Aldrich (St. Louis, 
US) 

Fetal Bovine Serum (FBS) FBS-11A 
Capricorn 
(Ebsdorfergrund, DE) 

Penicillin/Streptomycin (Pen/Strep) P4333-100ML 
Sigma-Aldrich (St. Louis, 
US) 

Dimethylsulfoxide (DMSO)   D2650-5X5ML 
Sigma-Aldrich (St. Louis, 
US) 
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2.6 Software 

The following table (Table 7) lists the software and programs used for this thesis. 

Table 7: Software and Programs. 

Software Manufacturer 

ACQUITY UPLC® H class Console version 1.69 Waters Corporation (Milford, US) 

BioRender BioRender 

EndNote X9 Clarivate Analytics (London, UK) 

GraphPad Prism 8.4.3 GraphPad Software (San Diego, US) 

ImageLab 5.2.1 Bio-Rad Laboratories, Inc. (Hercules, US) 

MassLynx V4.2 SCN1001 Waters Corporation (Milford, US) 

QuantStudioTM Design & Analysis Software v1.4.3 
Thermo Fisher Scientific, Inc. (Waltham, 
US) 

SkanIt™ Software for Microplate Readers 
Thermo Fisher Scientific, Inc. (Waltham, 
US) 
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3 Methods 

3.1 Cell culture 

For all cell culture methods, rules of sterile working were strictly followed. All cell culture work was 

performed in a sterile bench with laminar airflow. If not otherwise specified, A549 cells and 

EA.hy926 cells were cultured according to Table 8 in Dulbecco's Modified Eagle Medium (DMEM) 

supplemented with 10 % (v/v) fetal bovine serum (FBS) and 1 % (v/v) penicillin-streptomycin in a 

humidified atmosphere composed of 21 % O2 and 5 % CO2 for A549 and 21 % O2 and 7 % CO2 for 

EA.hy926. HPAEC were cultured in Endothelial Cell Growth Medium and HCAEC were cultured in 

Endothelial Cell Growth Medium MV according to the supplier’s instructions. Both primary cell lines 

were cultured in a humidified atmosphere containing 21 % O2 and 5 % CO2 (Table 8). 

Table 8: Cell culture conditions for different cell lines. 

Cell line Incubation normoxia Incubation hypoxia Medium 

EA.hy926 cells 
37 °C,  

21 % O2 and 7 % CO2 

37 °C,  

1 % O2 and 7 % CO2 

DMEM + 10 % FBS + 1 % 
penicillin-streptomycin 

A549 cells 
37 °C,  

21 % O2 and 5 % CO2 

37 °C,  

1 % O2 and 5 % CO2 

DMEM + 10 % FBS + 1 % 
penicillin-streptomycin 

HCAEC 
37 °C,  

21 % O2 and 5 % CO2 

37 °C,  

1 % O2 and 5 % CO2 

Endothelial Cell Growth 
Medium MV 

HPAEC 
37 °C,  

21 % O2 and 5 % CO2 

37 °C,  

1 % O2 and 5 % CO2 

Endothelial Cell Growth 
Medium 

 

 

3.1.1 Thawing of cryoconserved cells 

Thawing of immortalized cells. The culture medium was equilibrated at room temperature and 

10 ml were transferred into a T75 cell culture flask (TC-flask T75 Stand. Vent., Sarstedt, Nümbrecht, 

DE) and pre-incubated at 37 °C for 30 min. Frozen immortalized cells in cryo-vials in 1 ml DMEM 

medium containing 10 % Dimethylsulfoxide (DMSO) were taken out of the liquid nitrogen container 

and kept on dry ice until use. The lid of the cryo-vial was opened a quarter turn under a laminar 

flow to release pressure. The lid was tightened again before the cells were thawed in a 37 °C water 

bath for 2 minutes until only somewhat frozen cells remained. The cryo-vial was disinfected using 

70 % ethanol, opened under the laminar flow and cells were transferred into a 50 ml centrifuge 

tube containing 10 ml cell culture medium. The suspension was centrifuged for 3 minutes at 120 x g 

at room temperature. The supernatant was discarded, cells were resuspended in 1 ml medium and 

transferred into the prepared T75 flask with pre-incubated medium. Cells were kept in humidified 
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atmosphere according to Table 8 for 16-24 hours. After cells had attached to bottom of the cell 

culture flask, the medium was changed. 

Thawing of primary human cells. Thawing of primary human cells was performed according to the 

manufacturer’s instructions [111]. Briefly, T75 flasks containing 10 ml medium were pre-warmed 

for 30 min in an incubator (Table 8). The vial containing cryopreserved cells was removed from the 

liquid nitrogen container and kept on dry ice. Under a laminar flow, pressure was relieved by 

opening the vial’s cap a quarter turn. The reclosed cryovial was thawed in a 37 °C water bath for 

2 minutes. Afterwards the cryovial was sanitized with 70 % ethanol before opening it under the 

laminar flow to transfer the cells into the flasks containing pre-warmed medium. The flasks were 

kept in an incubator according to Table 8. The medium was changed after 16-24 hours.  

 

3.1.2 Subculturing of stable, adherent cell lines and primary human cells 

Subculturing of immortalized cells. Immortalized cell lines were cultured in 10 cm dishes (TC-dish 

100 standard, Sarstedt) in DMEM according to Table 8. For subculturing, phosphate buffered saline 

(PBS), trypsin and the cell culture medium were equilibrated at room temperature for 30 min. The 

used medium was aspirated and discarded. Cells were washed carefully two times with 10 ml PBS. 

1 ml trypsin per dish was added and cells were kept in an incubator at 37 °C for 3-4 minutes until 

cells started to detach. Cells were further detached by softly tapping against the dish. Trypsination 

reaction of the cells was stopped by adding 10 ml medium. The cells were suspended and 

transferred into a 50 ml centrifuge tube, before pelleting in a centrifuge at room temperature and 

120 x g for 3 min. The supernatant was discarded. As A549 cells had a population doubling time of 

about 22-24 hours, they were split 1:4 for 24 h incubation, 1:8 for 48 h incubation and 1:10 for 72 h 

incubation in order to reach confluence after the respective incubation time. Therefore, the cell 

pellet of one cell culture dish was resuspended in 4 ml, 8 ml or 10 ml medium. 10 ml medium were 

added into each new 10 cm cell culture dish, 1 ml cell suspension was added, and cells were 

incubated as described in Table 8.  

Subculturing of primary human cells. Primary Human Coronary Artery Endothelial Cells (HCAEC) 

and Primary Human Pulmonary Artery Endothelial Cells (HPAEC) were cultured in 10 cm dishes 

(TC-dish 100 standard, Sarstedt) with 10 ml Endothelial Cell Growth Medium MV or Endothelial Cell 

Growth Medium, respectively (Table 8). Subculturing of primary cell lines was performed when 

reaching 70-80 % confluence according to the manufacturer’s instructions using a DetachKit 

consisting of HEPES Buffered Saline Solution (HEPES BSS), Trypsin/Ethylenediaminetetraacetic acid 

(EDTA) (0.04 %/0.03 %) and Trypsin Neutralization Agent (TNS). Shortly, the DetachKit was 

pre-conditioned at room temperature for 30 min. Medium was aspirated from the cultured cells 
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and discarded. Cells were washed with 5 ml Hepes BSS per dish. 5 ml trypsin/EDTA were added and 

detachment was observed microscopically. As soon as cells started to detach, they were further 

detached by gently tapping against the cell culture dish. By adding 5 ml of trypsin neutralization 

solution, the trypsination reaction was stopped. Cell suspension was transferred into a 50 ml 

centrifuge tube and cells were pelleted for 3 min at 220 x g at room temperature. Supernatant was 

discarded and cells were resuspended in medium according to their growth. The primary cell lines 

had a population doubling time of about 24-48 h, depending on their passage. According to their 

growth and confluence, cells were split between 1:2 and 1:6 in order to reach confluence after the 

respective incubation time. 

 

3.1.3 Cryoconservation of immortalized, adherent cell lines and primary human cells 

Cryoconservation of immortalized cells. One day before cryoconservation of immortalized, 

adherent cells, a cryo container was filled with isopropanol and kept overnight at 4 °C. On the day 

of cryoconservation, when confluence reached at least 80 %, PBS and trypsin were pre-conditioned 

at room temperature, cryomedium (DMEM + 10 % (v/v) FBS + 1 % (v/v) penicillin-streptomycin 

+ 10 % DMSO) was kept on ice. The medium was removed from the cells and discarded. Cells were 

washes twice with 10 ml PBS. 1 ml trypsin per 10 cm cell culture dish was added and cells were 

incubated 3-4 min at 37 °C until cells started to detach. Cells were further detached by gently 

tapping against the cell culture dish. Trypsination reaction was stopped by adding 10 ml medium. 

Cells were pelleted at 120 x g at room temperature for 3 min. The supernatant was discarded, and 

cells were resuspended in 5 ml room-temperated medium before pelleting at 120 x g for 3 min 

again. The supernatant was discarded, and cells were resuspended in 1 ml cold cryomedium. The 

suspension was directly transferred into pre-cooled cryovials and kept on ice until all samples were 

processed. Then, cryovials were stored in the cryo container, kept at -20 °C for 2 h and overnight at 

-80 °C. Cryovials were transferred into liquid nitrogen long-term storage container the next day. 

Cryoconservation of primary cells. Cryoconservation of primary cells in 10 cm cell culture dishes 

was performed at 70-80 % confluence. The solutions of the DetachKit were pre-conditioned at 

room temperature; Freezing Medium Cryo-SFM was kept on ice. The medium was removed and 

discarded.  Cells were washed with 5 ml Hepes BSS per dish. 5 ml trypsin/EDTA were added, and 

detachment was observed microscopically. As soon as cells started to detach, they were further 

detached by gently tapping against the cell culture dish. By adding 5 ml of trypsin neutralization 

solution, the trypsination reaction was stopped. Cell suspension was transferred into a 50 ml 

centrifuge tube and cells were pelleted for 3 min at 220 x g at room temperature. The supernatant 

was discarded, and cells were resuspended in 1 ml Freezing Medium Cryo-SFM. The suspension was 
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directly transferred into pre-cooled cryovials and kept on ice until all samples were processed. Then, 

cryovials were stored in the cryo container, kept at -20 °C for 2 h and overnight at -80 °C. Cryovials 

were transferred into a liquid nitrogen container the next day for long-term storage. 

 

3.1.4 Mycoplasma PCR 

To ensure mycoplasma-free cell culture work and to avoid contamination, mycoplasma polymerase 

chain reaction (PCR) tests followed by agarose gel electrophoresis were performed regularly using 

a Mycoplasma PCR Detection Kit (Abcam). The protocol was performed in duplicate samples 

according to the manufacturer’s instructions. Briefly, conditioned cell culture medium of cells 

incubated for 48-72 h without disturbance was collected. All reagents of the kit and samples were 

brought to room temperature 30 min prior to the assay. The respective sample, positive control 

and negative control were mixed in PCR tubes on ice as described in Table 9 and briefly centrifuged. 

A standard PCR protocol was performed according to Table 10 before analysing the amplification 

products by agarose gel electrophoresis. For agarose gel electrophoresis, a 1 % DNA gel was 

prepared by solving 0.7 g agarose in 7 ml 5x TBE (Table 2) and 63 ml H2O in a microwave for 60 sec. 

The solution was poured in the agarose gel electrophoresis chamber where polymerization took 

about 30 min. After polymerization, the electrophoresis chamber was filled with 0.5x TBE buffer. 

10 µl sample were mixed with 1 µl Midori Green Direct (Nippon Genetics Europe GmbH, Düren, DE) 

and applied to the gel pockets. 5 µl Generuler 1 kB DNA Ladder (Thermo Fisher Scientific) were 

mixed with 1 µl Midori Green Direct and applied to the first pocket. The DNA gel was run at 65 V 

for 90 min before visualizing bands in the ChemiDoc XRS+ molecular imaging system using ImageLab 

5.2.1 software (Bio-Rad Laboratories, Inc., Hercules, US) and settings for ethidium bromide-stained 

gels according to the manufacturer’s instructions of the used dye. 
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Table 9: Pipetting scheme for mycoplasma PCRs. 

 Test samples Positive control Negative control 

ExpressTaq 2x PCR 
MasterMix 

12.5 µl 12.5 µl 12.5 µl 

MycoplasmaPCR Primer 
Mix 

1 µl 1 µl 1 µl 

Test sample 2.5 µl - - 

Mycoplasma Positive 
Control 

- 2.5 µl - 

Nuclease-free water 9 µl 9 µl 11.5 µl 

Final volume 25 µl 25 µl 25 µl 

 

 

Table 10: Mycoplasma PCR settings. 

Step Temperature Duration Cycle(s) 

Enzyme Activation 95°C 3 min 1 

Denaturation 95°C 15 sec 
 

40 
Annealing 55°C 15 sec 

Extension 72°C 15 sec 

Final Extension 72°C 1 min 1 

Holding 4°C - - 
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3.2 Incubation at hypoxia and normoxia 

Incubation of immortalized cells. Immortalized cells were incubated according to Table 8 in hypoxia 

(HX, 1 % O2) and normoxia (NX, 21 % O2). Medium was pre-incubated 24 h prior to medium change 

in normoxia or hypoxia to adapt to the respective atmosphere and changed every 24 h. Cells were 

seeded 24 h before incubation start in order to settle and attach. To start the incubation, medium 

was replaced with pre-incubated medium. After incubation for 24 h or 72 h, respectively, cells 

reached a confluence of 70-80 %. 

Incubation of primary cells. HCAEC and HPAEC in passage 6-7 were used for incubation under 

hypoxic (1 % O2) and normoxic conditions (21 % O2) and incubated according to Table 8. Medium 

was pre-incubated for 24 h in normoxia or hypoxia to adapt to the respective atmosphere and 

changed every 24 hours. Cells were seeded 24 h before incubation start in order to settle and 

attach. To start the incubation, medium was replaced by pre-incubated medium. After incubation 

for 24 h or 72 h, respectively, cells reached a confluence of 60-70 %. 

 

3.3 Incubation with HIF inhibitors and stabiliser 

To investigate the role of HIF in hypoxic regulation of genes involved in the ADMA-NO pathway, 

cells were grown in the presence of different HIF inhibitors or a HIF stabiliser, respectively. Cells 

with HIF inhibitors were incubated in HX trying to prevent the hypoxic effect on putative HIF target 

genes, cells with the HIF stabiliser in NX aiming to mimic the hypoxic effect on putative HIF target 

genes. 

Test for optimal concentration. In order to find optimal concentrations of HIF inhibitors and the 

HIF stabilisers balancing between the maximal inhibitory/stabilising effect and minimal cytotoxicity, 

pilot experiments were performed with EA.hy926 cells. Therefore, EA.hy926 cells incubated with 

different concentrations of the respective reagents. According to Table 11, stock solutions in DMSO 

and dilutions of inhibitors and stabiliser in DMEM were prepared. Cells were incubated for 72 h and 

handled as described in 3.1. Medium containing the respective concentrations of 

inhibitor/stabiliser was changed every 24 h, whereby the inhibitors and stabiliser were diluted and 

added to the fresh medium directly before medium change. Cell viability and growth were 

monitored daily by microscopic observation and compared to cells grown under normoxic 

conditions without inhibitors or stabiliser (NX control).  
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Table 11: Tested concentrations of HIF inhibitors and HIF stabiliser in EA.hy926. 

Name Function IC50 
Molecular 

Weight 
Stock solution 

Tested 
concentrations 

PT2399 HIF2A inhibitor 
0.2 µM 

[112] 
419,32 

20 mM in DMSO 

 

0,005 g/(0,02 mol/L*419,32 g/mol) 
= 0,596 ml 

2 µM 
0.3 µM 
0.2 µM 
0.1 µM 

0.02 µM 

KC7F2 HIF1A translation inhibitor 
20 µM 

[113] 
570,38 

20 mM in DMSO 

 

0,01 g/(0,02 mol/L*570,38 g/mol)  
= 0,877 ml 

100 µM 
30 µM 
20 µM 
10 µM 
2 µM 

DMOG 
PHD inhibitor/ 
HIF stabiliser 

1 mM 

[114] 
175,14 

200 mM in DMSO 

 

0,05 g/(0,2 mol/L*175,14 g/mol)  
= 1,427 ml 

1.5 mM 
1 mM 

0.5 mM 
0.1 mM 
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For incubation of primary cells and A549 with HIF inhibitors and the HIF stabiliser, concentrations 

were adjusted. HCAEC, HPAEC and A549 cells were incubated as described in 3.2 for 72 h in 

duplicates with the concentrations listed in Table 12. Cells incubated at NX, HX and with DMSO 

(0.5 %) served as controls. After incubation for 72 h, cells were washed with cold PBS, detached 

from the cell culture dish with a cell scraper and resuspended in 1 ml TRIzol™ before transferring 

into pre-cooled micro reaction tubes.  

Table 12: Tested concentrations of HIF inhibitors and HIF stabiliser in A549, HPAEC and HCAEC. 

Name Stock solution 
Tested concentrations Optimal 

concentration HCAEC HPAEC A549 

PT2399 20 mM in DMSO 

10 µM 

 5 µM 

 2 µM 

 0.2 µM 

10 µM 

 5 µM 

2 µM 

20 µM 

 10 µM 

2 µM 

10 µM 

KC7F2 20 mM in DMSO 

15 µM 

 10 µM 

5 µM 

2 µM 

10 µM 

5 µM 

2 µM 

10 µM 

2 µM 

 1 µM 

2 µM 

DMOG 200 mM in DMSO 1 mM, 0.5 mM, 0.1 mM 0.5 mM 

 

Incubation with optimal concentrations. Cells were incubated (n=4 biological replicates for primary 

cells and n=8 replicates for A549) as described in 3.2 for 24 h and 72 h in NX or HX with the final 

concentration of the respective compound (Table 12). NX DMSO samples and HX DMSO samples 

with a final concentration of 0.1 % DMSO, as well as NX and HX controls without solvent served as 

controls. Medium was changed every 24 h and compounds were diluted in fresh medium directly 

before medium change. After incubation, cells were washed with cold PBS, detached from the cell 

culture dish with a cell scraper and resuspended in 1 ml TRIzol™ before transferring into pre-cooled 

micro reaction tubes.  
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3.4 RNA Isolation 

RNA isolation was performed using the PureLink™ RNA Mini Kit (Thermo Fisher Scientific) according 

to the instructions. Briefly, medium was aspirated, and cells were washed with 10 ml cold PBS. 

Using a cell-scraper, cells were removed from the bottom of the cell culture dish. The cells were 

resuspended in 1 ml cold TRIzolTM and transferred into 2 ml pre-cooled reaction tubes. The tubes 

were kept on ice until all samples were processed. Samples were stored at -80 °C until further use 

or directly processed.  

When frozen, cells in TRIzolTM were thawed on ice for further processing. Samples were incubated 

for 5 minutes at room temperature to dissociate nucleoprotein complexes. 200 µl chloroform were 

added, the suspension was vortexed for 20-30 sec, incubated 5 min on ice and afterwards 

centrifuged for 15 min at 4 °C and 12,000 x g. The aqueous upper phase (about 600 µl) was 

transferred into RNase free tubes. An equal amount of 70 % ethanol was added, the liquids were 

thoroughly mixed by repeatedly inverting the tube and a maximum of 700 µl was transferred onto 

a column. The column was centrifuged for 15 sec at 12,000 x g at 4 °C. The flow through was 

discarded. These steps were repeated until the total sample was processed. Afterwards, the column 

was washed once with 300 µl Wash Buffer 1 and transferred into a new collection tube. For 

digestion of genomic DNA, PureLink DNase was dissolved according to the manufacturer’s 

instructions in 550 µl RNase-free water to a final concentration of 3 U/µl and a DNAse mix 

containing 8 µl 10x DNase I Reaction Buffer, 10 µl dissolved PureLink DNase and 62 µl RNase-free 

water per column was prepared. The DNAse mix was added to the columns and incubated for 

15 min at room temperature. Subsequently, the column was washed once again with 300 µl Wash 

Buffer 1, placed in a new collection tube, and washed twice with 500 µl Wash Buffer 2; each washing 

step was followed by a centrifugation for 30 sec at 12,000 x g at room temperature. After the last 

washing step, the column was placed in a clean RNase-free elution tube, incubated with 50 µl RNase 

free water for 1 min and centrifuged for 1 min at 12,000 x g at room temperature. The column was 

transferred onto a fresh tube, incubated again with 20 µl RNase free water for 1 min and 

centrifuged for 1 min at 12,000 x g at room temperature. The concentrations of both eluates were 

measured at a wavelength of 260 nm using the N60 NanoPhotometer® (Implen, Munich, Germany). 

To verify a high quality of RNA-isolates, agarose gel electrophoresis was performed. Therefore, a 

1 % agarose gel was prepared by dissolving 0.7 g agarose in 7 ml 5x TBE (Table 2) and 63 ml H2O in 

a microwave for 60 seconds. The solution was poured in the agarose gel electrophoresis chamber 

where polymerization took about 30 min. After polymerization, the electrophoresis chamber was 

filled with 0.5x TBE buffer. 5 µl Generuler 1 kB DNA Ladder (Thermo Fisher Scientific) were mixed 

with 1 µl Midori Green Direct and applied to the first pocket. 100 ng of total RNA were diluted with 
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ddH2O to a final volume of 10 µl. 1 µl Midori Green Direct (Nippon Genetics Europe) dye was added 

and samples were loaded on the gel. The gel was run for 1.5 h at 65 V before visualizing the 18s and 

28s rRNA bands in the ChemiDoc XRS+ molecular imaging system using ImageLab 5.2.1 software 

(Bio-Rad Laboratories, Inc., Hercules, US) and settings for ethidium bromide-stained gels according 

to the manufacturer’s instructions of the used dye. The RNA eluates were stored at -80 °C until 

further use.  

 

3.5 cDNA synthesis 

cDNA synthesis was performed using a MultiScribe High Capacity cDNA Reverse Transcriptase Kit 

(Thermo Fisher Scientific) according to the instructions.  

A total amount of 2 µg template-RNA was diluted with nuclease free water to a volume of 14.2 µl. 

If the RNA concentration was insufficient, a maximum of 14.2 µl was used and the utilized amount 

of RNA was calculated. 5.8 µl of prepared MasterMix (2 µl 10x RT Buffer, 0.8 µl 25x dNTP Mix, 2 µl 

10x RT Random Primers and 1 µl MultiScribe Reverse Transcriptase) were added to the 

template-RNA, the suspension was mixed by carefully pipetting three times up and down and 

reverse transcription was performed in a PCR cycler (10 min 25 °C, 120 min 37 °C and 5 min 85 °C). 

Afterwards, the samples were kept in the PCR cycler at 4 °C for as short as possible and stored 

at -80 °C until further use. 

 

3.6 Quantitative real-time PCR 

Reference gene quantitative real-time PCR. The expression levels of nine putative reference genes 

was investigated for each cell line by quantitative real-time PCR (qRT-PCR) using 

6-Carboxyfluorescein-labelled (FAM-labelled) TaqMan® real-time PCR assays (Table 13, Applied 

Biosystems™, Thermo Fisher Scientific, US) in order to find the most stable housekeeping gene 

under hypoxic and normoxic conditions. For each gene, a separate 96-well plate was used. The 

2x TaqMan™ Universal PCR-Mastermix (Applied Biosystems™) and the respective 20x TaqMan® 

assay were mixed according to Table 14 and 5.5 µl of this suspension were transferred into the 

wells of a 96-well plate (MicroAmp® Optical Well Reaction Plate, Thermo Fisher Scientific). The 

cDNA was diluted to a concentration of 4 ng/µl. Per well, 4.5 µl were used corresponding a total 

amount of 18 ng cDNA per reaction. The suspension was mixed by carefully pipetting three times 

up and down and the plate was centrifuged for 30 sec. The assays were run directly after 

preparation using QuantStudio5 real-time PCR system (Thermo Fisher Scientific) according to the 

settings in Table 15. 
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Table 13: FAM-labelled TaqMan™ Assays used for reference gene qRT-PCR. 

Gene symbol Gene name Assay ID 

18S Eukaryotic 18S rRNA Hs03003631_g1 

ACTB actin beta Hs01060665_g1 

B2M beta-2-microglobulin Hs00187842_m1 

GAPDH glyceraldehyde-3-phosphate dehydrogenase Hs00266705_g1 

PPIA peptidylprolyl isomerase A Hs04194521_s1 

RPLP13A ribosomal protein L13a Hs04194366_g1 

RPLP1 ribosomal protein lateral stalk subunit P1 Hs01653088_g1 

SDHA succinate dehydrogenase complex flavoprotein subunit A Hs00188166_m1 

TBP TATA-box binding protein Hs00427620_m1 

 

Table 14: Pipetting scheme for reference gene qRT-PCR and multiplex target-gene qRT-PCR. TG = target gene, 

RG = reference gene. 

 Mastermix 

Dilution 
cDNA 

Volume 
cDNA 

Total 
amount 
cDNA 

TaqMan™ 
Mastermix 

FAM-
labelled 

TG 

VIC-
labelled 

RG 

Reference gene 
qRT-PCR 

5 µl 0.5 µl - 4 ng/µl 4.5 µl 18 ng 

Target gene qRT-
PCR 

5 µl 0.5 µl 0.5 µl 5 ng/µl 4 µl 20 ng 

 

Target gene quantitative real-time PCR. Using a multiplex qRT-PCR, relative mRNA expression 

levels of cells kept under hypoxia compared to normoxia were evaluated using FAM-labelled target 

genes and 2'-chloro-7'-phenyl-1,4-dichloro-6-carboxyfluorescein-labelled (VIC-labelled) reference 

gene in the same reactions. A master mix was prepared according to Table 14 and pipetted into the 

wells of a 96-well plate (MicroAmp® Optical Well Reaction Plate, Thermo Fisher Scientific). The 

generated cDNA was diluted to a final concentration of 5 ng/µl. Per well, 4 µl were used equating a 

total amount of 20 ng cDNA. The suspension was mixed by carefully pipetting three times up and 

down before the plate was centrifuged for 30 sec. The assays were run directly after preparation 

using QuantStudio5 real-time PCR system (Thermo Fisher Scientific) according to the settings in 

Table 15. 
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Table 15: Settings for quantitative real-time PCR with TaqMan assays. 

Step Temperature Time Cycles 

UNG-Incubation 50°C 2 min hold 

Polymerase 
activation 

95°C 10 min hold 

Denaturation 95°C 15 sec 

40 x 

Annealing/Extension 60°C 1 min 

 

 

3.7 Cell lysis 

Depending on the experiment, cells were lysed using different methods. 

Solution-based lysis. For sodium dodecyl sulphate–polyacrylamide gel electrophoresis (SDS-Page), 

cells were incubated as described in 3.2. Medium was aspirated and discarded. Cells were washed 

once with 10 ml cold PBS and then detached from the bottom of the cell culture dish using a cell 

scraper, before transferring them into pre-cooled reaction tubes. Cells were either stored at -80 °C 

until further use or directly lysed. For lysis, cell suspension was mixed 1:1 with lysis buffer (1 tablet 

of cOmplete™, EDTA-free Protease Inhibitor Cocktail, Roche, dissolved in 5 ml ddH2o by vortexing 

5 min, 10 µl Triton X-100) and incubated 30 min on ice. Afterwards, the suspension was centrifuged 

10 min at 12.000 x g at 4 °C. The protein-containing supernatant was transferred into a fresh 

reaction tube. Protein concentration was determined by measuring the absorbance at 280 nm using 

a NanoPhotometer® N60 (Implen Inc., Westlake Village, US). 

Physical disruption. For liquid chromatography–mass spectrometry (LC-MS/MS) analysis, cells 

were incubated as described in 3.2. Medium was aspirated and discarded. Cells were washed with 

PBS once and then collected using a cell scraper, before transferring them into pre-cooled reaction 

tubes. Cells were either stored at -80 °C until further use or directly lysed. Cells were lysed by three 

repeated freeze-thaw cycles in liquid nitrogen before incubating in an ultrasound-bath with 

ice-water for 5 min. Afterwards, two more freeze-thaw cycles were performed before incubating 

again in an ultrasound-bath with ice-water for 5 min. The suspension was centrifuged 10 min at 

12.000 x g at 4 °C. The supernatant containing the proteins was transferred into a fresh reaction 

tube. Protein concentration was assessed by measuring the absorbance at 280 nm using a 

NanoPhotometer® N60 (Implen Inc.). 

 



36 
 

3.8 SDS-Polyacrylamide gel electrophoresis  

For SDS-PAGE, cells were incubated and lysed as described in 3.7 using a solution-based lysis. 

SDS-PAGE gel preparation. SDS-polyacrylamide gels were prepared according to Table 16. Shortly, 

ddH2O, 40 % acrylamide and separating buffer were mixed according to the desired gel-percentage 

and stirred for 15 min using a magnetic stirrer for degasification. Then, 40 µl 10 % ammonium 

persulfate (APS) and 10 µl tetramethylethylenediamine (TEMED) were added, while further stirring. 

The mixture was rapidly pipetted between the two glass plates and overlaid with isopropanol. The 

gel polymerized for 30 min before removing the isopropanol and pouring the stacking gel 

(Table 17). After additional 30 min of polymerization, the gel was either directly used or stored over 

night at 4 °C wrapped in wet towels and cling film.  

 

Table 16: Composition running gel for SDS-PAGE. 

 Gel percentage 

15 % 10 % 8 % 

ddH2O/Glycerol (1:1) 3.75 ml 5 ml 5.5 ml 

Acrylamide (40 %) 3.75 ml 2.5 ml 2.0 ml 

4x buffer running gel (Lower Tris-
Buffer) 

2.5 ml 2.5 ml 2.5 ml 

10 % APS 40 µl 40 µl 40 µl 

TEMED 10 µl 10 µl 10 µl 

 

Table 17: Composition stacking gel for SDS-PAGE. 

 4 % 

ddH2O 1.95 ml 

Acrylamide (40 %) 300 µl 

4x buffer stacking gel (Upper Tris-
Buffer) 

750 µl 

10 % APS 15 µl 

TEMED 5 µl 
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Sample processing and SDS-PAGE. To prepare the separation of proteins according to their 

molecular weight, the handcast SDS-gels were placed in the electrophoresis cell. The inner buffer 

chamber was filled with running buffer (Table 2). The combs were removed carefully, and the gel 

pockets were gently washed with running buffer. For NOS3, HIF1A and HIF2A Western blots, 5 µl 

PageRuler™ Plus Prestained Protein Ladder (ThermoFisher, 26619) were applied to the first gel 

pocket. For DDAH1 and DDAH2 Western blots 5 µl PageRuler™ Prestained Protein Ladder 

(ThermoFisher, 26616) were applied to the first slot of each gel as size standard. Depending on the 

target protein, protein suspension was diluted to 25 µl using ddH2O to the desired concentrations 

(Table 18). 5 µl 6x loading buffer (Table 2) were added and proteins were denatured by heat 

shocking at 95 °C for 5 min and directly put on ice afterwards. Cellular debris was pelleted by 

centrifugation at 10,000 x g at 4 °C for 10 min, before loading the protein-containing supernatant 

on the gel. Gel electrophoresis was performed at a constant voltage of 100 V for 3-5 h, whereby 

protein migration was monitored by observing the stained size standard. 

 

3.9 Western blot 

For protein analysis, Western blots were performed by either semi-dry or wet tank blotting. After 

the SDS-PAGE, the gel was removed from the glass plates and equilibrated in transfer buffer 

(Table 2). for 15-20 min, together with WhatMann™ filter paper and nitrocellulose membrane (both 

GE Health Care Life Sciences, US) with the respective pore size (Table 18). A transfer sandwich was 

built as seen in Figure 6. 

 

 

Figure 6: Composition of the transfer sandwich for protein transfer via Western blotting. After SDS-PAGE, the gel was 

removed from glass plates and equilibrated in transfer buffer together with WhatMann™ filter paper and a nitrocellulose 

membrane. A transfer sandwich consisting of three filter papers, overlaid by the nitrocellulose membrane, the SDS-PAGE 

gel and three more filter papers was built for protein transfer using Western blot wet tank blotting. Created with 

BioRender.com. 
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The wet tank blotting chamber was filled with cold (4 °C) transfer buffer (Table 2) and a cooling 

pack and placed in a box containing ice to hold a low temperature and avoid overheating of 

proteins.   

Proteins were blotted onto the membrane at a constant current of 300 mA for 50-60 min in a wet 

tank blotting chamber, according to molecular weight (Table 18). The semi-dry blot of HCAEC 

proteins was performed at 1.0 A for 20 min (NOS3 WB) or 0.3 A for 30 min (DDAH1 and DDAH2). 

After blotting, the transfer sandwich was opened carefully, and the transfer was verified by 

checking the size standard. All the following steps were performed at room temperature (RT) unless 

otherwise specified. The membrane was equilibrated in ddH2O for 5 min before staining with 

Ponceau S solution (Table 2) for 10 min on a rocking plate. Afterwards, the membrane was shortly 

washed in ddH2O three times to remove background staining. The protein transfer was documented 

photographically, and the membranes were cut into three pieces separating the size standard, the 

house keeping control or the target protein, respectively. The membrane pieces were then 

de-stained for 10 min in 1x TBS-T on the rocking plate, before blocking non-specific antibody 

binding sites in 5 % non-fat dry milk (NFDM) in 1x TBS-T for 1 h on roller shaker, except of HIF1A, 

which was blocked for 3 h. Afterwards, the membrane pieces were washed two times for 5 min in 

1x TBS-T and incubated with the desired primary antibody over night at 4 °C. Primary antibodies 

were diluted in 5 % NFDM in 1x TBS-T in the respective dilutions listed in Table 18. After incubation 

with the primary antibody, the membrane pieces were washed three times for 10 min at RT in 1x 

TBS-T. Membranes were then incubated with the appropriate (Table 18) horseradish peroxidase-

conjugated secondary antibody in 5 % NFDM in 1x TBS-T in a dilution indicated in Table 18 for 1 h 

at RT. Excess, unbound antibody was removed by washing three times with 1x TBS-T followed by 

washing once with 1x TBS, each time for 10 min. Imaging was performed using the ChemiDoc XRS+ 

and Image Lab software (Bio-Rad Laboratories, Inc., Hercules, US). The membrane pieces were 

placed in the ChemiDoc detection chamber. Protein bands were visualized using chemo 

luminescence: 500 µl solution A (luminol solution) and 500 µl solution B (peroxide solution) of the 

Amersham™ ECL™ Prime Western-Blot-System were mixed in a brown micro reaction tube and 

directly applied onto the membrane. Data acquisition was performed for target protein and loading 

control separately, using various exposure times until saturated pixels were observed. 
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Table 18: Antibody dilutions and Western blot settings. 

Antibody 

Dilution 
in 5% 
NFDM 
TBS-T 

Secondary 
Antibody 

Expected 
size/ 

predicted 
molecular 

weight 

SDS-Gel 
percentage 

Total amount 
of applied 

protein 

Nitrocellulose-
membrane 

Transfer 

Wet Tank 

Transfer 
SemiDry 

NOS3  
(ab76198) 

1:500 
Anti-mouse 

1:10,000 
133 kDa 8 % or 10 % 50 µg 0,45 µM 

300 mA 
const.,  

1 h 

1 A const. 

20 min 

DDAH1  
(ab180599) 

1:10,000 
Goat-α-Rabbit 

1:10,000 
37 kDa 15 % 60-75 µg 0,2 µM 

300 mA 
const.,  
50 min 

300 mA 
const. 30 min 

DDAH2 
(ab184166) 

1:1,000 
Goat-α-Rabbit 

1:10,000 
30 kDa 15 % 60-75 µg                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         0,2 µM 

300 mA 
const.,  
50 min 

300 mA 
const. 30 min 

HIF1A  
(PA1-16601) 

1:1,000 
Goat-α-Rabbit 

1:10,000 
116 kDa 8 % 50 µg 0,45 µM 

300 mA 
const.,  

1 h 
- 

HIF2A  

(PA1-16510) 
1:1,000 

Goat-α-Rabbit 
1:10,000 

120 kDa 8 % 50 µg 0,45 µM 
300 mA 
const.,  

1 h 
- 

Reference gene: 
TUBB (ab6046) 

1:5,000 
Goat-α-Rabbit 

1:10,000 
55 kDa -  - - - 
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3.10 Metabolite measurement using LC-MS/MS 

ADMA and SDMA concentrations were measured using LC-MS/MS. Three solutions containing 

defined amounts of isotope labelled analytes (Table 19, here called calibration solution) in dialysed 

plasma were prepared and stored at -20 °C. The measured concentrations of these solutions were 

used to generate a standard curve and a line equation. Internal standard solution was applied to 

each sample in order to compensate metabolite loss due to sample processing. The internal 

standard solution containing 2 µmol/L 2H7-ADMA and 2 µmol/L 2H6-SDMA in 96 % methanol was 

prepared and stored at 4 °C until use. Two controls containing a known concentration of 

metabolites were prepared and stored at -20 °C. These controls were applied as quality controls to 

each plate to ensure reproducibility of measurements and consistent quality over different plates. 

 

Table 19: Standard solutions for LC-MS/MS. 

 
Internal standard (IS) 

solution 
Calibration solution  
(in dialysed plasma) 

Control 

Metabolite IS Concentration Cal. 1 Cal. 2 Cal. 3 Con. 1 Con. 2 

ADMA 2H7-ADMA 2 µM 0.5 µM 1 µM 2 µM 
Human 
plasma 

Human 
plasma + 1 
µM ADMA 

SDMA 2H6-SDMA 2 µM 0.5 µM 1 µM 2 µM 
Human 
plasma 

Human 
plasma + 1 
µM SDMA 

 

Sample processing. Cells were lysed as described in 3.7 and protein concentrations were measured 

using a NanoPhotometer® N60. The internal standard solution was equilibrated to room 

temperature immediately before use. A 0.22 µM MultiScreen 96-well filter plate (Millipore, 

MSGVN2250) was placed over a 96-well polypropylene plate (Greiner). Per well, 100 µl of the 

methanolic internal standard solution was applied to the filter plate. 25 µl of calibration solution 

(Table 19), sample, or quality control (Table 19) were added to each well before the plates were 

incubated at RT for 15 min on an orbital shaker at 400 to 500 rpm. Calibration solution and quality 

control were applied in triplicates, samples in duplicates. The polypropylene plate overlaid by the 

MultiScreen filter plate containing the solutions was centrifuged for 10 min at 4 °C and 3,000 rpm 

in a plate centrifuge. Afterwards, the polypropylene plate containing the eluent was kept under a 

hood on a heating block at 75 °C for about 30 min until the solution was completely evaporated. 

The plate was removed from the heating block and after shortly cooling down 100 µl of a 

1 N butanoic hydrochloric acid were added per well. The plate was sealed with a covering mat 

(Sarstedt) and incubated on a heating block at 65 °C for 30 min. The covering mat was hereby 
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weighted to prevent opening of the coverage. After cooling down to RT the plate was centrifuged 

at RT for 1 min at 2,000 rpm. Afterwards, the covering mat was removed and the butanoic 

hydrochloric acid was evaporated by incubating again on a heating block at 75 °C for 60 min. When 

cooled down to RT, the plate was covered with a mat again and stored at -20 °C over night. The 

next day, the plate was brought to RT, 110 µl sample buffer was pipetted to each well and the plate 

was covered with a covering mat once more before incubating at RT for 60 min on an orbital shaker 

at 400-500 rpm. Using a 8-channel pipette, 100 µl of each well were transferred in a new 96-well 

filter plate (0.45 µM MultiScreen, MSHVN4550, Millipore), that was placed over a new 96-well 

polypropylene plate. The plates were centrifuged at 4 °C at 3,000 rpm for 10 min. The 

polypropylene plate containing the eluent was afterwards sealed with a covering mat and directly 

measured in a LC-MS. 

 

Liquid chromatography. 10 µl of the processed samples were injected to the chromatography unit 

at 10 °C via the auto sampler. The column temperature was set to 10 °C, the flow rates of pumps 

was set to 0.4 ml/min. An ACQUITY UPLC BEH C18 column (Waters Corporation, US) was used for 

chromatography. 0.1 % formic acid in LC-MS-H2O (Solvent A) and 0.1 % formic acid in acetonitrile 

(Solvent B) were used as solvent gradient. At the starting point of each measurement the ratio of 

the two solvents were 95 % solvent A and 5 % solvent B. During the measurement this ratio changed 

to 30 % solvent A and 70 % solvent B. Total measuring time was 2.8 min per sample. 

 

Table 20. Specifications of used column for liquid chromatography. 

Specification  

Chemistry C18 

Separation Mode Reverse Phase 

Particle Substrate Hybrid 

Particle Shape Spherical 

Particle Size 1.7 µM 

Pore Size 130 Å 

Inner Diameter 2.1 mm 

Length 50 mm 
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Mass spectrometry. Following the liquid chromatography, the liquid flow was directed into the 

triple quadrupole mass spectrometer. Analytes were ionised in the ion source via positive electron 

spray ionisation (ESI+). Nitrogen (500 °C, 650 L/h) was used as carrier gas for API (atmospheric 

pressure ionization) to evaporate the liquids. Inside the mass analyser, analytes were separated 

according to their mass-to-charge-ratio (first quadrupole) and fragmented by collision with argon 

thereafter (second quadrupole). Using mass transitions listed in Table 21 metabolites were 

detected. Cone energy was set to 18 V, collision energy to 16 V to achieve these fragmentations of 

ADMA and SDMA. The resulting fragments were selected and detected (third quadruple).  

 

Table 21: Mass transitions of metabolites. 

Metabolite Parent (m/z) Daughter (m/z) 
Cone energy 

(V) 
Collision energy 

(V) 

2H7-ADMA 266.28 221.21 18 14 

ADMA 259.29 214.18 18 16 

2H6-SDMA 265.22 231.17 18 16 

SDMA 259.22 228.17 18 16 

 

 

3.11 Evaluation of reference gene expression by quantitative real-time PCR 

Mean Ct-values. Mean cycle threshold (Ct)-values of each putative reference gene and their 

respective standard deviation (SD) collectively of all cell lines (HCAEC, HPAEC, A549) and conditions 

(NX, 24 h HX, 72 h HX) were calculated in order to assess the expression profile of the nine 

candidate reference genes. 

Coefficient of variation. The expression stability of the candidate reference genes was then 

analysed calculating the coefficient of variation of Ct values by dividing standard deviation of Cts by 

average Ct for each cell line separately as well as for all samples together.  

Pairwise ΔCt comparison. Using a pairwise ΔCt comparison according to Silver et al. [115], mean 

SDs of gene expression were calculated within each cell line and for all cell lines together. This 

method calculates the ΔCt-values pairwise for each possible combination of two candidate 

reference genes. The mean SD is hereby used to assess the expression stability of the putative 

reference genes. The results of this analysis were ranked from low to high mean SD. 
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NormFinder. Additionally, relative quantities of all candidate genes were calculated by dividing the 

minimum Ct of a putative reference gene by each individual Ct-value of the same gene. The 

NormFinder Add-In for Excel uses these relative quantities to analyse the stability of candidate 

genes among different conditions. It ranks these candidate genes according to their stability value 

and can be used with or without differentiating between biological groups. The NormFinder 

algorithm considers both, overall expression variation as well as variation in gene expression 

between the biological subgroups for the putative reference genes [116]. The analysis was 

performed for each cell line separately, as well as for all cell lines taken together. Each condition 

(NX, 24 h HX, 72 h HX) was defined as a different biological group by using sample group identifiers. 

When comparing all three cell lines, the cell lines were also separated in different biological groups, 

resulting in a total of nine biological groups (HPAEC NX, HPAEC 24 h HX, HPAEC 72 h HX, HCAEC NX, 

HCAEC 24 h HX, HCAEC 72 h HX, A549 NX, A549 24 h HX, A549 72 h HX). 

Mean ranking. After performing all of the analyses listed above, a mean rank for each putative 

reference gene was calculated to summarize the results of the analyses. 

 

3.12 Quantification of mRNA expression by quantitative real-time PCR 

Relative mRNA expression was calculated using the 2-∆∆Ct-method as described by Livak and 

Schmittgen [117]. Therefore, the mean Ct of technical replicates and the mean Ct of biological 

replicates were calculated separately for each condition for the target gene (Ct Target) and the 

reference gene (Ct internal control). In a next step, ΔCt-values were calculated by subtracting the 

mean Ct internal control from the mean Ct Target and the ΔΔCt was generated by subtracting the 

ΔCt of the Calibrator (NX) from ΔCt of each Experimental Condition (24 h HX, 48 h HX and 72 h HX). 

By calculating 2-∆∆Ct the relative mRNA expression of target genes normalized to the reference gene 

was calculated and relative expression of the calibrator (NX) was set to 1. 

 

3.13 Quantification of protein expression 

To relatively quantify levels of target protein under various conditions, densitometric quantification 

was performed. Images of Western blots were chosen close to but below the saturation point. The 

files for reference and target protein were opened in Image Lab software, version 5.2.1 and 

assigned to the respective channels in “Normalization” method. TUBB images were selected for 

normalization channel with housekeeping protein bands for normalization. Lanes and bands were 

set manually, and the lane background was subtracted with 70 mm disk size for profile consistency. 

The software calculated volume intensities for each band based on the detected chemiluminescent 

signal. Quantification was performed by normalizing the housekeeping protein bands to the 
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normoxic control and multiplying the target volumes with the normalizing factor. The normalized 

volume intensities were then used to calculate the relative protein expression in hypoxia compared 

to normoxic control. NX expression was set to 1. 

 

3.14 Quantification of metabolites 

After measuring the plate in the LC-MS, the MassLynx data were analysed. The tailing of peaks was 

controlled and if necessary manually reintegrated. The software then calculated peak areas of each 

metabolite in sample and internal standard and normalized peak areas of samples to peak areas of 

internal standards with the known concentrations of metabolites. The resulting data were exported 

to Excel. The mean of the two technical replicates per sample was calculated. The protein 

concentration of the samples was then used to calculate the amount of metabolite per mg protein 

in order to compensate differences in cell confluence. 

 

3.15 Statistical Analysis 

All statistical analyses were performed using Graphpad PRISM 8.4.3. As the sample number for all 

experiments was relatively low, Gaussian distribution of the results was not given. Therefore, a 

non-parametric Mann-Whitney-U test was performed. All column charts show the mean of the 

samples of a respective condition, whiskers represent standard deviation (SD). Confidence level of 

the two-tailed t-test was set to 95 %, resulting in a definition of statistical significance for p-values 

smaller 0.05.  
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4 Results 

4.1 Incubation in NX and HX 

4.1.1 Reference gene qRT-PCRs 

In order to find the steadiest gene in hypoxia and normoxia, the expression levels of nine putative 

reference genes were assessed by qRT-PCR as described in 3.11.  

 

4.1.1.1 Expression profiles of reference genes in normoxic and hypoxic HCAEC, HPAEC and A549 

cells 

Ct values were obtained for every putative reference gene and every investigated condition (NX, 

24 h HX, 72 h HX) in the three different cell types, and variation in gene expression was assessed. 

18S was the most abundant gene in all cell lines with a mean Ct value of 7.783 ± 0.371; the lowest 

expression levels throughout all cell types were observed for TBP (26.270 ± 0.430), PPIA 

(25.920 ± 0.363) and SDHA (25.260 ± 0.747). Furthermore, some genes, e.g. B2M and SDHA 

showed a relatively wide transcription range (SD 0.764 and 0.748, respectively). Ct values for all 

experiments are shown as boxplots in Figure 7. 

 

 
Figure 7: Cycle threshold (Ct) values of the 9 candidate reference genes used in this study. Mean Ct values of all putative 

reference genes were calculated. Box plots represent the interquartile range (IQR, 25th–75th). Horizontal lines and plus 

sign represent the median and mean, respectively. Whiskers indicate the minimum and maximum values. 
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4.1.1.2 Expression stability of reference genes in normoxic and hypoxic HCAEC, HPAEC and A549 

cells 

Ct CV. Subsequently, Ct coefficients of variation (Ct CV, in %) were calculated for each putative 

reference gene in the different cell lines (Table 22). A number of often-used reference genes such 

as 18S and B2M showed high variation between normoxia and hypoxia, with different levels of 

variation between the different cell lines. 18S showed the highest Ct CV calculated for each cell 

line separately (4.73 % in HCAEC, 3.46 % in HPAEC and 4.72 % in A549) as well as calculated for all 

cell lines together (4.72 %). In A549, all calculated Ct CVs were similar, except for 18S with by far 

the highest Ct CV. SDHA whose Ct CV was the second highest in HCAEC (4.19 %) showed the lowest 

Ct CV for HPAEC (0.71 %). When comparing all cell lines together, Ct CV of SDHA was the third 

highest (2.93 %) after 18S (4.72 %) and B2M (3.55 %). Other putative reference genes such as TBP, 

PPIA, RPLP1 and RPL13A showed relatively low Ct CV, calculated for each cell line separately as 

well as for all cell lines together. In HCAEC, the lowest Ct CVs were calculated for TBP (1.13 %), 

PPIA (1.19 %) and RPL13A (1.27 %). In HPAEC, SDHA (0.71 %), ACTB (0.77 %) and B2M (0.81 %) 

showed the lowest Ct CVs. Lowest Ct CVs in A549 were calculated for RPL13A (1.14 %), SDHA 

(1.20 %) and RPLP1 (1.41 %). When calculating Ct CV for all cell lines together, PPIA (1.39 %) 

showed the lowest Ct CV, followed by TBP (1.62 %) and ACTB (1.72 %). 

Table 22: Coefficient of variation. The coefficient of variation of the putative reference genes was calculated separately 

for each cell line as well as for all samples together. RG= Candidate reference gene. 

RG HCAEC HPAEC A549 All 

18S 4.73 % 3.46 % 4.05 % 4.72 % 

ACTB 1.81 % 0.77 % 1.64 % 1.72 % 

B2M 1.70 % 0.81 % 1.79 % 3.55 % 

GAPDH 1.98 % 1.03 % 1.42 % 2.78 % 

PPIA 1.19 % 1.05 % 1.85 % 1.39 % 

RPL13A 1.27 % 1.20 % 1.14 % 2.33 % 

RPLP1 1.43 % 1.37 % 1.41 % 2.27 % 

SDHA 4.19 % 0.71 % 1.20 % 2.93 % 

TBP 1.13 % 0.99 % 1.46 % 1.62 % 
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Pairwise ΔCt comparison. The results of the pairwise ΔCt comparison were ranked from low to 

high mean SD and are shown in Table 23. B2M showed a relatively low mean SD compared to 

other candidate genes in A549 and HPAEC (mean SD 0.285 and 0.209) and a high variation in 

HCAEC (mean SD 0.372). B2M was listed at the lowest rank when comparing all cell lines together 

using this method. Compared to other SD values, the expression of SDHA in HCAEC 

(mean SD 0.976) varied greatly. In HPAEC, SDHA also had the highest mean SD (0.372), in A549 it 

was listed on rank 7 (mean SD 0.306). GAPDH also showed a high standard deviation in A549 and 

HCAEC after pairwise ΔCt comparison (SD 0.379, 0,460, respectively), while it had a relatively low 

mean SD in HPAEC (0.226). RPL13A was listed at rank 8 in HPAEC with a mean SD of 0.340, however 

it showed the lowest mean SD in A549 (0.265). When comparing all cell lines together, the lowest 

mean SDs were observed for TBP, PPIA and 18S (0.461, 0.480 and 0.499, respectively). GAPDH, 

SDHA and B2M showed the highest mean SDs (0.617, 0.763 and 0.865, respectively).  

Table 23: Ranking of mean SD values of pairwise comparison of ΔCt values of putative reference genes. Mean SD values 

were calculated using the pairwise ΔCt comparison and ranked from low SDs to high SDs. The analysis was performed for 

each cell line separately as well as for all cell lines together. 

Rank HCAEC 
mean 

SD 
HPAEC 

mean 
SD 

A549 
mean 

SD 
All 

Samples 
mean 

SD 

1 TBP 0.305 PPIA 0.196 RPL13A 0.265 TBP 0.461 

2 RPLP1 0.310 B2M 0.209 ACTB 0.276 PPIA 0.480 

3 PPIA 0.341 18S 0.218 B2M 0.285 18S 0.499 

4 RPL13A 0.347 ACTB 0.218 TBP 0.290 RPLP1 0.526 

5 ACTB 0.352 RPLP1 0.226 RPLP1 0.290 RPL13A 0.536 

6 18S 0.368 GAPDH 0.226 18S 0.298 ACTB 0.556 

7 B2M 0.375 TBP 0.239 SDHA 0.306 GAPDH 0.617 

8 GAPDH 0.460 RPL13A 0.340 PPIA 0.348 SDHA 0.763 

9 SDHA 0.976 SDHA 0.372 GAPDH 0.379 B2M 0.865 
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NormFinder analysis. To complement the variation analysis, NormFinder Excel add-in was used to 

analyse gene expression stability. An overview of the ranking based on the Ct CV and NormFinder 

results in the different cell lines is given in Table 24, the individual stability values are visualized in 

Figure 8. In HPAEC, the three top ranking genes (PPIA, 18S and ACTB) showed very similar stability 

values of 0.060, 0.065 and 0.069, respectively. In HCAEC, the top ranking gene (RPLP1, stability 

value 0.053) was more distant from genes on position two and three (PPIA and ACTB), which in 

turn showed a very similar gene expression stability (stability values 0.071 and 0.082, respectively. 

In A549 cells, the two top ranking genes (ACTB, 0.085 and RPL13A, 0.089) showed similar gene 

expression stability, followed by RPLP1 with a slightly higher expression variation (0.106). 

Comparing the stability values of candidate genes between the three cell lines, HCAEC, HPAEC and 

A549 showed similar expression stability for several genes, especially for RPL13A (Figure 8). 

GAPDH, PPIA and SDHA on the other hand showed a striking variance in their stability values 

calculated by the NormFinder algorithm. The variation analysis of putative reference genes was 

also performed collectively for all cell lines together. An overview of the ranking based on the 

Ct CV and NormFinder results is also given in Table 24. The NormFinder Algorithm calculated the 

stability values shown in Figure 8 (data shown in light grey). The three candidate reference genes 

with lowest stability value calculated for all cell lines together are RPL13A, 18S and ACTB (stability 

values 0.098, 0.108, 0.111, respectively). 

 
Figure 8: Stability values calculated by the NormFinder Algorithm. Stability values were calculated for each cell line 

separately (black), differentiating between three biological groups (NX, 24h HX, 72h HX), respectively. Using relative 

quantities the algorithm calculates intra- and intergroup variation, resulting in lower stability values for candidate genes 

with higher stability in gene expression. The stability values for all cell lines analysed together are shown in grey.  
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Table 24: Ranked results of Ct CV and NormFinder analysis. Results of Ct CV and NormFinder Analysis were ranked from 

number 1-9 with 1 as the lowest coefficient of variation and stability value for each cell line separately and for all cell lines 

together. 

 HCAEC HPAEC A549 All 

Ranking Ct CV 
Norm 

Finder 
Ct CV 

Norm 

Finder 
Ct CV 

Norm 

Finder 
Ct CV 

Norm 

Finder 

1 TBP RPLP1 SDHA PPIA RPL13A ACTB PPIA RPL13A 

2 PPIA PPIA ACTB 18S SDHA RPL13A TBP 18S 

3 RPL13A ACTB B2M ACTB RPLP1 RPLP1 ACTB ACTB 

4 RPLP1 RPL13A TBP B2M GAPDH B2M RPLP1 RPLP1 

5 B2M 18S GAPDH RPL13A TBP 18S RPL13A PPIA 

6 ACTB TBP PPIA GAPDH ACTB SDHA GAPDH TBP 

7 GAPDH B2M RPL13A RPLP1 B2M TBP SDHA B2M 

8 SDHA GAPDH RPLP1 TBP PPIA PPIA B2M GAPDH 

9 18S SDHA 18S SDHA 18S GAPDH 18S SDHA 

 

Each method resulted in different gene rankings, however they often define the same candidate 

RGs as most stable and least stable genes. In A549 cells, based on Ct CV and NormFinder analysis 

the best reference gene is RPL13A (rank 2 and 1, respectively), followed by RPLP1 and ACTB. In 

HCAEC, PPIA and RPLP1 are both ranked on top of the list, followed by RPL13A and TBP. The 

reference gene with the most stable expression in hypoxia and normoxia in HPAEC cells is ACTB, 

followed by PPIA and B2M. When comparing all cell lines, the three most frequently top ranked 

genes are ACTB, PPIA and RPL13A. 

 

Mean ranking. We further calculated the mean rank (Table 25) of the putative reference genes 

based on all three analyses (ΔCt, Ct CV and NormFinder). In HCAEC, PPIA and RPLP1 were both listed 

top of the list (mean rank 2.33), GAPDH and SDHA scored poorly (mean rank 7.67 and 8.67, 

respectively). In HPAEC, PPIA scored also well (2.67, rank 1), followed by ACTB and B2M (both mean 

rank 3.00). RPL13A and RPLP1 were both listed at the bottom of the list with a mean rank of 6.67. 

In A549 on the other hand, PPIA which was ranked at the top for primary cells was ranked at the 

bottom (mean rank 8.00) after GAPDH (7.33). The top ranking reference gene in A549 was RPL13A 

(mean rank 1.33). The top reference genes according to the mean of all analyses calculated for all 

cell lines together are PPIA, TBP and RPL13A (mean rank 2.67, 3.00 and 3.67, respectively). B2M 

and SDHA were ranked at the bottom of the list (both mean rank 8.00). Based upon all experiments 

performed in order to identify the most suitable reference gene for our experimental setting, all 

further mRNA expression analyses were performed with normalisation to RPL13A. 
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Table 25: Mean rank of putative reference genes. After performing three different analyses, namely ΔCt, Ct CV and 

NormFinder, mean ranks for the candidate reference genes for each cell line separately as well as for all cell lines together 

were calculated to summarize the results of the different analyses. 

 HCAEC HPAEC A549 All 

Ranking Gene 
Mean 

Rank 
Gene 

Mean 

Rank 
Gene 

Mean 

Rank 
Gene 

Mean 

Rank 

1 PPIA 2.33 PPIA 2.67 RPL13A 1.33 PPIA 2.67 

2 RPLP1 2.33 ACTB 3.00 ACTB 3.00 TBP 3.00 

3 TBP 2.67 B2M 3.00 RPLP1 3.67 RPL13A 3.67 

4 RPL13A 3.67 18S 4.67 B2M 4.67 ACTB 4.00 

5 ACTB 4.67 GAPDH 5.67 SDHA 5.00 RPLP1 4.00 

6 B2M 6.33 SDHA 6.33 TBP 5.33 18S 4.67 

7 18S 6.67 TBP 6.33 18S 6.67 GAPDH 7.00 

8 GAPDH 7.67 RPL13A 6.67 GAPDH 7.33 B2M 8.00 

9 SDHA 8.67 RPLP1 6.67 PPIA 8.00 SDHA 8.00 

 

 

4.1.1.3 Effects of reference gene selection on relative VEGFA gene expression in hypoxic HCAEC, 

HPAEC and A549 cells 

To evaluate the effect of the reference gene used for normalization on calculating the relative 

mRNA expression, VEGFA mRNA expression was normalized to the chosen reference gene RPL13A 

as well as to the two lowest ranked putative reference genes according to mean rank of all analyses 

in all cell lines together (B2M and SDHA). As shown in Figure 9 the chosen reference gene had a 

major impact on the calculated relative mRNA expression of VEGFA. While in HCAEC the reference 

gene choice did not affect relative VEGFA mRNA expression, it was highly affected in HPAEC and 

A549. In HPAEC, calculated relative VEGFA mRNA expression differed significantly when normalizing 

to RPL13A or SDHA (2.141 ± 0.419 compared to 2.737 ± 0.247 and 2.385 ± 0.380 compared to 

2.744 ± 0.359 after 24 h HX and 72 h HX, respectively). The difference between relative mRNA 

expression was even greater when comparing VEGFA mRNA expression normalized to B2M and 

SDHA (p = 0.002 after both 24 h and 72 h HX). In A549 VEGFA mRNA expression after 72 h HX 

normalized to SDHA also differed significantly to VEGFA mRNA expression normalized to RPL13A 

(3.033 ± 0.352 and 1.952 ± 0.144, respectively). 
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Figure 9: Relative mRNA expression of VEGFA normalized to respective reference genes in HCAEC, HPAEC and A549. 
Relative VEGFA mRNA expression in HCAEC (red), HPAEC (dark blue) and A549 (light blue) incubated in HX and NX was 
calculated using the ΔΔCt method. Relative mRNA expression in normoxia was set to 1 for each tested reference gene. 
White bars represent respective NX controls, dark grey bars from left to right the mRNA expression after 24 H HX an 72 h 
HX, respectively. Bars represent mean ± SD. N=5, *= p≤0.1 compared to same condition in RPL13A; **= p≤0.01 compared 
to same condition in RPL13A, ## = p≤0.01 compared to same condition in B2M. Non-parametric Mann-Whitney U-test. 
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4.1.2 mRNA expression in human coronary and pulmonary artery endothelial cells 

The relative mRNA expression of VEGFA normalized to RPL13A in HCAEC and HPAEC after 

incubation in HX compared to NX are shown in Figure 10. A significant increase in the VEGFA mRNA 

expression after exposure to HX was observed in both cell lines. The expression level in HPAEC was 

not affected by the duration of HX (2.197 ± 0.361, 2.467 ± 0.362, 2.336 ± 0.178 after 24 h, 48 h and 

72 h of HX, respectively), whereas the expression level in HCAEC increased further with longer 

lasting exposure to HX (1.408 ± 0.210, 2.137 ± 0.170, 2.497 ± 0.225 after 24 h, 48 h and 72 h of HX, 

respectively). 

 

Figure 10: Relative mRNA expression of VEGFA after exposure to NX and 24 h, 48 h and 72 h of HX. HCAEC and HPAEC 

were incubated in NX and 24h, 48h and 72h of HX. Relative mRNA expression was assessed using qRT-PCR and normalized 

to RPL13A. Expression in control (NX) was set to 1. Bars represent mean ± SD. N=5, *= p≤0.1; **= p≤0.01, Non-parametric 

Mann-Whitney U-test. 

 

The relative mRNA expression of NOS3, DDAH1 and DDAH2 are shown in Figure 11. 
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Figure 11: Comparison of relative mRNA expression of genes of the ADMA-NO pathway in HPAEC and HCAEC after 

exposure to NX and 24 h, 48 h and 72 h HX. HPAEC and HCAEC were incubated in NX and 24 h, 48 h and 72 h of HX. 

Relative mRNA expression was assessed using qRT-PCR and normalized to RPL13A. Expression in control (NX) was set to 

1. Bars represent mean ± SD. N=5, *= p≤0.1; **= p≤0.01, Non-parametric Mann-Whitney U-test. 

 

The expression of DDAH1 in HCAEC was not affected by HX, whereas the expression in HPAEC 

decreased after 24h HX (0.844 ± 0.099). The mRNA expression of DDAH2 was increased in both cell 

lines (1.211 ± 0.069 and 1.287 ± 0.084 in HPAEC and HCAEC, respectively) after 72h HX, while NOS3 

mRNA expression decreased after exposure to HX (0.567 ± 0.0786 and 0.639 ± 0.031 in HPAEC and 

HCAEC after 24h HX, respectively).  
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The expression levels of PRMTs (Figure 12 for HCAEC, Figure 13 for HPAEC), did not show any 

differences in hypoxic regulation between the two cell lines, neither did the expression levels of 

ARG1, ARG2, END1 nor HIF1A (Figure 14 for HCAEC, Figure 15 for HPAEC). 

 

 
Figure 12: Relative PRMT mRNA expression in HCAEC after exposure to NX and 24 h, 48 h and 72 h HX. HCAEC were 

incubated in NX and 24 h, 48 h and 72 h of HX. Relative mRNA expression was assessed using qRT-PCR and normalized to 

RPL13A. Expression in control (NX) was set to 1. Bars represent mean ± SD. N=5, *= p≤0.1; **= p≤0.01, Non-parametric 

Mann-Whitney U-test. 

 

In HCAEC, PRMT1, PRMT4, PRMT5, PRMT6 and PRMT9 expression decreased after 24 h HX 

(0.735 ± 0.043, 0.879 ± 0.064, 0.621 ± 0.072, 0.829 ± 0.121 and 0.687 ± 0.051, respectively) and 

increased after longer exposure to HX to approximately NX expression level. As also seen in HPAEC, 

PRMT2 was the only PRMT whose relative mRNA expression increased after 72 h HX (1.130 ± 0.073). 

PRMT3 and PRMT7 expression decreased after exposure to HX (0.500 ± 0.141 and 0.687 ± 0.051 

after 24 h HX), but interestingly PRMT7 expression did not change after 48 h HX compared to NX 

expression. 



55 
 

 
Figure 13: Relative PRMT mRNA expression in HPAEC after exposure to NX and 24 h, 48 h and 72 h HX. HPAEC were 

incubated in NX and 24 h, 48 h and 72 h of HX. Relative mRNA expression was assessed using qRT-PCR and normalized to 

RPL13A. Expression in control (NX) was set to 1. Bars represent mean ± SD. N=5, *= p≤0.1; **= p≤0.01, Non-parametric 

Mann-Whitney U-test. 

 

In HPAEC, PRMT1, PRMT3, PRMT5 and PRMT7 expression decreased after exposure to HX 

(0.760 ± 0.081, 0.578 ± 0.053, 0.650 ± 0.114, 0.692 ± 0.133 after 24 h exposure to HX, respectively). 

The duration of HX did not affect the level of decrease of these PRMTs, except for PRMT1 and 

PRMT5, whose expression was less decreased after 72 h HX compared to 24 h HX. PRMT2 was the 

only PRMT whose relative mRNA expression increased after 72 h HX (1.095 ± 0.067). PRMT6 and 

PRMT9 mRNA expression decreased after 24 h and 72 h HX, an effect that could not be observed 

after 48 h HX. PRMT4 expression was not affected by exposure to HX, which appeared to be the 

only difference compared to PRMT expression in HCAEC, where HX lead to a decrease in PRMT4 

expression after 24 h. 
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In HCAEC, ARG2 expression decreased significantly (0.649 ± 0.045 after 24 h of HX, Figure 14), 

whereas END1 expression was not affected by exposure to HX. There was no detectable ARG1 and 

PRMT8 expression (data not shown). HIF1A expression decreased after exposure to 24 h HX 

(0.609 ± 0.217 compared to NX) but increased to NX level after longer lasting hypoxia. 

 

 
Figure 14: Relative mRNA expression of ARG2, END1 and HIF1A in HCAEC. HCAEC were incubated in NX and 24 h, 48 h and 

72 h of HX. Relative mRNA expression was assessed using qRT-PCR and normalized to RPL13A. Expression in control (NX) 

was set to 1. Bars represent mean ± SD. N=5, *= p≤0.1; **= p≤0.01, Non-parametric Mann-Whitney U-test. 

 

After exposure to hypoxia, ARG2 expression in HPAEC decreased significantly (Figure 15, 

0.642 ± 0.162, 0.600 ± 0.068, 0.592 ± 0.0745 after 24 h, 48 h and 72 h of hypoxia, respectively) 

whereas END1 expression was not affected. There was no detectable ARG1 and PRMT8 expression 

(data not shown). The same tendencies were also observed in HCAEC. The regulation of HIF1A on 

the other hand differed between the two primary endothelial cell lines; it was significantly 

decreased after 24 h, 48 h and 72 h of HX in HPAEC (0.638 ± 0.091, 0.746 ± 0.099, 0.773 ± 0.041, 

after 24 h, 48 h and 72 h of HX, respectively), whereas its expression in HCAEC was only significantly 

decreased after 24 h of HX. 

 

 
Figure 15: Relative mRNA expression of ARG2, END1 and HIF1A in HPAEC. HPAEC were incubated in NX and 24 h, 48 h and 

72 h of HX. Relative mRNA expression was assessed using qRT-PCR and normalized to RPL13A. Expression in control (NX) 

was set to 1. Bars represent mean ± SD. N=5, *= p≤0.1; **= p≤0.01, Non-parametric Mann-Whitney U-test. 
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4.1.3 Protein expression in human coronary and pulmonary artery endothelial cells 

Representative Western blots for DDAH1, DAH2 and NOS3 in HCAEC and HPAEC are shown in Figure 

16. In DDAH1 and DDAH2 Western blots, the upper band (55 kDa) represented the TUBB control, 

the lower band the respective target protein. In NOS3 Western blots, the upper band (130 kDa) was 

NOS3 protein, the lower band the TUBB control. Ladders and sizes can be seen on the left lane of 

each blot. Blotting in a wet tank blotting chamber (as performed with HPAEC) resulted in more even 

and clearer bands. 

 

Figure 16: Representative Western Blots of DDAH1, DDAH2 and NOS3. HCAEC Western blots were performed using a 

semi-dry blotting chamber, HPAEC in a Wet Tank Blotting chamber. Left lane contains prestained ladder, in order to verify 

correct size of detected proteins. DDAH1 and DDAH2 Blots: upper band (ca. 55 kDa) represents TUBB as housekeeping 

control, lower band the respective target (37 kDa and 30 kDa for DDAH1 and DDAH2, respectively). For NOS3 Western 

blots, upper band represents the target protein, lower band the housekeeping control TUBB. A colorimetric picture 

showing the ladder was merged with chemi-luminescent pictures of the targets. 
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Quantification of protein expression was performed as described in 3.13. As seen in Figure 17, HX 

did not alter protein expression in HPAEC compared to NX. Neither NOS3 nor DDAH1 or DDAH2 

protein expression were affected by hypoxia. In HCAEC on the other hand, NOS3 expression was 

significantly increased after exposure to 48 h and 72 h of HX (2.246 ± 1.346 and 1.792 ± 0.748). 

DDAH1 and DDAH2 protein expression were not influenced by exposure to HX, as also seen in 

HPAEC. 

 

 
Figure 17: Relative protein expression in HCAEC and HPAEC in HX compared to NX. SDS-PAGE followed by Western blot 

were performed for a densiometric quantification of the respective proteins. Volume intensities of target proteins of each 

sample was normalized to volume intensities of its respective TUBB control. NX protein expression was set to 1. Bars 

represent mean ± SD. N=6, *= p≤0.1; **= p≤0.01, Non-parametric Mann-Whitney U-test. 
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4.1.4 Metabolite profile of human coronary and pulmonary artery endothelial cells 

ADMA and SDMA concentrations were analysed using LC-MS/MS in order to gain insight into NOS3 

and DDAH1 and DDAH2 protein activity. As shown in Figure 18 the amount of SDMA in HCAEC cells 

increased after exposure to 48 h and 72 h of hypoxia compared to NX (0.015 ± 0.002 µM/g protein 

and 0.014 ± 0.002 µM/g protein after 48 h and 72 h HX, compared to 0.009 ± 0.002 µM/g protein 

after exposure to NX). ADMA concentration in HCAEC was not affected by exposure to HX. In HPAEC 

cell pellet as well as in supernatant medium, HX did not effect SDMA nor ADMA concentration. 

 

 

Figure 18: Metabolite profile in HCAEC and HPAEC cells after exposure to NX and HX. Medium was collected, cells were 
harvested and lysed, and protein concentration was measured. SDMA and ADMA concentrations per g protein were 
measured using LC-MS/MS. Bars represent mean ± SD. N=6, supernatant medium N=5, *= p≤0.1; **= p≤0.01, Non-
parametric Mann-Whitney U-test. 
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4.1.5 mRNA expression in A549 alveolar epithelial cells 

The relative mRNA expression levels for VEGFA, NOS2, DDAH1 and DDAH2 after incubation in HX 

and NX are shown in Figure 19. After exposure to 48 h and 72 h HX, VEGFA mRNA expression 

increased significantly (1.916 ± 0.164 and 1.941 ± 0.127, respectively), as also observed in 

endothelial cells. In A549, no NOS3 activity was detected (data not shown), but NOS2 mRNA 

decreased after exposure to HX (0.403 ± 0.061, 0.561 ± 0.057 and 0.051 ± 0.016 after 24 h, 48 h and 

72 h HX, respectively). DDAH1 expression decreased after 24 h of HX (0.523 ± 0.191), as it was also 

observed in HPAEC. The expression level after prolonged HX (42h and 72h) increased to NX level. 

DDAH2 mRNA expression did not show any differences compared to NX expression after exposure 

to HX, in contrast to its significantly increased expression in endothelial cells after 72 h HX. 

 

 
Figure 19: Relative mRNA expression of genes of the ADMA-NO pathway. A549 were incubated in NX and 24 h, 48 h and 

72 h of HX. Relative mRNA expression was assessed using qRT-PCR and normalised to RPL13A. Expression in control (NX) 

was set to 1. Bars represent mean ± SD. N=5, *= p≤0.1; **= p≤0.01, Non-parametric Mann-Whitney U-test. 

 

In A549, PRMT1, PRMT4, PRMT5 and PRMT7 expression decreased after exposure to HX (Figure 20, 

0.551 ± 0.033, 0.557 ± 0.035, 0.515 ± 0.033, 0.527 ± 0.046 after 24 h exposure to HX, respectively). 

PRMT2 and PRMT9 decreased after 24 h of HX but increased to NX level after longer duration of HX 
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(0.788 ± 0.029, 0.606 ± 0.165, respectively). Interestingly, PRMT2 mRNA expression was increased 

after 72 h HX in endothelial cells in contrast to a decreased mRNA expression after 24 h HX in 

epithelial A549. PRMT8 expression was not detected, as also seen in endothelial cells. On the 

contrary to endothelial cells, PRMT6 and END1 expression were not detected in A549 (data not 

shown). The expression of HIF1A was significantly decreased after exposure to HX to 0.278 ± 0.102 

after 24 h HX, 0.531 ± 0.157 after 48 h HX and 0.658 ± 0.079 after 72 h HX compared to NX, as also 

seen in HPAEC. 

 

 
Figure 20: Relative PRMT, ARG2 and HIF1A mRNA expression in A549 after exposure to NX and 24 h, 48 h and 72 h HX. 

A549 were incubated in NX and 24 h, 48 h and 72 h of HX. Relative mRNA expression was assessed using qRT-PCR and 

normalised to RPL13A. Expression in control (NX) was set to 1. Bars represent mean ± SD. N=5, *= p≤0.1; **= p≤0.01, Non-

parametric Mann-Whitney U-test. 
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4.1.6 Protein expression in A549 alveolar epithelial cells 

Representative Western blots for DDAH1, DDAH2, HIF1A and HIF2A of A549 incubated in HX and 

NX are shown in Figure 21. 

 

 
Figure 21: Representative Western Blots of DDAH1, DDAH, HIF1A and HIF2A in A549. Western blots were performed in a 

Wet Tank Blotting chamber. Left lane contains prestained ladder, in order to verify correct size of detected proteins. 

DDAH1 and DDAH2 Blots: upper band (ca. 55 kDa) represents TUBB as housekeeping control, lower band the respective 

target (37 kDa and 30 kDa for DDAH1 and DDAH2, respectively). In HIF1A and HIF2A Western blots, upper band represents 

the target protein (116kDa), lower band the housekeeping control TUBB. A colorimetric picture showing the ladder was 

merged with chemi-luminescent pictures of the targets. 

In DDAH1 and DDAH2 Western blots, the upper band (55 kDa) represented the TUBB control, the 

lower band the respective target protein. In HIF and HIF Western blots, the upper band was HIF1A 

or HIF2A protein (116 kDa and 120 kDa, respectively), the lower band the TUBB control. Ladders 

and sizes can be seen on the left lane of each blot. 
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The results of the quantification of protein expression can be seen in Figure 22. HX did not affect 

DDAH1 protein expression but led to an increase in DDAH2 protein expression after 48 h and 72 h 

of HX (1.679 ± 0.345 and 1.577 ± 0.309, respectively). This is notably, as there was no difference in 

DDAH2 expression in endothelial cells. HIF1A protein expression was also increased by hypoxia and 

further increased with ongoing hypoxia (1.553 ± 0.350, 1.767 ± 0.208, 2.039 ± 0.325 after 24 h, 48 h 

and 72 h of HX, respectively). Interestingly, HIF2A protein expression was no affected by HX. 

 
Figure 22: Relative protein expression in A549 in HX compared to NX. SDS-PAGE followed by Western blot were performed 

for a densiometric quantification of the respective proteins. Volume intensities of target proteins of each sample was 

normalized to volume intensities of its respective TUBB control. NX protein expression was set to 1. Bars represent mean 

± SD. N=8, **= p≤0.01, ***= p≤0.001, Non-parametric Mann-Whitney U-test. 
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4.1.7 Metabolite profile of A549 alveolar epithelial cells/ADMA release 

The results of the metabolite analysis in cells and supernatant medium of A549 incubated in NX and 

HX can be seen in Figure 23. The amount of SDMA in A549 cells decreased after exposure to 72 h 

of hypoxia (0.003 ± 0.001 µM/g protein compared to 0.004 ± 0.001 µM/g protein after incubation 

in NX) but increased in supernatant medium (0.051 ± 0.013 µM/g protein after 48 h HX and 

0.042 ± 0.020 µM/g protein after 72 h HX compared to 0.021 ± 0.011 µM/g protein after exposure 

to NX). ADMA concentration in A549 cells was not affected by HX, but its concentration in the 

supernatant medium increased after exposure to HX (0.083 ± 0.021 µM/g protein after 48 h HX and 

0.073 ± 0.030 µM/g protein after 72 h HX), like seen for SDMA concentration. Overall, the ADMA 

and SDMA concentration in supernatant medium was higher than in cell pellets. 

 

 

Figure 23: Metabolite profile of epithelial A549 cells after exposure to NX and HX. Medium was collected, cells were 

harvested and lysed, and protein concentration was measured. SDMA and ADMA concentrations per g protein were 

measured using LC-MS/MS. Bars represent mean ± SD. N=6, *= p≤0.1; **= p≤0.01, Non-parametric Mann-Whitney U-test. 
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4.2 Pharmacological inhibition and stabilisation of HIF 

 

4.2.1 Testing of different concentrations of HIF inhibitors and HIF stabiliser 

The cell densities of EA.hy926 incubated with different amounts of the HIF inhibitors and the HIF 

stabiliser as well as cell densities for NX control, HX control and DMSO control are shown in Table 

26. 

 

Table 26: Tested concentrations of compounds used in EA.hy926 and resulting confluence. EA.hy926 cells were incubated 

in NX or HX with or without (controls) the respective compounds for 72 h. Confluence was monitored microscopically 

every 24 h. n=2 dishes per condition were tested. 

Compound 
Tested 

concentrations 
Confluence after 

24 h 
Confluence after 

48 h 
Confluence after 

72 h  

PT2399 

0.2 µM 40 % 70 % >90 % 

0.02 µM 40 % 80 % >90 % 

2 µM 40 % 70 % >90 % 

0.1 µM 40 % 70 % >90 % 

0.3 µM 40 % 70 % >90 % 

KC7FC 

20 µM 10 % 10 % <10 % 

2 µM 40 % 60 % >90 % 

100 µM 0 0 0 

10 µM 40 % 60 % >90 % 

30 µM 0 0 0 

DMOG 

1 mM 30 % 50 % 60-70 % 

0.1 mM 40 % 70 % >90 % 

0.5 mM 40 % 70 % 80 % 

1.5 mM 30 % 40 % 60 % 

Controls 

NX 40 % 70 % >90 % 

DMSO 40 % 70 % >90 % 

HX 40 % 60 % 90 % 

 

Incubation of EA.hy926 with any tested concentration of PT2399 did not affect cell growth. 

Incubation with KC7F2 in concentrations higher than 10 µM led to cell death, whereas incubation 

with DMOG in concentrations higher as 0.5 mM led to decreased cell growth. Some of the tested 

conditions led to a morphological change, as shown in Figure 24. The incubation with 20 µM KC7F2 

for example led to a roundness of cells and cell death. The endothelial cells did not build their typical 
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cell protrusions. The incubation with 1.5 mM DMOG on the other hand led to a decreased cell 

growth. Incubation with 10 mM DMOG was not possible, as DMSO concentration would have been 

too high due to the maximal concentration of 200 mM DMOG in DMSO (5 % final concentration of 

DMSO). 

 

 
Figure 24: Incubation of EA.hy926 cells with KC7F2 and DMOG compared to incubation without supplement. EA.hy926 

cells were incubated in NX (control and DMOG) or HX (KC7F2) for 72 h. Pictures were taken after 48 h incubation. 
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The cell confluence of HCAEC incubated with adjusted amounts of the HIF inhibitors and the 

HIF stabiliser as well as cell densities for NX control, HX control and DMSO control are shown in 

Table 27. 

 

Table 27: Tested concentrations in HCAEC and resulting confluence. HCAEC cells were incubated in NX or HX with or 

without (controls) the respective compounds for 72 h. Confluence was monitored microscopically every 24 h. n=2 

samples per condition were tested. 

Compound 
Tested 

concentrations 
Confluence after 

24 h 
Confluence after 

48 h 
Confluence after 

72 h  

PT2399 

0.2 µM 30 % 60 % 90 % 

2 µM 30 % 60 % 90 % 

5 µM 30 % 60 % 80 % 

10 µM 30 % 50 % 80 % 

KC7FC 

2 µM 30 % 50 % 60-70 % 

5 µM 30 % 50 % 40 % 

10 µM 30 % 20 % <10 % 

15 µM 20 % 20 % 0 % 

DMOG 

0.1 mM 30 % 60 % 80 % 

0.5 mM 30 % 50 % 50-60 % 

1 mM 30 % 50 % 50 % 

Controls 

NX 30 % 50 % 80 % 

DMSO 30 % 50 % 80 % 

HX 30 % 40 % 70 % 

 

In HCAEC, incubation with PT2399 did not affect cell growth. When applied in higher concentrations 

than 2 µM, incubation with KC7F2 led to decreased cell growth or cell death and incubation with 

0.5 mM or 1 mM DMOG resulted in decreased cell growth compared to cells incubated without 

compound. 
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Results of VEGFA qRT-PCR can be seen in Figure 25, however no test for statistical significance was 

performed as sample size in this pretest was limited (N=2). Incubation with 10 µM PT2399 resulted 

in the highest decrease of VEGFA-expression compared to HX. Incubation with KC7F2 also led to a 

reduced VEGFA mRNA-expression compared to HX, but incubation with 5 µM KC7F2 resulted in 

poor RNA concentrations which is why only one sample could be used for DNA synthesis. 0.5 mM 

and 1 mM of the HIF stabiliser DMOG led to an increased VEGFA expression compared to NX. 

 

 
Figure 25: Relative VEGFA mRNA expression in HCAEC incubated with HIF inhibitors and a HIF stabiliser. HCAEC were 

incubated in NX (NX control, DMSO control, DMOG) or HX (HX control, PT2399, KC7F2) for 72 h. RNA was isolated, relative 

VEGFA mRNA expression was assessed using qRT-PCR and normalized to RPL13A to evaluate the effects of HIF inhibitors 

and HIF stabiliser on HIF target gene expression. Expression in control (NX) was set to 1. Bars represent mean ± SD. Due 

to low sample size of N=2 no test for statistical significance was performed.  
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The cell densities of HPAEC incubated with adjusted amounts of the HIF inhibitors and the HIF 

stabiliser can be seen in Table 28. 

 

Table 28: Tested concentrations in HPAEC and resulting confluence. HPAEC cells were incubated in NX or HX with or 

without (controls) the respective compounds for 72 h. Confluence was monitored microscopically every 24 h. n=2 dishes 

per condition were tested. 

Compound 
Tested 

concentrations 
Confluence after 

24 h 
Confluence after 

48 h 
Confluence after 

72 h  

PT2933 

2 µM 15 % 30 % 60 % 

5 µM 20 % 30 % 60 % 

10 µM 20 % 30 % 50 % 

KC7FC 

1 µM 20 % 30 % 60 % 

2 µM 15 % 30 % 50 % 

5 µM 15 % 20 % 20 % 

DMOG 

0.1 mM 20 % 30 % 50 % 

0.5 mM 20 % 30 % 50 % 

1 mM 20 % 30 % 50 % 

Controls 

NX 20 % 40 % 70 % 

DMSO 20 % 40 % 60 % 

HX 20 % 30 % 50 % 

 

In HPAEC, an overall lower cell density was observed. Incubation with PT2399 did not affect cell 

growth. As also seen in HCAEC, concentration of 5 µM KC7F2 led to reduced cell growth, lower 

concentrations did not show inhibitory effects on cell growth. In contrast to HCAEC, incubation with 

0.5 mM or 1 mM DMOG did not affect cell growth of HPAEC more than incubation with 0.1 mM 

DMOG. Cells incubated with any of the tested concentrations of DMOG showed a small decrease in 

confluence compared to NX control.  
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The results of the VEGFA qRT-PCR are shown in Figure 26. Interestingly incubation with 10 µM 

PT2399 did not show a higher decrease of VEGFA mRNA-expression compared to HX than 2 µM or 

5 µM PT2399. In HCAEC on the contrary, the effect of PT2933 on VEGFA mRNA expression increased 

with higher concentrations of this compound. Incubation with KC7F2 also led to a reduced VEGFA 

mRNA-expression compared to HX, with the highest effect after incubation with 2 µM KC7F2. As 

seen in HCAEC, 0.5 mM and 1 mM of the HIF stabiliser DMOG led to an increased VEGFA expression 

compared to NX. All in all, the observed effects of the HIF inhibitors and the HIF stabiliser on VEGFA 

mRNA expression in HPAEC were lower than in HCAEC. 

 
Figure 26: Relative VEGFA mRNA expression in HPAEC incubated with HIF inhibitors and a HIF stabiliser. HPAEC were 

incubated in NX (NX control, DMSO control, DMOG) or HX (HX control, PT2399, KC7F2) for 72 h. RNA was isolated, relative 

VEGFA mRNA expression was assessed using qRT-PCR and normalized to RPL13A to evaluate the effects of HIF inhibitors 

and HIF stabiliser on HIF target gene expression. Expression in control (NX) was set to 1. Bars represent mean ± SD. Due 

to low sample size of N=2 no test for statistical significance was performed.  
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After testing different concentrations of the compounds in primary endothelial cells, A549 epithelial 

cells were incubated with different concentrations as well. As seen in Table 29 the cell confluence 

was not affected by any tested concentration of the different compounds. 

 

Table 29: Tested concentrations in A549 and resulting confluence. A549 cells were incubated in NX or HX with or without 

(controls) the respective compounds for 72 h. Confluence was monitored microscopically every 24 h. n=2 dishes per 

condition were tested. 

Compound 
Tested 

concentrations 
Confluence after 

24 h 
Confluence after 

48 h 
Confluence after 

72 h  

PT2933 

2 µM 30 % 70 % 100 % 

10 µM 30 % 70 % 95 %  

20 µM 40 % 70 % 100 % 

KC7FC 

1 µM 40 % 80 % 100 % 

2 µM 30 % 70 % 95 % 

10 µM 40 % 70 % 95 % 

DMOG 

0.1 mM 35 % 70 % 100 % 

0.5 mM 40 % 70 % 90 % 

1 mM 40 % 60 % 80 % 

Controls 

HX 30 % 70 % 100 % 

HX DMSO 30 % 70 % 95 % 

NX 40 % 70 % 100 % 

NX DMSO 40 % 70 % 95 % 
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As also done for primary endothelial cells, a VEGFA qRT-PCR was performed (Figure 27). Notably, 

incubation with PT2399 further increased VEGFA mRNA-expression compared to HX and did not 

show the expected inhibitory effect. This effect increased with higher concentrations of PT2399. 

Incubation with KC7F2 did not show an effect on VEGFA mRNA-expression compared to HX. 

Incubation with 0.5 mM and 1 mM of the HIF stabiliser DMOG led to an increased VEGFA expression 

compared to NX, as also seen in endothelial cells, whereby the increase in VEGFA mRNA expression 

was lower compared to HCAEC and HPAEC. 

 

 
Figure 27: Relative VEGFA mRNA expression in A549 incubated with HIF inhibitors and a HIF stabiliser. A549 were 

incubated in NX (NX control, DMSO control, DMOG) or HX (HX control, PT2399, KC7F2) for 72 h. RNA was isolated, relative 

VEGFA mRNA expression was assessed using qRT-PCR and normalized to RPL13A to evaluate the effects of HIF inhibitors 

and HIF stabiliser on HIF target gene expression. Expression in control (NX) was set to 1. Bars represent mean ± SD. Due 

to low sample size of N=2 no test for statistical significance was performed. 
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4.2.2 Pharmacological HIF inhibition with optimized concentrations 

HCAEC. The effect of the compounds used in optimal concentration on mRNA expression of VEGFA, 

NOS3, DDAH1 and DDAH2 in HCAEC after 72 h incubation are shown in Figure 28. 

 

Figure 28: Relative mRNA expression in HCAEC after 72 h incubation with HIF inhibitors and HIF stabiliser. HCAEC were 

incubated for 72 h in NX (white bar), with HIF stabiliser DMOG in NX (light grey bar, right), in HX (black bar), with HIF1A 

inhibitor KC7F2 in HX or HIF2A inhibitor PT2399 in HX (both dark grey). Relative mRNA expression was assessed using 

qRT-PCR. Expression in control (NX) was set to 1. Bars represent mean ± SD. N=4, N=3 for 72 h incubation with KC7F2 

after Grubb’s test for outliers. *= p≤0.1 compared to NX control; **= p≤0.01 compared to NX control; #= p≤0.1 compared 

to HX control; ##*= p≤0.01 compared to HX control, Non-parametric Mann-Whitney U-test. 

 

Cells incubated in HX and NX with DMSO control did not show a change in mRNA expression of any 

of the evaluated targets (data not shown). Notably, one sample of KC7F2 incubation was excluded 

after identification as outlier using Grubb’s test for outliers resulting in a reduced sample size of 

N=3 for this experimental condition. 

VEGFA expression increased more than 2-fold after exposure to HX (2.284 ± 0.408), incubation with 

HIF stabiliser DMOG led to an approximately 8-fold increase compared to NX control 

(7.815 ± 1.272). HCAEC incubated with PT2399 showed increased VEGFA mRNA expression 

compared to NX (1.703 ± 0.041), but reduced mRNA expression compared to HX control (p = 0.029). 

Incubation with KC7F2 did not alter VEGFA mRNA expression compared to NX or to HX control. 

NOS3 expression was reduced after exposure to HX (0.555 ± 0.070), an effect that was also achieved 
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by incubation with HIF stabiliser DMOG (0.266 ± 0.012). Incubation with PT2399 and KC7F2 led to 

a minor decrease in NOS3 mRNA expression compared to HX control, however this effect was not 

statistical significant. As previously observed, HX did not affect DDAH1 mRNA expression in HCAEC. 

Neither HIF stabilisation in NX using DMOG nor HIF inhibition in HX by PT2399 and KC7F2 resulted 

in altered DDAH1 mRNA expression compared to NX or HX control. Unlike previously observed, 

DDAH2 mRNA expression was not affected by exposure to HX. Incubation with PT2399 led to a 

decrease in DDAH2 expression compared to NX (0.863 ± 0.073). Incubation with KC7F2 and DMOG 

did not alter DDAH2 mRNA expression in HCAEC. 

 

HPAEC. As HPAEC showed regulation of DDAH1 mRNA expression after 24 h HX and DDAH2 mRNA 

expression after 72 h (Figure 11), cells were incubated for these two periods with HIF inhibitors and 

HIF stabiliser. The resulting relative mRNA expression can be seen in Figure 29. Notably, one sample 

of 24 h incubation with PT2399 was excluded after identification as outlier using Grubb’s test for 

outliers resulting in a reduced sample size of N=3 for this experimental condition. Incubation with 

DMSO did not result in alternated mRNA expression of the evaluated target genes, except for NOS3 

whose mRNA expression decreased after 72 h incubation with DMSO in NX compared to NX control 

(0.919 ± 0.057, p = 0.016 data not shown). Incubation in NX with DMSO for 72 h led to increased 

VEGFA expression compared to NX control (1.237 ± 0.122, p = 0.029). 
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Figure 29: Relative mRNA expression in HPAEC after 24 h and 72 h incubation with HIF inhibitors and HIF stabiliser. HPAEC 

were incubated for 72 h in NX (white bar), with HIF stabiliser DMOG (light grey bar, right) in NX, in HX (black bar), with 

HIF1A inhibitor KC7F2 in HX or HIF2A inhibitor PT2399 in HX (both dark grey). Relative mRNA expression was assessed 

using qRT-PCR. Expression in control (NX) was set to 1. Bars represent mean ± SD. N=4, N=3 for 24 h incubation with 

PT2399 after Grubb’s test for outliers. *= p≤0.1 compared to NX control; **= p≤0.01 compared to NX control; #= p≤0.1 

compared to HX control; ##*= p≤0.01 compared to HX control, Non-parametric Mann-Whitney U-test.  

After exposure to HX, VEGFA mRNA expression in HPAEC increased up to 2.060 ± 0.327 and 1.576 

± 0.046 after 24 h and 72 h ox HX, respectively. Incubation with DMOG led to an even stronger 

increase in mRNA expression, both after 24 h (3.034 ± 0.483) and 72 h incubation (5.844 ± 0.932). 

When incubated for 24 h with KC7F2 or PT2399, VEGFA mRNA expression did not change compared 
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to HX control, after incubation for 72 h however, cells incubated with KC7F2 and PT2399 both 

showed increased VEGFA mRNA expression compared to NX and HX control. DDAH1 mRNA 

expression in HPAEC was not affected by exposure to HX and incubation with DMOG did not lead 

to a change in mRNA expression as well. Incubation with HIF inhibitors on the other hand led to a 

decrease in DDAH1 mRNA expression. Incubation with KC7F2 decreased mRNA expression to 

0.641 ± 0.091 and 0.688 ± 0.151 compared to NX control as well as HX control after 24 h and 72 h 

of HX, respectively. PT2399 led to a decrease of DDAH1 expression after 72 h incubation 

(0.676 ± 0.027) compare to both, NX and HX controls. As previously shown, DDAH2 mRNA 

expression was not affected by 24 h HX but increased after exposure to 72 h HX (1.305 ± 0.050). 

This effect was mimicked by 72 h incubation with HIF stabiliser DMOG in NX (1.549 ± 0.245). 

Incubation for 24 h with HIF inhibitors and HIF stabiliser did not affect DDAH2 mRNA expression. 

Incubation of HPAEC with KC7F2 for 72 h on the other hand led to a significant decrease of DDAH2 

mRNA expression compared to HX control (1.205 ± 0.040, p-value 0.032 vs. HX control). NOS3 

mRNA expression was decreased after 24 h HX (0.477 ± 0.064) and 72 h HX (0.729 ± 0.034) which 

could also be observed after incubation with DMOG in NX (0.309 ± 0.038 and 0.754 ± 0.096 after 

24 h and 72 h HX, respectively). However, incubation with HIF inhibitors could not prevent hypoxic 

NOS3 decrease and led to even stronger decrease after incubation for 72 h compared to HX control 

(0.582 ± 0.042 and 0.656 ± 0.037, p-values 0.016 and 0.032 for incubation with PT2399 and KC7F2 

compared to HX control, respectively). Yet, it is important to note that incubation with the NX 

DMSO control led to a significant difference in NOS3 mRNA expression compared to NX control 

(0.912 ± 0.06, p-value 0.016 compared to NX control). 
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A549. Relative mRNA expression in A549 after 24 h and 72 h incubation with HIF compounds 

compared to NX control are depicted in Figure 30. VEGFA mRNA increased after exposure to HX 

(1.272 ± 0.181 and 1.528 ± 0.313 after 24 h and 72 h HX, respectively). HIF stabilisation by DMOG 

incubation led to even higher increase in VEGFA mRNA expression than HX (1.508 ± 0.228 and 

2.105 ± 0.275, after 24 h and 72 h HX, respectively). VEGFA expression was affected by incubation 

with DMSO, which caused a decrease in mRNA expression of about 15 % in NX compared to NX 

control (0.869 ± 0.070 vs. 1.003 ± 0.085) and 30 % in HX compared to HX control (1.003 ± 0.063 vs. 

1.528 ± 0.313). As seen before, incubation with PT2399 and KC7F2 did not have an impact on VEGFA 

expression, independent on incubation period. Again, DDAH1 mRNA expression was decreased 

after 24 h HX (0.555 ± 0.182) and after incubation with DMOG at HX (0.482 ± 0.089) to about half 

the expression level compared to NX control. Incubation with DMSO at HX led to a further decrease 

in DDAH1 mRNA expression after 24 h (0.405 ± 0.035) than HX control. Incubation with HIF inhibitor 

PT2399 led to a lower reduction in DDAH1 expression than HX, although the difference between 

HX control and PT2399 was not significant (p-value 0.08). Incubation with KC7F2 did not restore NX 

expression level, but DDAH1 mRNA expression increased to NX level after 72 h incubation under all 

conditions as previously seen (Figure 19). Interestingly, DDAH2 expression increased after exposure 

to 24 h (1.251 ± 0.074) as well as 72 h HX (1.143 ± 0.085). This increase was not observed before 

and could also not be achieved by incubation with DMOG (1.106 ± 0.156 and 1.001 ± 0.074 after 

24 h and 72 h incubation, respectively). Incubation with DMSO at NX led to an increased mRNA 

expression (1.138 ± 0.063) as well (data not shown). In contrast to KC7F2, PT2399 was able to 

restore NX expression level (1.091 ± 0.109, p-value 0.008 compared to HX control after 24 h and 

0.891 ± 0.109, p-value 0.001 compared to HX control after 72 h incubation). NOS2 expression 

decreased after 24 h of HX to about half the expression level compared to NX control 

(0.553 ± 0.222), however its expression level adjusted to approximately NX level after 72 h HX 

(0.0766 ± 0.246). Both, PT2399 and KC7F2 led to increase in NOS2 mRNA expression compared to 

HX control, nevertheless this increase was not statistically significant after 24 h incubation. 

Incubation with PT2399 for 24 h as well as for 72 h led to great variance in relative NOS2 mRNA 

expression. The increase in mRNA expression by PT2399 reached statistical significance compared 

to HX control after 72 h incubation (1.505 ± 0.729 vs. 0.766 ± 0.246, p-value 0.023). Incubation with 

DMOG led to a strong decrease in mRNA expression to 0.252 ± 0.119 and 0.348 ± 0.115 of NX 

expression after 24 h and 72 h HX, respectively. 
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Figure 30: Relative mRNA expression in A549 after 24 h and 72 h incubation with HIF inhibitors and HIF stabiliser. A549 

were incubated for 24 h (left) or 72 h (right) in NX (white bar), with HIF stabiliser DMOG (light grey bar, right) in NX, in HX 

(black bar), with HIF1A inhibitor KC7F2 in HX or HIF2A inhibitor PT2399 in HX (both dark grey). Relative mRNA expression 

was assessed using qRT-PCR. Expression in control (NX) was set to 1. Bars represent mean ± SD. N=8, *= p≤0.1; **= p≤0.01; 

#= p≤0.1 compared to HX control; ##= p≤0.01 compared to HX control, Non-parametric Mann-Whitney U-test. 
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5 Discussion 

 

5.1 Expression stability of putative reference genes in normoxic and hypoxic 

HCAEC, HPAEC and A549 cells 

One approach to gain better insights into complex regulatory mechanisms are gene expression 

studies. Quantitative real-time polymerase chain reaction (qRT-PCR) is the gold standard for relative 

quantification of individual transcripts, as this method combines high sensitivity and reproducibility 

with a simple design and rapid readout [118-121]. In qRT-PCRs, reference genes are used as an 

internal standard to analyse relative gene expression of any desired target by using the 2−ΔCt method 

[117, 122]. This standardisation remains difficult, as results might differ depending on type of RNA 

isolation, protocol for reverse transcription and the amount of staring material [123]. Although 

housekeeping genes are presumed to be stably expressed in the cells and / or in the experimental 

conditions of interest, the expression of commonly used reference genes like GAPDH and ACTB was 

shown to vary depending on cell type and experimental conditions [120]. Especially in hypoxic 

conditions, commonly used housekeeping genes were shown to vary widely [124-127]. Therefore, 

optimal reference genes need to be determined for a specific experimental setup [128]. The choice 

of reference genes remains challenging, as it has an impact on reliability of results and thereby on 

their interpretation [129]. Algorithms like NormFinder and geNorm rank candidate reference genes 

by stability. However, different methods and algorithms might lead to different rankings [130]. As 

there is no objective criterion to select the most appropriate gene, it is important to note that the 

results of these rankings might not necessarily show the “best” gene and therefore it should be 

considered to perform other analyses, for example calculation of mean Ct, mean SD value after 

pairwise ΔCt comparison or equivalence tests. For this reason, we combined the results of mean Ct, 

Ct CV, pairwise ΔCt comparison and the NormFinder algorithm in order to find the steadiest 

housekeeping gene in HX for a comparison of gene expression in HCAEC, HPAEC and A549 cells. 

Klenke et al. suggested to analyse expression levels of putative reference genes from different 

pathways [128]. We therefore selected genes encoding for rRNA (18S), cytoskeleton (ACTB), class I 

major histocompatibility complex (B2M), glycolytic pathway (GAPDH), protein folding (PPIA), 

ribosomes (RPLP1 and RPL13A), electron transport chain (SDHA) and transcription (TBP). 

In qRT-PCR, Ct values represent the number of PCR cycles at which the fluorescent signal can be 

detected above the background signal; thus the Ct value inversely correlates with the amount of 

template mRNA in the respective qRT-PCR reaction. This means that a wide transcription range 

indicates a generally more variable gene expression. Ct CV values and the resulting mean SD of 
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pairwise ΔCt comparison can also be used to assess the expression stability of the putative 

reference genes. The coefficient of variation depicts the percentage ratio of the standard deviation 

to the arithmetic mean; a low Ct CV indicates therefore a stable gene expression. A low mean SD 

value after pairwise ΔCt comparison indicates a more stable expression as well [115, 128]. Using 

the NormFinder algorithm, generated stability values give further insight into gene expression 

stability. A low stability value reflects hereby a higher gene expression stability. The algorithm can 

be used with or without prior log transformation. Usually, log transformation is used to deal with 

skewed data and to reduce variability of data. Nevertheless, if used at all log transformation must 

be applied with caution, which is why several groups recommend to abandon this method [131]. 

Although other papers highly recommend using log transformation, we decided not to log 

transform our data. As recommended by Andersen et al., biological replicates were treated 

individually and independent treatments which interfere expression variation (in this case 

incubation period, condition, cell lines) were considered as grouping variables [116].  

18S. As seen in Figure 7 Ct values obtained for 18S were low compared to the other tested genes 

indicating that 18S was the most abundant transcript of these genes. As rRNA makes about 80 % of 

total RNA, rRNA transcripts tend to be more abundant than mRNA transcripts. Therefore, 18S 

transcript levels are considered to be highly abundant in comparison to target mRNA transcript 

levels, which is why 18S as well as 28S rRNA molecules are usually not used for normalisation of 

mRNA expression [127]. Even small changes in 18S gene expression would lead to big differences 

in target after normalization. Moreover, rRNA and mRNA are transcribed by different polymerases, 

polymerase I and polymerase II, respectively. Thus, their synthesis is regulated via different 

pathways [132]. For better comparison, reference genes should be expressed in constant number 

in all cells and in a similar copy number to the gene of interest. The Ct value of a suitable reference 

gene should be between cycle 15 and 30, while the SD should not surpass 1.0 [133]. Not only were 

Ct values of 18S lower than recommended, but also was the coefficient of variation higher than for 

any other putative reference gene (Table 22). Therefore, 18S was not the first choice as reference 

gene for our experimental setting.  

ACTB. ACTB showed similar Ct values in all cell lines (Figure 7) and a relatively low Ct CV, but 

showed only a moderate mean SD of pairwise comparison of ΔCt values of putative reference 

genes (Table 23). Our analyses showed that ACTB was more stable in pulmonary artery endothelial 

and alveolar epithelial cells than in coronary artery endothelial cells. According to Table 25, it was 

not under the top 3 putative reference genes after all analyses. It was mentioned in several studies 

that ACTB might be differentially expressed after exposure to HX. In HUVEC ACTB expression 

decreased after exposure to hypoxia [134]. Moreover, actin expression was reduced in brain 
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endothelial cells in HX [135] as well as in bovine and human artery endothelial cells. It appears 

that ROS affect endothelial cell signalling pathways which may regulate actin cytoskeleton [136]. 

It was also suggested, that superoxide or ROS may directly affect the cytoskeleton [137]. As ROS 

increase during HX, ACTB appeared not to be a suitable reference gene for our analyses. 

B2M. B2M showed a high transcription range (Figure 7) and a high Ct CV (Table 24) when 

comparing all cell lines. When comparing all cell lines using the pairwise comparison of ΔCt values 

of putative reference genes B2M showed the highest mean SD and therefore the lowest stability 

in HX according to this analysis. Together with SDMA, B2M has the lowest mean rank of putative 

reference genes (Table 25), which is why it was excluded as putative reference gene. According to 

literature high fluctuations in B2M expression in MCF-7 and HEK cells after exposure to HX were 

reported [127], underlining the variance in gene expression levels under hypoxic conditions. 

Moreover, there is evidence that HX and therefore HIF stabilisation leads to an increase in MHC 

class I, providing a possible explanation for hypoxic regulation of B2M [138]. 

GAPDH. For GAPDH, the pairwise comparison of ΔCt values resulted in high mean SDs. Especially in 

HCAEC (mean SD 0.460, rank 8) and A549 (mean SD 0.379, rank 9) GAPDH showed a lower stability 

compared to other putative reference genes. When comparing all cell lines, GAPDH showed the 

same tendencies (mean SD 0.617, rank 7). Moreover, GAPDH showed a high range in stability values 

calculated by the NormFinder algorithm (Figure 8). For A549, GAPDH showed the highest stability 

value and therefore lowest expression stability under the evaluated conditions. According to 

literature, GAPDH belongs to the least stably expressed genes in human retinal endothelial cells 

[139], HUVEC [134] and bovine endothelial cells [140] after exposure to HX and its protein levels 

increase to 3-4-fold in rat alveolar epithelial cells after 18 hours of hypoxia [141]. Published data 

suggest that GAPDH is directly upregulated by an interaction between the hypoxia inducible factors 

HIF1A and HIF2A through a 5’ hypoxic regulatory element [142]. According to our results and 

literature, GAPDH was therefore not a suitable reference gene for our experimental setting. 

PPIA. PPIA showed a low transcription range (Figure 7) and had the lowest Ct CV of all tested 

putative reference genes and therefore highest stability according to this test when comparing all 

cell lines. Calculating pairwise comparison of ΔCt values, PPIA showed a low mean SD (rank 2), but 

stability values calculated by the NormFinder algorithm were high, with the second lowest 

expression stability in A549. In A549, PPIA expression appeared to vary, as Ct CV also resulted in a 

low stability (rank 8). PPIA was ranked on rank 1 after calculating the mean rank of all analyses. 

However, in osteoarthritis chondrocytes PPIA expression was increased by hypoxia [143]. PPIA was 

also shown to be a major ROS-induced factor in atherosclerosis [144]. It plays a major role in 

regulating proliferation, migration and tube formation of pulmonary arterial endothelial cells and 
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was upregulated and acetylated under HX [145]. Due to the top mean rank, PPIA was set on the 

shortlist of putative reference genes. 

RPL13A. RPL13A showed a moderate transcription range within the different cell lines and 

conditions (Figure 7) as well as Ct CV when comparing all cell lines together. In A549, RPL13A 

showed the lowest mean SD values after pairwise comparison of ΔCt values, however it showed 

only average mean SD when comparing all cell lines. Interestingly, all stability values calculated for 

RPL13A by the NormFinder algorithm were likewise low, calculated for each cell line separately as 

well as calculated for all cell lines together. When calculating the stability value for all cell lines 

together, RPL13A showed the highest expression stability of all tested putative reference genes. 

Using the NormFinder algorithm, Foldager et al. received smaller stability values for RPL13A in 

chondrocytes, thereby indicating higher stability in comparison to GAPDH, B2M and ACTB [146]. 

Another group found RPL13A to be the optimal reference gene for normalization of target gene 

expression in human blood before and after exposure to high-altitude and thereby exposure to a 

reduced amount of oxygen [147]. In this study, RPL13A expression in both conditions was more 

stable than expression of GAPDH, ACTB and 18S. These results are in line with our findings using 

the NormFinder algorithm. Therefore, RPL13A was short-listed as putative reference gene. 

RPLP1. RPLP1 showed a moderate transcription range as well as average Ct CV. It was ranked in the 

middle after calculating mean SD of pairwise comparison of ΔCt values. According to the results of 

the NormFinder algorithm, stability values of RPLP1 were also in the middle ranks. When calculating 

the mean rank after all analyses, RPLP1 was ranked on rank 4 indicating a rather stable expression. 

Nevertheless, RPLP1 was not under the top 3 candidate reference genes after calculating the mean 

rank of putative reference genes for all cell lines (Table 25). In rat heart tissue cells, RPLP1 was the 

steadiest putative reference gene after 6 h of with the lowest stability value calculated using 

NormFinder [128]. Several studies used RPLP1 as reference gene for normalization in endothelial 

or epithelial cells [148-150], but none of the groups worked with HX or explained their choice of 

RPLP1 as reference gene. In EA.hy926 though, RPLP1 expression decreased after exposure to HX 

[151]. 

SDHA. SDHA showed a wide transcription range within the different cell lines with a standard 

deviation of 0.747 (Figure 7) and therefore appears to vary highly. With a Ct CV of 4.19 % in A549, 

SDHA showed a low expression stability. Using the pairwise comparison of ΔCt values of putative 

reference genes, SDHA was shown to have the highest mean SD in HPAEC and HCAEC and also 

appears to have a low expression stability in A549 (rank 7), which makes it an improper reference 

gene. According to Xiao et al. [147], SDHA was a suitable reference gene expression in human blood 

before and after exposure to high-altitude. Nevertheless, according to our results SDHA was not a 

suitable reference gene for our experimental setting. 
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TBP. TBP showed the lowest expression levels throughout all cell types and one of the lowest Ct 

CV calculated for all cell lines together as well as the highest expression stability when comparing 

mean SD of pairwise comparison of ΔCt. According to Ct CV and pairwise comparison of ΔCt, TBP 

appeared therefore to show a low expression variance between different conditions as well as 

between cell lines and seemed to be an appropriate choice as reference gene. TBP was used for 

gene expression normalization in combination with 18S in various endothelial cells (e.g. HUVEC, 

HPAEC, HCAEC) after exposure to NX and HX [152], however there was no explanation for the 

choice of reference genes. Our results generated by using the NormFinder algorithm however 

calculated high stability values for TBP with a wide range of calculated stability values for the 

separate cell lines. In HPAEC, TBP received the second highest stability value, in A549 the third 

highest stability value. According to the NormFinder analysis, TBP appears therefore to have a low 

expression stability in pulmonary cells. As TBP was on rank 2 after calculating mean ranks of all 

analyses, it was set on shortlist as putative reference gene.  

 

5.2 Selection of reference gene for target gene normalisation in HCAEC, HPAEC 

and A549 cells 

To our knowledge, we were the first ones to test for optimal reference genes in pulmonary 

epithelial and human pulmonary and coronary artery endothelial cells. As we aimed to compare 

target gene expression between conditions as well as between cell lines, we wanted to use the 

same reference gene for all three cell lines. Little is known about the expression of the nine 

candidate genes in hypoxic epithelial and endothelial cells. Most studies used HUVEC, but as 

reference genes may vary depending on cell line, experimental setting and handling [128, 153], 

comparing results is difficult. 

Interestingly, experiments with HUVEC exposed to oxidative stress found ACTB and GAPDH to be 

stably expressed according to NormFinder [118, 154]. Opposite to our results, incubation of 

HUVEC with CoCl2 mimicking HX resulted in low stability values for RPL13A [134]. This clearly 

illustrates, why testing for a suitable reference gene is indispensable for each experimental setup. 

As reported by Caradec and colleagues, the best reference gene differs greatly depending on the 

performed analysis [127]. This might also explain different results received by different groups.  

PPIA, RPL13A and TBP were the top candidate reference genes after calculating the mean rank of 

all analyses. Each of the putative reference genes received top ranks in some of the performed 

analyses and was not listed on top of the list using other analyses. We aimed to compare all cell 

lines using the same reference gene, therefore we decided to use RPL13A as reference gene. It 

showed good results in all performed analyses for all cell lines and the best stability value after 
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NormFinder analysis of all cell lines together. Moreover, the stability values of RPL13A generated 

by the NormFinder algorithm were similar in all cell lines calculated for each cell line separately. 

Another reason for the selection of RPL13A as reference gene was the ROS-induced increase of 

PPIA [143, 145]. As ROS increases in HX, PPIA might therefore also increase in hypoxic endothelial 

cells. This fact and the low stability values calculated for A549 by the NormFinder algorithm led to 

the exclusion of PPIA as putative reference gene for our experimental setup.  

 

5.2.1 Importance of reference gene selection 

To clarify the importance of the choice of reference genes and the resulting impact on relative 

target gene expression, we normalized VEGFA expression to RPL13A, B2M and SDHA. VEGFA is a 

well-known hypoxia regulated gene whose induction by hypoxia is crucial for hypoxia-mediated 

angiogenesis and hematopoiesis [155, 156]. Several groups reported increased VEGFA expression 

in endothelial cells after exposure to hypoxia [157, 158], the hypoxic increase in mRNA expression 

is thought to be HIF-mediated [159-161]. As VEGFA expression is clearly hypoxia-regulated, we 

used VEGFA mRNA expression to verify hypoxic effects on cells. As seen in Figure 9, VEGFA showed 

an explicit increase in expression after exposure to HX. It is however noteworthy, that the chosen 

reference gene has a major impact on the calculated mRNA expression of VEGFA.  
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5.3 Hypoxic regulation of the L-arginine-ADMA-NO-pathway in coronary and 

pulmonary artery endothelial and alveolar epithelial cells  

 

Our study has three major findings: 

1. Comparing HPAEC and HCAEC there are no differences in hypoxic regulation of genes and 

proteins involved in the L-arginine-ADMA-NO pathway. 

2. In A549 alveolar epithelial cells, hypoxic regulation of the L-arginine-ADMA-NO pathway 

shows differences compared to the regulation in hypoxic pulmonary artery endothelial 

cells. 

3. The hypoxic regulation of the L-arginine-ADMA-NO pathway in human coronary and 

pulmonary artery endothelial cells and in alveolar epithelial cells does not seem to be 

strictly HIF-dependent. 

 

It is well established that hypoxia leads to coronary vasodilation and pulmonary vasoconstriction. 

Within the coronary circuit, NO was proven the main regulator of vascular perfusion and therefore 

a key part in regional adaption of the blood flow [8, 11, 12]. Thus, a possible mechanism leading to 

the different answers towards hypoxia in coronary and pulmonary circuit is a differential regulation 

of the L-Arginine-ADMA-NO pathway. NO is generated by NOS out of the semi-essential amino acid 

L-arginine. ADMA is a competitive inhibitor of NOS, influences NO homeostasis and might thereby 

indirectly regulate vascular perfusion [49, 55]. ADMA is generated by protein degradation of 

methylated proteins and is therefore part of physiological protein turnover. Its clearance occurs via 

degradation by two enzymes of the DDAH family, DDAH1 and DDAH2, indicating a protective role 

of these proteins against ADMA related diseases [17, 70].  

We aimed to compare hypoxic regulation of genes involved in the L-arginine-ADMA-NO pathway 

between human coronary and pulmonary artery endothelial cells in order to find a putative 

explanation for the opposing effects of hypoxic coronary vasodilation and hypoxic pulmonary 

vasoconstriction. As NO is the main regulator in vascular perfusion, a differential regulation of 

synthesis and homeostasis might explain the different answers towards hypoxia. According to this 

explanation, one would expect higher NOS3 activity in hypoxic HCAEC and therefore increased 

amounts of NO that in turn cause vasodilation. In HPAEC on the other hand, one would expect 

reduced NOS3 activity and reduced amount of NO. NOS regulation however is complex and there 

are various transcriptional and post-transcriptional factors regulating NOS3 expression and activity. 

A reduced NOS3 activity might be caused by lower mRNA expression, lower protein amounts, 
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and/or lower protein activity, whereby protein activity correlates with ADMA concentrations and 

therefore with DDAH1 and DDAH2 protein expression and activity.  

However, according to our results, NOS3 mRNA expression in both human coronary artery 

endothelial cells and human pulmonary artery endothelial cells was reduced after exposure to 

hypoxia and does not show differences between HCAEC and HPAEC. This reduced mRNA expression 

might appear unexpected in HCAEC, but according to literature, several other groups found 

decreased NOS mRNA expression after exposure to HX as well. In HUVEC, HX seems to inhibit NOS3 

expression via transcriptional as well as posttranscriptional mechanisms [162]. One factor 

influencing NOS3 mRNA are cytokines. They were shown to affect the stability of NOS3 mRNA by a 

process involving the induction and expression of cytosolic proteins. Those bind to a cytidine-rich 

region within the 3′-untranslated region (UTR) of the NOS3 mRNA, thereby probably alter its 

configuration, and increase its susceptibility for RNase activity thus lowering NOS3 mRNA levels 

[163]. As cytokines like interleukin 6 [164] and TNF-alpha [165] increase in cells exposed to HX, this 

might explain reduced NOS3 mRNA levels. In bovine aortic endothelial cells incubation with TNF-

alpha decreased NOS activity, protein and mRNA expression [166, 167]. Another group found NOS3 

mRNA to be highly stable in normoxic endothelial cells due to the formation heterogeneous nuclear 

ribonucleoprotein E1 (hnRNP E1)-containing RNP complexes on evolutionary conserved pyrimidine 

rich sequence elements within the 3’UTR. Under hypoxic conditions however, they observed 

decreased NOS3 mRNA, probably caused by a disruption of hnRNP E1/NOS3 3′-UTR interactions via 

increased AKT-mediated serine phosphorylation [166]. Another mechanism regulating NOS3 

activity in hypoxia or under oxidative stress is DNA methylation. In bovine artery endothelial cells, 

DNA methylation inhibited NOS3 promoter activity [168], resulting in reduced NOS3 mRNA. HX and 

ischemia were also shown to reduce NOS3 expression via posttranscriptional mechanisms that 

result in NOS3 transcript destabilisation via miR-200b [169]. These data support our findings of 

reduced NOS3 mRNA expression after exposure to HX. Noteworthy, Ct values of NOS3 qRT-PCRs in 

HPAEC were lower (2 cycles) compared to HCAEC which might indicate a generally lower NOS3 

mRNA level in HPAEC. However, in our experiments hypoxic regulation of NOS3 mRNA expression 

did not differ between pulmonary and coronary endothelium.  

NOS3 protein expression on the other hand was shown to increase in hypoxic HCAEC but not in 

HPAEC. Increased NOS3 protein expression in HCAEC could imply increased NOS3 activity and 

therefore increased NO causing vasodilation. As we received more faint bands in HCAEC performing 

a semi dry Western blot, quantification of NOS3 protein expression was difficult, but due to the 

strictly limited material could not be repeated. The increase of NOS3 protein in HCAEC after 

exposure to hypoxia but a reduced mRNA expression might be caused by hypoxic mRNA 
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destabilisation as described above. Another possible explanation is hypoxic protein stabilisation of 

NOS3. Hypoxia was shown to increase HSP90 binding to NOS3 via PI3K-AKT in porcine coronary 

artery endothelium [170]. As HSP90 acts as physiological binding partner and regulator of NOS3 

and is thought to induce a conformational change or to stabilise the dimeric form of the protein, 

this might be one explanation for NOS3 protein stabilisation and increased protein activity [24]. The 

basal expression of several genes crucial for endothelial function (including NOS3) is controlled by 

DNA methylation and histone posttranslational modifications [171]. Histone post-translational 

modifications were shown to take part in NOS3 regulation in artery endothelial cells, not only on 

mRNA expression levels but on protein expression levels as well. Synthetic hypoxia-sensitive miR-

21-5p was shown to decreases NOS3 and DDHA1 at both protein and transcript levels. As miR-21 

decreased under HX [172], this could be another mechanism stabilising NOS3 protein in HX. In 

HPAEC however, Pekarova et al. [60] did also not find an effect on NOS3 protein expression after 

exposure to 48 h HX. Noteworthy, in their experimental setting hypoxia was set to 5 % O2, which is 

considered as mild HX [173], compared to our hypoxic environment containing only 1 % O2. Usually, 

NOS3 is associated to the membrane [43, 44]. As HX results in increased calcium concentrations 

and NOS dissociation from the membrane [45], it is possible that in hypoxic HCAEC more 

calmodulin-bound NOS dissociated into the cytoplasm. When preparing samples for Western blots, 

we centrifuged samples after cell lysis and discarded cellular debris. Eventually, membrane-bound 

NOS in HPAEC therefore got lost, while cytoplasmic NOS3 in HCAEC was within the protein 

containing supernatant and could therefore be detected. 

To evaluate putative differences between NO production in HCAEC and HPAEC, assessing NOS3 

protein activity is indispensable. Oxidative stress was associated with elevated concentrations of 

ADMA caused by increases in the activity of PRMTs and decreases in the DDAH-enzymes [69, 174]. 

Interestingly, we did not observe elevated but rather reduced PRMT mRNA expression in both 

hypoxic HCAEC and HPAEC, nor did we detect increased ADMA concentrations in HCAEC or HPAEC 

after exposure to HX that might explain a putative reduced NOS activity. A cohort study in human 

subjects however showed, that single-nucleotide polymorphisms in the gene encoding for PRMT1 

are not associated with elevated blood ADMA [81], suggesting a minor role of PRMT1 for NO 

homeostasis. We further evaluated DDAH1 and DDAH2 gene and protein expression to gain deeper 

insights into a putative NOS inhibition by ADMA. While DDAH1 mRNA expression showed a notable 

difference as it decreased in HPAEC after 24 h HX but not in HCAEC, no differences on protein 

expression level were observed. It is however important to note, that Western blots are a semi-

quantitative method [175]. Moreover, the correlation between transcription and translation is not 

always linear. Increased mRNA expression does not necessarily result in elevated protein levels, as 
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there are several factors regulating protein synthesis and protein stability. The processes of 

initiation, elongation and termination are all targets in regulation of protein synthesis [176]. Protein 

stability controlled by post-translational modifications is another factor regulating protein levels 

[177]. Therefore, assessing protein activity rather than protein expression could give a better insight 

into molecular regulation of the L-arginine-ADMA-NO pathway. 

However, the decrease in DDAH1 mRNA was also observed in A549, suggesting that HX might have 

the same decreasing effect on DDAH1 mRNA expression in pulmonary endothelial and epithelial 

cells. As DDAH1 appears to be the main ADMA-degrading enzyme [178, 179], reduced DDAH1 

protein activity would lead to an accumulation of ADMA and therefore reduced NOS activity by 

competitive inhibition of NOS. This accumulation of ADMA could be observed in the supernatant 

medium of hypoxic A549, underlining this hypothesis. Elevated ADMA concentrations together with 

reduced DDAH1 expression were also observed in lung tissue of rats exposed to chronic hypoxia 

[180]. DDAH2 mRNA expression on the other hand increased in both HCAEC and HPAEC after 72 h 

of hypoxia, however this increase in mRNA expression did not result in elevated DDAH2 protein 

expression. It appears therefore that there is no difference in ADMA metabolism between hypoxic 

HPAEC and HCAEC. In A549 on the contrary, we were able to show increased ADMA and SDMA 

concentrations after exposure to HX, although DDAH2 protein expression increased in hypoxic 

conditions. A recently published study suggests, that DDAH2 does not take part in ADMA 

degradation, which might explain elevated ADMA concentrations despite increased DDAH2 protein 

expression under hypoxia [178]. 

Another limiting factor in NO synthesis is the availability of L-arginine as substrate for NOS. Arginase 

activity might therefore also participate in reduced release of NOS as it uses L-arginine as substrate. 

Arginase affinity for L-arginine was shown to be lower than NOS3 affinity for L-arginine, however it 

competes for L-arginine as substrate and regulates its availability. We did not find ARG1 expression 

in epithelial or endothelial cells, which is not surprising as this isoform appears to be mainly 

expressed in liver, macrophages and bone marrow. ARG2 expression did not differ between the cell 

lines and appears therefore not to be the main factor regulating the different answers to hypoxia 

und pulmonary and coronary vasculature. Endothelin is a potent vasoconstrictor [181] and thereby 

an antagonist of NO. We could however not observe any differences in mRNA expression levels 

between hypoxic HPAEC and HCAEC that might explain HPV. In A549 cells, no END1 expression was 

detected, suggesting END1 does not play a key part in differential answers towards HX within the 

pulmonary and coronary circuit. As HIF appears to be involved in hypoxic regulation of gene 

expression and therefore might play a role in the hypoxic regulation of the L-arginine-ADMA-NO 

pathway, we examined HIF1A mRNA expression. Like also observed by Bartoszewski et al. [152], we 
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found decreased HIF1A mRNA expression levels in HPAEC and HCAEC after exposure to HX. In 

hypoxic epithelial cells though the observed decrease in HIF1A mRNA expression was more 

pronounced compared to endothelial cells, which could indicate a higher sensitivity to HX. Although 

HIF1A and HIF2A are mainly degraded in normoxia due to ubiquitination by pVHL, other regulatory 

pathways have been described, including oxygen independent mechanisms [173, 182, 183]. Thus, 

the observed stronger decrease of HIF1A mRNA expression in A549 does not necessarily indicate 

higher oxygen sensitivity. 

As already mentioned, regulation of NOS3 activity is complex. Besides several other effects, hypoxia 

reversibly suppresses Na+/K+ ATPase activity [1, 4, 5]. The Na+/K+ ATPase catalyses the export of Na+ 

out of cell and import of K+ into the cell against the electrochemical gradient via hydrolysis of ATP. 

If the ion transport is reduced, the intracellular calcium concentration increases, as the transport 

of calcium depends after antiport principle of the sodium-concentration gradient 

(Na+/Ca2+ exchanger). Hypoxia also increases the AMP:ATP ratio, induces AMPK via phosphorylation 

and therefore leads to an increase of intracellular Ca2+. In pulmonary artery smooth muscle cells, 

HX led to calcium-release, the opening of calcium-permeable non-selective cation-channels, 

inhibition of voltage-dependent potassium channels, membrane depolarization and calcium influx 

through voltage-dependent calcium channels [184, 185]. Therefore, HX might lead to an increase 

in calcium as a cofactor for NOS3, NOS3 translocation from caveolae by binding of 

calcium-calmodulin. 

Another important regulator of NOS3 activity is phosphorylation. It could be interesting to perform 

Western blots for phosphorylated NOS3 to gain further insight into protein activity. It is important 

to note though, that depending on the phosphorylation site, NOS3 is either activated or inhibited 

[186] and phosphorylation is only one of several mechanisms regulating NOS3 activity. Moreover, 

several kinases phosphorylating NOS3 in response to shear stress [163, 167], and therefor 

regulation by those kinases does not take place in cell culture models. Oxidative stress was shown 

to effect NOS3 function through BH4 bioavailability and uncoupling NOS3 [172], suggesting another 

regulatory mechanism of NOS3 protein activity. 

Taken together, we did not find differences in mRNA expression, protein expression or protein 

activity of genes involved in the L-arginine-ADMA-NO pathway between hypoxic HCAEC and HPAEC, 

which could explain the opposing effects of hypoxic coronary vasodilation and hypoxic pulmonary 

vasoconstriction. According to our results, DDAH1 and DDAH2 protein expression appears not to 

be affected by hypoxia, neither in HPAEC nor in HCAEC. No differential regulation in DDAH1 and 

DDAH2 protein expression between hypoxic HPAEC and HCAEC was observed. We did find 

increased ADMA concentrations in hypoxic epithelial A549 as well as decreased DDAH1 mRNA 
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expression though. As alveolar epithelial cells are the first cell layer in contact with inhaled air, we 

therefore suggest an oxygen-sensing role for pulmonary epithelial cells and a cellular cross talk 

between pulmonary epithelial and endothelial cells, which causes HPV. 

 

5.4 Effects of HIF inhibition and HIF stabilisation on gene expression of genes 

involved in the L-arginine-ADMA-NO pathway in HCAEC, HPAEC and A549 cells 

Within the coronary system, hypoxic gene regulation appears to be HIF-regulated; the underlying 

mechanisms leading to hypoxic pulmonary vasoconstriction however remain elusive. To investigate 

whether the hypoxic regulation of gene and protein expression of genes involved in the 

L-arginine-ADMA-NO-pathway is HIF-dependent, the three cell lines were incubated with two HIF 

inhibitors and a HIF stabiliser. HIF inhibitors were applied to cells incubated in HX, trying to achieve 

NX expression levels of genes of the ADMA-NO-pathway; the stabiliser to cells incubated in NX, 

aiming to achieve HX expression levels. Drug-like chemicals as PT2399 were shown to directly bind 

to the HIF2A PAS B domain and thereby prevent HIF2A from binding to the β-subunit. As this binding 

is crucial for HIF transcriptional activity, PT2399 was used to decreases transcription of HIF2A 

target-genes. In renal cell carcinomas, incubation with 1 µM as well as 10 µM PT2399 minimally 

affected calcium channel, potassium channel, bradykinin and VEGFA [112, 187]. KC7F2 is a 

cell-permeable symmetrical cystamine compound that selectively suppresses cellular HIF1A protein 

synthesis. It does not affect the transcription of HIF1A mRNA but results in decreased transcriptions 

of HIF1A-dependent genes by inhibition of HIF1a protein synthesis at the translation level. KC7F2 

specifically targets the mTOR complex 1 pathway, which leads to the inhibition of protein synthesis 

[113]. The HIF stabiliser DMOG is a cell-permeable 2-oxoglutarate analogue that acts as a 

competitive inhibitor against all oxoglutarate-dependent dioxygenases, including PHDs and FIH and 

was thereby shown to stabilise HIF1A as well as HIF2A [188]. 

Due to observed cytotoxicity of the tested concentrations of the HIF inhibitors and the HIF stabiliser 

in EA.hy926 cells, concentrations for incubation with primary cell lines HCAEC and HPAEC were 

adjusted. In HUVEC, one group [189] used 10 µM KC7F2 for HIF inhibition. As we observed strong 

growth inhibitory/cytotoxic effects using higher concentrations than 2 µM KC7F2 in HCAEC and 

HPAEC primary cells, we could not use higher concentrations of the compound. DMOG used in 

higher concentrations that 0.5 mM did not further affect VEGFA mRNA expression. We therefore 

decided to use 0.5 mM DMOG as final concentration for incubation in order to keep DMSO 

concentration as low as possible to avoid any side effects. 

As VEGFA is a target of both HIF1A and HIF2A [173], it is possible that the inhibition of one of the 

two isoforms was not sufficient, giving a putative explanation for the observed low effects on 
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VEGFA mRNA expression compared to HIF stabilisation using DMOG which stabilises both isoforms. 

Besides some common target genes, HIF1A and HIF2A are altogether non-redundant and have 

different target genes and mechanisms of regulation [173], suggesting that inhibition of one of the 

two isoforms should affect gene expression of respective target genes. 

According to the results of our experiments with HIF inhibitory and a HIF stabilising compounds, 

expression of DDAH1 and DDAH2 in HCAEC appear not to be HIF-regulated. VEGFA mRNA 

expression on the other hand showed a strong increase after incubation at NX with the HIF stabiliser 

DMOG as well as a significant decrease towards the HX control when incubated wit PT2399, 

indicating a HIF2A dependent regulation of VEGFA mRNA expression. NOS3 expression in HCAEC 

decreased after incubation at NX with the HIF stabiliser DMOG, however incubation at HX with 

neither HIF1A inhibitor KC7F2 nor HIF2A inhibitor PT2399 was sufficient to restore NX expression 

levels. These results indicate a not strictly HIF-dependent regulation of NOS3 mRNA expression in 

HCAEC. In HPAEC, increased VEGFA mRNA expression and the decreased NOS3 mRNA expression 

were also achieved by HIF stabilisation in NX with DMOG. However, inhibition of HIF1A or HIF2A 

did not lead to adjustment to NX expression level. DDAH1 mRNA expression was also not affected 

by incubation with HIF inhibitors nor the stabiliser, suggesting that regulation of gene expression of 

the L-arginine-ADMA-NO pathway is not HIF-dependent in HPAEC, except of DDAH2 regulation. 

Notably, DDAH2 increased after exposure to HX as well as after incubation with DMOG and 

incubation with KC7F2 led to a significant reduction of DDAH2 mRNA expression compared to HX 

control. These results imply a HIF1A-dependent regulation of DDAH2 expression in HPAEC. In A549, 

results of HIF inhibition and HIF stabilisation are ambiguous. While HIF stabilisation with DMOG 

leads to the same effect on mRNA expression of VEGFA, DDAH1 and NOS2 like observed in HX, it 

does not affect DDAH2 mRNA expression. HIF inhibition however did not affect VEGFA, DDAH1 and 

NOS2 mRNA expression, but resulted in significantly different DDAH2 mRNA expression compared 

to HX control. These results do also not point towards a clearly HIF-regulated hypoxic gene 

expression of genes of the L-arginine-ADMA-NO pathway. 

Overall, we were able to show that hypoxic regulation of gene expression of genes of the 

L-arginine-ADMA-NO pathway within pulmonary artery endothelial cells and alveolar epithelial cells 

is not strictly HIF-dependent. The responsible transcription factors regulating hypoxic gene 

expression need to be determined in future studies. 
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5.5 Future experiments – Outlook 

We were able to show that gene expression of genes involved in the L-arginine-ADMA-NO pathway 

in hypoxic HCAEC and HPAEC is regulated the same way. mRNA expression and protein expression 

of the L-arginine-ADMA-NO pathway did not show any differences between hypoxic HCAEC and 

HPAEC. We were also able to show that ADMA concentrations in those cells did not increase after 

exposure to HX. However, there are several other mechanisms regulating protein activity of NOS, 

DDAH1 and DDAH2. We are therefore currently working on the establishment of an assay for the 

fluorimetric determination of extracellular NO using 4,5-diaminofluorescein (DAF-2) in order to 

compare NO concentrations in normoxic and hypoxic HCAEC and HPAEC, as well as in A549 cells in 

order to gain a deeper insight into NOS activity. We are further aiming to establish an LC-MS/MS 

based activity assay for DDAH and NOS proteins using different isotope-labelled metabolites. Using 

isotope labelled L-arginine and citrulline as well as differently labelled ADMA and citrulline we want 

to compare NOS and DDAH protein activity, respectively. 

We were also able to show that hypoxic gene expression of DDAH1, DDAH2 and NOS3 in HCAEC, 

HPAEC and alveolar epithelial A549 cells is not strictly HIF-regulated. According to literature, NOS3, 

DDAH1 and DDAH2 are regulated by a variety of transcription factors. The NOS3 promoter was 

shown to exhibit homologies to binding sites for transcription factors like SP1, SP3, YY1, STAT3 and 

NF-κB [190, 191]. DDAH activity was shown to be positively regulated by pyrrolidine 

dithiocarbamate, an antagonist of NF-κB, suggesting NF-κB as putative transcription factor 

regulating DDAH expression [73]. In a future experiment, we want to take a closer look on putative 

transcription factors regulating hypoxic gene expression in HPAEC and alveolar epithelial A549 cells. 

Therefore, we plan to perform RNA sequencing in order to find hypoxic regulated gene clusters with 

common transcription factor binding sites. 
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7 Supplementary data 

 

Supplementary table 1: Summary of results of of pairwise comparison of ΔCt values, Ct CV and NormFinder analysis.  Pairwise comparison of ΔCt values, Ct CV and NormFinder analysis were 

performed in order to find the most suitable reference gene. Mean SD values were calculated using the pairwise ΔCt comparison and ranked from low SDs to high SDs. The analysis was performed 

for each cell line separately as well as for all cell lines together. Ct CV were calculated for each cell line separately as well as for all cell lines together and ranked from low to high. Stability values 

gained for gene expression of putative reference genes were obtained using the NormFinder algorithm an ranked from low (highest stability) to high stability values (lowest stability). 

 HCAEC HPAEC A549 All 

Ranking ΔCt Ct CV 
Norm 

Finder 
ΔCt Ct CV 

Norm 

Finder 
ΔCt Ct CV 

Norm 

Finder 
ΔCt Ct CV 

Norm 

Finder 

1 TBP TBP RPLP1 PPIA SDHA PPIA RPL13A RPL13A ACTB TBP PPIA RPL13A 

2 RPLP1 PPIA PPIA B2M ACTB 18S ACTB SDHA RPL13A PPIA TBP 18S 

3 PPIA RPL13A ACTB 18S B2M ACTB B2M RPLP1 RPLP1 18S ACTB ACTB 

4 RPL13A RPLP1 RPL13A ACTB TBP B2M TBP GAPDH B2M RPLP1 RPLP1 RPLP1 

5 ACTB B2M 18S RPLP1 GAPDH RPL13A RPLP1 TBP 18S RPL13A RPL13A PPIA 

6 18S ACTB TBP GAPDH PPIA GAPDH 18S ACTB SDHA ACTB GAPDH TBP 

7 B2M GAPDH B2M TBP RPL13A RPLP1 SDHA B2M TBP GAPDH SDHA B2M 

8 GAPDH SDHA GAPDH RPL13A RPLP1 TBP PPIA PPIA PPIA SDHA B2M GAPDH 

9 SDHA 18S SDHA SDHA 18S SDHA GAPDH 18S GAPDH B2M 18S SDHA 
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